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Chapter	01

Figure	1.1	(A)	The	structure	of	isoprene;	and	(B)	the	arrangement	of	isoprenoid	units	in
an	exemplary	carotenoid:	α-carotene.

Figure	1.2	Examples	of	structures	of	carotenes	and	xanthophylls;	a	common	natural
source	of	the	pigment	is	given	in	parentheses.	(A)	β-carotene	(carrot	Daucus	carota);
(B)	astaxanthin	(alga	Haematococcus	pluvialis);	(C)	neoxanthin	(green	leafy
vegetables,	i.e.,	spinach	Spinacia);	(D)	synechoxanthin	(cyanobacterium
Synechococcus);	(E)	oscillaxanthin	(cyanobacterium	Oscillatoria);	(F)	capsanthin
(paprika	Capsicum	annuum);	and	(G)	torulene	(yeast	Rhodotorula	spp.).

Figure	1.3	The	structure	of	lutein	and	its	names	in	three	naming	systems:	systematic,
trivial,	and	semisystematic.

Figure	1.4	(A)	The	structure	of	lycopene	compared	with	the	structure	of	the	carotenoid
polyene	chain;	and	(B)	possible	end	groups	found	in	nature	(with	prefixes).	The
numbering	scheme	for	all	structures	is	included.

Figure	1.5	Various	groups	of	carotenoid	derivatives.

Figure	1.6	Diverse	functions	of	carotenoids.

Chapter	02

Figure	2.1	(A,	B)	Raman	resonance	spectrometer	developed	at	the	CCP;	and	(C)	a
biozoom®	skin	scanner	based	on	reflectance	spectroscopy	for	the	detection	of
carotenoids	in	human	skin.

Figure	2.2	Kinetics	of	carotenoids	measured	in	volunteers	over	a	one-year	period	on
every	workday	[26].	The	encircled	values	above	the	mean	values	correlate	with	an
increased	intake	of	fruit	and	vegetables	as	disclosed	by	the	volunteers	in	the	surveys;
whereas	the	lower	values	encircled	around	days	40	and	220	correlated	with	an
infection	of	the	upper	respiratory	tract,	and	on	day	120	with	a	summer	night	party
involving	much	alcohol	consumption	and	lack	of	sleep.

Figure	2.3	Influence	of	alcohol	consumption	on	the	carotenoid	concentration	of	the	skin
[28].

Figure	2.4	Correlation	between	the	antioxidant	status	of	the	volunteers	in	light-exposed



skin	to	skin	roughness	[39].

Figure	2.5	Development	of	the	mother’s	antioxidant	potential	compared	to	the	value
measured	in	pregnancy	week	39	[44].

Chapter	03

Figure	3.1	Proposed	mechanisms	by	which	certain	carotenoids	suppress	carcinogenesis
[1–7].

Figure	3.2	The	average	Raman	and	infrared	(IR)	spectra	for	the	noncancerous	and
cancerous	breast	tissues	(infiltrating	ductal	carcinoma).	(A)	Raman	spectra	of	patient
P81;	(B)	IR	spectra	of	patient	P83;	(C)	Raman	spectrum	for	the	noncancerous	normal
breast	tissues	of	patient	P81,	and	IR	spectrum	for	the	noncancerous	normal	breast
tissues	of	patient	P83;	and	(D)	Raman	spectrum	for	the	cancerous	breast	tissues	of
patient	P81,	and	IR	spectrum	for	the	cancerous	breast	tissues	of	patient	P83.	Figure
reprinted	upon	Creative	Commons	Attribution	License
(http://creativecommons.org/licenses/by/2.0)	from	Ref.	[37].

Figure	3.3	Raman	image	and	spectra	of	the	noncancerous	and	cancerous	breast	tissue	of
patient	P81.	Noncancerous	breast	tissue:	(A)	Microscope	image	(B)	Raman	image	(400
×	400	μm)	from	the	region	marked	in	(A);	and	(C)	Raman	spectra	(integration	time:
0.05	s).	Cancerous	breast	tissue:	(D)	Microscope	image,	(E)	Raman	image	(300	×	300
μm)	from	the	region	marked	in	(D),	and	(F)	Raman	spectra	(integration	time:	0.036	s).
The	colors	of	the	spectra	correspond	to	the	colors	in	the	image.	Mixed	areas	are
displayed	as	mixed	colors.	Figure	reprinted	upon	Creative	Commons	Attribution
License	(http://creativecommons.org/licenses/by/2.0)	from	Ref.	[37].

Figure	3.4	Raman	images:	(A)	noncancerous	and	(B)	cancerous	breast	tissue	of	patient
P81.	Filters:	carotenoids	(1518	cm−1),	monounsaturated	fatty	acids	(2854	cm−1),
proteins	(2930	cm−1),	and	autofluorescence	(1800	cm−1).	Figure	reprinted	upon
Creative	Commons	Attribution	License	(http://creativecommons.org/licenses/by/2.0)
from	Ref.	[37].

Chapter	04

Figure	4.1	Photosensitized	schemes	for	Type	1	and	Type	2	reactions.

Figure	4.2	Graph	showing	the	relationship	between	the	singlet	oxygen	(SO)	quenching
rate	constant	(kq)	and	the	wavenumber	of	the	ground	state	absorption	maximum	for	a
range	of	carotenoids	in	benzene;

Figure	4.3	Plot	of	first-order	rate	constant	(k)	for	the	decay	of	singlet	oxygen	(SO)
against	carotenoid	concentration	in	benzene	for	all-trans	β-carotene	and	some	cis
isomers.

Figure	4.4	Plot	of	absorbance	change	at	940	nm	against	pH,	showing	the	increase	in	the
zeaxanthin	(ZEA)	radical	cation	at	low	pH	after	pulse	radiolysis	of	an	aqueous	2%
Triton	X	solution	containing	0.1	M	sodium	formate	and	10	μM	ZEA.



Chapter	05

Figure	5.1	Schematic	diagram	demonstrating	the	distribution	of	macular	pigment	in	the
retina:	fundus	(top)	and	cross-section	(bottom).

Figure	5.2	Possible	pathway	for	macular	carotenoid	transport	and	accumulation	in
human	retina	[64]

Figure	5.3	Structure	of	macular	carotenoids,	lutein,	zeaxanthin,	and	meso-zeaxanthin.

Figure	5.4	Proposed	metabolic	transformation	of	dietary	lutein	and	zeaxanthin	into	their
metabolites	in	humans	[97]

Chapter	06

Figure	6.1	Decrease	of	the	wavelength	(A)	and	increase	of	the	intensity	(B)	of	the	most
intense	ν1	Raman	band	as	function	of	the	number	of	double	bonds	in	all-trans-polyenes
calculated	at	the	B3LYP/6-311++G**	level.

Figure	6.2	A	visual	image	focused	inside	of	the	Haematococcus	pluvialis	cell	with	the
collapsed	cytoplasm	(on	the	left,	magnification	40×)	and	distribution	of	astaxanthin
(AXT)	in	the	sample	(on	the	right)	obtained	by	integration	of	the	marker	band	at	1520
cm−1	(color	code	defined	in	the	scale).	The	map	was	obtained	by	measuring	729	points
(the	distance	between	points	on	the	x	and	z	axes	equals	2.0	µm).

Figure	6.3	Raman	spectra	(lexc	=	514.5	nm)	of	Corallium	rubrum	(black)	and	of	a	red
feather	of	a	parrot	(grey	scale).	The	assignments	of	fundamentals,	overtones,	and
combination	lines	are	labeled.	The	observation	of	the	binary	combinations	ν1	+	ν4	and
ν2	+	ν4	in	the	spectrum	of	Corallium	rubrum	indicates	that	the	polyconjugated	chain
contains	−CH3	groups.
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Figure	7.1	UPLC	of	carotenoids	in	astaxanthin-supplemented	human	erythrocyte	using
the	UPLC	system.	Peak	1:	astaxanthin;	Peak	2:	9-cis-astaxanthin;	Peak	3:	13-cis-
astaxanthin;	Peak	4:	lutein;	Peak	5:	zeaxanthin;	Peak	6:	anhydrolutein	I;	Peak	7:
anhydrolutein	II;	Peak	8:	α-cryptoxanthin;	Peak	9:	β-cryptoxanthin;	Peak	10:	9-cis-β-
cryptoxanthin;	Peak	11:	lycopene;	Peak	12:	α-carotene;	and	Peak	13:	β-carotene.	For	a
HPLC	condition	ACQUITY	UPLC	system	(Waters):	column,	BEH	Shield	RP18	(1.7
µm,	2.1×150	mm);	mobile	phase,	AcCN/H2O	(85:15)	→	AcCN/MeOH	(65:35);
column	temperature,	40	°C;	flow	rate,	0.4ml/min;	and	detection,	452	nm.

Figure	7.2	Positive	ion	EI,	FAB,	FD,	and	ESI	MS	spectra	of	violaxanthin.

Figure	7.3	MS/MS	spectrum	of	capsanthin	3,6-epoxide,	(upper)	FAB	MS/MS	and
(lower)	ESI	Q-TOF	MS/MS.

Figure	7.4	Structure	of	new	carotenoid	from	oyster	and	13C	NMR	(500	µg	sample	in	30
µg	in	CDCl3,	using	a	Nano	probe	for	18	h	acquisition).



Figure	7.5	1H	NMR	chemical	shifts	of	carotenoid	end	groups.

Figure	7.6	13C	NMR	chemical	shifts	of	carotenoid	end	groups.

Figure	7.7	HPLC	chromatogram	of	tomato	juice	extract	(detected	at	300	nm)	and	1H
NMR	spectra	of	lycopene,	phytofuluene,	and	phytoene	obtained	by	online	LC/NMR.
Chromatographic	separation	was	carried	out	on	a	COSMOSIL	5C18-AR-II	column
(150	mm	×	4.6	mm;	particle	size,	4.5	µm)	with	the	mobile	phase	of	5%	CDCl3	and
95%	CD3CN	(start)	to	10%	CDCl3	and	90%	CD3CN	(15	min,	linear	gradient)	at	the
flow	rate	of	1	mL/min.	LC-NMR	experiments	were	performed	on	a	Varian	UNITY
INOVA-500	spectrometer	equipped	with	a	60	μL	microflow	NMR	probe	at	room
temperature.	1H	NMR	spectra	were	obtained	in	the	stopped-flow	mode	with	water
suppression	enhanced	through	the	T1	effect	(WET)	method	to	suppress	the	peak	of	the
residual	CH3CN	in	CD3CN,	and	the	residual	CHCl3	in	CDCl3.

Figure	7.8	CD	spectrum	of	(3R,3′R)-zeaxanthin(——),	(3R,6R,3′R,6′R)-
lactucaxanthin(–	–	–),	and	(3R,3′R,6′R)-lutein	in	ether	at	room	temperature;	and
additive	spectrum	of	(3R,3′R)-zeaxanthin	and	(3R,6R,3′R,6′R)-lactucaxanthin	(half
intensity)(–	·	–	·).

Figure	7.9	Determination	of	absolute	configuration	of	4,4′-dihydroxypiraridixanthin	by
the	modified	Mosher	method.	The	absolute	configuration	at	C-4	was	determined	by	the
difference	values	of	1H	NMR	signals	of	(S)	and	(R)	MTPA	esters	Δδ	(=δS-δR)	of	each
protons	in	the	4-hydroxy-5,6-didehydro-β-end	group.	The	positive	Δδ	values	for	the
protons	oriented	on	the	right	side	of	the	MTPA	plane	and	negative	Δδ	values	for	the
protons	located	on	the	left	side	of	the	MPTA	plane	in	the	4-hydroxy-5,6-didehydro-β-
end	group	disclosed	the	S	configuration	at	C-4	according	to	the	Mosher	model.

Figure	7.10	Key	ROESY	and	HMBC	correlations	and	FAB	MS	fragmention	of	1,	and
FAB	MS	and	NMR	spectra	of	fucoxanthin	pyropheophorbide	A	ester.
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Figure	8.1	An	example	of	a	carotenoid	crystal	located	in	a	cell	of	the	high	α	and	β	root.
Left:	Raman	map	obtained	by	the	integration	of	the	ν1	band.	Right:	Raman	spectra	(532
nm)	in	the	range	of	the	ν1	band	extracted	every	0.2	μm	along	a	marked	line.	Reprinted
with	permission	from	M.	Roman,	K.	M.	Marzec,	E.	Grzebelus,	P.	W.	Simon,	M.
Baranska,	and	R.	Baranski,	“Composition	and	(in)homogeneity	of	carotenoid	crystals
in	carrot	cells	revealed	by	high	resolution	Raman	imaging,”	Spectrochimica	Acta	Part
A:	Molecular	and	Biomolecular	Spectroscopy,	136,	1395–1400	(2015)	[7].	Copyright
(2015)	Elsevier.

Figure	8.2	Raman	spectra	of	human	skin.	Reprinted	with	permission	from	W.	Werncke,
I.	Latka,	S.	Sassning,	B.	Dietzek,	M.	E.	Darvin,	M.	C.	Meinke,	J.	Popp,	K.	König,	J.	W.
Fluhr,	and	J.	Lademann,	“Two-color	Raman	spectroscopy	for	the	simultaneous
detection	of	chemotherapeutics	and	antioxidative	status	of	human	skin,”	Laser	Phys.



Lett.,	8,	895–900	(2011)	[29].

Figure	8.3	Left:	Absorption	spectra	of	β-carotene	(solid	line)	and	lycopene	(dotted
line)	in	ethanol	solution.	Right:	Typical	Raman	spectra	of	β-carotene	and	lycopene	in
human	skin	measured	in	situ	with	514.5	nm	excitation.	Reprinted	with	permission	from
M.	E.	Darvin,	I.	Gersonde,	M.	Meinke,	W.	Sterry,	and	J.	Lademann,	“Non-invasive	in
vivo	determination	of	the	carotenoids	beta-carotene	and	lycopene	concentrations	in	the
human	skin	using	the	Raman	spectroscopic	method,”	J.	Phys.	D-Appl.	Phys.,	38,	2696–
2700	(2005)	[25].

Figure	8.4	Morphological	characteristics	of	the	different	leukocytes:	neutrophil	(A	and
E),	eosinophil	(B	and	F),	monocyte	(C	and	G),	and	lymphocyte	(D	and	H).	(A−D)
White	light	images	after	Kimura	staining;	(E−H)	false	color	Raman	images	of	the	same
cell	using	the	intensity	at	~788	cm−1	to	highlight	the	nucleus	(pink)	and	the	intensity	of
the	CH	stretching	between	2800	and	3050	cm−1	to	color	code	the	overall	cell	area
(blue).	(I)	Averaged	Raman	spectra	of	the	cytoplasm,	nucleus,	and	background	region.
Reprinted	with	permission	from	A.	Ramoji,	U.	Neugebauer,	T.	Bocklitz,	M.	Foerster,
M.	Kiehntopf,	M.	Bauer,	and	J.	Popp,	“Toward	a	Spectroscopic	Hemogram:	Raman
Spectroscopic	Differentiation	of	the	Two	Most	Abundant	Leukocytes	from	Peripheral
Blood,”	Analytical	Chemistry,	84,	5335–5342	(2012)	[41].
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Figure	9.1	Chemical	structures	of	the	most	abundant	carotenoids,	constituents	of	the
pigment–protein	complexes.

Figure	9.2	Scheme	of	energy	levels	of	chlorophyll	a	and	carotenoids	with	indicated
selected	electronic	transitions.	A	stands	for	light	absorption;	D,	thermal	energy
dissipation;	I,	intersystem	crossing;	EET,	excitation	energy	transfer;	S0	(ground),	S1,
and	S2,	the	energy	levels	of	a	carotenoid;	T,	triplet	states;	Q,	the	Qy	state;	and	B,	the	Bx
state	of	chlorophyll	a.

Figure	9.3	Model	of	the	structure	of	the	LHCII	pigment–protein	complex,	based	on	the
crystallographic	data	PDB:	2bhw.

Figure	9.4	Schematic	representation	of	the	xanthophyll	cycle	operating	in	higher	plants.

Figure	9.5	Comparison	of	the	localization	of	the	electronic	energy	levels	of	chlorophyll
a	and	the	xanthophyll	cycle	pigments,	to	discuss	a	direction	of	the	excitation	energy
transfer.

Chapter	10

Figure	10.1	Cytosolic	and	plastidic	pathways	of	C5	isoprenoid	biosynthesis	in	a	plant
cell.	DXP,	1-deoxy-D-xylulose	5-phosphate;	GAP,	D-glyceraldehyde	3-phosphate;
MEP,	2-C-methyl-D-erythritol	4-phosphate;	HMBPP,	(E)-1-hydroxy-2-methyl-2-
butenyl	diphosphate.

Figure	10.2	Isoprenoid	chain	elongation	pathways	known	in	living	organisms,	including



plant	kingdom,	and	engineered	pathways	in	bacteria.

Figure	10.3	Biosynthesis	of	carotene	precursors	from	C5	units	catalyzed	by
geranylgeranyl	diphosphate	synthase	(GGPPS)	and	phytoene	synthase	(PSY).

Figure	10.4	Desaturation	and	isomerization	reactions	of	15-cis-phytoene	and
intermediates	in	lycopene	biosynthesis.

Figure	10.5	Plant	carotenoid	biosynthesis,	enzymes,	and	reaction	steps.	Dashed	line
represents	an	alternative	pathway	in	algae.	Refer	to	Table	10.1	for	enzyme
abbreviations.

Chapter	11

Figure	11.1	Chemical	structures	of	those	carotenoids	most	frequently	found	in	fruits	and
vegetables.

Figure	11.2	Separation	of	carotenoids	and	carotenoid	esters	from	(A)	yellow	papaya,
(B)	red	papaya,	and	(C)	tomato	fruit	by	high-performance	liquid	chromatography
(HPLC)	monitored	at	450	nm.	1:	β-Apo-8-carotenal	(added	as	internal	standard);	2:	β-
cryptoxanthin;	3:	β-carotene;	4:	β-cryptoxanthin	caprate;	5:	β-cryptoxanthin	laurate;	6:
β-cryptoxanthin	myristate;	7:	Z-lycopene	isomers;	and	8:	all-E-lycopene.

Figure	11.3	Light	micrographs	of	carrot	root	and	mango,	papaya,	and	tomato	fruits.	The
chromoplasts	are	marked	with	arrows.

Figure	11.4	Effect	of	tomato	seed	oil	as	co-solvent	on	the	recovery	of	lycopene	and	β-
carotene	at	90	°C,	40	MPa,	and	3	ml	min–1.

Figure	11.5	Schematic	flow	diagram	of	the	experimental	supercritical	fluid	extraction
(SFE)	apparatus	used	for	isolation	of	carotenoids	from	the	algae	Dunaliella	bardawil.
C,	cylinder	for	supply	of	liquid	CO2;	V1–V4,	valves;	P,	high-pressure	pump;	E,
extractor	cell;	R,	restrictor;	T,	collection	glass	tube.
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Figure	12.1	Biosynthetic	pathways	to	IDP	and	DMADP.

Figure	12.2	Major	biosynthetic	routes	to	carotenoids	in	microorganisms.

Figure	12.3	Unique	carotenoids	in	microalgae.
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Figure	13.1	Multivariate	curve	resolution	(MCR)	concentration	maps	for	spectral
components	representing	chlorophyll,	astaxanthin,	and	β-carotene.	(A–D)	Flagellated
motile	cell.	(E–H)	Palmella	stage	cell	under	noninductive	conditions.	(I–L)	Palmelloid
cell	under	inductive	conditions	for	24	hours;	and	(M–P)	large	red	cyst	(aplanospore).



In	all	images,	the	scale	bar	represents	10	mm.	Note	that	in	(A)	and	(E),	the	intensity	has
been	scaled	by	0.5	and	0.4,	respectively,	for	clarity.	The	intensity	scales	are	not
comparable	across	cell	types	as	the	acquisition	parameters	were	optimized	for	each
cell	image;	however,	within	a	cell	type,	the	intensities	within	the	concentration	map
represent	relative	component	concentrations.	Composite	RGB	images	are	created	by
overlaying	the	individual	concentration	maps	that	have	been	pseudo-colored,	as
indicated	in	the	image	titles	[25].

Figure	13.2	Dietary	requests	of	microalgae	biomass	and	lutein	concentrates	from
microalgae	compared	with	other	sources	taking	into	account	bioavailability.	Numbers
in	parentheses	show	the	total	amount	of	lutein	to	be	ingested	to	cover	the	recommended
daily	dose.

Figure	13.3	Effect	of	carbon	and	nitrogen	source	on	β-carotene	production	by	mated
strains	of	B.	trispora.

Figure	13.4	Representative	images	showing	the	distribution	of	carotenoids	in
Rhodotholua	mucilaginosa	(integration	over	the	band	at	1156	cm−1,	A	and	A’)	and
lipid	bodies	(2857	cm−1,	B	and	B’)	grown	in	aerobic	and	anaerobic	conditions.	Single
Raman	spectrum	(extracted	from	cross-marked	points	on	the	maps	A’	and	B’)	showing
features	due	to	the	mixture	of	lipids	with	carotenoids,	and	carotenoids	(blue	and	red
spectra,	respectively).
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Carotenoids:	Overview	of	Nomenclature,	Structures,
Occurrence,	and	Functions

Agnieszka	Kaczora,b,	Malgorzata	Baranskaa,b,	and	Krzysztof	Czamaraa,b
aFaculty	of	Chemistry,	Jagiellonian	University,	Krakow,	Poland
bJagiellonian	Centre	for	Experimental	Therapeutics	(JCET),	Jagiellonian	University,
Krakow,	Poland

Nature	is	painting	for	us,	day	after	day,	pictures	of	infinite	beauty	if	only	we	have	the	eyes
to	see	them.

John	Ruskin	(1819–1900)

1.1	Introduction
The	beauty	of	nature	never	ceases	to	surprise:	the	countless	number	of	shapes	and	forms,	a
large	diversity	of	fragrances	and	sounds,	the	unlimited	palette	of	colors.	Every	day,	we
perceive	through	the	senses	her	breathtaking	majesty.	The	reality	seen	with	the	eyes	is	a
mixture,	the	collage	of	rays	of	visible	light	reflected	by	the	objects.	This	incredible
composition	comes	onto	the	retina	where,	thanks	to	the	light-sensitive	cells	called	cones,	the
perception	of	the	color	is	achieved.	After	the	numerous	physical	and	biochemical	processes
that	convert	a	light	stimulus	into	nervous	stimulus,	an	image	of	the	world	creates	itself	in	the
brain.	However,	the	leaves	on	the	trees	would	never	be	green	and	the	ripe	tomatoes	would	not
be	red	without	the	presence	of	natural	pigments.	Plants	are	equipped	with	sophisticated
chemical	compounds	that	absorb	a	part	of	the	vital	sunlight	energy	for	use	in	photosynthesis
and	to	give	them	color.	One	of	them,	carotenoids,	are	the	second	most	abundant	(after
chlorophylls)	pigments	in	nature,	currently	comprising	over	700	specimens	[1,	2].	They	are
responsible	for	the	yellow,	orange,	and	red	color	of	fruits	[3],	flowers	[4],	seeds	[5],
flamingos	[6–8],	shrimp	[9],	and	various	other	higher	animals	[7,	10,	11].	The	deep	color	of
these	pigments	is	also	characteristic	for	various	simple	organisms,	such	as	yeast	[12,	13],	fungi
[14,	15],	and	algae	[16,	17],	being	natural	carotenoid	producers.	Carotenoids	generally	cannot
be	synthesized	by	animals,	but	they	are	necessary	in	their	diets	and	involved	in	many	purposes,
for	example,	lutein	and	zeaxanthin	accumulate	in	the	human	eye	and	serve	as	photoprotectants
against	damaging	effects	of	free	radicals	[18,	19].	So,	without	these	pigments,	we	cannot	see
the	beauty	painted	by	them.	Carotenoids	are	ubiquitous	in	all	kingdoms	of	living	organisms	and
provide	various	pivotal	functions	resulting	from	their	structural	diversity.

This	opening	chapter	is	addressed	to	gathering	the	fundamental	knowledge	of	carotenoids,
concerning	their	nomenclature,	structure	with	stereochemical	features,	occurrence,	and
functions.	Throughout	this	introductory	chapter,	references	are	made	to	the	topics	that	are
discussed	in	this	book	in	detail.



1.2	Nomenclature	and	structures
Carotenoids	owe	their	name	to	carrots	(Daucus	carota)	due	to	the	fact	that	they	constitute	the
major	pigments	in	the	carrot	root	[20].	According	to	the	International	Union	of	Pure	and
Applied	Chemistry	(IUPAC)	definition	[21],	carotenoids	belong	to	the	class	of	organic,	lipid-
soluble	compounds,	tetraterpenoids,	which	are	composed	of	eight	isoprenoid	units	joined
together	in	the	polyene	chain.	The	structure	of	isoprene	and	an	example	of	carotenoid	with
marked	segments	are	presented	in	Figure	1.1.	The	arrangement	of	units	is	not	obvious.	From
the	center	of	the	molecule,	they	are	reversed,	and	hence	two	central	side-chain	methyl	groups
are	in	the	1,6	positional	relationship	while	the	remaining	nonterminal	groups	are	in	the	1,5
relative	positions.	All	carotenoids	are	derivatives	of	lycopene	(ψ,ψ-carotene),	which	is
represented	by	the	formula	C40H56,	having	a	long	central	chain	of	11	conjugated	double	bonds
in	the	E	(trans)	configuration.	This	base	acyclic	structure	can	be	chemically	altered	by
cyclization,	hydrogenation	and	dehydrogenation,	oxidation,	or	any	combination	of	these
processes,	making	a	vast	range	of	possible	carotenoids	and	their	derivatives	[22].

Figure	1.1	(A)	The	structure	of	isoprene;	and	(B)	the	arrangement	of	isoprenoid	units	in	an
exemplary	carotenoid:	α-carotene.

The	specific	structure	of	the	carotenoid	backbone	originates	from	its	biosynthetic	pathway	[2,
23].	Carotenoids	are	synthesized	by	a	large	variety	of	phototrophic	and	nonphototrophic
organisms,	including	fungi,	bacteria,	and	algae.	In	higher	plants,	the	first	step	of	the	synthesis	is
the	condensation	of	two	geranylgeranyl	diphosphate	molecules	forming	a	linkage	of	two	C20
hydrocarbon	fragments.	This	tail-to-tail	enzymatic	reaction	is	catalyzed	by	the	phytoene
synthase.	The	resulting	compound,	15-cis-phytoene,	is	the	first	carotenoid	having	three
conjugated	double	bonds.	In	further	steps,	a	series	of	desaturation	reactions,	carried	out	by
appropriate	enzymes	in	the	presence	of	light,	introduce	alternating	double	bonds	in	the	40-
carbon	basic	skeleton	leading	to	the	lycopene	structure.	Thus,	lycopene	is	the	branching	point
of	this	pathway	and	starting	point	for	synthesis	of	all	other	carotenoids.	More	information	on
the	carotenoid	biosynthesis	and	its	regulation	in	plants	is	given	in	Chapter	10.



Carotenoids	possess	distinctive	chemical	reactivity	and	light-absorbing	characteristics.	One	of
their	most	remarkable	features	is	the	system	of	subsequent	double	and	single	bonds	in	the
central	part	of	the	molecule.	Due	to	the	overlap	of	p-orbitals	between	adjacent	carbon	atoms,
the	delocalization	of	π-electrons	over	the	entire	length	of	the	polyene	chain	occurs.	The	excited
state	of	the	molecule	is	accordingly	of	low	energy,	thus	in	general,	absorption	of	the	visible
light	is	enough	to	give	rise	to	the	electronic	transitions	from	π	to	π*	orbitals	[24,	25].
Carotenoids	possess	3–13	conjugated	double	bonds.	Its	number	determines	the	color	of	the
pigment	from	pale	yellow	(i.e.,	for	ζ-carotene	with	7	double	bonds);	through	bright	orange,
characteristic	for	β-carotene	(9	double	bonds);	to	intense,	deep	red	color	(i.e.,	for
canthaxanthin	with	13	double	bonds)	[25].	Moreover,	each	double	bond	may	exist	in	two
configurations:	as	geometric	isomers	Z	(cis)	or	E	(trans),	with	cis-isomers	being
thermodynamically	less	stable,	resulting	in	the	all-trans	isomers	of	carotenoids	that	are
predominantly	found	in	nature	[24].

Carotenoids	can	be	divided	into	two	subgroups	of	hydrocarbons:	carotens,	composed	only	of
carbon	and	hydrogen	atoms	(e.g.,	β-carotene),	and	their	oxygen-containing	derivatives,
xanthophylls.	In	the	latter,	the	additional	oxygen	atoms	are	found	in	various	functional	groups
(i.e.,	hydroxy-,	keto-,	carboxy-,	carbomethoxy-,	epoxy-,	and	lactone),	comprising	a	wide	range
of	possible	structures.	Furthermore,	the	hydroxyl	groups	may	also	be	esterified	or
glycosylated.	Examples	of	some	popular	and	structurally	interesting	carotenoids	are	shown	in
Figure	1.2.





Figure	1.2	Examples	of	structures	of	carotenes	and	xanthophylls;	a	common	natural	source	of
the	pigment	is	given	in	parentheses.	(A)	β-carotene	(carrot	Daucus	carota);	(B)	astaxanthin
(alga	Haematococcus	pluvialis);	(C)	neoxanthin	(green	leafy	vegetables,	i.e.,	spinach
Spinacia);	(D)	synechoxanthin	(cyanobacterium	Synechococcus);	(E)	oscillaxanthin
(cyanobacterium	Oscillatoria);	(F)	capsanthin	(paprika	Capsicum	annuum);	and	(G)	torulene
(yeast	Rhodotorula	spp.).

To	better	understand	the	nature	of	studied	compounds,	it	is	essential	to	follow	the	nomenclature
rules.	Three	naming	conventions	exist	for	carotenoids.	The	first	one,	the	systematic
nomenclature,	is	based	strictly	on	the	organic	chemistry	nomenclature.	This	method	is	not
preferred	for	higher	terpenoids	and	complex	structures	because	their	systematic	names	are	long
and	awkward.	The	second	naming	system	uses	trivial	names	referring	to	plants	or	organisms
from	which	they	were	originally	extracted	or	to	Latin	words	related	to	their	properties.	This
approach	is	widely	applied	to	natural	products,	but	it	can	introduce	ambiguity,	as	in	the	case	of
α-carotene	that	does	not	possess	two	α-ionone	rings	at	the	end	of	polyene	chain	but	one	α-	and
one	β-ionone	ring.	Therefore,	the	IUPAC	Commission	on	Nomenclature	of	Organic	Chemistry
and	the	IUPAC-IUB	(International	Union	of	Biochemistry)	Commission	on	Biochemical
Nomenclature	have	issued	the	semisystematic	names,	based	on	both	organic	chemistry
nomenclature	and	biological	origin,	to	define	precisely	the	structure	of	carotenoids	[21].	A
considerable	advantage	of	this	approach	is	the	simplification	in	data	searching	in	the	literature
and	facilitation	of	communication	between	scientists	from	different	science	branches.
Differences	in	the	naming	systems	are	presented	in	Figure	1.3	for	lutein.

Figure	1.3	The	structure	of	lutein	and	its	names	in	three	naming	systems:	systematic,	trivial,
and	semisystematic.

As	was	mentioned	in	this	chapter,	carotenoids’	names	originate	from	lycopene.	Its	hydrocarbon
skeleton	is	a	basic	structure	from	which	other	names	arise.	The	nomenclature	consistent	with
the	semisystematic	rules	starts	from	the	correct	numbering	of	the	carbon	atoms.	The	system	is
shown	in	Figure	1.4.	However,	the	choice	of	locants	of	methyl	groups	at	C1	atoms	depends	on
the	stereochemistry	[21].	In	acyclic	terminal	groups	with	a	double	bond	between	one	and	two



carbon	atoms	(1′	and	2′	on	the	second	end	of	the	molecule),	that	methyl	group	is	numbered	as
1,6	which	is	in	trans	conformation	to	the	main	polyene	chain.	In	β,	γ,	ε,	and	κ	end	groups,	the
16	and	17	(16′	and	17′)	are	distinguished	by	the	position	of	the	R	substituent	denoting	the	rest
of	the	molecule.	If	this	moiety	is	on	the	right	from	the	C1	carbon	atom,	they	are	marked	as
below	and	above	the	ring	plane,	respectively.	However,	when	the	R	group	in	on	the	left,	that
numbering	is	reversed.

Figure	1.4	(A)	The	structure	of	lycopene	compared	with	the	structure	of	the	carotenoid
polyene	chain;	and	(B)	possible	end	groups	found	in	nature	(with	prefixes).	The	numbering
scheme	for	all	structures	is	included.

Carotenoid	molecules	are	composed	of	a	hydrocarbon	chain	core	(Fig.	1.4A)	and	two	end
groups	attached	to	its	opposite	edges	(Fig.	1.4B).	Each	terminal	group	has	nine	carbon	atoms
arranged	in	different	structures	(e.g.,	cyclohexene,	cyclohexane,	and	cyclopentane)	and	is
described	by	Greek-letter	prefixes.	All	names	are	based	on	the	stem	name	“carotene”	preceded
by	the	prefixes	related	to	both	groups	occurring	in	the	molecule.	The	letters	should	be	cited	in
alphabetical	order	and	doubled	if	they	are	identical.	Thus,	β-carotene	is	correctly	written	as
β,β-carotene,	α-carotene	as	β,ε-carotene,	and	so	on.	If	the	end	groups	are	dissimilar,	the
unprimed	numbers	of	carbon	atoms	are	given	from	the	end	of	the	molecule	associated	with	the
first	Greek	letter	appearing	in	the	name.

Modifications	to	both	the	chain	and	end	groups	introduce	further	rules	in	the	nomenclature	of
carotenoids.	Possible	derivatives	of	carotenoids	are	presented	in	Figure	1.5,	and	the	names	are
explained	below:

For	hydrogenated	and	dehydrogenated	derivatives,	it	is	necessary	to	attach	the	prefixes
“dehydro”	and	“hydro”	when	hydrogen	atoms	are	removed	or	added,	respectively,	with	the



locants	of	the	carbon	atoms	where	they	occurred.	Additional	prefixes	denoting	the	number
of	modifications	are	used	according	to	the	standard	organic	chemistry	principles.

If	one	or	more	CH3,	CH2,	or	CH	groups	has	been	eliminated	from	a	carotenoid,	the	prefix
“nor”	with	the	locants	of	removed	carbon	atoms	must	be	incorporated.	In	nor	carotenoids,
the	numbering	of	the	remaining	carbon	atoms	is	preserved	as	in	the	original	molecules.

Seco	carotenoids	are	a	subgroup	wherein	at	least	one	band	in	the	terminal	rings	has	been
ruptured.	Thus,	the	name	is	supplemented	by	the	prefix	“seco”	and	numbers	of	carbon
atoms	where	a	gap	occurs.

Xanthophylls	nomenclature	follows	the	rules	of	the	general	organic	chemistry
nomenclature.	For	alcohols,	carboxylic	acids,	esters	of	carotenoid	alcohols	and	acids,
aldehydes,	and	ketones,	the	oxygen-containing	group	serves	as	a	principal	group	and	is
introduced	by	the	use	of	a	proper	suffix.	Xanthophylls	classified	as	ethers	are	named	in	two
manners	depending	on	the	type	of	oxygen	binding.	The	non-bridging	ethers	bring	to	the
name	the	appropriate	“alkoxy”	or	“aryloxy”	prefix,	whereas	oxygen	bridges	are	introduced
by	the	prefix	“epoxy.”	In	both	cases,	the	point	of	attachment	of	the	oxygen	atoms	in	the
molecule	must	be	specified.	The	numbering	in	xanthophylls	is	the	same	as	in	other
carotenoids	only	if	the	two	end	groups	are	dissimilar.	Otherwise,	the	unprimed	locants	are
assigned	to	carbon	atoms	according	to	the	order	of	importance:	firstly	to	principal	groups,
cited	as	the	suffix,	then	in	such	a	manner	to	obtain	the	lowest	locants’	numbers.

If	all	conjugated	double	bonds	are	shifted	by	one	position,	the	prefix	“retro”	should	be
included	in	the	name	with	appropriate	locants.	The	first	and	second	numbers	indicate
carbon	atoms	from	which	protons	were	removed	and	added,	respectively.

Apo	carotenoids	are	derivatives	in	which	a	carbon	skeleton	has	been	shortened	by	removal
of	a	part	of	the	molecule	from	one	or	both	ends.	The	prefix	“apo”	is	introduced	with
locants	indicating	that	the	fragment	beyond	this	carbon	atom	has	been	replaced	by	hydrogen
atoms.	However,	the	side-chain	methyl	groups	are	not	considered	to	be	“beyond”	the
carbon	atom	to	which	it	is	attached.	Additionally,	in	the	case	when	the	locants	preceding
the	“apo”	prefix	are	greater	than	5,	there	is	no	need	to	give	the	Greek	letters	in	the	stem
name.

In	contrast	to	apo	carotenoids,	there	are	subgroup	of	higher	carotenoids	composed	of	more
than	eight	isoprenoid	units.	Their	names	follow	the	general	principle	for	organic	molecules
and	retain	the	numbering	of	the	normal	carotenoid.



Figure	1.5	Various	groups	of	carotenoid	derivatives.

The	last	step	in	the	procedure	of	carotenoid	naming	involves	the	stereochemistry.	The	absolute
configuration	should	be	determined	for	each	chiral	center	in	the	molecule	using	the	R/S
convention.	Additionally,	if	any	Z	(cis)-configuration	of	double	bonds	is	present	in	the
structure,	it	should	be	denoted	classically.	The	stem	“carotene”	indicates	a	molecule	that
possesses	all	C=C	bonds	in	the	E	(trans)	configuration.

1.3	Occurrence	and	functions
The	diversity	of	functions	in	which	carotenoids	partake,	in	both	human	beings	and	other



organisms,	is	enormous.	Therefore,	it	is	not	particularly	surprising	that	the	number	of	literature
reports	on	this	topic	is	rather	substantial	and	well	summarized	in	several	review	articles
published	during	the	last	three	years	(2012–2014)	[16,	26–43].

1.3.1	Functions	in	plants
About	50	carotenoids	are	fundamental	components	of	the	light-harvesting	antenna	complexes
(LHCs)	of	photosynthetic	organisms.	The	main	roles	of	pigments	in	LHCs	are	capturing	light,
transferring	electronic	excitations	to	the	acceptor	chlorophyll	molecules,	as	well	as
photoprotection	based	on	regulating	the	energy	flow	[43].	Carotenoids	also	play	a	role	in
stabilization	of	biomembranes	and	membrane-bound	pigment–protein	complexes.	The	function
of	carotenoids	in	pigment–protein	complexes	in	relation	to	their	structure	is	the	topic	of
Chapter	9	of	this	book.

1.3.2	Antioxidants	in	humans
Several	carotenoids	act	as	potent	antioxidants	in	humans.	The	omnipotent	free-radical
scavenger	is	astaxanthin,	which	has	about	10-fold	higher	antioxidant	activity	compared	to
zeaxanthin,	lutein,	cantaxanthin,	and	β-carotene	and	100-fold	higher	activity	than	α-tocopherol
[44].	The	antioxidant	properties	are	the	basis	of	preventive	function	toward	many	chronic
diseases,	including	neurodegenerative	diseases:	stroke	(lutein	and	astaxanthin),	Alzheimer’s
disease	(astaxanthin	and	β-carotene),	and	Parkinson’s	disease	(β-carotene);	cardiovascular
diseases:	atherosclerosis	(lutein,	astaxanthin,	α-carotene,	and	crocin)	and	hypertension
(astaxanthin,	α-carotene,	crocin,	and	lycopene);	diabetes	(lutein,	zeaxanthin,	astaxanthin,	α-
carotene,	and	lycopene);	cancer	(fucoxanthin,	astaxanthin,	α-carotene,	crocin,	and	lycopene);
and	osteoporosis	(β-cryptoxanthin	and	crocin)	[28,	34,	35	and	references	cited	therein,	37,	38,
45–46].	Moreover,	several	carotenoids	are	suggested	to	have	a	beneficial	influence	on	the
immunological	system,	decrease	drug-withdrawal	syndrome,	show	neuroprotective	effect,	and
possess	anti-inflammatory	properties	[28,	34,	35,	44].

It	has	been	indicated	that	carotenoids	can	be	used	as	biomarkers	to	distinguish	between
cancerous/malignant	and	healthy	cells	and	tissues,	with	practical	potential	in	medical
diagnostics	[47–49].	This	subject	is	further	developed	in	Chapter	2.	Mechanisms	of	radiation
and	photoprotection	of	dietary	carotenoids	are	characterized	in	Chapter	3.

1.3.3	Role	in	visual	and	cognitive	function
One	of	the	most	important	and	well-described	functions	of	carotenoids	is	the	pro–vitamin	A
activity	(i.e.,	their	ability	to	convert	into	retinol)	[43,	50].	Vitamin	A	is	a	compound	of	the	key
importance	for	child	health	and	survival,	and	its	deficiency	result	in	disturbances	in	vision	and
a	number	of	diverse	other	pathologies	[51].

Two	isomeric	xanthophylls,	lutein	and	zeaxanthin,	play	a	key	role	in	vision	health	[33	and
references	cited	therein,	43	and	references	cited	therein].	These	pigments,	in	the	forms	of
lutein,	zeaxanthin,	and	mezo-zeaxathin,	formed	metabolically	from	lutein	in	the	human	body,
are	concentrated	in	the	central	region	of	the	retina,	called	the	macula	lutea.	Macular



carotenoids	prevent	damage	leading	to	age-related	macular	degeneration,	visual	impairment,
and	cataracts	[33	and	references	cited	therein,	43	and	references	cited	therein].	Lutein	was
also	suggested	to	influence	early	visual	development	[52].	This	pigment	is	also	a	major
carotenoid	of	the	human	brain,	involved	in	a	number	of	cognitive	processes	such	as	learning,
memory,	language,	and	executive	functions	[32	and	references	cited	therein,	33	and	references
cited	therein].	The	influence	of	macular	carotenoids	on	human	health	is	considered	in	Chapter
4.

1.3.4	Carotenoids	in	human	skin
Skin	coloration	appears	to	play	an	important	role	in	facial	attractiveness,	with	skin	yellowness
being	a	desirable	feature.	Overall,	it	was	suggested	that	skin	coloration	is	a	part	of	the
carotenoid-linked	health-signaling	system	that	is	of	considerable	meaning	in	mate	choice	[53].

Human	skin	contains	various	carotenoids,	mainly	α-carotene,	γ-carotene,	β-carotene,	lutein,
zeaxanthin,	lycopene,	and	their	isomers,	that	serve	the	living	cells	as	a	protection	against
oxidation	[54].	A	diet	rich	in	carotenoids	prevents	cell	damage,	premature	skin	aging,	skin
cancer,	and	other	skin-related	diseases	as	the	increase	of	carotenoid	level	increases	the
radical-scavenging	activity	of	the	skin	and	provides	a	significant	protection	against	stress-
induced	radical	formation	[55].	Moreover,	the	carotenoid	level	in	the	skin,	which	is	quite	easy
to	measure	with	the	help	of	Raman	spectroscopy,	reflects	the	antioxidant	status	[56].	This	topic
is	further	developed	in	this	chapter.

1.3.5	Signaling	function
Carotenoids	are	responsible	for	the	color	of	fruits,	vegetables,	and	flowers,	increasing	their
attractiveness	for	pollination,	seed	dispersal,	and	sexual	attraction.	Apo	carotenoids	contribute
to	the	aroma	of	flowers,	fruits,	and	vegetables.	Carotenoid	cleavage	products	are
phytohormones	and	essential	signaling	molecules	[43].

1.3.6	Industrial	applications
Astaxanthin,	next	to	β-carotene,	is	one	of	the	most	important	carotenoids	for	industrial
applications.	Astaxanthin	and	(to	a	much	lower	extent)	cantaxanthin,	obtained	from	de	novo
manufacturers,	play	a	crucial	function	as	food	colorants	in	salmonid	and	crustacean	cultures
[44].	Algal	and	yeast	cultures	are	not	only	feed	but	also	more	and	more	often	exploited	sources
of	dietary	carotenoids	[16	and	references	cited	therein].	Numerous	factors	influencing
carotenoids’	synthesis	by	microorganisms	and	various	tactics	that	serve	optimizing
technological	processes	of	carotenoid	production	are	characterized	in	Chapters	12	and	13.
Such	microbial	cultures	are	not	only	environmentally	friendly	but	also,	in	the	future,	can
function	also	as	“recycling	trash-cans”	for	agro-industrial	wastes.	Successful	carotenoid
production	by	microbial	sources	cultivated	in	industrial	residues	has	been	already	reported
[57–59].

Both	microorganism-derived	and	synthetic	carotenoids	are	used	commonly	as	dietary
supplements	as	well	as	pigments	in	food	and	beverages,	for	instance	in	fruit	juices,	soft	drinks,



and	dairy	products	[16	and	references	cited	therein].	Additionally,	they	are	applied	as	animal
feed	and	used	in	the	pharmaceutical	and	cosmetic	industries.	There	are	often	differences
between	synthetic	and	biomanufactured	carotenoids	in	the	sense	of	structures,	and	therefore
their	bioavailability.	This	point	is	referred	to	in	Chapter	13.	A	general	review	of	the	recent
spectroscopic	studies	regarding	structures	of	carotenoids	in	de	novo	manufacturers,	plants,	and
animals,	also	in	situ,	is	discussed	in	Chapters	6–8.	Topics	related	to	carotenoids
bioavailability	from	the	food	matrix	and	optimization	of	extraction	procedures	are	included	in
Chapter	11.	Various	functions	of	carotenoids	are	summarized	in	Figure	1.6.

Figure	1.6	Diverse	functions	of	carotenoids.



1.3.7	Carotenoids	of	specified	properties
Industry	is	searching	for	carotenoids	of	modified	properties	both	for	better	functionality	and
for	new	applications	of	carotenoids	and	their	derivatives.	Particularly,	the	pharmaceutical
industry	is	interested	in	more	hydrophilic	carotenoids,	with	CardaxTM	being	an	example	of
this.	This	disodium	disuccinate	derivative	of	astaxanthin	is	an	efficient	cardioprotective	drug
of	increased	solubility	as	compared	with	the	original	xanthophyll	[60].

Various	carotenoid-based	compounds	are	synthetized	and	tested	toward	many	specific
applications,	with	carotenoid–porphyrin–fullerene	derivatives	being	probably	one	of	the	most
exotic	carotenoid	derivatives	synthetized	up	to	now	[61].	Recent	achievements,	challenges,
and	perspectives	of	syntheses	with	carotenoids	are	described	in	Chapter	14.
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2.1	Introduction
Since	ancient	times,	humans	have	been	trying	to	keep	their	skin	looking	youthful.	In	our	time,
the	desire	for	a	lasting	youthful	appearance	has	become	even	stronger,	as	youthfulness	and
beauty	are	often	considered	to	be	prerequisites	for	professional	and	personal	success.	Plastic
surgery	is	on	the	rise	globally.	Cosmetic	skin	care	products	are	constantly	gaining	in
importance	to	both	female	and	male	consumers.	Besides	the	application	of	cosmetic	products,
there	are	simple	behavioral	patterns	such	as	eating	healthy	and	reducing	stressors	that	may
influence	the	skin’s	aging	process	decisively.	The	role	of	the	antioxidative	status	in	this
process,	determined	by	the	carotenoid	level	as	indicator	substance,	is	described	in	the	present
chapter.

2.2	State	of	the	art
2.2.1	Solar	radiation	and	skin	aging
Solar	radiation	is	a	basic	requirement	for	the	metabolism	of	the	human	species	[1,	2].	It
induces	the	synthesis	of	vitamin	D	[1]	in	the	skin	and	stimulates	the	well-being	[3].	If	skin	is
exposed	to	excessive	doses	of	solar	radiation,	however,	the	results	may	be	sunburn,	photo-
aging,	immunosuppression,	and	even	skin	cancer	[4,	5].	Such	damage	is	predominantly	due	to
the	formation	of	free	radicals	[6–8].	These	highly	reactive	molecules	are	capable	of	destroying
cells	and	cell	compartments	as	well	as	elastin	and	collagen	fibers,	and	preventing	their
regeneration	[9,	10].	Through	antioxidants,	nature	has	evolved	a	defense	system	against	the
destructive	effects	of	excess	free	radicals.	Antioxidants	are	capable	of	neutralizing	the	free
radicals	before	they	can	begin	damaging	the	body	[11,	12].	Although	solar	radiation	is	a	major
cause	of	premature	skin	aging,	genetic	determinants	also	influence	the	aging	process	[13].

2.2.2	Carotenoids	and	the	antioxidants	of	the	human	skin
Several	of	the	antioxidants	in	the	multilevel	defense	system	cannot	be	generated	by	the	human
body	but	must	be	ingested	with	a	diet	rich	in	antioxidant-containing	foods,	for	instance	fruit	and



vegetables	[14].	The	antioxidants	in	the	human	body	comprise	carotenoids,	vitamins,	and
specific	enzymes	[15].	Most	of	the	lipophilic	antioxidants	are	excreted	with	the	sweat	and	the
sebum	onto	the	skin	surface,	where	they	disperse	homogeneously	[16,	17].	Subsequently,	they
penetrate	from	the	skin	surface	back	into	the	uppermost	layer	of	the	stratum	corneum,	as	if	they
had	been	applied	topically.

As	the	antioxidants	form	protective	chains,	which	allow	them	to	regenerate	after	neutralizing
free	radicals,	the	analysis	of	one	main	antioxidant	substance	is	sufficient	to	yield	information
regarding	the	antioxidant	status	as	a	whole	[18–20].	Using	electron	paramagnetic	resonance
(EPR)	spectroscopy,	it	could	be	demonstrated	that,	for	example,	carotenoids	represent
indicator	marker	substances	for	the	overall	antioxidant	status	of	the	epidermis	[21].

Formerly,	carotenoids	were	detected	using	high-pressure	liquid	chromatography	(HPLC)	or
mass	spectroscopy	(MS)	[22].	These	invasive	techniques	required	the	use	of	tissue	or	blood
samples.	In	addition,	excised	tissue	samples	could	not	be	analyzed	twice.	Thus,	kinetic
investigations	had	to	be	severely	restricted	in	the	past.

Through	resonance	Raman	spectroscopy	and	reflectance	spectroscopy,	the	noninvasive
detection	of	dermal	carotenoids	has	become	possible	[23–25].	Figure	2.1	(Color	Supplement)
shows	a	resonance	Raman	spectrometer	and	a	reflectance	spectroscopy–based	skin	scanner
(biozoom®,	Agoura	Hills,	CA,	USA).	Both	systems	are	suitable	for	analyzing	the	kinetics	of
the	carotenoids	in	human	skin	[8].



Figure	2.1	(A,	B)	Raman	resonance	spectrometer	developed	at	the	CCP;	and	(C)	a	biozoom®
skin	scanner	based	on	reflectance	spectroscopy	for	the	detection	of	carotenoids	in	human	skin.

When	the	newly	developed	resonance	Raman	spectrometer	was	used	for	the	first	time	at	the
CCP	in	order	to	detect	carotenoids	selectively	and	sensitively,	it	had	not	been	clear	which
information	could	be	derived	from	these	measurements.	Therefore,	the	staff	of	the	CCP
participated	in	a	one-year	study,	during	which	their	carotenoids	were	measured	before	lunch
every	workday	[26].	The	respective	measurements	took	only	a	few	minutes.	In	addition,	the
volunteers	were	surveyed	for	their	nutritional	behavior	and	stressors.	As	a	result,	it	turned	out
that	the	antioxidant	status	can	be	considered	to	be	a	fingerprint	of	the	specific	volunteer.	Those
volunteers	who	smoked	and	lived	on	relatively	unhealthy	diets	exhibited	lower	carotenoid
concentrations,	whereas	volunteers	who	had	eaten	healthy	food	containing	large	amounts	of
fruit	and	vegetables	displayed	higher	carotenoid	values.	A	typical	example	of	a	volunteer’s
one-year	kinetics	is	depicted	in	Figure	2.2	[26].	In	the	summer	and	autumn,	the	measured
carotenoid	concentrations	were	distinctly	higher	than	in	the	spring	and	winter.	The	measured
values	were	grouped	around	a	mean	value.	Distinct	enhancements	as	those	visible	in	Figure
2.2	indicate	an	increased	intake	of	fruit	and	vegetables.	However,	in	two	cases,	the	antioxidant
status	dropped	during	the	measurements.	Both	cases	were	due	to	infections	of	the	upper
respiratory	tract.	Although	the	affected	volunteers	did	not	report	in	sick	because	of	these
infections,	they	involved	considerable	stress	for	them.	Moreover,	another	strong	decline	was
noticed	on	day	120,	which	had	not	been	related	to	a	disease,	but	to	a	summer	night	party
involving	much	alcohol	and	lack	of	sleep.



Figure	2.2	Kinetics	of	carotenoids	measured	in	volunteers	over	a	one-year	period	on	every
workday	[26].	The	encircled	values	above	the	mean	values	correlate	with	an	increased	intake
of	fruit	and	vegetables	as	disclosed	by	the	volunteers	in	the	surveys;	whereas	the	lower	values
encircled	around	days	40	and	220	correlated	with	an	infection	of	the	upper	respiratory	tract,
and	on	day	120	with	a	summer	night	party	involving	much	alcohol	consumption	and	lack	of
sleep.

2.2.3	Factors	influencing	the	antioxidant	status	of	the	skin
Based	on	the	results	of	the	one-year	study,	further	studies	addressed	the	influence	of	ultraviolet
(UV)	[27]	and	infrared	(IR)	[18,	19]	radiation	as	well	as	alcohol	consumption	[28]	on	the
antioxidant	status	of	the	skin.	While	a	depletion	of	carotenoids	due	to	UV	exposure	is	plausible
and	has	been	described	in	the	literature	[29–31],	the	decay	of	antioxidants	as	a	consequence	of
IR	radiation	was	rather	surprising,	as	the	energy	of	the	IR	photons	is	insufficient	for	direct
radical	formation.	However,	this	decay	could	subsequently	be	verified	by	EPR	spectroscopy
[32].	Consequently,	it	is	assumed	that	there	are	structures	in	human	skin	that	absorb	IR
radiation,	thus	accumulating	energy	and	finally	inducing	free	radicals.	Such	structures	are,	inter
alia,	the	mitochondria	[8,	33].



But	the	consumption	of	alcohol	also	induced	free	radicals,	as	shown	in	Figure	2.3	[28].	In	this
study,	the	antioxidant	status	of	the	volunteers	was	measured	prior	to	and	at	different	times	after
the	consumption	of	alcohol.	The	volunteers	were	requested	to	drink	1	mL	of	ethanol	per	kg
body	weight	in	the	form	of	vodka	or	rum	containing	40%	alcohol	within	a	time	period	of
approximately	15–30	minutes.	In	Figure	2.3,	a	strong	depletion	of	the	carotenoid	concentration
can	be	observed	immediately	subsequent	to	the	consumption	of	alcohol	[28].	It	took	up	to	four
days	and	the	intake	of	a	healthy	diet	for	the	previous	carotenoid	level	to	be	restored.	Figure	2.3
also	shows	the	points	when	minimum	erythema	dose	(MED)	measurements	prior	to	and	after
the	alcohol	intake	were	performed.	The	MED	is	a	measure	for	the	UV	dose	necessary	to	induce
sunburn	in	the	skin.	It	is	clearly	shown	that	volunteers	with	a	disturbed	antioxidant	protective
system	are	affected	by	sunburn	much	more	quickly	than	volunteers	whose	antioxidant	system	is
intact.

Figure	2.3	Influence	of	alcohol	consumption	on	the	carotenoid	concentration	of	the	skin	[28].

2.2.4	Antioxidants	and	sun	protection



In	the	previous	paragraph,	it	was	explained	that	free	radicals	in	the	skin	can	be	induced	by
solar	radiation	not	only	in	the	UV	but	also	in	the	IR	spectral	range.	In	addition,	free	radicals
can	also	be	induced	by	visible	(VIS)	light	[34].	Sunscreens	are	designed	to	protect	the	human
skin	against	sunburn	and	damage	in	the	UVB/UVA	spectral	range,	and	products	with	light
protection	factors	beyond	50	are	commercially	widely	available.	By	using	sunscreens,
however,	people	tend	to	expose	themselves	to	the	sun	for	much	longer	periods	of	time	than	if
they	did	not	use	sunscreen.	Although	the	sunscreen	provides	efficient	protection	in	the	UV
range	of	the	solar	spectrum,	radical	formation	in	the	VIS	and	IR	ranges	is	enhanced.

Zastrow	et	al.	[34]	could	demonstrate	that	50%	of	the	free	radicals	induced	by	solar	radiation
are	generated	in	the	UV	range,	whereas	the	remaining	50%	are	formed	in	the	VIS	and	IR
spectral	ranges.	In	the	absence	of	filter	substances	whose	bandwidth	would	cover	the	VIS–IR
spectra	completely,	the	protective	strategy	used	against	UV	radiation	in	sunscreens	cannot	be
transferred	to	protective	measures	in	the	VIS–IR	spectral	ranges.	Therefore,	the	intrinsic
protective	mechanisms	of	the	skin	must	be	utilized	for	these	ranges.	The	first	of	these
mechanisms	is	hyperkeratosis	[35]	(i.e.,	a	thickening	of	the	horny	layer	upon	exposure	to
sunlight	radiation).	Due	to	hyperkeratosis,	fewer	solar	photons	are	able	to	penetrate	into	the
viable	skin	layers	and	can	be	reflected	and	scattered	more	efficiently	in	the	stratum	corneum.
The	second	mechanism	is	tanning	[36],	which	results	from	an	increased	melanin	production.
Melanin	is	a	highly	efficient	absorber	not	only	in	the	UV	but	also	in	the	VIS	and	IR	ranges	of
the	solar	spectrum	[37].	This	means	that	the	solar	radiation	is	reflected	and	scattered,	and
fewer	photons	reach	the	viable	skin.	The	antioxidants	contained	in	the	human	skin	are	the	third
protective	strategy.	These	antioxidants	are	capable	of	neutralizing	the	free	radicals	before	they
become	destructive	in	human	tissue.	These	three	protective	mechanisms	are	also	contained	in
some	of	the	modern	sunscreens	[38].	Pigments,	specifically	“physical	filter”	TiO2,	added	to	the
sunscreen	formulations	ensure	that	the	solar	photons	are	reflected	and	scattered	not	only	in	the
UV	but	also	in	the	VIS	and	IR	spectral	ranges	for	the	skin.	At	the	same	time,	antioxidants	that
are	added	to	the	formulations	to	stabilize	the	UV	filters	have	a	protective	effect	in	the	VIS	and
IR	ranges.	In	order	to	investigate	this	effect,	skin	areas	not	treated	with	sunscreen	as	well	as
sunscreens	according	to	COLIPA	standard	P3	and	four	commercial	sunscreens	were	tested	for
their	protective	efficacy	in	the	IR	by	EPR	spectroscopy.	Using	this	method,	spin	markers	are
applied	to	the	skin	that	are	influenced	by	radical	formation	in	the	human	skin.	This	influence
can	be	measured	by	the	EPR	system	[30].	This	study	revealed	that	the	untreated	skin	was
affected	by	the	highest	radical	production	subsequent	to	IR	irradiation.	The	COLIPA	standard
that	contained	neither	TiO2	pigments	nor	antioxidants	yielded	a	result	very	similar	to	that	of	the
untreated	skin.	The	sunscreens,	however,	reduced	the	radical	formation	considerably.	Although
the	concentration	of	antioxidants	was	not	very	high	in	the	sunscreen	that	ranked	most	effective,
it	reflected	and	scattered	a	high	amount	of	solar	photons	because	it	contained	a	relatively	high
concentration	of	TiO2.	Regarding	the	second-best	sunscreen	product	that	differed	only	slightly
from	the	best	one,	this	sunscreen	contained	a	high	concentration	of	antioxidants,	compensating
the	comparably	lower	amount	of	the	physical	filter	TiO2.

Consequently,	there	are	two	mechanisms	through	which	protection	in	the	VIS	and	IR	spectral



ranges	can	be	provided.	The	first	mechanism	is	based	on	micropigments	reflecting	and
scattering	the	solar	radiation,	whereas	the	second	mechanism	is	based	on	antioxidants
preventing	an	excess	of	free	radicals	before	becoming	harmful	[11].	Meanwhile,	the	first
commercial	sunscreens	are	available	that	provide	protection	not	only	in	the	UV	but	also	in	the
VIS	and	IR	spectral	ranges,	and	are	declared	accordingly.

2.2.5	Antioxidants	and	skin	aging
To	date,	many	volunteers	have	been	investigated	with	the	resonance	Raman	spectrometer
developed	at	the	CCP.	As	a	result,	it	was	found	that	subjects	who	exhibited	high	carotenoid
concentrations	generally	appeared	younger	looking	for	their	age.	This	was	not	observed	for	the
volunteers	with	low	carotenoid	concentrations.	To	objectify	this	observation,	a	further	study
was	performed	with	volunteers	aged	between	40	and	50	years	[39].	These	volunteers	were
measured	for	their	antioxidant	status	and	for	photo-aging	on	the	forehead.	In	this	case,	photo-
aging	was	determined	by	the	skin	roughness	index	that	is	based	on	the	density	and	depth	of	the
furrows	and	wrinkles.	As	all	volunteers	were	of	a	similar	age,	it	can	be	assumed	that	their
different	dermal	profiles	were	due	to	their	individual	nutritional	and	stress	behaviorisms.	The
study	involved	only	volunteers	who	had	not	changed	their	dietary	and	behavioral	manners.	A
clear	correlation	was	found	between	the	antioxidant	status	in	the	skin	in	the	form	of	lycopene
concentration	and	the	skin	roughness	(Figure	2.4).	Volunteers	with	high	lycopene
concentrations	exhibited	considerably	less	wrinkles	than	volunteers	with	lower	carotenoid
values.



Figure	2.4	Correlation	between	the	antioxidant	status	of	the	volunteers	in	light-exposed	skin	to
skin	roughness	[39].

The	results	of	the	studies	clearly	showed	that	a	diet	rich	in	fruit	and	vegetables	is	an	effective
prevention	strategy	against	premature	skin	aging.	Based	on	these	findings,	a	further	study	was
conducted,	this	time	involving	high	school	students.

2.2.6	Investigations	into	the	antioxidant	status	of	high	school
students
These	investigations	were	aimed	at	positively	influencing	the	lifestyles	of	adolescents,	who
are	still	developing	their	nutritional	and	behavioral	manners,	using	biofeedback	measurements
of	their	antioxidant	status.	Instead	of	the	resonance	Raman	system,	the	easy-to-handle	and
portable	reflectance	spectroscopy–based	biozoom	skin	scanner	was	used	for	measuring
carotenoids	in	this	study.	The	measurements	were	taken	over	a	period	of	two	months.	Fifty
volunteers	were	recruited	for	the	study	[40].

In	month	1,	the	students	were	asked	not	to	change	their	usual	lifestyles	in	terms	of	nutrition,
alcohol	consumption,	and	smoking.	They	were	also	requested	to	keep	visiting	discotheques	and
staying	up	as	long	as	usual.	In	addition,	the	students	were	surveyed	regarding	their	nutritional
habits	and	their	stressors.	In	this	phase	of	the	study,	the	students	were	not	informed	of	their
measuring	results.

In	month	2,	the	students	were	served	healthy	lunches.	In	addition,	informative	courses	and



lectures	were	held	regarding	the	positive	effects	of	a	healthy	nutrition	and	lifestyle	on	the
antioxidant	status	and	overall	health.	The	students	were	asked	to	consume	a	healthy	diet	and	to
avoid	stressors	to	the	largest	possible	extent.
The	results	of	the	study	showed	that	the	students	exhibited	relatively	high	antioxidant	values
already	in	month	1.	As	they	were	aware	of	being	investigated,	they	were	eager	to	present
themselves	in	the	best	light.	In	phase	2	of	the	investigations,	the	initial	values	were	exceeded
as	the	students	competed	for	the	highest	values.	They	not	only	reduced	smoking	and	drinking
alcoholic	beverages,	but	also	returned	home	earlier	from	discotheques.	By	modifying	their
lifestyles,	the	students	improved,	inter	alia,	their	scholastic	performance.

When	the	students	were	stressed	by	preparing	for	or	undergoing	exams,	their	antioxidant	status
declined	[40].	Also,	infections	of	the	upper	respiratory	tract	coincided	with	a	reduction	of	the
antioxidant	status.	On	the	other	hand,	the	students’	high	antioxidant	values	could	always	be
restored	by	healthy	food	rich	in	fruit	and	vegetables.	These	results	were	indeed	surprising	and
gave	rise	to	the	question	whether	the	students	had	changed	their	habits	only	for	the	time	of	the
study	or	whether	they	had	changed	their	lifestyles	sustainably.	Six	months	after	the	end	of	the
study,	the	antioxidant	status	of	the	volunteers	was	therefore	determined	once	more	[40],	this
time	without	prior	notice.	It	turned	out	that	the	students	had	not	only	maintained	but	even
slightly	improved	their	measuring	values.	At	the	end	of	the	study,	the	students	were	asked	to
briefly	summarize	their	experience	from	the	investigations	in	writing.	Nearly	all	of	the	students
agreed	that	they	had	been	reluctant	to	listen	to	any	advice	of	their	parents	or	teachers,	but
would	be	willing	to	drastically	change	their	nutritional	and	behavioral	habits	now	that	they
have	experienced	the	biofeedback	from	their	own	bodies.

2.2.7	Accumulation	of	antioxidants	in	human	skin	by	systemic	and
topical	application
In	Chapter	1,	the	importance	of	antioxidants	in	the	prevention	of	skin	aging	was	shown,	stating
that	the	human	body,	specifically	the	skin,	can	be	supplied	with	antioxidants	by	healthy	food
rich	in	fruit	and	vegetables.	In	this	context,	studies	addressing	the	topical	and	systemic
application	of	antioxidants	were	undertaken	in	which	the	effects	of	the	verum	products	were
compared	to	placebo	products	[41].	Although	none	of	the	placebo	products	induced	an
increase	in	the	antioxidant	status	of	the	volunteer	groups,	the	verum	products—both	tablets	and
creams—resulted	in	a	significant	enhancement	of	the	carotenoid	concentration	by	almost	100%
after	eight	weeks	of	application,	provided	these	antioxidants	were	topically	applied	as	a	film
or	administrated	in	the	form	of	tablets.

In	addition,	the	combined	application	of	tablets	and	cream	was	investigated	in	this	study	[41].
The	result	showed	that	the	simultaneous	application	of	the	verum	tablets	and	the	verum	cream
did	not	result	in	an	antioxidant	status	that	was	twice	as	high	as	that	achieved	by	the
individually	applied	verum	products.	The	values	only	slightly	exceeded	those	of	the	separately
applied	verum	tablets.	This	was	due	to	the	fact	that	the	systemically	applied	antioxidants	are
excreted	with	the	sweat	and	the	serum	onto	the	skin	surface,	where	they	spread	and	penetrate
back	into	the	skin	as	when	applied	topically	[41].	If	a	cream	is	applied	in	a	nutritious	or	fatty



formulation,	the	stratum	corneum	will	be	saturated	by	this	cream	so	that	the	antioxidants	being
excreted	with	the	sweat	and	the	sebum	cannot	efficiently	penetrate	back	into	the	stratum
corneum	anymore.	They	remain	on	the	skin	surface	and	will	be	washed	off	or	removed	by
textiles	such	as	clothing	and	desquamation	within	24	hours.	From	these	findings,	it	is	evident
that	the	galenics	of	a	verum	cream	for	topical	application	must	be	adapted	to	the	specific
situation,	permitting	the	cream	to	penetrate	the	stratum	corneum	without	saturating	it
completely.	The	stratum	corneum	must	still	be	accessible	for	antioxidants	that	are	excreted
onto	the	skin	surface.

In	this	context,	it	must	be	emphasized	that	systemically	applied	food	supplements	yielded
enhanced	antioxidant	values	in	the	skin	for	up	to	six	weeks	after	discontinuance	of	their
ingestion,	as	the	antioxidants	taken	in	systemically	are	stored	in	the	organism.

When	topically	applied,	the	cream	was	not	detectable	on	the	skin	surface	as	early	as	24	hours
later	[41].	Consequently,	the	combined	topical	and	systemic	application	of	antioxidants	was
identified	as	the	optimal	dosage	form.	The	topical	application	provides	an	immediate	effect	on
the	skin,	although	only	for	approximately	24	hours,	and	in	most	cases	not	on	the	entire	skin
surface.	By	applying	antioxidants	systemically,	the	complete	skin	surface	is	treated,	and	long-
term	protection	is	thereby	induced	[41].

Nevertheless,	when	a	cream	rich	in	hyperforin	is	applied	twice	daily,	after	four	weeks	the
radical-scavenging	activity	was	highly	enhanced	at	least	24	hours	after	the	last	application.
This	could	be	shown	using	IR	irradiation	as	a	stressor	[42].	Lower	effect	could	be	reached	by
oral	application	of	curly	kale	extracts	containing	carotenoids	[22].

When	administering	antioxidants	systemically,	it	must	be	considered	however	that	their
composition	must	correlate	with	the	physiological	concentrations	in	the	skin.	A	separate	intake
of	single	antioxidants	at	high	concentrations	could	turn	these	antioxidants	deleterious	so	that
they	generate	free	radicals	instead	of	neutralizing	them	[14,	20].	This	fact	will	have	to	be	duly
considered	in	future	regulatory	measures	for	the	production	and	sale	of	food	supplements.

2.2.8	Ethnic	influences	on	the	antioxidant	status
The	previously	described	studies	revealed	that	the	antioxidant	status	of	the	organism,	including
the	skin,	is	influenced	not	only	by	nutritional	habits	but	also	by	stressors.	These	findings	could
be	confirmed	by	another	study	involving	ethnic	groups	[43].	In	this	study,	the	antioxidant
statuses	of	Germans,	native	Koreans	living	in	South	Korea,	and	volunteers	recruited	from	the
Korean	community	in	Berlin	were	investigated.

The	Korean	cuisine	is	deemed	to	be	among	the	healthiest	in	the	world	as	it	contains	a	higher
amount	of	vegetables	and	lower	amounts	of	total	fat	in	comparison	to	Western	or	even
Japanese	and	Chinese	cuisine	[8,	20].	Furthermore,	it	is	based	on	fermenting	(including
pickling)	or	sautéing	fruit	and	vegetables	instead	of	boiling	or	frying	them,	thereby	preserving
larger	amounts	of	antioxidants	[8,	20,	27].	It	had	been	hypothesized	that	the	native	Korean
volunteers	would	exhibit	an	antioxidant	status	that	is	superior	to	that	of	the	German	volunteers.
In	this	context,	it	was	interesting	to	elucidate	the	antioxidant	status	of	the	volunteers	from	the



Korean	community	in	Berlin.	The	aim	of	the	study	was	to	reveal	whether	their	antioxidant
status	would	correlate	better	with	the	status	of	the	Korean	citizens	or	with	that	of	the	German
volunteers.

Contrary	to	expectations,	however,	the	results	obtained	from	more	than	700	volunteers	showed
only	slight	differences	between	the	antioxidant	values	of	the	German	and	the	native	Korean
volunteers	despite	the	differences	in	dietary	patterns.	Evaluating	the	surveys,	it	could	be
concluded	that	stress	occupies	another	paradigm	in	Germany	than	in	Korea	[43].	While	in
Germany	the	term	“stress”	is	negatively	connoted,	it	linked	to	high	social	appreciation	in
Korea	(e.g.,	in	terms	of	a	good	family	man	or	diligent	employee).	Above	all,	working
conditions	as	well	as	social	and	educational	environments	differ	notably	from	those	in
Germany.	In	this	study,	it	could	be	clearly	shown	that	the	positive	aspects	of	the	very	healthy
nutrition	on	the	antioxidant	status	are	compensated	by	specific	stressors.

Interestingly,	it	turned	out	from	the	investigations	of	the	Korean	volunteers	living	in	Berlin	that
immigrant	native	Koreans	exhibited	an	antioxidant	status	similar	to	that	of	the	Korean
residents,	whereas	the	antioxidant	status	of	the	immigrants’	descendants	born	and	raised	in
Berlin	correlated	with	that	of	the	German	volunteers.	This	can	be	explained	by	the	mainly
Korean	dietary	pattern	of	the	immigrant	Koreans,	whereas	the	younger	German-born
generations	stated	to	consume	more	Western	food	or	a	mixture	of	both	Korean	and	Western
food.

2.2.9	The	antioxidant	status	in	pregnant	women	and	neonates
The	investigations	regarding	the	antioxidant	status	of	the	skin	are	interesting	not	only	for
cosmetology	but	also	for	clinical	applications.	A	further	study	focused	on	the	antioxidant	status
of	expectant	mothers	and	their	newborns	[44].	The	aim	of	this	study	was	to	find	out	whether
pregnant	women	with	a	high	antioxidant	status	would	give	birth	to	infants	with	high	antioxidant
values	and	whether	the	antioxidant	status	of	newborns	delivered	by	women	with	low
antioxidant	values	would	also	be	low.	The	pregnant	women	were	investigated	in	gestational
week	39	and	at	the	time	they	went	into	labor.	In	addition,	the	mothers	were	measured	again	for
their	antioxidant	status	at	days	1	and	5	subsequent	to	delivery.	The	results	are	presented	in
Figure	2.5.	The	neonates	were	measured	with	the	reflectance-based	biozoom	hand	scanner	at
the	day	of	birth	and	at	day	5	after	birth.	As	the	expectant	mothers	had	ingested	antioxidant-
containing	food	supplements	during	pregnancy,	their	values	were	in	a	normal	range.



Figure	2.5	Development	of	the	mother’s	antioxidant	potential	compared	to	the	value	measured
in	pregnancy	week	39	[44].

However,	the	investigations	revealed	a	distinct	decay	of	the	antioxidant	status	of	the	expectant
mothers	from	gestational	week	39	to	the	onset	of	labor	[44].	Another	slight	decline	was
recorded	on	day	1	subsequent	to	delivery,	whereas	the	antioxidant	status	recovered	until	day	5
after	childbirth.	The	trend	observed	for	the	neonates	was	vice	versa.	On	the	day	of	birth,	their
antioxidant	status	was	approximately	five	times	higher	than	that	of	their	mothers.	However,
their	antioxidant	values	decayed	relatively	quickly	until	day	5	after	birth.	The	results	of	the
study	disclosed	that	the	fetuses	accumulated	as	many	maternal	antioxidants	as	possible	in	their
bodies	in	order	to	be	optimally	protected	against	the	altered	environment	in	the	first	hours	after
birth.	As	the	birth	process	was	highly	stressful	for	the	infants,	their	antioxidant	status	declined
quickly	and	was	compensated	only	by	the	intake	of	breast	milk.

Interestingly,	it	was	found	that	the	antioxidant	status	of	mothers	who	had	a	normal	childbirth
declined	more	strongly	than	that	of	mothers	who	had	delivered	by	caesarean	section.	Contrary
to	that,	the	normally	delivered	infants	exhibited	a	higher	antioxidant	status	than	those	delivered
by	caesarean.	It	is	assumed	that	a	caesarean	is	in	general	not	performed	unless	the	mother	or



her	infant	are	directly	in	danger.	Therefore,	the	stress	during	birth	is	higher	for	infants
delivered	by	a	caesarean	than	for	those	born	naturally.

The	study	results	indicate	that	in	the	future,	the	date	of	birth	could	be	exactly	predictable	by
measuring	the	antioxidant	status.	However,	this	will	require	more	detailed	investigations.	A
follow-up	study	to	this	effect	is	in	the	state	of	preparation.

2.3	Summary
Since	it	has	become	possible	to	determine	the	antioxidant	status	in	humans	noninvasively,
research	into	the	interaction	of	antioxidants	and	free	radicals	in	the	human	skin	has	strongly
intensified.	As	most	antioxidants	cannot	be	generated	by	the	human	body	automatically,	they
must	be	taken	in	with	healthy	food	rich	in	fruits	and	vegetables.	High	antioxidant
concentrations	in	the	human	skin	are	the	best	prevention	strategy	against	skin	aging.	Using
biofeedback	measurements,	it	was	possible	to	improve	the	nutritional	habits	of	high	school
students	who,	at	the	same	time,	reduced	their	stress	load.	These	investigations	clearly	showed
that	the	antioxidant	status	of	the	human	skin	and,	consequently,	the	human	body	reflects	the
results	of	both	a	subject’s	nutritional	behavior	and	stress	load.	In	a	clinical	setting,
spectroscopic	measurements	of	antioxidants	in	the	human	skin	may	also	provide	new	potentials
as	could	be	shown	by	exemplarily	analyzing	the	antioxidant	status	of	expecting	mothers	and
their	newborns.

Conclusions
Today,	scanners	are	available	for	analyzing	the	antioxidant	status	of	the	human	skin	via	dermal
carotenoid	measurements.	Various	studies	have	shown	that	healthy	food	rich	in	fruit	and
vegetables	enhances	the	antioxidant	concentrations	in	the	human	skin,	thus	presenting	the	best
preventive	strategy	against	premature	skin	aging.	However,	a	healthy	lifestyle	must	be	adopted
already	in	adolescence,	as	it	is	impossible	to	regain	one’s	youth	by	eating	a	healthy	diet	in	later
years.	The	scanner	provides	a	valuable	tool	for	documenting	the	consequences	of	stress	for	the
human	body,	particularly	the	skin.	Similar	to	their	applicability	in	nutritional	sciences,	the
scanner	measurements	will	advance	the	development	of	new	concepts	on	how	to	reduce	and
cope	with	stress	in	the	human	body.
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Carotenoids	are	the	pigments	that	are	contained	in	fruits	and	vegetables	such	as	mango,
pumpkin,	apricots,	watermelon,	carrots,	tomatoes,	sweet	potato,	and	broccoli.	Their	vibrant
orange,	yellow,	and	green	colors	are	related	to	unusually	high	extinction	coefficients	in	the
visible	(VIS)	spectral	region.	Chemically,	carotenoids	are	classified	as	belonging	to	a	class	of
tetraterpenes,	and	more	than	600	natural	structures	of	various	size,	shape,	and	polarity	have
been	identified	[1].

β-carotene,	lycopene,	and	lutein	are	all	different	varieties	of	carotenoids.	Although	the	full
range	of	biological	effects	of	carotenoids	is	still	unknown,	there	is	more	and	more	evidence
that	carotenoids	play	important	roles	in	many	biological	processes	such	as	antioxidative
defense,	cell-to-cell	communication,	providing	a	source	of	vitamin	A,	harvesting	light	for
photosynthesis,	affecting	human	health,	and	preventing	disease	[1–9].

In	contrast	to	plants,	fungi,	bacteria,	and	algae,	carotenoids	are	not	synthesized	in	animals	and
humans	and	must	be	incorporated	from	their	diet.	There	have	been	many	attempts	to	uncover
the	relationships	among	a	carotenoid-rich	diet	and	cancer	[2,	5,	10–18].

Many	articles	give	overviews	of	the	current	state	of	knowledge	regarding	the	cancer-
preventing	potential	of	carotenoids	[3,	19,	20].	Numerous	retrospective	and	prospective
epidemiological	studies	have	shown	that	a	high	intake	of	carotenoids-rich	fruits	and	vegetables
is	associated	with	a	decreased	risk	of	cancer	for	a	number	of	pathologies,	such	as	lung,	breast,
and	prostate	cancers	[8,	21–27].

Mechanisms	by	which	certain	carotenoids	suppress	carcinogenesis	are	being	pieced	together
bit	by	bit	[1–5,	28]:	antioxidative	effects,	anti-inflammation,	immune	modulation,	induction	of
cell	differentiation,	apoptosis	induction,	antiproliferation,	modulation	of	the	nuclear	receptor
superfamily,	enhancement	of	gap	junction	communication,	and	modulation	of	growth	factor	and
Wnt/β-catenin	signaling	(Figure	3.1).



Figure	3.1	Proposed	mechanisms	by	which	certain	carotenoids	suppress	carcinogenesis	[1–7].

Controversial	data	are	reported	about	the	location	and	distribution	of	carotenoids	in	human
cells	and	tissues	[1].	Because	carotenoids	are	highly	hydrophobic,	they	are	expected	to	be
distributed	in	lipophilic	environments.	Analytical	obstacles	and	improvements	of	analytical
instruments	to	perform	the	structural	elucidation	and	determine	concentrations	of	carotenoids	in
cells	and	tissues	are	discussed	in	Ref.	[29].

With	the	exploitation	of	new	technologies	such	as	Raman	imaging,	the	promise	of	label-free,
minimally	invasive	molecular	detection	and	characterization	has	driven	the	field	to	results
unimaginable	just	a	few	years	ago,	and	the	pace	of	progress	should	increase	significantly.

Although	the	difficulty	lies	in	the	number	and	complexity	of	the	biological	components	in	cells
and	tissues,	Raman	spectroscopy	is	a	feasible	and	valid	method	for	noninvasively	assessing
carotenoids	as	a	biomarker	for	studies	of	nutrition,	health,	disease	development,	and	therapy
response.

One	of	the	main	advantages	of	Raman	imaging	is	that	it	can	give	spatial	information	about
various	chemical	constituents	in	defined	cellular	compartments,	in	contrast	to	other	methods
(e.g.,	liquid	chromatography–mass	spectrometry	[LC/MS],	nuclear	magnetic	resonance
[NMR],	and	high-performance	LC	[HPLC])	that	must	rely	on	bulk	or	fractionated	analyses	of
extracted	components.



We	will	demonstrate	how	strategies	proposed	in	our	laboratory	can	help	in	providing	a
complete	and	accurate	picture	of	the	important	biological	effects	of	carotenoids	and	to	uncover
the	relationships	among	carotenoids	and	cancer.

3.1	Results
At	the	tissue	level,	a	major	goal	has	been	the	identification	and	quantification	of	chemical
differences	between	cancerous	and	normal	tissue.	Several	groups	have	successfully
demonstrated	their	ability	to	analyze	human	breast	cancerous	tissues	by	Raman	spectroscopy
[30–41].

The	results	demonstrated	negligible	contributions	of	carotenoids	in	both	normal	and	cancerous
breast	tissues	[30].	The	conclusions	have	been	verified	by	Abramczyk’s	group	[33–41],	who
showed	that	carotenoids	are	the	main	Raman	biomarkers	discriminating	between	normal,
benign,	and	malignant	breast	tissues.

In	this	section,	we	will	show	the	distribution	of	carotenoids	in	human	breast	tissue	ex	vivo
[33–42].	We	will	compare	the	distribution	of	carotenoids	in	the	tissue	from	the	safety	margin
and	cancerous	human	breast	tissue	from	the	tumor	mass.	The	assessment	of	the	safety	margin	of
breast	cancer	is	very	important	in	clinical	practice	during	partial	mastectomy	as	a	surgical
guidance	tool.	When	a	tumor	is	removed,	some	surrounding	tissue	is	also	removed.	The	safety
margin,	also	known	as	“margins	of	resection,”	is	an	area	within	the	distance	between	a	tumor
and	the	edge	of	the	surrounding	tissue	that	is	removed	along	with	it	in	the	surgery.	A	pathologist
checks	the	tissue	under	a	microscope	to	see	if	the	margins	are	free	of	cancer	cells.	Depending
upon	what	the	pathologist	sees,	the	margins	of	a	tumor	can	be	classified	as:

Positive	margins:	Cancer	cells	extend	out	to	the	edge	of	the	tissue.

Negative	margins:	No	cancer	cells	are	found.

Close	margins:	Any	situation	that	falls	between	positive	and	negative	is	considered
“close.”

Figure	3.2	(Color	Supplement)	shows	the	typical	Raman	and	infrared	(IR)	spectra	of	the	breast
tissue	surrounding	the	tumor	from	the	safety	margin	and	the	cancerous	breast	tissue	(infiltrating
ductal	cancer)	from	the	tumor	mass	of	the	same	patient.



Figure	3.2	The	average	Raman	and	infrared	(IR)	spectra	for	the	noncancerous	and	cancerous
breast	tissues	(infiltrating	ductal	carcinoma).	(A)	Raman	spectra	of	patient	P81;	(B)	IR	spectra
of	patient	P83;	(C)	Raman	spectrum	for	the	noncancerous	normal	breast	tissues	of	patient	P81,
and	IR	spectrum	for	the	noncancerous	normal	breast	tissues	of	patient	P83;	and	(D)	Raman
spectrum	for	the	cancerous	breast	tissues	of	patient	P81,	and	IR	spectrum	for	the	cancerous
breast	tissues	of	patient	P83.	Figure	reprinted	upon	Creative	Commons	Attribution	License
(http://creativecommons.org/licenses/by/2.0)	from	Ref.	[37].

The	results	presented	in	Figure	3.2	provide	evidence	that	the	Raman	spectra	and	images	are
very	sensitive	indicators	that	allow	one	to	specify	the	pathology	in	the	human	breast	tissue.

The	most	sensitive	indicators	of	cancer	can	be	seen	in	the	following	regions:

The	O–H	stretching	modes	of	water	at	around	3200–3500	cm−1

The	C–C	coupled	with	C–CH3	and	C=C	stretching	mode	of	carotenoids	at	1004	cm−1,	1158
cm−1,	and	1518	cm−1

http://creativecommons.org/licenses/by/2.0


The	vibrational	modes	of	the	alkyl	chains	of	lipids	(triglycerides	and	fatty	acids):	CH2
symmetric	stretching	mode	at	2854	cm−1,	CH2	asymmetric	stretching	modes	at	2888	cm−1

and	2926	cm−1,	and	(C=C)-C-H	asymmetric	stretching	mode	at	3009	cm−1

The	vibrational	stretching	mode	of	proteins	at	around	2940	cm−1	[36–38].

Comparison	in	Figure	3.2A	shows	that	the	normal	breast	tissue	from	the	safety	margin
surrounding	the	tumor	contains	a	markedly	higher	concentration	of	carotenoids	and
monounsaturated	triglycerides	and	fatty	acids	as	compared	to	the	cancerous	tissue	from	the
tumor	mass.

We	have	demonstrated	(Figure	3.2B)	that	the	Raman	method	has	a	markedly	higher	specificity
than	IR	that	allow	one	to	distinguishing	between	the	normal	and	cancerous	breast	tissues,	thus
having	the	potential	to	be	a	better	diagnostic	tool	in	breast	cancer	pathology.	Indeed,	a	detailed
inspection	into	Figure	3.2C	demonstrates	that	the	vibrations	originating	from	carotenoids	at
1158	cm−1	and	1518	cm−1,	which	are	the	strongest	signals	in	the	Raman	spectrum,	are	not
visible	in	the	IR	spectrum.	The	reason	is	quite	obvious,	and	that	is	because	the	excitation	with
514	nm	(or	532	nm)	leads	to	the	resonance	Raman	enhancement	of	carotenoids,	which	is	not
present	in	IR	measurements.

Raman	spectroscopy	coupled	with	various	multivariate	data	analysis	techniques	allow
researchers	to	quantify	chemical	differences	between	normal	and	diseased	tissues.	Although
identifying	human	breast	cancerous	tissue	with	greater	than	90%	sensitivity	and	specificity,	our
work	also	quantitatively	revealed	that	normal	breast	tissue	showed	higher	carotenoids	and
monounsaturated	triglycerides	and	fatty	acids	content,	whereas	tumor	tissue	had	higher	protein
and	nucleic	acid	content.

Raman	and	IR	imaging	has	brought	a	revolution	in	cancer	detection	and	treatment.	These
methods	are	ideally	suited	to	explore	the	cancer	phenotype	by	monitoring	the	biochemistry	of
molecules	that	are	necessary	for	survival,	proliferation,	differentiation,	cell	death,	and
expression	of	many	cell-type-specific	functions	[36–39,	43–45].

One	step	further,	Raman	imaging	could	also	be	used	to	quantitatively	discriminate	between
distribution	of	the	biochemical	components	in	the	epithelial	cells	of	ducts	and	the	extracellular
matrix	of	breast	tissue.

Figure	3.3	(Color	Supplement)	shows	the	microscopy	images,	Raman	images,	and	typical
Raman	spectra	of	the	breast	tissue	surrounding	the	tumor	from	the	safety	margin	and	the
cancerous	breast	tissue	(infiltrating	ductal	cancer)	from	the	tumor	mass	of	the	same	patient.



Figure	3.3	Raman	image	and	spectra	of	the	noncancerous	and	cancerous	breast	tissue	of	patient
P81.	Noncancerous	breast	tissue:	(A)	Microscope	image	(B)	Raman	image	(400	×	400	μm)
from	the	region	marked	in	(A);	and	(C)	Raman	spectra	(integration	time:	0.05	s).	Cancerous
breast	tissue:	(D)	Microscope	image,	(E)	Raman	image	(300	×	300	μm)	from	the	region
marked	in	(D),	and	(F)	Raman	spectra	(integration	time:	0.036	s).	The	colors	of	the	spectra
correspond	to	the	colors	in	the	image.	Mixed	areas	are	displayed	as	mixed	colors.	Figure
reprinted	upon	Creative	Commons	Attribution	License
(http://creativecommons.org/licenses/by/2.0)	from	Ref.	[37].

One	can	see	that	the	Raman	images	in	Figure	3.3	reveal	an	inhomogeneous	distribution	of
different	compounds	in	the	samples	and	resemble	the	microscopy	images	as	well	as
conventional	histological	images	(not	shown	here)	obtained	from	thin	sections	stained	with
specific	dyes	(e.g.,	hematoxylin	and	eosin	[H&E]).	Quantitative	Raman	identification	of	tissue
will	surely	improve	clinical	diagnosis	of	cancer	and	reduce	the	number	of	false-positive
diagnoses	of	patients.

Figure	3.4	(Color	Supplement)	shows	the	Raman	images	for	the	noncancerous	(Figure	3.4A)
and	cancerous	(Figure	3.4B)	breast	tissue	for	the	filters	at	1518	cm−1,	2854	cm−1,	2930	cm−1,
and	1800	cm−1,	corresponding	to	the	vibrational	frequency	of	carotenoids,	monounsaturated
fatty	acids,	proteins,	and	autofluorescence,	respectively.	A	detailed	inspection	into	Figure	3.4
demonstrates	that	the	noncancerous	areas	in	the	breast	tissue	safety	margin	surrounding	the
tumor	(Figure	3.4A)	contain	a	markedly	higher	concentration	of	carotenoids	than	the	cancerous
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tissue	from	the	tumor	mass	(Figure	3.4B).	One	can	see	that,	for	the	noncancerous	tissue,	the
Raman	image	at	the	1518	cm−1	filter	(Figure	3.4A)	illustrating	the	distributions	of	carotenoids
is	almost	identical	as	that	for	the	2854	cm−1	filter	for	monounsaturated	fatty	acids	and
triglycerides.	It	clearly	indicates	that	the	monounsaturated	fatty	acids	and	triglycerides	of	the
adipose	tissue	act	as	a	dynamic	reservoir	that	supplies	carotenoids	to	the	human	organs.	In
contrast,	the	cancerous	breast	tissue	does	not	contain	any	carotenoids,	as	demonstrated	by
Figure	3.4B	at	the	1518	cm−1	filter	[38].

Figure	3.4	Raman	images:	(A)	noncancerous	and	(B)	cancerous	breast	tissue	of	patient	P81.
Filters:	carotenoids	(1518	cm−1),	monounsaturated	fatty	acids	(2854	cm−1),	proteins	(2930	cm
−1),	and	autofluorescence	(1800	cm−1).	Figure	reprinted	upon	Creative	Commons	Attribution
License	(http://creativecommons.org/licenses/by/2.0)	from	Ref.	[37].

Of	particular	interest	is	the	recent	demonstration	that	lipid	composition	of	cytoplasmic	lipid
droplets	in	the	human	breast	epithelial	cells	and	in	large	adipocytes	of	the	breast	tissue	is
different.	We	have	shown	that	the	adipocytes	in	the	cancerous	breast	tissue	are	dominated	by
triglycerides	of	oleic	and	linoleic	acid	[36,	37].	By	contrast,	nonadipocyte	lipid	droplets	in	the

http://creativecommons.org/licenses/by/2.0


cancerous	epithelial	cells	contain	triglycerides	and	fatty	acids	dominated	by	saturated	and
polyunsaturated	fatty	acids	with	a	profile	typical	for	arachidonic	acid	derivatives	[38].	It
suggests	that	the	lipid	droplet	synthesis	and	growth	are	stimulated	by	different	pathways
compared	to	the	adipocytes,	thereby	affecting	the	functions	of	these	cells.	For	example,
carotenoids	are	selectively	absorbed	by	large	adipocytes	consisting	of	monounsaturated
triglycerides	in	contrast	to	the	epithelial	lipid	droplets	dominated	by	saturated	and
polyunsaturated	derivatives.	Both	profiles	represent	a	lipophilic	environment,	and	highly
hydrophobic	carotenoids	should	be	expected	to	be	similarly	distributed	in	both	environments
in	contrast	to	the	experimental	results	that	we	have	obtained	recently	by	Raman	imaging	[36–
38].

Different	chemical	composition	of	lipids	and	distinct	distribution	of	carotenoids	suggest	that
the	large	adipocytes	in	the	breast	tissue	play	different	roles	than	the	lipid	droplets	in	the
epithelial	breast	cells.	To	answer	this	fundamental	question,	let	us	concentrate	on	the	possible
mechanisms.	The	major	role	of	white	adipocytes	in	the	breast	tissue	is	related	to	storing	energy
supply.	However,	our	recent	results	showed	that	they	also	serve	as	a	reservoir	of	anti–reactive
oxygen	species	(ROS)	(particularly	carotenoids),	which	may	play	a	protective	role	against
cancer	by	increasing	the	resistance	of	cells	to	oxidative	stress	[36,	38,	39].	By	contrast,
nonadipocyte	lipid	droplets	in	the	cancerous	epithelial	cells	contain	saturated/polyunsaturated
triglycerides	and	fatty	acids	dominated	by	an	arachidonic	acid	profile	and	a	lack	of
carotenoids.

Our	results	show	evidence	that	lipid	droplets	in	the	breast	epithelial	cells	and	breast
adipocytes	differ	not	only	in	size	but	also	in	biochemical	composition.	It	indicates	these	lipid
bodies	must	play	different	roles	in	cancer	pathology.	The	mechanisms	leading	to	the
differences	in	adipose	and	lipid	droplet	composition	are	unclear,	but	they	are	likely	to	be
important	for	understanding	the	role	of	lipid	droplets	in	cancer	development.

Recent	reviews	[46]	emphasize	the	role	of	lipid	synthesis	in	cancer	metabolism	and	tumor
development.	Although	fatty	acid	(FA)	and	cholesterol	biosynthesis	occurs	mainly	in	liver,
adipose,	and	lactating	breast	tissues,	enhanced	de	novo	lipid	biosynthesis	is	also	observed	in
cancerous	tissue	because	it	is	required	for	the	rapid	proliferation	of	cancer	cells.	It	has	been
reported	that	the	shift	from	lipid	uptake	to	de	novo	synthesis	in	cancer	cells	leads	to	increased
membrane	lipid	saturation,	resulting	in	higher	levels	of	saturated	and	monounsaturated
phospholipids,	potentially	protecting	cancer	cells	from	oxidative	damage	by	reducing	lipid
peroxidation	[47].

Increased	levels	of	saturated	FAs	are	found	in	aggressive	breast	cancers,	suggesting	that
reduced	membrane	fluidity	is	a	feature	of	the	advanced	disease	[48].	Furthermore,	depletion	of
sterol	regulatory	element-binding	transcription	factor	1	(SREBP1)	and	2	(SREBP2)	diminishes
levels	of	monounsaturated	FAs,	resulting	in	mitochondrial	dysfunction,	the	accumulation	of
ROS,	and	endoplasmic	reticulum	(ER)	stress	in	immortalized	human	epithelial	cells	[49].

The	lipid-anti-ROS	phenotype	was	ignored	for	many	years	by	the	Raman	scientific	community,
which	has	focused	almost	exclusively	on	the	proteome	profile	in	Raman	and	IR	spectra	[50–
53].	Substantial	progress	in	understanding	the	molecular	events	that	may	contribute	to	cancer



development	made	clear	that	the	exclusive	proteome	approach	is	not	fully	justified	as	there	are
many	signaling	pathways	and	metabolic	alterations	that	are	responsible	for	tumorigenesis.
Recent	papers	suggest	that	phenotypic	heterogeneity	in	the	majority	of	human	cancers
represents	both	genetic	and	nongenetic	inputs	[54].

The	complexity	of	cancer	cell	genotypes	provokes	a	question	of	whether	searching	for
individual	signaling	molecules	is	useful,	because	thousands	of	mutations,	translocations,	and
amplifications	have	been	monitored,	even	among	histopathologically	identical	tumors.
However,	some	of	these	channels	are	absolutely	required	for	tumorigenic	transformation:	(1)
rapid	adenosine	triphosphate	(ATP)	generation	to	maintain	energy	status,	(2)	increased
biosynthesis	of	macromolecules,	and	(3)	maintenance	of	appropriate	cellular	redox	status	[55].
The	link	between	cancer	and	the	altered	metabolism	is	usually	described	through	the	first
channel	via	glycolysis	(glycolytic	phenotype),	known	as	the	Warburg	effect,	which	replaces
ATP	generation	through	oxidative	phosphorylation	by	ATP	generation	through	glycolysis,	even
under	normal	oxygen	concentrations	[56].	There	is	more	and	more	evidence	[36,	38,	39,	43,
44,	55,	57]	that	metabolic	alterations	in	tumors	extend	beyond	the	Warburg	effect,	and
pathways	(2)	and	(3)	are	equally	important,	particularly	those	that	are	crucial	for
macromolecular	building	blocks	such	as	reduced	nicotinamide	adenine	dinucleotide	phosphate
(NADPH),	which	is	also	an	antioxidant	forming	the	defense	against	ROS.	These	paths	are	also
associated	with	the	production	of	fatty	acids	and	are	activated	via	multiple	lipogenic	enzymes
affected	at	all	levels	of	regulation,	including	transcription,	translation,	protein	stabilization,
and	protein	phosphorylation	[48,	58].

Our	study	of	human	breast	cancer	showed	that	noncancerous	tissues	have	increased	β-carotene
concentration	compared	to	cancerous	tissues.	The	beneficial	effects	of	carotenoids	are	thought
to	be	due	to	their	role	as	antioxidants.	The	chain-breaking	antioxidant	activity	of	carotenoids
(e.g.,	β-carotene)	is	very	important	in	cancer	etiology.	The	interaction	of	carotenoids	with	free
radicals	and	singlet	oxygen	can	inhibit	the	lipid	peroxidation	processes	by	quenching	or
inactivation	of	the	oxidants.	The	efficacy	of	carotenoids	for	physical	quenching	is	related	to	the
number	of	conjugated	double	bonds	presented	in	the	molecule.

3.2	Conclusions
We	have	shown	that	Raman	medical	diagnostics	demonstrate	fascinating	properties,	providing
applications	that	may	overturn	conventional	boundaries	in	medical	imaging	in	the	near	future.
Thus,	it	is	only	a	matter	of	time	until	the	first	in	vivo	imaging	of	live	breast	tissue	will	be
demonstrated	in	clinical	practice.	One	of	the	most	important	challenges	of	Raman	medical
diagnostics	is	identification	and	characterization	of	cancerous	and	noncancerous	human	tissues
and	distribution	of	the	essential	constituents	of	cells.

In	this	chapter,	we	present	results	on	the	endogenous	Raman	label-free	reporters	in	human
breast	tissue	that	can	be	useful	in	clinical	practice.	The	results	provide	evidence	that
distribution	and	composition	of	carotenoids	and	lipids	in	cancerous	breast	tissue	from	the
tumor	mass	differ	significantly	from	that	of	the	noncancerous	breast	tissue	and	may	represent



key	factors	responsible	for	the	mechanisms	of	carcinogenesis.	We	have	found	that	fatty	acid
derivatives	composition	in	the	cancerous	breast	tissue	from	the	tumor	mass	is	markedly
different	from	that	of	the	surrounding	breast	tissue	from	the	safety	margin.	The	results	are	of
potential	importance	in	clinical	assessments,	because	knowing	the	removed	tissue’s	type	of
margin	helps	in	making	the	right	treatment	decisions.	This	is	especially	important	in	deciding
whether	additional	surgery	is	needed.	If	the	margins	are	negative,	one	probably	does	not	need
more	surgery.	If	the	margins	are	positive,	more	surgery	is	needed.

3.3	Perspectives
Cancer	diagnosis	requires	better	screening	of	early	stages	of	pathology	and	monitoring	patient
responses	to	treatment.	Current	technologies	in	the	clinical	sector	based	on	polymerase	chain
reaction	(PCR)	amplification	or	immunofluorescence	staining	are	expensive,	sophisticated,
and	time-consuming.	In	this	chapter,	we	propose	a	powerful	alternative,	double-modality
Raman–IR	spectroscopy	and	imaging,	which	may	bring	a	revolution	in	cancer	detection	and
treatment.	The	approach	is	ideally	suited	to	explore	cancer	phenotypes	by	monitoring	the
biochemistry	and	morphology	of	cells	necessary	for	survival,	proliferation,	differentiation,	cell
death,	and	expression	of	many	specific	functions.	Raman–IR	imaging	will	provide	unique
insight	into	vibrational	features	of	cell	tissue	and	intracellular	processes	in	normal	and
cancerous	human	tissues	as	well	as	localization	of	chemotherapy	drugs	and	photosensitizers.
This	goal	will	be	achieved	by	unsurpassed	spatial	resolution	(nanometers),	sensitivity	(10−15
M),	and	specificity	offered	by	the	double-modality	approach.	Vibrational	signatures	will	be
broadly	used	to	identify	and	discriminate	structures	in	normal	and	cancerous	tissues.
Carotenoids	are	examples	of	compounds	that	have	a	significant	contribution	to	the	observed
differences	in	the	spectral	profile	of	cancerous	and	noncancerous	tissues,	and	the	lack	of
carotenoids	can	be	considered	as	one	of	the	features	confirming	the	malignant	status	of	the
tissue.

It	has	been	demonstrated	that	our	approach	has	reached	a	clinically	relevant	level	in	regard	to
cancer	diagnosis.	Raman–IR	imaging	will	provide	an	innovative	biodiagnostic	platform	for
ultrasensitive,	fast,	noninvasive,	objective	cancer	diagnosis,	therapy	monitoring,	and	imaging
based	on	Raman	biomarkers	that	allows	for	guidance	of	intraoperative	tumor	resection	in	real
surgery	time,	and	is	capable	of	accurately	delineating	tumor	margins	(optical	biopsy).	At	the
moment,	no	systems	can	monitor	in	vivo	the	biochemical	status	of	the	cell	in	real	time	with	high
spatial	resolution.

The	proposed	approach	has	interdisciplinary	character	and	combines	the	fields	that	have
already	been	preserved	for	physical	scientists	and,	on	the	other	side,	for	molecular	biologists
and	clinicians.	The	major	limitation	in	such	an	interdisciplinary	profile	of	the	project	is	that	the
physical	background	is	needed	to	evaluate	the	technical	part	of	the	project	and,	on	the	other
side,	the	life	science	and	clinical	communities	are	capable	of	evaluating	its	impact	on	cancer
biodiagnostics.
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4.1	Introduction
The	dietary	carotenoids	give	photoprotection	to	photosynthetic	systems,	the	eye,	and	the	skin
from	reactive	oxygen	species	(aka	reactive	oxy-species,	or	ROS).	Such	ROS	are	either	a	range
of	oxidizing	(free)	radicals	or	singlet	oxygen	(SO),	and	these	arise	via	two	pathways	that	are
often	called	the	Type	1	and	Type	2	mechanisms.	In	both	cases,	the	photosensitizer	responsible
for	the	biodamage	absorbs	light	to	give	the	excited	singlet	state,	and	these	are	converted,
within	a	few	nanoseconds	or	less,	to	the	lowest	excited	triplet	state	(3sens*).	Generally,	the
excited	singlet	states	are	too	short-lived	to	be	of	significance	in	photosensitized	reactions.
Once	formed,	the	3sens*	can	(1)	undergo	electron	or	hydrogen	atom	transfer	with	a	substrate
(RH)	producing	free	radicals	that	can	then	add	molecular	oxygen	to	give	an	oxy-radical
(RO2

•),	or	(2)	undergo	energy	transfer	to	ground	state	oxygen	to	produce	a	damaging	oxidizing
species,	SO.	These	processes	are	shown	in	Figure	4.1	together	with	possible	subsequent
reactions	of	the	RO2

•	to	initiate	a	chain	reaction	and	of	SO	to	produce	oxy-adducts	(ROOH).



Figure	4.1	Photosensitized	schemes	for	Type	1	and	Type	2	reactions.

Additionally,	many	radicals	are	produced	in	the	body	during	normal	metabolic	processes	[1,	2]
and,	of	course,	via	environmental	hazards	(e.g.,	smoking,	air	pollution,	and	ionizing	radiation).
Radicals	are	usually	very	reactive	species,	having	one	unpaired	electron,	and	can	be	neutral	or
positively	or	negatively	charged.	They	are	either	oxidizing	or	reducing	species,	depending	on
their	reduction	potentials	and	those	of	the	substrates	they	react	with,	and	they	can	also	simply
add	to	substrates	[3].

Lipids,	proteins,	and	DNA	are	all	susceptible	to	attack	by	both	SO	and	free	radicals	[4].
Cellular	damage	is	dependent	on	the	location	of	the	sensitizer	and	permeation	of	the	sensitizer
to	the	target	site.	It	has	been	suggested	that	many	diseases,	including	cancer,	age-related
macular	degeneration	(AMD),	and	neurological	disorders	such	as	Alzheimer’s	disease	[4,	5],
as	well	as	the	aging	process	in	general	[6],	are	all	associated	with	SO	and/or	free	radical
production.

Many	carotenoids	(CARs)	and	oxy-carotenoids	(xanthophylls	[XANs])	occur	naturally	in	our
foodstuffs,	and,	indeed,	several	are	often	added	as	food	colorants,	such	as	β-carotene	(β-CAR,
yellow-orange),	lycopene	(LYC,	red-orange),	lutein	(LUT,	yellow),	canthaxanthin	(CAN,
orange-red),	β-apo-8’-carotenal	(APO,	orange-red),	and	astaxanthin	(ASTA,	red).	Some,	for
example	β-CAR,	LYC,	LUT,	and	zeaxanthin	(ZEA),	are	used,	often	in	higher	concentrations,	as
dietary	supplements.

The	C40	CARs	and	XANs	comprise	one	of	nature’s	major	antioxidant	groups:	They	are
extremely	efficient	quenchers	of	SO,	simply	converting	the	excess	energy	of	SO	to	heat,	and



they	often	react	with	oxy-radicals,	but	here	the	processes	can	be	much	more	complex	and	in	a
few	cases	actually	lead	to	deleterious	pro-oxidative	effects.	With	the	increasing	use	of	CARs
(which	are	even	being	suggested	as	“nutraceuticals”	and	“cosmeceuticals”)	[7],	it	is	important
to	establish	evidence	on	the	benefit–risk	ratio	of	CARs	and	XANs	in	our	diet.

4.2	Carotenoids	and	singlet	oxygen
4.2.1	Organic	solvents
The	extremely	efficient	quenching	of	SO	by	all	C40	CARs	and	XANs	with	11	conjugated
double	bonds	in	“simple”	organic	solvents	such	as	benzene	is	well	established	and	reviewed
[8,	9],	and	Figure	4.2	compares	these	for	β-CAR	and	LYC	with	CARs	with	more	and	less
conjugated	double	bonds.



Figure	4.2	Graph	showing	the	relationship	between	the	singlet	oxygen	(SO)	quenching	rate
constant	(kq)	and	the	wavenumber	of	the	ground	state	absorption	maximum	for	a	range	of
carotenoids	in	benzene;

adapted	from	Ref.	[8].

Two	points	are	worthy	of	further	discussion:

1.	 The	literature	shows	lycopene	to	be	a	more	efficient	quencher	than	β-CAR	(and	all	other
C40	CARs),	but	there	is	disagreement	as	to	the	extent	of	this	effect.	For	example,	our	own
work	suggests	LYC	is	only	about	20%	more	efficient	than	β-CAR	[8],	whereas	Sies	and
coworkers	claimed	a	much	greater	efficiency	[10].	The	reason	for	the	increased	efficiency,
however	big	the	factor,	is	probably	structural.	β-CAR,	and	all	other	“common”	dietary
CARs,	have	terminal	six-membered	rings	whereas	LYC	does	not.	Due	to	steric	hindrance,
it	has	been	suggested	that	a	twisting	and	loss	of	planarity	in	all	CARs	with	terminal	rings
lead	to	an	effective	reduction	in	the	length	of	the	conjugated	chain	[11].	Because,	for	LYC,
this	does	not	arise,	it	has	a	somewhat	lower	triplet	energy	level	than	CARs	such	as	β-CAR.
For	this	to	be	highly	important,	the	CAR	triplets	must	be	close	in	energy	to	that	of	SO	(94.6
kJ	mol−1).	This	is	briefly	discussed	in	point	2.



2.	 There	have	been	several	estimates	of	the	lowest	triplet	energy	level	of	β-CAR,	using	a
range	of	techniques	such	as	simple	extrapolation	of	data	from	shorter	chain	CARs,	weak
phosphorescence	via	Fourier	transform	luminescence	detection	techniques,	optoacoustic
calorimetry,	and	a	temperature	study	of	the	SO	quenching	[12–15].	However,	in	summary,
there	is	no	fully	established	value	except	to	say	the	triplet	level	of	β-CAR	is	below	but
near	that	of	SO.	In	agreement	with	this	statement,	we	note	LUT	has	just	one	fewer
conjugated	double	bond	than	β-CAR,	so	its	triplet	level	will	be	expected	to	be	a	little
higher	than	that	of	β-CAR	and	the	quenching	of	SO	is	reduced	from	that	of	β-CAR	(13.5	×
109	M−1	s−1)	to	6.64	×	109	M−1	s−1	for	LUT	[9].	With	only	nine	conjugated	double	bonds,
the	quenching	rate	constant	for	septapreno-β-CAR	drops	to	1.38	×	109	M−1	s−1.	It	is	of
interest	to	note	that	Rondonuwu	[16]	used	sub-picosecond	laser	flash	photolysis	to	estimate
excited	singlet	and	triplet	state	lifetimes	that	led	to	a	measurement	of	the	triplet	energy
level	of	lycopene	as	82	kJmol−1—which	is	close	to,	but	probably	below,	that	of	β-CAR.
They	also	studied	other	CARs	of	differing	chain	lengths	(9–13	conjugated	double	bonds),
and	the	lowest	triplet	energy	levels	were	shown	to	be	dependent	on	chain	length,	with	the
more	conjugated	CARs	having	the	lower	triplet	energies.

The	cis	isomers	quench	SO	less	efficiently	than	the	all-trans	isomer.	Additionally,	the
efficiency	decreases	as	the	cis	bond	moves	away	from	the	center	of	the	molecule,	with	the
quenching	rate	constant	decreasing	from	13.5	×	109	M−1	s−1	for	all-trans-β-CAR	to	12.0	×
109,	10.4	×	109,	and	8.99	×	109	M−1	s−1	for	15-,	13-,	and	9-cis-β-CAR,	respectively	(see
Figure	4.3).



Figure	4.3	Plot	of	first-order	rate	constant	(k)	for	the	decay	of	singlet	oxygen	(SO)	against
carotenoid	concentration	in	benzene	for	all-trans	β-carotene	and	some	cis	isomers.

A	time-resolved	resonance	Raman	study	has	indicated	that	all	the	isomers	of	β-CAR	share	a
common	triplet	state	that	is	twisted	about	the	central	carbon–carbon	double	bond	compared
with	the	ground	state	[17].	However,	other	Raman	data	have	suggested	that	9-cis	β-CAR	has	its
own	unique	triplet	configuration	[18],	which	may	be	why	its	quenching	ability	is	lower	than
that	of	the	other	isomers.	Also,	if	all-trans,	15-cis,	and	13-cis	β-CAR	(and	possibly	9-cis	β-
CAR)	share	the	same	triplet	state,	the	cis	isomers	will	undergo	a	double	conformational
change	upon	formation	of	the	triplet,	and	this	could	be	the	reason	for	their	lower	quenching
abilities	compared	with	the	all-trans	isomer,	with	the	15-cis	isomer	having	the	better
quenching	ability	of	the	three	cis	isomers	studied	due	to	the	conformational	changes	being
about	the	same	bond.	It	is	interesting	to	note	that,	again,	the	order	of	the	quenching	rate
constants	increases	with	increasing	λmax.

4.2.2	Cell	models
Much	of	this	work	has	concerned	micellar	and	liposomal	environments	and	has	been
thoroughly	reviewed	quite	recently	[9].	For	the	hydrocarbon	CARs,	the	SO	quenching	is
reduced	by,	typically,	a	factor	of	about	7	in	both	micelles	and	unilamellar	liposomes	compared



to	organic	solvents.	For	the	XANs,	there	is	a	much	greater	loss	of	efficiency	of	SO	quenching
in	the	liposomes	compared	to	the	micelles.	Typically,	SO	quenching	by	XANs	solubilized	in
unilamellar	liposomes	is	a	factor	of	70	lower	than	that	observed	in	organic	solvents,	whereas
for	XANs	in	aqueous	micellar	solutions	the	factor	stays	around	7,	as	it	does	for	the
hydrocarbon	CARs.	Additionally,	there	can	be	a	significant	effect	of	concentration	of	XANs	in
the	liposomes	(especially	for	ZEA)	on	the	measured	rate	constant,	suggesting	“stacking”	of
such	XANs	in	the	liposomes	[19].	Adamkiewicz	et	al.	[20]	have	recently	shown	that	water
molecules	can	be	bound	to	the	aggregated	structures	formed	by	ZEA	in	the	form	of	molecular
bridges	between	the	terminal	hydroxyl	groups	of	adjacent	molecules,	whereas	for	β-CAR,
which	has	no	hydroxyl	groups,	the	water	molecules	are	weakly	bound	via	π-type	weak
hydrogen	bonds.	An	interesting	postulate	is	a	molecular	ladder	mechanism	of	transferring	a
proton	across	the	lipid	membrane	via	hopping	between	the	water	molecules	along	the	ZEA
dimeric	structure.	It	is	noteworthy	that	in	these	cell	model	environments,	unlike	organic
solvents,	the	quenching	of	SO	by	LYC	and	β-CAR	is	identical	to	within	the	experimental	error.

4.2.3	Cells
Attempts	to	measure	the	SO	quenching	by	CARs,	especially	β-CAR	in	cellular	environments,
are	plagued	by	experimental	difficulties.	For	example,	despite	washing	cells	after	incubation
with	a	CAR,	there	is	still	the	possibility	that	the	CAR	is	attached	to	the	outer	surface	of	a	cell
rather	than	being	embedded	in	the	lipid	membrane	[21,	22].	However,	a	slight	decrease	in	the
SO	lifetime	was	detected	with	lymphoid	cells	extracted	from	the	blood	of	individuals	who	had
been	treated	orally	with	25	mg	β-CAR	three	times	daily	over	4	weeks	[22].	In	somewhat
corresponding	work	with	lycopene,	where	the	volunteers	had	consumed	500	ml/day	tomato
juice	(pre-boiled)	or	400	g/day	tomato	soup	[23],	very	little	SO	quenching	could	be	detected
via	time-resolved	luminescence	at	1270	nm.	However,	the	cells	were	protected	from	damage
by	SO	as	measured	via	standard	cell-staining	techniques.	This	possibly	illustrates	the
experimental	problems	that	can	arise	(due,	e.g.,	to	light	scattering)	when	measuring	SO	directly
via	its	1270	nm	luminescence.	Interestingly,	these	workers	observed	a	much	more	efficient
protection	of	lycopene-loaded	cells	from	NO2

•.

Important	new	results	have	been	reported	by	the	group	of	Ogilvy.	These	workers	carefully
assessed	the	concentration	of	β-CAR	in	mammalian	cells	and	used	a	microscope-based	SO
luminescence	technique	on	single	HeLa	cells	to	study	the	effect	of	the	β-CAR	on	SO	[24].	They
report	little	or	no	β-CAR-mediated	change	in	the	lifetime	of	intracellular	SO	(even	in	D2O).
They	conclude	that	the	protective	effects	of	β-CAR	in	the	cellular	conditions	they	used	must	be
via	trapping	of	radicals	rather	than	SO.	The	results	are	rationalized	in	terms	of	the	low	rate	of
diffusion	of	the	SO	in	the	high	viscosity	of	the	intracellular	environment.	In	agreement	with
these	findings,	we	have	reported	(as	discussed	in	this	chapter)	only	very	little	quenching	of	SO
luminescence	by	LYC,	which	has	been	introduced	into	human	lymphocytes	via	a	dietary	route
[23].	It	is	interesting	to	note	that	in	the	macula,	where	really	efficient	antioxidant	behavior	is
critical,	the	only	CARs	accumulated	are	LUT	and	ZEA.	It	would	be	of	interest	if	the	single-cell
luminescence	study	could	be	extended	to	these	XANs	in	a	suitable	cellular	environment.



It	is	also	of	interest	to	compare	these	results	with	the	quenching	of	SO	by	β-CAR	and	other
CARs	in	plants	that	has	been	established,	for	many	years,	as	the	first	line	of	defense	of	the
plants	against	the	damage	due	to	SO	[25].	Here,	the	CARs	are	located	extremely	close	to	the
singlet	oxygen	generator	(triplet	chlorophyll),	and	hence	slow	diffusion	does	not	arise.
Effectively,	we	have	“static”	quenching	of	the	SO	by	the	CARs	in	the	photosynthetic	reaction
center.	This,	of	course,	is	consistent	with	the	failure	to	observe	SO	quenching	in	cells	where
diffusion	would	be	required	for	collisional	energy	transfer.

A	further	recent	development	has	shown	that	chemical	(as	well	as	physical)	quenching	of	SO
by	several	CARs	in	plants	can	lead	to	a	buildup	of	oxidation	products	of	the	CARs	[26,	27].
This	work	shows	that	carotene	endoperoxides	are	the	major	oxidation	products	and	that	they
provide	a	useful	internal	probe	of	SO	production.	Additionally,	they	also	show	that	one	of	the
breakdown	products	from	chemical	quenching	by	CARs	(β-cyclocitral)	can	provoke	genetic
responses	to	induce	defense	mechanisms	and	increase	tolerance	to	oxidative	stress.

4.3	Radicals
One	of	the	earliest	studies	of	electron-donor	and	electron-acceptor	properties	of	CARs	comes
from	the	electrochemical	studies	of	Mairanovsky	et	al.	[28].	It	is	now	well	established	that
radicals	(from,	e.g.,	environmental	pollution,	ionizing,	or	nonionizing	radiation)	can	react	with
CARs	via	electron	and	H-atom	transfer	and	also	via	addition	reactions.	Products	of	such
reactions	are	radical	cations	and	anions	of	the	CARs,	neutral	radicals,	and	radical	adducts.
The	best	studied	reactions	are	electron	transfer	reactions,	which	produce	positively	charged
CAR	radical	cations,	and	the	subsequent	reactions	of	these	radical	cations	with	other	bio-
substrates.	It	is	these	subsequent	reactions	that	can	lead	to	a	switch	from	a	CAR	acting	as	an
antioxidant	to	acting	as	a	pro-oxidant.	This	has	been	reviewed	[9],	and	only	a	brief	summary	of
these	reactions	together	with	a	mention	of	some	speculations	on	their	role	in	human	disease	are
given	below.	Unfortunately,	it	is	more	difficult	to	study	CAR–radical	adducts	and	neutral	CAR
radicals	partly	because	of	spectral	overlap	with	the	parent	CAR.	Radical	anions	can	be
studied	more	easily,	but	they	have	not	been	observed	in	vivo	and	are	not	as	biologically
relevant	as	the	cations—so	rather	little	work	has	been	reported	on	these	species.

4.3.1	Radical	cations
One	of	the	most	convenient	ways	to	study	radical	cations	is	via	pulse	radiolysis	using	fast
electrons	to	generate	the	primary	solvent	radicals,	although	they	can	also	be	generated	by	other
means	such	as	pulsed	laser	methods.	These	techniques	are	well	established	[29]	and	have
allowed	the	one-electron	oxidation	potentials	of	several	CARs	to	be	measured	in	aqueous
micellar	solution—they	are	typically	near	1000	mV,	so	that	CARs,	once	converted	to	their
radical	cations,	become	rather	strong	oxidizing	agents	[30,	31]	themselves.	Indeed,	unless
quenched	by	some	reductant,	the	CAR	radical	cations	can	oxidize	important	bio-substrates
such	as	cysteine	and	tyrosine	[31].	Pulse	radiolysis	has	also	allowed	electron	transfer	to	be
measured	between	pairs	of	CARs	so	that	relative	one-electron	oxidation	potentials	have	been
established	[32],	and	this	work	has	shown	that	LYC	has	the	lowest	potential,	that	is,	it	is	the



most	easily	oxidized	CAR.	Thus,	in	a	mixture	of	CARs	(possibly	in	the	in	vivo	environment),	it
is	LYC	that	is	lost	preferentially.	Indeed,	this	“sacrificial”	behavior	of	LYC	may	well	mean
that	it	is	the	most	effective	free	radical	quencher	(and,	as	noted,	it	is	also	the	most	efficient	SO
quencher).	Such	behavior	has	been	suggested	as	an	explanation	of	LYC	effectiveness	against
AMD,	even	though	it	does	not	accumulate	in	the	eye	[33–35].	The	speculation	is	that	LYC
protects	the	LUT	and	ZEA	en	route	to	the	macula	(i.e.,	if	the	ZEA	or	LUT	is	oxidized	in	the
body,	the	LYC	can	reconvert	ZEA	and	LUT	radical	cations	back	to	ZEA	and	LUT).	Indeed,
after	solar-simulated	UV	light	exposure,	skin	LYC	is	preferentially	destroyed	over	β-CAR
[36],	suggesting,	that	in	this	situation,	it	is	also	the	sacrificial	CAR.

Another	interesting	speculation	from	the	pulse	radiolysis	studies	arises	because	it	is	easy	to
show	that	CAR	radical	cations	are	converted	back	to	the	parent	CAR	by	water-soluble
antioxidants	such	as	ascorbic	acid	[9,	37].	Therefore,	any	pro-oxidant	effect	based	on	the
rather	high	redox	potential	of	CAR	radical	cations	will	be	mitigated	by	ascorbic	acid.	Smokers
have	low	levels	of	ascorbic	acid	[38],	and	free	radicals	from	cigarette	smoke	can	reach	the
lungs.	It	has	been	shown	that,	for	heavy	smokers,	a	high	concentration	of	β-CAR	can	have	a
damaging	effect	[39],	and	the	speculation	is	that	this	may	be	due	to	these	smoke-based	free
radicals	(e.g.,	NO2

•)	reacting	with	β-CAR	to	generate	the	CAR	radical	cation,	which	can	then
damage	biomolecules	(the	CAR	radical	cations	can	be	quite	long-lived;	indeed,	when	isolated
in	sugar-based	complexes,	they	can	last	for	days	[40],	which	increases	the	possibility	of
damage	to	other	bio-substrates).	As	noted	above,	smokers	have	low	concentrations	of	ascorbic
acid,	so	they	may	well	exhibit	additional	lung	damage	due	to	a	β-CAR	supplement.

There	has	been	some	interest	in	the	properties	of	CAR	radical	cations	in	the	presence	of	metal
ions,	with	a	particular	interest	in	manganese	because	of	its	biological	relevance	in
photosynthesis	and	enzyme	activity.	Using	laser	flash	photolysis,	El-Agamey	and	Fukuzumi
[41]	have	shown	an	increase	in	the	lifetime	of	ASTA	radical	cations	in	the	presence	of	a	wide
range	of	metal	ions	in	air-saturated	solutions,	with	Mn2+	showing	the	most	dramatic	increase:
The	half-life	increased	by	more	than	three	orders	of	magnitude.	The	ground	state	of	ASTA	has
previously	been	shown	to	complex	metal	ions	via	its	oxygen	hetero	atoms	[42,	43],	and	this
was	also	seen	by	El-Agamey	and	Fukuzumi	[41].	However,	El-Agamey	and	Fukuzumi	[41]
also	observed	increases	in	radical	cation	half-life	for	both	CAN	and	β-CAR,	which	do	not
show	any	ground	state	spectral	changes	in	the	presence	of	metal	ions,	suggesting	there	is	no
complexation.	Although	the	stabilization	of	CAN	radical	cation	was	(like	ASTA)	stronger	than
that	for	β-CAR,	which	may	indicate	that	the	oxygen	in	the	carbonyl	group	of	CAN	can,	in	fact,
interact	with	the	metal	ions.	The	huge	effect	on	the	XAN•+	lifetime	is	attributed	to	a	reduction
in	the	back	electron	transfer	involving	the	positively	charged	XAN•+	and	the	negatively
charged	superoxide	radical,	O2

•−.

A	slight	increase	in	the	half-life	in	the	presence	of	metal	ions	was	also	found	in	the	absence	of
oxygen	(with	the	half-life	further	increasing	with	oxygen	concentration	up	to	5%,	then	staying
stable),	although	the	studies	by	Polyakov	et	al.	[42]	that	used	cyclic	voltammetry	indicated	the
opposite	effect,	with	the	radical	cations	having	shorter	lifetimes	in	the	presence	of	Ca2+,	Zn2+,
or	Fe2+	in	deaerated	anhydrous	acetonitrile.



4.3.2	Carotenoid–radical	adducts
It	is	well	established	that	peroxyl	radicals	add	to	CARs.	Burton	and	Ingold	[44]	suggested	that
β-CAR	scavenges	peroxyl	radicals	via	an	addition	process	yielding	a	resonance-stabilized
carbon-centered	radical.	Others	have	shown	that	such	adducts	can	fall	apart	to	generate	the
CAR	radical	cation	[45–47].	However,	this	process	does	depend	on	the	environment	and	the
specific	peroxyl	radicals	being	studied	[48].	These	workers	showed	that	in	hexane	and
benzene	the	radical	cation	is	not	formed	from	the	adducts	studied,	whereas	in	polar	solvents
the	radical	cation	is	formed	but	is	not	the	only	product.	The	overall	situation	is	not	fully
understood.

Probably	the	best	example	of	CAR	radical	addition	processes	involves	sulfur-based	radicals
[49–52].	These	workers	used	pulse	radiolysis	and/or	laser	flash	photolysis	to	observe	the
reaction	of	RS•	radicals	(including	the	radical	generated	from	glutathione)	with	β-CAR.	No
absorption	in	the	region	of	the	radical	cations	was	detected,	and	the	adducts	were	found	to
absorb	in	the	same	spectral	region	as	the	parent	CAR.	A	detailed	kinetic	analysis	allowed	the
presence	of	the	adduct	to	be	shown.

4.3.3	Neutral	radicals
Studies	linked	to	the	understanding	of	the	role	of	CARs	in	photosynthesis	have	involved	the
study	of	β-CAR,	for	example,	adsorbed	onto	a	silica–alumina	solid	support	and,	more	recently,
a	copper-based	molecular	sieve	[53].	These	Photosystem	II	model	systems	have	led	to	the
detection	of	a	neutral	radical	of	β-CAR	via	deprotonation	of	the	radical	cation,	and	the	authors
suggest	this	species	explains	the	previously	unassigned	near-infrared	absorption	at	750	nm
associated	with	Photosystem	II	and	may	suggest	that	the	extensive	secondary	electron-transfer
pathway	in	Photosystem	II	may	also	be	involved	in	proton	transfer.	Kispert	and	coworkers	[54]
have	also	shown	that,	in	such	microenvironments,	the	deprotonation	“position”	depends	on	the
length	of	the	CAR	conjugation.	The	loss	of	a	proton	from	a	methylene	group	at	the	end	of	the
conjugation	of	the	radical	cation,	forming	neutral	radicals	that	extend	the	conjugation,	is
preferred.

Neutral	radicals	of	the	XANs	CAN	and	ASTA	have	also	been	observed	(in	water-based
detergents)	via	protonation	of	the	corresponding	radical	anions	with	λmax	near	570	nm	[55].	Of
course,	these	are	different	neutral	radicals	(XAN(+H)•),	with	an	extra	H	atom	compared	to
those	studied	by	Gao	et	al.	(CAR(−H)•)	[53],	and	they	are	discussed	in	more	detail	in	the
“Radical	anions”	section	(Section	4.3.4).

In	fluid	solutions	more	than	one	neutral	radical	of	a	CAR	is	possible,	and	the	underlying
chemistry	is	complex	and	not	totally	understood.	In	a	recent	study,	Chen	et	al.	[56]	claim	to
have	used	laser	flash	photolysis	to	generate	both	the	hydroxyl	radical	(OH•)	and	a	thiyl	radical
via	355	nm	irradiation	of	N-hydroxypyridine-2	(1H)-thione.	This	is	a	complex	system,	and
several	transients	arise	such	as	the	triplet–triplet	absorption	of	β-CAR,	a	thiyl	radical	adduct
and	a	transient	with	a	weak	absorption	near	750	nm,	which	the	authors	assign	to	a	neutral
radical	of	β-CAR	via	H•	abstraction	from	β-CAR	by	OH•:



This	assignment	was	partially	based	on	the	disappearance	of	the	transient	in	the	presence	of
OH•	scavengers.	This	process	may	be	important	under	extremely	oxidizing	conditions	and
appears	to	only	be	observed	with	hydrocarbon	CARs	and	not	with	the	more	oxidizing	XAN.
However,	there	is	now	some	doubt	concerning	this	assignment	of	the	750	nm	transient
absorption.	El-Agamey	et	al.	[57],	also	using	laser	flash	photolysis,	have	studied	the	effects	of
pH	increase	on	the	reactivity	of	the	β-CAR	radical	cation	to	further	understand	the	claims	of
Chen	et	al.	In	this	recent	work	the	neutral	radical	was	generated	by	the	following	reaction:

El-Agamey	showed	that	oxygen	had	no	effect	on	the	750	nm	transient	so	generated	and
therefore,	they	propose	that	it	is	not	due	to	the	β-CAR	neutral	radical,	β-CAR(–H)•.	As	a	result
they	suggest	that	this	weak	transient	species	observed	by	Chen	et	al.	is	another	absorption	band
due	to	the	CAR	radical	cation	and	not	a	neutral	CAR	radical.

4.3.4	Radical	anions
There	has	been	little	development	of	this	topic	since	that	reported	in	2006	and	2007	[55,	58].
This	has	also	been	reviewed	quite	recently	[9],	so	only	a	summary	is	given	here.	However,
there	has	been	recent	interest	in	the	interactions	of	CARs	with	superoxide	radical	anions,	and
these	are	discussed	here.

As	with	the	radical	cations,	the	relative	ordering	of	the	one-electron	reduction	potentials	has
been	obtained	[58].	These	increase	in	the	following	order:

This	sequence	shows	that,	unlike	the	oxidation	potentials	where	LYC	is	the	most	easily
oxidized	CAR	(and	therefore	acts	as	the	sacrificial	CAR	in	mixtures),	LYC	is	not	the	most
easily	reduced	and	XANs	with	carbonyl	substituents	are	more	easily	reduced.	The	reduction
potentials	for	β-CAR	and	ZEA	have	been	shown	to	be	−2075	±	75	mV	against	NHE	(normal
hydrogen	electrode)	[55],	showing	such	radicals	to	be	very	strong	reducing	species.	Thus,
there	are	virtually	no	biological	or	in	vivo	situations	where	we	can	expect	a	“natural”	radical
anion	to	be	quenched	by	a	CAR	via	a	direct	electron	transfer	to	generate	the	radical	anion	of
the	CAR—in	contrast	to	the	situation	of	the	radical	cations	discussed	in	this	chapter.	Also,	of
course,	CAR	radical	anions,	unlike	the	radical	cations,	do	react	with	oxygen—the	product	of
this	reaction	is	not	reported,	but	the	generation	of	the	superoxide	radical	anion	would	seem	to
be	a	possibility.	In	unpublished	work	we	have	shown	that,	in	hexane,	the	radical	anion	of	β-
CAR	reacts	with	oxygen	about	twice	as	fast	as	that	of	LYC.

4.3.5	The	interaction	of	CARs	with	the	superoxide	radical	and	its
protonated	conjugated	acid
The	superoxide	radical	anion	(O2

•−)	is	generally	regarded	as	unreactive,	unlike	its	conjugate



acid,	HO2
•	(the	pKa	of	O2

•−/HO2
•	is	4.7).	Indeed,	it	is	possible	that	any	reactions	claimed	to

involve	O2
•−,	even	at	pH	near	neutrality,	could	be	due	to	the	small	amounts	of	HO2

•	present	at
such	pH	values.	However,	because	of	the	importance	of	O2

•−	in	biochemical	processes,	there
have	been	studies	of	the	possible	reaction(s)	between	O2

•−	and	CARs	over	the	last	20	years	or
so,	and	more	recent	work	suggests	that	CARs	do	react	with	O2

•−.	An	early	experimental	study
[59]	showed	a	reaction	between	O2

•−	and	β-CAR	in	aqueous	Triton	X	detergent,	which	they
interpreted	as	formation	of	an	adduct—however,	reanalysis	suggests	this	was	the	formation	of
the	β-CAR	radical	cation.	These	workers	also	studied	the	interaction	between	LYC	and	O2

•−

but	could	make	no	measurements	in	detergent	systems	due	to	the	low	solubility	of	the	lycopene.
Using	hexane	as	solvent,	they	suggested	a	reversible	electron	transfer—however,	the	transients
observed	are	so	weak	that	these	results	are	not	unambiguous.
In	unpublished	work,	we	have	investigated	the	possible	interaction	between	three	CARs
(ASTA,	ZEA,	and	crocetin)	and	O2

•−/HO2
•.	In	pulse	radiolysis	studies	using	aqueous	2%

Triton	X	in	water	with	0.1	M	sodium	formate,	we	generate	virtually	only	O2
•−/HO2

•—the
formate,	in	the	presence	of	air,	converts	the	primary	radicals,	eaq	and	OH•,	to	O2

•−.	Monitoring
the	formation	of	the	ZEA	radical	cation	(λmax	940	nm)	as	a	function	of	pH	from	0.96	to	5.80,
our	results	show	very	little	detectable	reaction	at	pH	5.80	but	significant	reaction	below	pH	3
(see	Figure	4.4),	consistent	with	a	reaction	between	HO2

•	and	ZEA	and	no	measureable
reaction	between	O2

•−	and	ZEA:



Figure	4.4	Plot	of	absorbance	change	at	940	nm	against	pH,	showing	the	increase	in	the
zeaxanthin	(ZEA)	radical	cation	at	low	pH	after	pulse	radiolysis	of	an	aqueous	2%	Triton	X
solution	containing	0.1	M	sodium	formate	and	10	μM	ZEA.

Further	increases	in	the	yield	of	CAR•+	at	lower	pH	values	are	due	to	other	processes,
possibly	direct	reaction	of	the	CAR	with	the	hydroxyl	radical—the	efficiency	of	the	formate	to
convert	the	hydroxyl	radical	to	the	superoxide	radical	anion	being	reduced	in	acid	conditions.

In	an	attempt	to	further	understand	the	role	of	O2
•−,	we	have	studied	the	effect	of	γ-radiation	on

CARs	in	“simple”	solutions—ASTA	solubilized	in	Triton	X	detergents,	and	crocetin	in	water.
We	choose	crocetin,	a	water-soluble	CAR,	to	eliminate	any	effects	due	to	the	detergents
themselves.	Our	results	show	there	is	virtually	no	absorbance	change	of	ASTA	or	crocetin	in
air-saturated	water	γ-irradiated	to	25	Gy	in	the	presence	of	0.1	M	sodium	formate	compared	to
an	un-irradiated	sample,	suggesting	no	detectable	reaction	between	both	ASTA	and	crocetin
with	O2

•−	at	this	low	dose.	The	result	with	crocetin	is	the	same	as	previously	reported	by	Bors
et	al.	[60],	who	also	used	pulse	radiolysis	of	aqueous	solutions	containing	sodium	formate.

However,	the	situation	concerning	CAR	reactions	with	O2
•−	has	become	more	uncertain	with

both	theoretical	studies	and	experimental	work	on	solubilized	CARs,	suggesting	a	reaction



involving	O2
•−	itself.	Galano	et	al.	[61],	using	computational	studies,	show	a	reaction	between

many	CARs	and	O2
•−	and	suggest	that	such	a	reaction	is	extremely	efficient	with	a	diffusion-

controlled	rate	constant.	Cardounel	et	al.	[62]	have	studied	a	water-soluble	derivative	of
ASTA	(disodium	disuccinate	astaxanthin)	with	an	activated	human	neutrophil	assay	and
showed	that	this	ASTA	derivative	nearly	completely	eliminated	the	electron	paramagnetic
resonance	(EPR)	signal	from	O2

•−.

Finally,	in	a	recent	study,	Chetia	et	al.	[63]	studied	the	scavenging	properties	of	β-CAR	(and	a
flavonoid,	naringenin)	against	a	wide	range	of	free	radicals,	including	O2

•−.	These	workers
used	a	phenazine	methosulphate–NADH	system	to	generate	O2

•−	and	a	spectrophotometric
analysis	method	based	on	nitroblue	tetrazolium	superoxide.	They	found	concentration-
dependent	quenching	of	O2

•−	for	β-CAR,	which	was	comparable	to	the	quenching	of
superoxide	radical	by	vitamin	C.

Clearly	where	a	radiation	method	(pulse	radiolysis	or	γ-radiation)	is	used	to	directly	generate
O2

•−,	there	seems	no	evidence	of	a	significant	reaction	with	CARs	unless	the	pH	is	low	enough
to	convert	the	radical	to	HO2

•.	Other	indirect	techniques	for	generating	the	superoxide	radical
anion	and	also	computational	studies	suggest	there	is	a	direct	and	(according	to	the
computational	work)	efficient	reaction	between	CARs	and	O2

•−.	More	work	is	needed	to
resolve	this	dilemma,	which	is	discussed	further	in	this	chapter.

4.4	Future	prospects	and	challenges
Although	the	efficient	quenching	of	SO	(often	diffusion	controlled)	by	dietary	CARs	in
“simple”	solvents	and	some	micro-heterogeneous	environments	(e.g.,	detergent	micelles)	is	a
rather	straightforward	and	well-understood	process,	the	effect	of	different	types	of	CAR–XAN
aggregation	is	not	totally	clear,	leading	in	some	cases	to	a	much	less	efficient	quenching.
Therefore,	it	would	be	worthwhile	to	measure	the	reactivity	of	carefully	characterized	CAR
aggregates	with	SO.	Furthermore,	as	shown	by	Adamkiewicz	et	al.	[20],	water	molecules	can
be	bound	to	ZEA	aggregated	structures	as	molecular	bridges	between	the	terminal	hydroxyl
groups	of	adjacent	molecules.	A	molecular	ladder	mechanism	of	transferring	a	proton	across
the	lipid	membrane	via	hopping	between	the	water	molecules	along	the	ZEA	dimeric	structure
suggests	new	challenges	to	understand	all	the	roles	of	CARs	in	cellular	environments.	Also,	it
is	noteworthy	that	in	cell	model	environments,	unlike	organic	solvents,	the	quenching	of	SO	by
LYC	and	β-CAR	is	identical	to	within	experimental	error	despite	many	old	(but	often	repeated)
claims	in	the	literature	that	lycopene	is	a	more	efficient	quencher	of	SO	than	other	dietary
CARs.	Finally,	the	possibility	that	SO	is	not	efficiently	quenched	by	CARs	in	mammalian	cells
[24]	should	be	a	subject	of	future	research.

As	noted	here,	not	all	free	radical–CAR	interactions	are	fully	understood.	For	example,
although	the	radical	cations	and	anions	of	the	CARs	are	now	quite	well	characterized,	the
study	of	the	various	neutral	CAR	radicals	is	much	more	experimentally	difficult,	and	extensive



work,	possibly	expanding	the	studies	of	Chen	et	al.	and	El-Agamey	et	al.	[56,	57],	is	now
required.	There	is	also	confusion	related	to	the	interactions	of	CARs	with	(the	biologically
important)	superoxide	radical	anion,	O2

•−.	We	have	studied	the	possible	reaction	between	O2
•−

and	crocetin,	a	water-soluble	CAR.	This	allowed	us	to	study	the	interactions	without	any
possible	contribution(s)	for	detergents	or	liposomes,	which	are	usually	needed	to	solubilize
the	CAR.	Our	results	clearly	show	that	little	reaction	between	crocetin	and	O2

•−	can	be
detected.	This	result,	with	crocetin,	is	more	or	less	the	same	as	previously	reported	[60].	We
have	made	the	same	observation	(i.e.,	no	reaction)	for	other	non-water-soluble	CARs	(in	the
presence	of	detergents).	However,	the	situation	concerning	CAR	reactions	with	O2

•−	has
become	more	uncertain	with	both	theoretical	studies	and	experimental	work	on	solubilized
CARs,	suggesting	there	is	a	reaction.	Galano	et	al.	[61],	using	computational	studies,	show	an
efficient	reaction	between	many	CARs	and	O2

•−,	and	Cardounel	et	al.	[62]	have	studied	a
water-soluble	derivative	of	ASTA	and	observed	a	nearly	completely	eliminated	O2

•−	EPR
signal.	Clearly,	future	studies	are	needed	to	resolve	this	apparent	contradiction,	especially	as
O2

•−	is	such	an	important	radical	for	the	in	vivo	situation.

4.5	Conclusion
Virtually	all	dietary	CARs	are	regarded	as	efficient	quenchers	of	ROS—SO	and	oxy-radicals.
It	is	straightforward	to	observe	the	very	efficient	quenching	of	SO	by	such	CARs	in	organic
solvents,	micellar	solutions,	and	various	cell	models	with	rate	constants	near	the	diffusional
limit.	However,	it	is	not	easy	to	observe	such	quenching	in	cells	themselves,	and	this	may
indicate	that	the	major	protective	role	of	dietary	CARs	in	vivo	is	via	free	radical	quenching.
Such	quenching	of	free	radicals	leads	to	other	CAR	radical	species	such	as	radical	adducts,
radical	cations,	neutral	radicals,	and,	in	rare	cases,	radical	anions.	The	reactivity	of	these
“new”	radical	species,	especially	the	oxidizing	ability	of	the	radical	cations,	can	be	significant
and	may	well	account	for	the	switch	in	behavior	of	CARs	from	anti-	to	pro-oxidants	in	some
environments.	This	potential	damaging	switch	may,	for	example,	be	associated	with	the
increased	risk	of	lung	cancer	by	smokers	who	ingest	large	amounts	of	β-CAR.

Another	significant	aspect	of	CAR	radical	cations	concerns	the	effect	of	metal	ion,	especially
manganese	(a	metal	ion	of	biological	importance),	on	ASTA.	The	metal	ion	can	link	to	the
ASTA	molecule	at	both	ends	via	the	hydroxyl	and	adjacent	carbonyl	groups	on	this	CAR	(a	2:1
complex)	and,	in	a	process	involving	oxygen,	there	is	a	spectral	shift	in	the	ASTA	radical
cation	absorption	spectrum	and,	despite	complex	decay	kinetics,	a	clear	and	dramatic	increase
in	the	lifetime	of	the	ASTA•+.	This	huge	effect	on	the	ASTA•+	lifetime	is	probably	related	to	a
reduction	in	the	back	electron	transfer	involving	the	positively	charged	ASTA	cation	and	the
negatively	charged	superoxide	radical,	O2

•−.

The	possible	interactions	of	CARs	with	the	superoxide	radical	anion	have	led	to	recent
controversy.	Direct	generation	of	the	superoxide	radical	via	various	high-energy	radiation
methods	appears	to	lead	to	little	reactivity	with	the	CARs	studied	but	reactivity,	at	lower	pH



due	to	HO2
•,	whereas	computational	studies	and	other	methods	of	generating	the	superoxide

radical	anion	appear	to	show	efficient	reactions	between	this	radical	and	several	CARs.	More
work	is	needed	to	resolve	our	understanding	of	the	reactivity	of	CARs	with	superoxide	radical
anion.
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5.1	Introduction
The	macula	lutea	is	the	central	part	of	the	human	retina	and	is	responsible	for	the	high-acuity
vision	required	for	reading,	driving,	and	recognizing	faces.	It	is	a	visibly	yellow	spot	that
consists	of	two	dietary	carotenoids,	lutein	and	zeaxanthin,	along	with	their	metabolite	meso-
zexanthin	in	the	ratio	of	1:1:1.	They	are	collectively	referred	to	as	the	macular	carotenoids	or
macular	pigment	(MP).	The	macular	carotenoids	are	thought	to	play	a	major	role	in	filtration
of	potentially	phototoxic	blue	light	and	in	protection	against	singlet	oxygen	radicals	and	other
reactive	oxygen	species.	The	presence	of	the	macular	carotenoids	in	areas	of	the	eye	highly
enriched	in	polyunsaturated	fatty	acids	is	consistent	with	their	antioxidant	roles.	Most
investigations	into	the	relationship	between	the	macular	carotenoids	and	eye	disease	have
focused	on	age-related	macular	degeneration	(AMD),	a	disease	in	which	the	oxidative	damage
plays	a	major	role.	Epidemiological	studies	have	indicated	an	inverse	relationship	between	the
levels	of	the	macular	carotenoids	in	the	diet	and	eye	and	the	incidence	of	AMD,	and	that
supplementation	of	macular	carotenoids	can	reduce	the	risk	of	advanced	AMD	[1–3].
Biological	plausibility	for	the	protective	functions	of	macular	carotenoids	against	AMD	are
supported	by	(1)	the	chemical	structures	and	biochemical	properties	of	macular	carotenoids;
(2)	the	topographic	distribution	of	the	macular	carotenoids	in	the	macula;	and	(3)	the	specific
uptake	of	macular	carotenoids	from	a	much	more	diverse	pool	of	circulating	dietary
carotenoids.	In	this	chapter,	we	review	the	functional	role	of	macular	carotenoids,	and	their
stereochemistry,	absorption,	and	metabolism.

5.2	Macular	pigment	distribution
Around	600	carotenoids	exist	in	nature,	30–40	carotenoids	are	found	in	the	human	diet,	and
about	15	are	detectable	in	human	serum,	but	only	lutein,	zeaxanthin,	and	meso-zeaxanthin	are
present	in	human	macula.	The	ratio	of	lutein:zeaxanthin:meso-zeaxanthin	is	3:1:0	in	blood	and
liver,	2:1:0.5	in	the	peripheral	retina	and	1:1:1	in	the	macula	[1].	The	human	fovea	has	the
highest	concentration	of	lutein	and	zeaxanthin	found	anywhere	in	the	human	body	at	around	0.1
to	1	mM	[1,	2].	The	concentration	of	macular	carotenoids	declines	over	100-fold	just	a	few
millimeters	from	the	center	of	the	fovea.	Cross-sectionally,	macular	carotenoids	are	deposited
preferentially	in	the	Henle	fiber	layer	of	the	fovea	and	in	the	inner	plexiform	layers	of	the
parafovea	(Figure	5.1,	Color	Supplement)	[3,	4].



Figure	5.1	Schematic	diagram	demonstrating	the	distribution	of	macular	pigment	in	the	retina:
fundus	(top)	and	cross-section	(bottom).

The	macular	carotenoids	are	hydroxylated,	which	makes	them	xanthophylls	with	no	vitamin	A
activity,	and	they	are	characterized	by	a	conjugated	polyene	chain	and	two	terminal	hydroxyl
groups.	This	unique	structure	makes	them	well	suited	antioxidant	components	of	biological
membranes	rich	in	polyunsaturated	phospholipids	that	are	susceptible	to	free	radical–induced
damage	[5].	Lutein	and	zeaxanthin	have	been	shown	to	increase	the	rigidity	of	lipid	bilayers
and	act	as	“molecular	rivets”	because	of	their	orientation	within	the	membrane	[6].	Zeaxanthin
adopts	a	roughly	perpendicular	orientation	to	the	plane	of	the	membrane,	while	lutein	and	its
isomers	follow	perpendicular	as	well	as	parallel	orientations	[7].	These	direct	effects	of
macular	carotenoids	on	lipid	membranes,	particularly	their	effects	on	the	membranes’
structural	and	dynamic	properties,	seem	to	decrease	lipid	susceptibility	to	oxidative
degradation	[8].

Lutein	is	the	most	abundant	xanthophyll	in	the	photosynthetic	apparatus	of	plants.	Lutein	and
zeaxanthin	are	mainly	bound	to	major	light-harvesting	complex	proteins	of	both	photosystem	I
and	photosystem	II	[9],	where	they	reduce	non-photochemical	quenching	and	prevent	photo-
oxidative	damage	to	the	photosynthetic	apparatus	[10,	11].	Lutein	specifically	quenches
harmful	excited	triplet	chlorophyll	species,	formed	by	photo-oxidation,	thus	preventing	the
formation	of	reactive	oxygen	species	in	plants	[12].



5.3	Human	health	aspects
The	human	retina	is	at	high	risk	of	oxidative	damage	due	to	light	exposure,	which	generates
free	radicals	and	reactive	oxygen	species	from	the	endogenous	photosensitizers	like	retinal,
lipofuscin,	A2E,	and	melanin	[13].	The	high	abundance	of	polyunsaturated	fatty	acids	in	retina
makes	it	more	vulnerable	to	oxidative	damage	[14].	The	lipophilic	macular	carotenoids	can
effectively	absorb	the	short	wavelength	portion	of	the	visible	light	spectrum,	which	enables
them	to	prevent	or	reduce	free	radical	formation	in	the	retina.	They	also	directly	quench	free
radicals,	lipid	peroxy	radicals,	hydroxyl	radicals,	and	superoxide	anions	[15,	16].

5.4	Age-related	macular	degeneration	(AMD)
AMD	is	an	eye	disease	that	typically	affects	older	adults	>50	years	old;	its	prevalence	rises
dramatically	in	the	elderly	population	older	than	70	years.	There	are	two	common	forms	of
AMD,	wet	(neovascular)	and	dry	(non-neovascular).	Around	80–90%	of	AMD	cases	are	the
dry	form,	characterized	by	the	presence	of	drusen	under	the	macular	retina.	Drusen	are	formed
due	to	oxidized	lipids,	protein	adducts	and	inflammatory	material	that	may	accumulate	as	a
result	of	oxidative	damage.	An	autopsy	study	by	Bone	et	al.	[2]	using	human	donor	eyes	(56
AMD	and	56	control)	revealed	that	maculae	from	patients	with	AMD	have	lower
concentrations	of	macular	carotenoids	compared	to	the	maculae	from	control	patients.
Epidemiological	evidence	also	suggests	an	inverse	relationship	between	dietary	intake	[17,
18]	and	increased	serum	levels	[19,	20]	of	lutein	and	zeaxanthin	with	incidence	of	AMD.
Acute	light	damage	studies	on	primate	retinas	also	suggested	that	lutein	and	zeaxanthin
supplementation	can	protect	the	fovea	from	blue	light–induced	oxidative	damage,	which	may
thereby	reduce	the	risk	of	AMD	[21].

The	association	between	AMD	risk	and	lutein	and	zeaxanthin	supplementation	has	been
explored	in	several	large-scale	epidemiological	studies.	The	Eye	Disease	Case	Control	Study
found	that	the	risk	for	advanced	exudative	AMD	was	reduced	by	43%	in	participants	in	the
highest	quintile	of	dietary	carotenoid	intake	when	compared	with	those	in	the	lowest	quintile
[18].	In	2006,	the	Carotenoids	in	Age-Related	Eye	Disease	Study	(CAREDS)	concluded	that
lutein-	and	zeaxanthin-rich	diets	may	protect	against	intermediate	AMD	in	female	patients
younger	than	75	years	of	age	[22].	In	a	case	control	study	using	resonance	Raman	measurement
of	macular	pigment	conducted	at	a	time	when	lutein-containing	supplements	were	just	entering
the	American	market,	the	group	of	AMD	patients	regularly	consuming	high-dose	lutein
supplements	had	MP	levels	significantly	higher	than	those	of	their	cohorts	not	using	lutein
supplements	(p=0.038)	and	were	indistinguishable	from	those	of	normal	subjects	(p=0.829)
[17].	More	recently,	the	Blue	Mountain	Eye	Study	[23]	reported	that	higher	dietary	lutein	and
zeaxanthin	intake	reduced	the	risk	of	AMD	incidence	over	5	and	10	years.	Participants	in	the
top	tertile	of	intake	(≥942	µg/day)	had	a	decreased	risk	of	incident	neovascular	AMD,	and
those	with	above-median	intakes	(743	µg)	had	a	reduced	risk	of	indistinct	soft	or	reticular
drusen	when	compared	with	the	remaining	population.	The	original	Age-Related	Eye	Disease
Study	(AREDS)	did	not	provide	the	subjects	with	lutein–zeaxanthin	supplementation,	but



dietary	lutein–zeaxanthin	intake	(as	determined	by	a	food	frequency	questionnaire	at
enrollment)	was	inversely	associated	with	prevalent	neovascular	AMD,	geographic	atrophy,
and	large	or	extensive	intermediate	drusen	when	the	highest	versus	lowest	quintiles	were
compared	[24].	Although	studies	have	shown	that	macular	pigment	optical	density	(MPOD)	is
partially	related	to	dietary	intake	or	serum	levels	of	lutein	and	zeaxanthin	[25],	the	results
relating	MPOD	to	AMD	have	been	less	consistent	across	populations	and	are	influenced	by
many	factors	that	affect	uptake	and	distribution	of	these	carotenoids	in	the	body.	Recent	reports
from	the	CAREDS	group	[26]	and	Hammond	et	al.	[27]	could	not	find	a	consistent	cross-
sectional	association	between	MPOD	and	AMD	[26],	and	they	suggested	that	prospective
studies	were	needed	to	further	explore	this	relationship.

In	the	Age-Related	Eye	Disease	Study	2	(AREDS2),	subjects	were	given	the	carotenoids	lutein
(10	mg	per	day)	and	zeaxanthin	(2	mg	per	day),	alone	or	in	combination	with	the	omega-3	fatty
acids,	docosahexaenoic	acid	(DHA)	(350	mg	per	day)	and	eicosapentaenoic	acid	(EPA)	(650
mg	per	day),	to	assess	their	influence	on	progression	to	advanced	AMD	in	individuals	at	high
risk	for	the	disease	with	bilateral	large,	soft	drusen	and/or	advanced	AMD	in	one	eye.	In	June
2008,	80	participating	US	centers	recruited	over	4000	AMD	patients	for	the	study,	with	each
patient	scheduled	to	receive	their	assigned	treatment	in	a	randomized,	placebo-controlled,
double-blind	manner	for	five	years	[28,	29].	This	study	showed	that	daily	supplementation	of
lutein–zeaxanthin	had	no	statistically	significant	effect	on	cataract	surgery	or	vision	loss	[30].
DHA–EPA	and	varying	doses	of	zinc	appeared	to	have	no	effect,	whereas	lutein–zeaxanthin
had	a	favorable	effect	on	progression	to	late	AMD.	These	reports	suggest	that	supplementation
of	lutein–zeaxanthin	along	with	β-carotene	compared	to	β-carotene	alone	was	beneficial	in
reducing	the	risk	for	late	AMD	and	neovascular	AMD.	Thus,	lutein–zeaxanthin	may	be
important	carotenoids	to	consider	for	the	AREDS	supplement	[31].	Although	primary	analysis
from	the	AREDS2	did	not	reveal	any	benefit	from	daily	supplementation	with	lutein–
zeaxanthin	on	AMD	progression,	secondary	exploratory	analyses	suggested	that	lutein–
zeaxanthin	were	helpful	in	reducing	this	risk,	so	they	are	recommended	as	replacements	for	β-
carotene,	which	had	been	associated	with	increased	risk	of	lung	cancer	in	current	and	former
smokers	[32].

Infant	retinas	are	more	vulnerable	to	oxygen	insult	due	to	clear	lenses	and	higher	metabolic
activity.	They	have	incompletely	formed	and	diffuse	maculae	with	lutein	predominance	over
zeaxanthin	in	the	ratio	of	1.49:1	[33],	which	changes	to	a	more	adult	ratio	as	age	increases.
The	change	in	macular	carotenoid	ratio	appears	to	be	closely	related	to	anatomical
development	[34].	Macular	development	coincides	with	progressive	shifts	in	the	distribution
of	lutein,	zeaxanthin,	and	meso-zeaxanthin	within	the	developing	macula	[35],	and	nutritional
status	may	affect	this	process	[36].	Animal	experiments	with	monkeys	suggested	that	lutein	and
zeaxanthin	are	necessary	for	macular	development	[37],	and	deficient	diets	failed	to	induce
yellow	pigmentation	of	the	macular	area	[38].	Newborn	may	have	low	carotenoid	levels	due	to
decreased	placental	nutrient	transfer	in	uterus,	similar	to	the	decrease	in	placental	transfer	of
macronutrients,	which	has	been	implicated	as	a	mechanism	for	intrauterine	growth	restriction
[39,	40].	Recent	studies	in	our	laboratory	suggest	that	maternal	serum	zeaxanthin	levels
correlated	with	infant	MPOD	[41],	and	supplementation	of	macular	carotenoids	to	improve



visual	development	and	cognition	in	infants	deserves	further	study.

5.5	Macular	carotenoid	absorption
The	macular	carotenoids	lutein	and	zeaxanthin	are	the	most	common	xanthophylls	in	green
leafy	vegetables,	whereas	meso-zeaxanthin	is	uncommon	in	nature.	Because	humans	cannot
produce	lutein	and	zeaxanthin	de	novo,	we	depend	on	natural	dietary	sources.	These
xanthophylls	are	commonly	present	in	green	leafy	vegetables,	fruits,	egg	yolk,	milk,	and	cream.
Recently,	microbial	sources	of	carotenoids	such	as	algae	are	also	gaining	attention	as	an
alternative	for	lutein	and	zeaxanthin	supplementation	[42].	Reliable	data	on	carotenoids	in
agricultural	produce	may	provide	information	on	food	sources	that	are	crucial	for	dietary
intake	of	lutein	and	zeaxanthin,	which	also	offers	a	basis	for	studies	on	their	physiologic
actions	[43].

Bioavailability	is	defined	as	the	“fraction	of	nutrient	from	ingested	dose	that	is	absorbed.”
Lutein	and	zeaxanthin	absorption	strongly	depends	on	a	number	of	factors	that	include	mainly
the	release	of	carotenoids	from	the	food	matrix,	their	incorporation	into	mixed	micelles,	the
transfer	of	carotenoids	from	micelles	to	the	mucosa	for	passive	or	facilitated	absorption	(via
SR-BI	proteins)	and	their	sequestration	into	chylomicrons	[44].	Carotenoid	absorption	in
humans	is	higher	from	oils	containing	supplements	than	from	complex	food	matrixes	[45]	such
as	spinach,	kale,	or	yellow	carrots	[46].	Chung	et	al.	[47]	studied	higher	lutein	absorption
from	lutein-enriched	eggs	when	compared	to	supplements	and	spinach,	indicating	lutein
absorption	is	higher	and	improved	in	the	presence	of	fat.	Dietary	fiber	has	a	negative	effect	on
carotenoid	absorption	by	entrapping	them	and	increasing	excretion	of	bile	acids	and	fecal
output,	inhibiting	lipase	activity	[48,	49].	Lutein	and	zeaxanthin	are	dissolved	with	dietary	fat
to	form	an	emulsion	in	the	gut	with	the	aid	of	lipolytic	enzymes	and	bile	acids	to	form	mixed
micelles.	These	mixed	micelles	become	accessible	for	intestinal	absorption.	Dietary	factors
play	a	major	role	in	the	absorption	of	lutein	and	zeaxanthin	by	affecting	the	size	and	formation
of	the	micelles.	A	certain	amount	of	fat	is	necessary	for	micellarization,	chylomicron	secretion
and	carotenoid	absorption,	but	which	type	of	fat	or	fatty	acid	goes	along	with	carotenoid	is	still
uncertain.

Intestinal	absorption	is	a	complex	process,	and	studies	using	caco-2	intestinal	cell	cultures
suggest	that	receptor	proteins	play	a	role	in	the	uptake	of	dietary	carotenoids	[50,	51].	Cell
culture	and	knockout	mouse	models	have	shown	that	scavenger	receptor	B1	(SR-B1)	[51,	52]
and	CD36	[53]	mediate	lutein	and	zeaxanthin	absorption	into	cells	along	with	other
carotenoids	and	tocopherols	[54,	55].	Recently,	Lobo	et	al.	[56]	identified	ISX,	a	gut-specific
homeodomain	transcription	factor	that	controls	SR-B1	and	β-carotene	15,15′-monooxygenase
(BCO1)	messenger	RNA	(mRNA)	expression,	suggesting	that	retinoic	acid	produced	from
dietary	precursors	affects	intestinal	absorption	of	carotenoids.	The	adenosine	triphosphate
(ATP)-binding	cassette	G5	(ABCG5)	gene,	which	plays	an	important	role	in	cholesterol
absorption,	also	helps	in	lutein	absorption	along	with	other	lipids	[57,	58].	Genetic	variation
in	BCO1	and	CD36	can	modulate	plasma	lutein	and	retinal	concentrations	[59].



The	carotenoids	are	further	transported	into	the	hepatic	system	by	chylomicrons	and	to	the	rest
of	the	body	tissues	by	general	circulation.	In	the	blood,	albumin,	low-density	lipoprotein
(LDL),	high-density	lipoprotein	(HDL),	and	very	low-density	lipoprotein	(VLDL)	play
important	roles	as	the	carriers	of	carotenoids	to	the	target	tissues	[60].	Lutein	and	zeaxanthin
are	relatively	equally	distributed	between	LDL	and	HDL	[61,	62]	with	a	progressive	decrease
in	the	content	of	lutein	and	zeaxanthin	from	light	to	dense	LDL.	HDL	plays	an	important	role	in
the	transport	of	macular	carotenoids	from	serum	to	the	retina	[63].

Although	our	understanding	of	the	transport	processes	of	macular	carotenoids	from	the	source
to	sink	is	still	incomplete,	the	currently	available	data	suggest	that	the	uptake	of	carotenoids	to
the	retinal	pigment	epithelium	(RPE),	a	tissue	with	a	moderate	concentration	of	a	diverse	range
of	carotenoids	[1],	probably	shares	the	transport	pathway	with	cholesterol	and	that	HDL	and
the	receptors	for	HDL	such	as	SR-B1	may	be	involved	in	this	delivery	process	(Figure	5.2,
Color	Supplement).	Although	not	yet	proven,	we	speculate	that	carotenoids	are	delivered	from
the	RPE	to	the	retina	by	the	pathway	analogous	to	the	one	used	for	retinoid	transport	that
employs	inter-photoreceptor	retinoid	binding	protein	(IRBP)	to	facilitate	transport	of	the
hydrophobic	ligands	across	the	inter-photoreceptor	space	[64]	because	retinoids	and	the
macular	carotenoids	share	equal	affinities	with	IRBP	[65]	as	shown	in	Figure	5.2.



Figure	5.2	Possible	pathway	for	macular	carotenoid	transport	and	accumulation	in	human
retina	[64]

(reproduced	by	permission	of	The	Royal	Society	of	Chemistry	[RSC]	on	behalf	of	the	European	Society	for	Photobiology,
the	European	Photochemistry	Association,	and	RSC).

Whenever	a	tissue	exhibits	such	exquisite	selectivity	of	uptake	and	long-term	stability,
specific,	high-affinity-binding	proteins	are	almost	always	involved	along	with	appropriate
transport	proteins	and	metabolic	enzymes.	Our	laboratory	has	been	investigating	the	specific
binding	proteins	for	macular	carotenoids	for	a	considerable	time.	Using	a	classical
biochemical	approach	for	protein	purification	and	identification	consisting	of	tissue



homogenization	and	protein	solubilization	followed	by	density	gradient	centrifugation	and
column	chromatography,	we	identified	GSTP1	as	the	human	macular	zeaxanthin-binding
protein	[66,	67].	Pharmacological	and	spectroscopic	studies	with	human	recombinant	GSTP1
demonstrated	that	its	interactions	with	zeaxanthin	closely	match	those	of	the	endogenous
xanthophyll-binding	protein	purified	from	human	maculae	[66].	Li	et	al.	[68]	provided
evidence	to	identify	StARD3	as	the	human	lutein-binding	protein	based	on	database	searching,
Western	blotting	and	immunohistochemistry.	Surface	plasma	resonance	binding	assays	have
confirmed	the	selective	high-affinity	binding	of	GSTP1	with	zeaxanthin	and	meso-zeaxanthin
and	of	StARD3	with	lutein	[69].

5.6	Stereochemistry	and	metabolism	of	macular
carotenoids
The	macular	carotenoids	lutein	and	zeaxanthin	act	as	protective	antioxidants	in	the	eye,	and	in
certain	situations,	they	undergo	oxidation	and	a	series	of	transformations	to	protect	the	macula
[1,	70,	71].	Bone	et	al.	[72]	identified	the	stereoisomers	of	lutein	and	zeaxanthin	in	human
retina	using	high-performance	liquid	chromatography–mass	spectrometry	(HPLC-MS).	They
are	characterized	by	an	internally	symmetrical	form	with	a	conjugated	polyene	chain	and	two
terminally	hydroxylated	ionone	rings.	Structurally,	the	macular	carotenoids	have	hydroxyl
groups	attached	at	the	3	and	3′	positions	of	the	terminal	ionone	rings,	as	shown	in	Figure	5.3.
The	position	of	the	double	bond	in	lutein	at	the	4′,	5′	position	is	shifted	to	the	5′,	6′	position	in
zeaxanthin	and	meso-zeaxanthin,	and	the	double-bond	shift	in	zeaxanthin	converts	a	more
chemically	reactive	allylic	hydroxyl	end	group	into	a	molecule	with	an	extra	conjugated	double
bond.	The	extra	conjugated	double	bond	makes	zeaxanthin	and	meso-zeaxanthin	more	stable
and	better	antioxidants	in	comparison	to	lutein.



Figure	5.3	Structure	of	macular	carotenoids,	lutein,	zeaxanthin,	and	meso-zeaxanthin.

The	lutein	component	of	the	macular	pigment	consists	of	a	single	stereoisomer	of	lutein	[(3R,
3′R,	6′R)-	β,	ε-carotene-3,3′-diol],	whereas	the	zeaxanthin	component	consists	of	two	major
stereoisomers:	dietary	zeaxanthin	itself	[(3R,3′R)-β,	β-carotene-3,3′-diol]	and	nondietary
meso-zeaxanthin	[(3R,3′S)-β,	β-carotene-3,3′-diol]	[35,	72].	They	observed	that	a	base-
catalyzed	reaction	known	to	isomerize	lutein	to	zeaxanthin	yielded	only	meso-zeaxanthin,
suggesting	that	meso-zeaxanthin	is	a	conversion	product	derived	from	retinal	lutein.	meso-
Zeaxanthin	was	not	detected	in	the	human	plasma	or	liver	but	was	present	in	the	human	macula,
retina,	and	choroid	[1],	indicating	that	there	is	specific	conversion	of	lutein	to	meso-zeaxanthin
in	the	eye	tissue.	When	xanthophyll-deficient	monkeys	were	supplemented	with	lutein,	both
lutein	and	meso-zeaxanthin	were	incorporated	in	the	retinas,	whereas	dietary	zeaxanthin
supplementation	resulted	solely	in	the	untransformed	delivery	of	zeaxanthin	to	the	retina,
further	indicating	that	lutein	is	the	precursor	for	meso-zeaxanthin	[73]	(Figure	5.4).



Figure	5.4	Proposed	metabolic	transformation	of	dietary	lutein	and	zeaxanthin	into	their
metabolites	in	humans	[97]

(reproduced	by	permission	of	Association	for	Research	in	Vision	and	Ophthalmology).

Khachik	et	al.	[74]	first	identified	oxidation	products	and	isomers	of	lutein	in	vivo,	in	human
serum.	Anhydrolutein	and	dihydroxy	lutein	were	observed	as	metabolites	of	lutein	in	human
breast	milk	and	serum	using	HPLC-MS	[75,	76]	and	monkey	serum	[77]	formed	as	a	result	of
dehydration	and	in	acidic	conditions	similar	to	those	of	the	stomach	using	HPLC	and	LC-MS.
3-Hydroxy	β,	ε-caroten-3′-one	was	identified	as	the	direct	oxidation	product	of	lutein	present
in	monkey	retinas	[70],	quail	ocular	tissue	[78],	chicken	[79],	rats	[80],	and	human	retinas
[81],	and	it	was	quantified	in	human	retina	by	Bhosale	and	Bernstein	[82]	using	HPLC-MS.
The	presence	of	the	direct	oxidation	product	in	the	retina	confirms	in	vivo	metabolic	oxidation
of	retinal	lutein	[83].	3-Methoxyzeaxanthin	was	also	identified	in	the	macula	of	donor	eyes
using	HPLC-MS	and	was	present	only	in	aged	donors,	indicating	that	methylation	of
carotenoids	may	be	an	important	age-related	metabolic	pathway	[84].	Mein	et	al.	[85]
identified	the	formation	of	apocarotenoids	(whose	biological	functions	are	unknown)	from
lutein	and	zeaxanthin	in	the	presence	of	β-carotene	9′,	10′	dioxygenase	(BCO2).	In	vitro
studies	using	azo	compounds	and	other	radicals	oxidize	lutein	to	various	metabolites	[80,	86],
but	these	metabolites	are	not	identified	in	humans.	The	absorption	and	metabolism	of	lutein	and
zeaxanthin	vary	widely	among	animal	species,	which	limits	the	use	of	most	animal	models.

Macular	pigment	remains	stable	for	long	periods	in	humans,	but	unlike	humans,	other	animal
models	such	as	mice	do	not	accumulate	macular	carotenoids	in	their	eyes	even	when	their
serum	levels	are	high.	The	spatially	and	chemically	specific	accumulation	of	lutein	and
zeaxanthin	in	retina	is	a	unique	feature	of	the	primate	retina	relative	to	other	mammals,	but	the
biochemical	basis	for	this	high	degree	of	specificity	is	unclear.	Recent	studies	in	our
laboratory	indicate	that	human	retinal	BCO2	is	an	inactive	enzyme,	whereas	mouse	BCO2	is	an



active	carotenoid	cleavage	enzyme,	responsible	for	eccentric	cleavage	of	carotenes	and
xanthophylls	[87].	Naturally	occurring	BCO2	mutations	in	sheep	result	in	yellow	flesh	due	to
xanthophyll	deposition	in	various	tissues,	and	bovine	BCO2	mutants	produce	yellow	milk	[88,
89].

5.7	Measurement	of	macular	carotenoids
Accurate	assessment	of	the	amount	of	macular	pigment	in	eyes	is	necessary	to	investigate	the
role	of	macular	carotenoids	and	their	presumed	functions.	HPLC	is	the	“gold	standard”
technique	for	measurement	of	carotenoids	from	extracted	samples,	but	it	requires	significant
amounts	of	precious	biological	tissue.	Bone	et	al.	[4]	first	used	this	technique	to	preliminarily
identify	the	macular	carotenoids	and	they	subsequently	completed	their	stereochemical
characterization	a	few	years	later	[72].

In	recent	years,	there	has	been	considerable	interest	in	developing	quantitative	methods	to
measure	macular	pigment	optical	density	(MPOD)	noninvasively	in	humans	to	facilitate
observational	and	interventional	studies	of	AMD.	MPOD	can	be	measured	by	various	reported
methods,	including	heterochromatic	flicker	photometry	(HFP),	autofluorescence	attenuation
imaging	(AFI),	reflectometry,	and	resonance	Raman	spectrometry	(RRS).	HFP	is	a
psychophysical	measure	of	macular	pigment	levels	that	uses	advantageously	low	light	levels,
but	subjects	require	extensive	prior	training	for	reproducible	results	[90].	The	measurement	is
accomplished	by	viewing	a	small	circular	stimulus	that	alternates	between	a	test	wavelength
that	is	absorbed	by	the	macular	pigment	and	a	reference	wavelength	that	is	not	absorbed	[91].
The	major	downside	of	heterochromatic	flicker	photometry	is	its	poor	spatial	resolution	and
the	fact	that	its	intrasubject	variability	can	be	more	than	50%	[92].	Fundus	reflectometry	is
based	on	the	observation	that	the	spectra	of	light	reflected	from	central	and	peripheral	retina
are	different	[93].	AFI	measures	MPOD	levels	by	determining	the	macular	pigment’s
attenuation	of	the	fluorescence	of	lipofuscin	in	the	retinal	pigment	epithelium	[94].	More
recently,	RRS	has	been	developed	to	measure	the	MPOD.	It	is	an	objective,	rapid,	sensitive,
specific,	and	highly	reproducible	method	for	estimating	macular	pigment	in	patients	with	a
wide	variety	of	macular	pathological	features	[92].	It	measures	the	excitation	of	bond
vibrations	within	molecules,	which	are	directly	proportional	to	the	concentration	of	macular
pigment	existing	in	the	irradiated	area.	For	measurement,	a	subject	fixes	on	a	1	mm	spot	of
low-power	argon	laser	light	that	resonantly	excites	the	macular	carotenoids	for	0.2	seconds.
The	intensity	of	the	Raman-scattered	light	at	the	carotenoids’	conjugated	carbon	double-bond
frequency	of	1525	cm–1	is	quantified	after	subtraction	of	the	background	fluorescence.	The	use
of	this	technique	was	first	described	by	Bernstein	et	al.	in	1998	in	monkey	eyes	with	HPLC
confirmation	of	correlation	with	tissue	levels	[95],	and	the	device	was	soon	developed	for
clinical	studies	[96].	In	our	recently	published	AREDS2	ancillary	study,	we	analyzed	MPOD
and	macular	pigment	distribution	using	a	dual-wavelength	autofluorescence	imaging	system
along	with	skin	carotenoid	levels	by	RRS	[28]	and	found	that	MPOD	did	not	correlate	with
skin	or	serum	measurements.	This	study	provided	the	baseline	information	regarding	lutein	and
zeaxanthin	concentrations	in	AREDS2	participants.



5.8	Conclusions	and	perspectives
Evidence	suggests	that	macular	carotenoids	enhance	central	vision	and	are	effective	in
absorption	of	blue	light	and	filtration	of	free	radical	species.	Their	effective	disposition	in
polyunsaturated	phospholipid	membranes	makes	them	susceptible	to	free	radical	damage;
consecutively,	they	operate	as	antioxidants.	Although	studies	suggest	an	inverse	relationship
between	dietary	intake	of	lutein	and	zeaxanthin	and	the	progression	of	AMD,	correlation
studies	of	MPOD	and	serum	lutein–zeaxanthin	levels	need	further	investigation.
Supplementation	of	macular	carotenoids	to	improve	visual	development	and	cognition	in
infants	also	deserves	further	study.	Recent	advancements	in	the	noninvasive	quantification	of
macular	pigment	density	provide	a	means	to	gather	relevant	data,	which	may	strengthen	the
correlation	between	carotenoids	in	tissues	and	ocular	health.

Recent	studies	in	our	laboratory	indicate	that	human	retinal	BCO2	is	an	inactive	enzyme,
whereas	mouse	BCO2	is	an	active	carotenoid	cleavage	enzyme	that	is	responsible	for
eccentric	cleavage	of	macular	carotenoids,	which	makes	them	an	unsuitable	model	for
carotenoid	studies.	Development	of	suitable	animal	models	for	studies	on	carotenoids	could
provide	valuable	information	regarding	the	metabolism	of	lutein	and	zeaxanthin	in	the	retina.
The	discovery	of	specific	binding	proteins	and	genes	responsible	for	concentrating	these
carotenoids	in	the	macula	helps	us	understand	the	transport	of	lutein	and	zeaxanthin	from	blood
to	the	retina.	Further	study	into	transport	proteins	and	the	genes	responsible	for	successful
uptake	of	macular	carotenoids	into	the	human	body	will	increase	our	knowledge	regarding
healthy	aging	of	the	eye.
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6.1	Introduction
The	chapter	is	composed	of	two	parts:	The	first	one	focuses	on	the	principal	factors	that
determine	the	vibrational	spectra	of	carotenoids,	and	the	second	focuses	on	vibrational
spectroscopy	studies	published	after	2008	devoted	to	natural	carotenoids	in	bacteria,	lichens,
and	algae,	as	well	as	in	geological	deposits,	biominerals,	and	even	art	and	archaeological
objects.	The	chapter	ends	with	a	brief	comment	on	possible	future	applications	of	new
vibrational	spectroscopy	techniques	in	the	investigation	of	carotenoids.

6.2	Vibrations	of	carotenoids
Carotenoids	are	built	from	a	polyene	chain	most	often	terminated	with	one	or	two	cyclic	end
groups.	The	chain	is	formally	derivable	from	the	acyclic	lycopene,	and	the	end	groups	are
either	oxygenated	(in	xanthophylls)	or	not	(in	carotenes).	Usually,	methyl	groups	are	attached	to
every	fifth	carbon	atom	of	the	polyene	chain	[1].	The	exceptional	vibrational	spectroscopy
properties	of	carotenoids	originate	primarily	from	the	polyene	chain	and	only	secondarily	from
the	methyls	and	the	end	groups.	Therefore,	let	us	first	have	a	closer	look	at	the	properties	and
optical	spectroscopy	of	polyene	chains.

Due	to	specific	carotenoid	biosynthesis	pathways	in	plants	and	carotenogenic	bacteria	[2],	the
chain	in	carotenes	usually	has	an	odd	number	(from	3	to	13)	of	conjugated	C=C	double	bonds.
In	addition,	the	bonds	may	be	conjugated	with	the	other	C=C	or	C=O	double	bonds	of	the	end
groups	[3].	The	number	n	of	the	conjugated	C=C	double	bonds	has	direct	consequences	on	the
following	carotenoid	features:	(1)	geometry;	(2)	geometrical	cis-trans	isomerism;	(3)	syn-
periplanar	(s-cis)	or	anti-periplanar	(s-trans)	conformation	at	single	bonds;	(4)	π-electron
delocalization;	(5)	the	nature,	shape,	and	energy	of	the	electronic	ground	and	excited	states;	(6)
electron	affinity,	ionization,	reduction,	and	oxidation	potentials;	(7)	the	nature	and	shape	of
molecular	vibrations	and	the	vibrational	coupling	pattern;	and	so	on.	Finally,	the	end	groups
and	(8)	the	methyl	groups	attached	to	the	polyene	chain	also	play	a	role.	Clearly,	all	these
factors	exert	a	potent	influence	on	optical	molecular	spectra	of	polyenes	and	carotenoids.

6.2.1	Geometry
The	alteration	of	single	and	double	bonds	in	conjugated	all-trans	polyenes	results	in	the



double	bond’s	elongation	and	the	synchronous	single	bond’s	shortening	by	about	twice	as	much
as	the	double	bond	lengthens.	The	changes	with	n	are	not	linear.	The	path	contributions	to	both
the	single	bonds	and	the	double	bonds	decay	exponentially	with	n	with	the	same	decay	constant
[4].	The	conjugation	effects	extend	out	through	approximately	six	neighboring	double	bonds.
Thus,	a	polyene	bond	is	the	most	significantly	influenced	by	the	neighboring	six	conjugated
double	bonds.	Importantly,	several	polyene	properties,	such	as	band	gaps	[5]	and
characteristic	ultraviolet	(UV)	and	vibrational	frequencies	[6–8],	extrapolate	smoothly	as	an
inverse	of	conjugation	length	unless	the	number	of	double	bonds	exceeds	seven.	Thus,
conjugation	through	at	least	six	bonds	probably	determines	the	properties	of	polyenes	and
carotenoids	[4].	The	decay	in	the	bond	length	alternation	with	respect	to	the	length	of	the
polyene	chain	is	also	observed	for	regularly	altering	cis-trans	types	of	configurations;
however,	the	decay	is	slightly	slower	and	the	point	of	convergence	is	slightly	higher	than	for
all-trans	isomers	[9].

6.2.2	Geometrical	cis-trans	isomerism
The	presence	of	n-conjugated	bonds	in	the	polyene	chain	theoretically	enables	the	formation	of
2n	geometrical	cis-trans	isomers.	However,	desaturases	catalyzing	the	formation	of	all-trans
lycopene	and	further	carotenoids	from	15-cis-phytoene	in	the	carotenoid	biosynthetic	pathways
are	additionally	mediating	in	a	single	cis-to-trans	isomerization	[2,	10].	The	enzymes	favor	the
formation	of	only	selected	geometrical	isomers,	simultaneously	restricting	the	presence	of	a
possible	plethora	of	cis-trans	isomers	in	biosystems	[2].	Yet,	biotic	as	well	as	abiotic	stress
such	as	heat,	light,	acidic	environment,	enzymatic	or	nonenzymatic	oxidation,	or	the	presence
of	an	active	surface	may	promote	trans-to-cis	carotenoid	isomerization	in	both	plant	and
animal	tissue.	Notice	that	the	presence	of	a	double	bond	of	a	cis	configuration	in	an	“almost-
all-trans”	polyene	chain	perturbs	the	single-	and	double-bond	distances,	the	regularity	of	bond
alteration	changes,	and	the	conditions	necessary	for	π-electron	delocalization.	When
considering	the	idealized	all-cis	and	all-trans	structures	in	the	different	forms	in	which	they
may	be	present	in	polyacetylene	polymers,	we	find	that	they	exhibit	varying	geometrical,	and
thus	electrical	and	spectroscopic,	features	[11].	However,	in	natural	carotenoids,	there	are	at
most	only	a	few	cis	moieties	in	the	polyene	chain	[12–14]	and	considering	the	cis	structures	in
full	generality	is	not	necessary.	Since	the	cis-	and	trans-isomers	of	carotenoids	exhibit
different	bioactivities	and	bioavailabilities	(e.g.,	[15]),	it	is	important	to	quantify	their
geometrical	isomers	in	plants,	animals,	food,	and	human	tissues	[16–18].

6.2.3	Syn-periplanar	(s-cis)	or	anti-periplanar	(s-trans)
conformations
Hypothetically,	there	is	also	a	possibility	of	carotenoids	adopting	syn-periplanar	(s-cis)	or
anti-periplanar	(s-trans)	arrangements	at	each	of	the	(n−1)	single	bonds	separating	the
conjugated	double	bonds,	which	would	again	increase	the	number	of	conformers	by	2n−1.
However,	the	presence	of	s-cis	or	s-trans	conformers	in	carotenoids	is	stirred	up	only
scarcely.	This	is	because	the	s-trans	conformation	of	double	bonds	in	a	trans	configuration
minimizes	the	steric	hindrance	of	the	neighboring	fragments	[3].	Nevertheless,	the	s-cis



conformation	was	reported	in	β-ionone	and	retinals	[19],	as	well	as	in	spiralene:	A	cis
conjugated	triene	isomer	exists	in	the	bis-s-cis	conformation	[20].	It	was	also	demonstrated
that	the	7-cis,8-s-cis	okenone	isomer’s	nuclear	magnetic	resonance	(NMR)	and	electronic
absorption	spectra	exhibit	regions	clearly	different	than	that	of	the	7-cis	isomer,	whereas	the
resonance	Raman	spectra	are	barely	distinguishable	[21].	Again,	one	should	consider	the	s-cis
and	s-trans	polyenes	in	general	and	discuss	the	consequences	of	the	formation	of	(s-trans)-
trans,	(s-cis)-trans,	(s-trans)-cis,	and	(s-cis)-cis	as	well	as	mixed	types	of	polyene
conformers	[11].	However,	although	such	a	discussion	is	of	great	importance	to	conducting
polymers	chemistry	[22,	23],	it	can	be	restricted	to	only	one	or	a	few	particular	bonds	in	the
case	of	the	chemistry	of	(natural)	carotenoids.

6.2.4	π-electron	delocalization
The	all-trans	configuration	of	the	polyene	chain	establishes	good	conditions	for	π-electron
delocalization.	They	are	manifested	in	the	decrease	of	the	bond	length	alternation	as	the	length
of	the	chain	is	increased	but	also	in	a	significant	energetic	stabilization,	estimated	to	approach
in	long	chains	ca.	8	kcal/mol	per	double	bond	[4].	Interestingly,	the	path	contributions	to	the
stabilization	energy	decay	exponentially	with	respect	to	n	with	the	same	decay	constant	as	the
geometric	parameters	[4].	The	slower	decay	in	the	bond	length	alternation	in	all-cis	isomers
than	in	all-trans	ones	indicates	a	decreased	electron	delocalization	in	the	cis	chains	compared
to	the	trans	ones	[24].

6.2.5	The	nature,	shape,	and	energy	of	the	electronic	ground	and
excited	states
The	increasing	π-electron	delocalization	in	the	all-trans	polyenes	results	in	the	shift	of
transition	energies	to	lower	energies	with	increasing	conjugations,	which	can	be	expressed
approximately	by	ΔE=a/n+b.	One	of	the	most	important	consequences	of	the	conjugation	is	that
the	low-energy,	symmetry-forbidden	11Ag

−→21Ag
−	transition	lies	below	the	strongly	allowed

11Ag
−→11Bu+	transitions	associated	with	the	transfer	of	an	electron	from	HOMO	(highest

occupied	molecular	orbital)	to	LUMO	(lowest	unoccupied	molecular	orbital)	[25–27].	As	a
consequence,	in	long	polyene	systems,	emissions	from	the	low-lying	21Ag

−	state	are	often
dominated	by	nonradiative	decay	processes.	Considering	energy	gaps	between	several
different	excited	states	in	polyenes	leads	to	the	conclusion	that	they	follow	similar	trends,
linear	with	1/n	[28].	The	magnitude	of	the	S0→S2	(11Ag

−→11Bu+)	energy	gap	has	important
consequences	for	the	polyene	Raman	scattering	because	there	is	a	linear	correlation	between
the	ν1	Raman	band	wavenumber	and	the	electronic	transition	energy	[29].

6.2.6	Electron	affinity,	ionization,	reduction,	and	oxidation
potentials
The	longer	the	polyene	chain,	the	higher	the	electron	affinity	and	the	lower	the	ionization
potential.	Analogously,	the	reduction	potentials	are	higher	and	the	oxidation	potentials	are



lower	[30].	As	before,	the	trends	are	nearly	linear	with	l/n.	For	polyene	radical	cations,	the
energy	of	the	first	two	excited	configurations	decreases	and	the	energy	gap	between	them	gets
smaller	[31].	Thus,	the	linear	polyene-conjugated	molecules	are	effective	electron	donors	and
thereby	good	antiradicals	and	antioxidants	[32].	Yellow	and	red	carotenoids	are	also	good
antiradicals	because	they	are	effective	electron	acceptors	and	simultaneously	good
antireductants	[32].	In	polyene	radical	cations,	both	spin	and	charge	are	delocalized	over	the
entire	chain	with	maxima	at	the	central	bonds	[31].	The	bond	length	alternation	in	radicals	and
radical	cations	follows	the	same	trends	as	in	neutral	closed-shell	polyenes	[33].	The	vertical
excitation	energies	obtained	for	the	five	lowest	excited	states	of	linear	polyenyl	radical	cations
decrease	regularly	with	the	chain	lengths	[33].	The	electron	paramagnetic	resonance	(EPR)
and	electron	nuclear	double	resonance	(ENDOR)	parameters	of	carotenoid	radicals	indicate	a
polyene	π-cation	radical	structure	where	the	unpaired	electron	is	delocalized	throughout	the
entire	carbon	backbone	[34,	35].	The	resonance	Raman	study	of	carotenoid	cation	radicals
exhibits	the	frequencies	of	the	characteristic	C=C	stretchings	as	decreased	by	30–40	cm−1,
whereas	those	of	C–C	stretchings	increased	by	15–30	cm−1,	which	also	suggests	the
delocalization	of	unpaired	electron	density	throughout	the	entire	polyene	chain	[36].

6.2.7	The	nature	and	shape	of	molecular	vibrations	and	vibrational
coupling	patterns
Understanding	the	vibrational	spectra	of	polyenes	requires	the	consideration	of	three	basic
facts:	the	C2h	symmetry	of	the	(idealized)	all-trans	isomers,	the	increase	in	the	number	of
vibrational	modes	by	3	with	each	added	C=C	bond	in	the	conjugated	chain,	and	the	facilitation
of	the	UV-Vis	resonance	conditions	as	the	electronic	states	gap	is	narrowed	with	increasing	n.
The	C2h	symmetry	of	the	all-trans	structure	means	that	the	polyene	has	a	symmetry	center,	the
infrared	(IR)	active	modes	are	silent	in	Raman	scattering,	and	conversely	the	Raman	active
modes	are	silent	in	the	IR	absorption	spectra.	For	a	finite	all-trans	polyene	of	n	double	bonds,
there	are	12n	normal	modes	out	of	which	the	in-plane	vibrations	belong	to	the	Ag(4n+1)	and
Bu(4n)	irreducible	representations	and	the	remaining	4n+1	out-of-plane	modes	belong	to	the
Au(2n)	and	Bg(2n+1)	irreducible	representations	[37].	The	Ag	and	Bg	modes	are	active	in	the
Raman	scattering,	and	the	Au	and	Bu	ones	are	active	in	the	IR	spectra.	Taking	into	account	the
number	of	nodes	formed	by	the	alternations	of	stretches	and	contractions	[38],	the	analysis	of
the	band	position	with	increasing	n	demonstrates	an	increasingly	complex	pattern	[37].
However,	the	normal	mode	analysis	for	the	infinite	trans-	and	cis-polyacetylene	chains	[39,
40]	juxtaposed	with	the	experimental	IR	[41]	and	Raman	spectra	[42,	43]	shows	that	for	the
all-trans	polyacetylene,	one	can	consider	only	five	Raman	(4Ag+Bg)	and	three	IR	(Au+2Bu)
active	modes.	On	the	other	hand,	four	bands	are	usually	considered	in	the	vibrational	spectra
of	natural	carotenoids	[44]:	ν1	located	at	ca.	1500–1530	cm−1,	primarily	assigned	to	the	C=C
stretching	vibrations;	ν2	placed	at	ca.	1150–1160	cm−1,	mainly	assigned	to	the	C–C	stretching
vibrations;	ν3	at	ca.	1000	cm−1,	assigned	to	the	in-plane	rocking	vibrations	of	the	CH3	groups
attached	to	the	conjugated	chain	coupled	with	the	in-plane	bending	vibrations	of	the	adjacent



C–H	bonds;	and	ν4	at	ca.	960	cm−1,	assigned	to	the	C–H	out-of-plane	wagging	vibrations
coupled	with	the	C=C	out-of-plane	torsional	twists	of	the	carbon	backbone	[44,	45].	The
frequencies	of	ν1	and	ν2	decrease	nearly	linearly	with	1/n	and	intercorrelate	[6,	44].	The	ν2
region	(1100–1300	cm')	is	very	sensitive	and	unique	to	the	cis-trans	configuration	of	the	chain
[46].	The	Raman	ν1	and	ν2	bands	shift	along	with	the	change	of	energy	gap	between	the
electronic	states	[6].	Moreover,	the	intensity	ratio	of	the	Raman	ν1	and	ν2	bands	in	a	thick
trans-polyacetylene	film	increases	significantly	as	the	incident	laser	line	changes	from	647.1
nm	through	488.0	nm	to	350.7	nm	[47].	Even	at	a	single	exciting	line	frequency,	the	Raman
activity	of	the	ν1	(and	some	other	modes)	increases	rapidly	as	the	number	of	double	bonds
exceeds	nine,	and	the	IR	intensity	of	this	band	also	increases	rapidly	with	n	(Figure	6.1)	[38,
48–50].



Figure	6.1	Decrease	of	the	wavelength	(A)	and	increase	of	the	intensity	(B)	of	the	most	intense
ν1	Raman	band	as	function	of	the	number	of	double	bonds	in	all-trans-polyenes	calculated	at
the	B3LYP/6-311++G**	level.

Reproduced	from	Ref.	[50]	with	kind	permission	of	Wiley-Liss,	Inc.

6.2.8	The	role	of	methyl	groups	attached	to	the	polyene	chain	and
the	end	groups
In	contrast	to	the	unsubstituted	all-trans	polyenes,	the	carotenoids	are	not	strictly	linear	but
have	a	slightly	bowing,	S-shaped	form	of	the	chain.	This	is	a	result	of	the	steric	hindrance
between	the	methyl	groups	distributed	along	the	chain.	The	curvature	of	the	polyene	chain	in	β-
carotene	with	the	methyl	groups	on	the	convex	side	was	already	stated	in	the	mid-1960s	based
on	X-ray	studies	[51,	52]	and	was	observed	earlier	for	the	shorter	chain	in	retinoic	acid	[53].
Today,	it	is	well	documented	that	the	polyene	chain	methyl	groups	of	each	half	of	β-carotene
and	other	all-trans	C40	carotenoids	are	arranged	on	opposite	sides	of	the	chain,	and	there	is	a
pronounced	S-shape	of	the	polyene	chain	to	minimize	steric	hindrance	[54–59].	It	was



demonstrated	that,	along	with	the	decreasing	number	of	methyl	groups	linked	to	the	conjugated
carbon	chain,	the	ν1	mode	is	practically	unaffected,	the	ν2	mode	shows	a	downshift	when	the
number	of	methyl	groups	decreases,	whereas	the	ν4	mode	is	upshifted	and	its	intensity	is
decreased	[59].	Recently,	the	ν4	Raman	mode	in	synthetic	and	natural	coral	polyenes	has	been
carefully	studied	[60].	It	has	been	shown	that	the	methyl	groups	connected	to	the	conjugated
chain	of	carotenoids	induce	a	splitting	of	the	ν1	Raman	band	[29].

Although	the	conformation	of	the	end	groups	is	not	a	primary	factor	determining	the	vibrational
spectrum	of	carotenoids,	it	affects	the	carotenoid's	ability	to	selectively	bind	to	proteins	[61,
62],	the	ground	and	excited	states’	geometries	and	electronic	spectra	[63,	64],	and	the
vibrational	spectra	[65,	66].	Studies	have	pointed	out	that	similar	rotational-angle
dependencies	of	the	ν1	and	ν2	mode	frequencies	in	the	β-carotene	prove	the	contribution	of	the
C=C	stretch	vibrations	to	the	ν2	mode	and	that	the	β-rings	play	an	important	role	in	ν2	Raman
and	IR	bands,	especially	for	the	all-trans	isomer	[65].	Also,	it	has	been	demonstrated	that
lycopene’s	greater	pressure	effect	on	the	ν1	frequency	compared	to	β-carotene	can	be	ascribed
to	the	β-ring	rotation,	which	relieves	the	pressure	effect	on	the	C=C	bond	length	[67].

6.3	Recent	applications	of	vibrational	spectroscopy	to
study	natural	carotenoids
The	vibrational	spectroscopy	techniques	are	mainly	used	to	study	natural	carotenoids	in	plant,
animal,	and	human	tissues;	in	food;	in	geological	deposits	and	biominerals;	in	art	and
archaeological	objects;	and	in	material	chemistry	samples.	Quite	a	number	of	vibrational
spectroscopy	papers	on	carotenoids	are	also	devoted	to	problems	related	to	their	physical
chemistry	and	the	spectroscopy	itself.	In	this	review,	we	will	mainly	focus	on	papers	published
after	2008	on	bacteria	and	algae,	including	those	found	in	geological	deposits,	biominerals,
art,	and	archaeological	objects.	The	topics	related	to	carotenoids	in	plant,	animal,	and	human
tissues	will	be	covered	in	detail	in	Chapters	2	and	8.	Several	important	reviews	have	been
published	recently	on	Raman	spectroscopy	analysis	of	carotenoids	in	biological	samples	[14],
the	use	of	resonance	Raman	technique	in	the	field	of	photosynthesis	[68],	the	possibility	for
noninvasive	online	measuring	of	carotenoids	in	skin	by	using	resonance	Raman	spectroscopy
[69],	measuring	macular	pigment	(lutein,	zeaxanthin,	and	meso-zeaxanthin)	and	optical	density
using	Raman	spectroscopy	[70],	the	use	of	Raman	imaging	in	diagnostics	of	human	breast
cancer	[71],	the	applications	of	Raman	spectroscopy	(but	also	of	mass	spectrometry	and	NMR)
in	diagnosing	and	healing	cancers	[72],	the	application	of	Raman	spectroscopy	to	determine
the	role	of	carotenoids	in	biological	membranes	[73],	recent	progress	in	enhancing	signals	in
different	Raman	techniques	for	the	in	vivo	analysis	of	individual	living	cells	[74],	the
application	of	Raman	spectroscopy	for	the	analysis	of	carotenoids	in	oocytes	[75],	Raman
spectroscopy	as	one	of	the	analytical	tools	for	the	analysis	of	carotenoids	in	diverse	materials
[76],	the	use	of	Raman	spectroscopy	in	the	analysis	of	algae	[77],	and	the	potential	of	Raman
spectroscopy	in	the	study	of	selected	plant	metabolites,	including	carotenoids,	in	plants,	algae,
lichens,	and	fungi	[78].



6.3.1	Bacteria	lichens	and	algae
The	effectiveness	of	Raman	spectroscopy	for	in	situ	analysis	in	plants,	algae,	and	bacteria	is
repeatedly	emphasized	in	many	papers.	Different	analytical	approaches	requiring	the	time-
consuming	isolation	of	unstable	carotenoid	molecules	extracted	from	horse	chestnut,	mahaleb
cherry,	large-leaved	linden,	and	sallow	pollen	were	compared	with	in	situ	Raman	analysis	of
the	ν1÷ν6	as	well	as	the	overtone	and	combination	carotenoid	bands	[79].	This	comparison
proves	the	Raman	technique’s	advantage	of	including	spectral	features	that	arise	from	the
association	of	carotenoid	molecules	with	the	biological	matrix.	It	has	also	been	demonstrated
that	observing	the	ν1÷ν4	Raman	bands	can	serve	as	an	alternative	method	to	high-performance
liquid	chromatography	(HPLC)	and	UV-Vis	for	the	quantification	of	carotenoids	in	Blakeslea
trispora,	a	fungal	plant	pathogen	used	for	the	commercial	production	of	β-carotene,	and
similar	organisms	[80].	The	ν1	Raman	bands	of	carotenoids	present	in	two	algal	species,
Chlorella	sorokiniana	and	Neochloris	oleoabundans,	both	considered	to	be	viable	candidates
for	the	production	of	biofuels,	allowed	for	identifying	compounds	of	interest	(and
triglycerides)	within	a	single	cell	down	to	a	few	microns	and	drawing	up	chemical	maps	of	the
compounds	using	confocal	Raman	microscopy	[81].	The	Klebsormidium	flaccidum	algal	cells,
encapsulated	within	silica	gels,	were	shown	to	maintain	their	ability	to	form	an	intracellular
suspension	with	gold	nanoparticles	and	to	reduce	gold	salts	by	in	situ	Raman	imaging	of
entrapped	cells,	and	thus	to	preserve	photosynthetic	activity	[82].	The	carotenoids	were
detected	by	observing	the	ν1÷ν3	Raman	bands	and	514	and	633	nm	excitation	lines.	The	gold
nanoparticles	most	likely	additionally	enhanced	the	signals	of	carotenoids	by	the	surface-
enhanced	Raman	spectroscopy	(SERS)	effect.	Research	suggests	that	the	coupling	of	sol–gel
encapsulation	and	Raman	imaging	should	allow	for	the	future	development	of	novel
photosynthesis-based	cellular	biosensors.

6.3.1.1	Bacteria
Dynamic	processes	caused	by	the	high-temperature	treatment	of	single	spores	of	Bacillus
cereus,	Bacillus	megaterium,	and	Bacillus	subtilis	were	monitored	by	observing	the
carotenoids’	ν1	and	ν2	Raman	bands,	present	in	the	inner	membranes	of	spores,	by	using	dual-
trap	laser	tweezers	Raman	spectroscopy	(LTRS)	and	elastic	light	scattering	(ELS)	[83].
Changes	in	the	intensity	of	the	ν1	and	ν2	bands	possibly	reflect	changes	in	the	environment	and
structure	of	the	spore’s	inner	membrane	during	thermal	treatment.

It	was	demonstrated	that	by	using	a	micro-Raman	spectrometer	equipped	with	785	and	514.5
nm	laser	lines,	it	is	possible	to	discriminate	Gram-positive	and	Gram-negative	plant	bacteria
[84].	Indeed,	none	of	the	studied	Gram-negative	bacteria	exhibited	the	carotenoid	bands,	and
all	had	the	tyrosine	peak	at	1170–1175	cm−1.	However,	the	Gram-positive	bacteria	had	strong
ν1	and	ν2	carotenoid	bands	and	exhibited	no	tyrosine	band.	Moreover,	the	carotenoid	bands	in
different	species	of	Gram-positive	bacteria	exhibit	different	intensities	and	sensitivities	for
inducing	the	resonance	spectrum	by	changing	the	exciting	line	from	red	to	green.	The	bacteria
of	the	genus	Xanthomonas	were	selectively	identified	by	an	exclusively	specific



xanthomonadin	carotenoid	exhibiting	ν1	and	ν2	scattering	at	1529–1531	cm−1	and	at	1135–1136
cm−1,	respectively.	Along	with	a	discussion	of	other	discriminative	spectral	features	of
Xanthomonas,	It	was	concluded	that	Raman	spectroscopy	of	bacteria	may	be	a	valuable
method	in	understanding	plant–bacteria	interactions	at	the	cellular	level	[84].

The	structural	analysis	of	single	living	cyanobacterial	cells	of	Thermosynechococcus
elongatus,	which	are	too	photolabile	to	be	measured	with	visible	laser	excitation,	was
successfully	executed	using	a	multichannel	near-infrared	(NIR)–Raman	microspectrometer
using	an	incident	beam	of	1064	nm	and	an	InP–InGaAsP	multichannel	detector	[85].	Three
basic	pigments,	β-carotene,	chlorophyll	a,	and	phycocyanin,	were	mapped	in	vivo	in	single
living	cells	with	lateral	and	depth	resolutions	of	0.7	µm	and	3.1	µm,	respectively,	and	no
appreciable	interference	from	autofluorescence	or	photodamage.

The	CH	combination	Raman	band	range	of	2750–2500	cm−1	was	used	to	discriminate	two
types	of	flexirubins,	natural	non-isoprenoid	aryl-polyene	carboxylic	acid	esters,	and
carotenoids	in	colonies	and	cell	extracts	of	Flavobacterium	johnsoniae	and	Flexibacter
elegans	bacteria	[86].	The	colonies	of	bacteria	containing	flexirubrin-type	pigments	exhibit	an
immediate	color	shift	from	yellow	to	orange	or	red,	purple,	or	brown,	and	revert	to	their	initial
color	when	flooded	with	acidic	solution.	However,	such	a	color	change	is	not	specific	to
flexirubin	pigments,	whereas	using	Raman	spectroscopy	can	be	a	more	reliable	test	for
chemotaxonomically	relevant	flexirubins.

Distinct	bands	obtained	in	coherent	anti-Stokes	Raman-scattering	(CARS)	spectra	of
cyanobacteria	Nostoc	commune,	Nostoc	sp.	of	cyanobacterias,	and	Chlorella	sp.	of	green
algae	were	assigned	to	carotenoids	and	used	as	spectral	markers	for	imaging	accumulation	and
the	movement	of	chemical	compounds	at	the	subcellular	level	[87].	It	was	shown	that	despite
the	strength	of	the	two-photon-excitation	fluorescence	signal	generated	by	microalgae	and
cyanobacteria	in	CARS	measurements,	it	can	be	effectively	suppressed.

The	Raman	microspectroscopic	imaging	also	served	for	the	investigation	of	aggregation	and
biofilm	development	of	Rhodococcus	sp.	[88].	It	has	been	shown	that	as	the	biofilm	develops,
the	intracellular	concentration	of	carotenoids	increases	over	threefold	within	a	week	and
accumulates	throughout	the	biofilm.

Carotenoids	in	red,	extremely	halophilic	(salt-loving)	Archaea	prokaryotes	(Halobacterium
salinarum,	Halorubrum	sodomense,	and	Haloarcula	valismortis)	and	Salinibacter	ruber
bacteria	were	investigated	by	Raman	spectroscopy	using	a	514.5	nm	excitation	line	[89].
Bacterioruberin,	a	50-carbon	carotenoid,	was	detected	as	the	major	carotenoid	in	all	archaeal
strains,	whereas	Salinibacter	contains	salinixanthin,	a	C40-carotenoid	acyl	glycoside,	for
which	the	Raman	bands	assignments	were	given	for	the	first	time.

Selective	in	vivo	detection	of	conformers	of	diadinoxanthin	and	diatoxanthin	in	intact
Cyclotella	cells	has	been	performed	using	resonance	Raman	spectroscopy	[90].	In	addition,
the	discrimination	between	different	pools	of	diadinoxanthin	and	their	fate	as	a	function	of	the
illumination	conditions	is	possible	thanks	to	Raman	spectronomy.	Cells	grown	in	high-light
conditions	adopt	a	more	twisted	diadinoxanthin	conformation	than	those	grown	in	low-light



conditions.	Thus,	in	high-light	conditions,	the	pool	of	diadinoxanthin	is	most	likely	tightly
bound	to	a	protein-binding	site.

6.3.1.2	Lichen
Sixteen	lichen,	symbiotic	organisms	composed	of	a	fungus	and	photosynthetic	green	algae	or
cyanobacteria	(specimens	growing	on	new	basaltic	lava	fields	and	wood	substrates),	were
analyzed	by	Raman	spectroscopy	[91].	Except	for	chlorophyll,	the	analysis	indicated	the
presence	of	lutein	or	astaxanthin	and	a	variety	of	other	protective	pigments,	such	as	atranorin,
usnic	acid,	gyrophoric	acid,	parietin,	and	pulvinic	acid	dilactone.	Studies	propose	several
survival	strategies	adopted	by	extremophile	lichens	to	combat	radiation	insolation,
desiccation,	and	high	temperatures.

6.3.1.3	Algae
Raman	imaging	was	shown	to	be	a	selective	and	sensitive	method	for	in	situ	and	in	vivo
monitoring	of	astaxanthin	distribution	in	the	cyst	form	of	Haematococcus	pluvialis	[92].	Also,
the	thermal	stress	on	H.	pluvialis	can	be	analyzed	in	situ	in	a	single	cell	as	well	as	in	a
multicellular	algal	sample	by	Raman	spectroscopy	techniques	(Figure	6.2,	Color	Supplement)
[93].	The	temperature	change	from	−100 °C	to	150 °C	produces	a	significant	shift	of	the	ν1
Raman	band	accompanied	by	intensity	changes	of	several	bands.	These	changes	are	in	line
with	the	discrete	Fourier	transform	(DFT)	predicted	conformer	population	changes	due	to	the
mutual	arrangement	of	the	end	rings.	It	was	suggested	that	astaxanthin	initially	bound	in	the	H-
form	aggregates	in	the	trans	arrangement	of	the	end	rings	and	that	thermal	stress	on	algae
converts	it	into	the	more	stable	gauche	form	[93].



Figure	6.2	A	visual	image	focused	inside	of	the	Haematococcus	pluvialis	cell	with	the
collapsed	cytoplasm	(on	the	left,	magnification	40×)	and	distribution	of	astaxanthin	(AXT)	in
the	sample	(on	the	right)	obtained	by	integration	of	the	marker	band	at	1520	cm−1	(color	code
defined	in	the	scale).	The	map	was	obtained	by	measuring	729	points	(the	distance	between
points	on	the	x	and	z	axes	equals	2.0	µm).

Reproduced	from	Ref.	[93]	with	kind	permission	of	Analyst	Owner	Societies.

The	Raman	analysis	combined	with	multivariate	hyperspectral	analysis	provide	enough
information	to	successfully	perform	the	Raman	analysis	of	carotenoid	pigments	in	algal	species
[94].	It	was	shown	that	even	though	the	reference	spectrum	of	carotenoids	differed	from	the
mixture	of	carotenoids	present	in	the	algae,	the	target	orthogonal	partial-least-squares	method
provides	enough	information	to	make	a	reliable	imaging.

The	confocal	Raman	microscopy	combined	with	multivariate	analysis	have	been	used	for
monitoring	of	astaxanthin	and	β-carotene	in	green	H.	pluvialis	microalgae	[95].	It	was
emphasized	that,	thanks	to	the	chemometric	techniques	used,	the	resonance	Raman	bands	of
astaxanthin	and	β-carotene	were	resolved	from	the	fluorescence	of	chlorophyll.	Therefore,	the
simultaneous	and	separate	monitoring	of	the	two	carotenoids	was	possible	in	various	stages	of
the	life	cycle	of	the	living	cells.	Interestingly,	astaxanthin	was	identified	within	globular	and
punctuate	regions	of	the	cytoplasmic	space,	and	β-carotene	within	both	the	chloroplast	and
astaxanthin	in	the	cytosol.

The	Raman	microspectroscopic	technique	was	used	for	assessing	the	β-carotene	concentration
in	algal	lipid	bodies	in	vivo.	It	was	demonstrated	that	the	β-carotene	concentration	can	be
proportional	to	the	volume	of	lipid	bodies	and	light	intensity	during	the	cultivation	[96].	The
Raman	microscopy	can	be	useful	to	select	rare	natural	mutants	or	genetically	modified	cells
with	desirable	biotechnological	characteristics.

Resonance	Raman	spectra	of	intact	filamentous	bodies	in	siphonous	green	algae,	Codium	(C.)
intricatum,	cultured	under	high-	and	low-light	conditions	to	achieve	high	siphonaxanthin	(a



specific	carotenoid)	content,	demonstrated	an	accumulation	of	all-trans	neoxanthin
(accompanied	by	the	accumulation	of	violaxanthin	and	α-carotene)	under	high-irradiance
conditions	in	addition	to	the	normal	9'-cis	neoxanthin	form	present	in	the	whole-cell	extract
[97].	Based	on	variations	of	the	concentrations	of	carotenes,	a	plausible	model	for	cell
adaptation	to	high-light	conditions	has	been	proposed.

6.3.1.4	Organisms	in	extreme	environments
Raman	in	situ	chemical	mapping	demonstrated	that	in	the	extreme	environments	of	the	Arabian
Gulf	salt	flats,	dolomite	is	precipitated	from	microbial	extracellular	polymeric	substances
(EPS)	[98].	The	EPS	bands	at	1000,	1150,	1510,	and	1130	cm−1	were	widely	distributed	in	the
top	2	cm	of	the	sediments.	The	former	three	bands	were	assigned	to	the	ν1÷ν3	Raman	bands	of
astaxanthin,	and	the	latter	to	polysaccharides.	The	mapping	indicated	dolomite	clusters	smaller
than	2	µm	embedded	in	a	dense	cyanobacterial	EPS	matrix.	The	study	demonstrated	the	Raman
mapping	to	be	a	robust	and	sensitive	technique	for	the	acquisition	of	in	situ	information	on
cell–mineral	interactions.

The	ν1÷ν3	Raman	bands	of	carotenoids	along	with	luminescence	spectroscopy	have	recently
been	used	for	the	direct	analysis	of	sediments	from	the	Rio	Tinto	Basin	[99].	Mine	drainages
can	generate	carotenoid	complexes	mixed	with	copper	sulfates,	presenting	good	natural	models
for	the	production	of	carotenoids	from	microorganisms.	Carotenoids	in	copper	sulfates	have
been	shown	to	be	useful	biomarkers	and	proxies	for	understanding	remote	mineral	formation	as
well	as	for	terrestrial	environmental	investigations	related	to	mine	drainage	contamination,
including	biological	activity	and	photo-oxidation	processes.

It	is	well	known	that	Raman	spectrometry	is	a	powerful	tool	for	the	characterization	of	various
biomarkers,	organic	minerals	derived	from	biological	activity	in	the	geological	record	and
minerals	themselves.	This	is	why	Raman	spectroscopy	is	considered	to	be	a	convenient
nondestructive	tool	to	identify	both	organic	and	inorganic	compounds	in	the	search	for	life	on
Mars	such	as	the	European	Space	Agency	ExoMars	mission.	Therefore,	several	Raman	studies
of	carotenoids	have	recently	been	performed	in	the	context	of	their	usefulness	in	identification
of	microbial	life	on	Mars	[100−103].	To	this	aim,	the	lowest	β-carotene	content	detectable
with	Raman	microspectrometry	in	experimentally	prepared	evaporitic	gypsum,	halite,	and
epsomite	matrices	was	tested	using	laser	beam	resonant	(514.5	nm)	and	nonresonant	(785	nm)
lines	for	carotenoids	[100,	101].	The	limit	was	found	to	be	0.1	to	10	mg/kg,	depending	on	the
particular	mineral	matrix	and	the	excitation	wavelength.	Concentrations	of	β-carotene	of	circa
one	order	of	magnitude	higher	were	identified	when	the	matrices	were	analyzed	through	single
crystals	of	gypsum	and	epsomite.	The	objective	of	recent	studies	was	also	the	optimization	and
development	of	the	best	measurement	routines	for	the	identification	of	β-carotene	in
cyanobacteria	and	various	minerals	with	a	Raman	spectrometer	under	Mars	analog	conditions
in	different	types	of	Martian	soils	[102].

Recently,	in	the	context	of	astrobiological	prospecting,	the	NIR–Raman	spectra	of	carotenoids
from	fossilized	microbes	were	analyzed	[103].	The	first	Raman	spectra	were	acquired	from
perhydro	derivatives	of	β-carotene	and	lycopene	formed	by	hydrogenation	of	the	polyene	chain



during	diagenesis	(i.e.,	changes	to	the	rock's	original	mineralogy	and	texture).	This	resulted	in
much	less	specific	fossil	hydrocarbons,	such	as	chain-saturated	β-carotene	and	lycopene.	It	has
been	proposed	that	diagenetically	altered	carotenoids	formed	by	hydrogenation	reactions
during	the	fossilization	processes	also	provide	unique	diagnostic	spectra	that	can	be
interpreted	as	a	biological	signature.

The	chemical	compositions	of	four	Middle	Eocene	iron	ore	types	were	investigated	by	means
of	micro-Raman	spectroscopy	[104].	The	high	spatial	resolution	and	sensitivity	of	the	method
allowed	for	the	identification	of	not	only	minerals	but	also	the	presence	of	carotenoids,
demonstrating	that	the	formation	of	some	types	of	ironstone	was	biologically	mediated.	Raman
spectroscopy	is	considered	to	be	a	powerful	technique	for	the	identification	of	both	organic
and	inorganic	substances	in	the	studied	iron	ore	deposits.

6.3.2	Corals	and	pearls
Vibrational	spectroscopy	has	also	found	a	wide	application	in	geoscience	and	in	particular	in
gemology	[105].	Raman	spectroscopy	is	especially	useful	in	the	identification	of	organic
pigments	such	as	carotenoids	in	corals	and	pearls	that	are	of	importance	to	mineralogy	[106],
biological	sciences	[107],	and	the	jewelry	market	[108,	109].	Indeed,	the	potency	of	in	situ
resonance	Raman	spectroscopy	for	the	identification	of	the	polyenic	origin	of	a	large	range	of
colors	in	shells	and	corals	was	already	shown	in	the	mid-1980s	[110].	Studies	found	that	the
number	of	conjugated	double	bonds	in	the	pigments	of	studied	specimens	varied	from	7	to	17.

Raman	and	IR	measurements	were	performed	to	explain	the	origin	of	the	vivid	red	color	in
precious	pink	and	red	corals	[50].	The	DFT	calculations	demonstrated	that	at	the	location	of
the	ν1	Raman	band,	the	Raman	activities	of	the	characteristic	modes	depend	significantly	on	the
number	of	double	bonds	in	the	trans	configuration.	This	was	the	basis	for	the	conclusion	that
two	to	three	polyenes	differing	slightly	in	the	number	of	double	bonds	are	the	sources	of	the
color	in	pink	and	red	corals.

The	nature	of	the	pigments	found	in	three	Brazilian	octocorals,	Chromonephthea	braziliensis,
Leptogorgia	punicea,	and	Leptogorgia	violacea,	has	been	investigated	by	Raman
spectroscopy	using	632.8	and	1064	nm	laser	excitation	lines	[111].	Based	on	the	observed
positions	of	the	ν1	and	ν2	Raman	polyene	bands,	it	was	suggested	that	the	bands	originate	from
a	mixture	of	parrodienes	(conjugated	polyenes)	rather	than	carotenoids.

Phyllogorgia	dilatata,	a	Brazilian	endemic	gorgonian	(an	order	of	colonian	coral	known	as
sea	whips	or	sea	fans)	with	a	natural	color	ranging	from	white	to	pale	yellow,	was	studied	by
in	situ	Raman	spectroscopy	[112].	It	was	found	that	an	unusual	violet	pigmentation	surrounding
tissue	necrosis	appeared	in	response	to	fungus	infection	and	allelopathic	interactions.	The
Raman	analysis	of	the	healthy	white-cream	tissues	revealed	the	presence	of	the	peridinin,
typical	of	the	endosymbiont	that	harbors	this	species.	However,	this	pigment	was	not	observed
in	the	colorless	sclerites	that	exclusively	presented	calcite	bands.	In	contrast,	the	violet
coloration	of	damaged	tissue	was	assigned	to	psittacofulvins,	which	are	lipid-soluble	pigments
usually	present	in	parrots’	feathers.



The	observation	of	two	ν1,	ν2,	and	ν3	Raman	polyene	bands	using	the	532,	785,	and	1064	nm
laser	excitation	lines	allowed	Maia	et	al.	to	distinguish	between	carotenoids	and
nonmethylated	conjugated	polyenals	in	Phyllogorgia	dilatata,	Leptogorgia	punicea,	Muricea
atlantica,	and	Carijoa	riisei	octocorals	[113].

The	Raman	measurements	of	the	ν1÷ν3	Raman	polyene	bands	of	in	situ	and	crude	extracts	of
Tubastraea	coccinea	and	Tubastraea	tagusensis	orange	cup	corals	permitted	the	identification
of	astaxanthin,	whereas	the	band	at	circa	1665	cm−1	to	identify	the	iminoimidazolinone
aplysinopsin	alkaloid	[114].	The	crude	extracts	were	demonstrated	to	have	antioxidant	activity
that	may	protect	corals	against	light-induced	oxidative	damage.

The	ν1÷ν3,	but	also	ν4	and	ν5,	as	well	as	overtone	and	combination	Raman	bands	of	Corallium
rubrum,	canthaxantin,	and	parrot	feather	pigments,	were	analyzed	with	the	support	of	DFT
calculations	(Figure	6.3)	[59].	It	was	demonstrated	that	because	the	main	pigment	of	Corallium
rubrum	possessed	neither	a	fully	demethylated	polyene	chain	nor	a	tetramethylated	chain,	as	in
carotenoids,	the	chain	is	partially	methylated.



Figure	6.3	Raman	spectra	(lexc	=	514.5	nm)	of	Corallium	rubrum	(black)	and	of	a	red	feather
of	a	parrot	(grey	scale).	The	assignments	of	fundamentals,	overtones,	and	combination	lines	are
labeled.	The	observation	of	the	binary	combinations	ν1	+	ν4	and	ν2	+	ν4	in	the	spectrum	of
Corallium	rubrum	indicates	that	the	polyconjugated	chain	contains	−CH3	groups.

Reproduced	from	Ref.	[59]	with	kind	permission	of	Wiley-Liss,	Inc.

A	comparison	of	the	Raman	spectra	of	synthetic	(demethylated	at	the	chain)	analogs	of	natural
conjugated	polyenals	found	in	octocorals	has	shown	that	in	the	resonance	Raman	spectra,	the	ν1
and	ν2	bands	were	enhanced.	However,	the	ν2	band	was	only	enhanced	if	the	methyl	groups
were	attached	to	the	main	chain,	as	is	the	case	in	carotenoids.	The	ν2	band	was	absent	in
resonance	condition	if	these	groups	were	not	attached	to	the	chain	as	in	parrodienes	[60].	In	the
latter	case,	the	methyl	groups	are,	however,	observed	in	the	nonresonance	Raman	spectra.
Moreover,	in	the	synthetic	polyene	without	methyls	attached	to	the	chain,	the	overtones	and
combination	bands	in	carotenoids	involving	the	ν4	mode	do	not	appear	in	resonance	Raman
spectra	and	are	present	at	a	slightly	different	position.

The	Raman	spectra	for	30	untreated,	freshwater-cultured	pearls	from	the	mollusk
Hyriopsiscumingi	were	recorded	using	seven	excitation	lines	(1064	nm,	676.44	nm,	647.14
nm,	514.53	nm,	487.98	nm,	457.94	nm,	and	363.80	nm)	[115].	Regardless	of	the	specific	hue



of	the	pearls,	aside	from	the	white	ones,	the	ν1	and	ν2	polyene	bands	were	observed.	The
position	of	the	ν1	band	indicated,	however,	that	the	polyenes	did	not	belong	to	the	carotenoid
family.	Moreover,	the	shape	and	intensity	of	the	ν1	and	ν2	polyene	bands	also	varied	with	the
sample.	Similar	changes	were	observed	upon	changing	the	excitation	lines.	A	band-fitting
routine	applied	to	the	spectra	obtained	by	changing	excitation	lines	allowed	to	choose	from
four	to	nine	different	polyene	pigments	of	the	general	formula	R−(−CH=CH−)n−R',	where	n=6
to	14,	to	be	present	in	colorful	pearls.	Different	colors	corresponded	to	different	mixtures	of
pigments	rather	than	a	single	pigment	change.	Similar	coloration	mechanisms	have	been
proposed	to	explain	the	origin	of,	for	example,	parrots’	feathers.	Similar	results	were	obtained
for	pearls	from	Hyriopsis	schlegeli	[116],	where	the	Raman	spectra	allowed	assigning	the
pigments	as	noncarotenoids	and	also,	supposedly,	psittacofulvins.	Importantly,	a
correspondence	between	Raman	and	diffuse	reflectance	spectra	of	freshwater-cultured	pearls
was	also	established.

Monitoring	the	effects	on	the	accumulation	of	astaxanthin	in	the	pearl	oyster	Pinctada
martensii’s	shells	caused	by	its	addition	into	the	oyster’s	bait	was	performed	using	micro-
Raman	and	HPLC	methods	[117].	The	over-tenfold	greater	accumulation	of	astaxanthin	(or
astaxanthin	esters)	in	the	fed	group	than	in	the	control	not	only	provides	the	basis	for	colorful
pearl	cultivation	via	foodborne	transmission,	but	also	lays	down	a	foundation	for	artificial
regulation	and	control	of	pearl	color.

Resonance	and	near-resonance	micro-Raman	spectroscopy	was	used	to	study	organic	pigments
contained	in	carbonate	polymorphs	(vaterite	and	aragonite)	present	in	freshwater-cultured
pearls	from	Japan	and	China	[118].	The	use	of	four	different	excitation	lines	(487.9,	514.5,
532.2,	and	632.8	nm)	enabled	one	to	identify	10	different	pigments	as	unmethylated	polyenes
with	chain	lengths	ranging	from	8	to	12.	Additionally,	methylated	polyenes	were	also	detected
for	the	first	time	together	with	unmethylated	pigments	in	aragonite.	Polyenes	with	chain	lengths
shorter	than	8	or	longer	than	12	were	not	found	in	vaterite,	whereas	both	shorter	and	longer
pigment	chains	were	observed	in	aragonite	from	the	same	pearls.	Thus,	pigments	have	lower
concentrations,	exhibit	chain	lengths	from	8	to	12,	and	are	distributed	more	homogeneously	in
vaterite	than	in	aragonite,	in	which	higher	concentrations	are	arranged	along	the	annual	growth
lines	of	the	pearls,	and	pigments	with	shorter	and	longer	chains	are	also	present.

The	nature	of	the	coral	and	pearl	pigments	contained	in	calcite	and	aragonite	was	studied	by
means	of	Raman	spectroscopy	using	a	473.1	nm	excitation	line	and	four	basic	polyene	bands	as
well	as	overtones	and	combination	modes	[119].	Despite	the	meticulous	analysis	performed,	it
seems	that	the	question	of	the	relative	importance	of	methylated	and	nonmethylated	polyenes
for	the	calcite-	and	aragonite-based	organisms	has	remained	unsolved.

Recently,	a	study	on	the	coloration	mechanism	in	cultured	freshwater	pearls	from	the	mollusk
Hyriopsis	cumingii	was	performed	by	Raman	scattering,	IR	spectroscopy,	and	plasma
emission	spectroscopy	[120].	It	was	found	that	the	pearls’	colors	are	due	to	the	presence	of
both	pigments	and	trace	elements.	The	concentration	of	polyenic	pigments	without	methyl
groups	(of	approximate	CHO−(−CH=CH−)10−OCH2OH	formula)	and	Ti,	Ag,	Mg,	and	Zn	ions



in	the	purple	pearls	is	higher	than	in	orange	pearls.

Quite	recently	60	precious	gems,	including	pearls	and	corals,	and	colored	glass	fitted	in	a
shield	of	silver	Torah	from	the	Jewish	Museum	in	Prague	have	been	unambiguously	identified
using	portable	Raman	spectrometers	equipped	with	lasers	emitting	785	nm	and	532	nm
excitation	lines	[121].	The	rather	chaotic	mixture	of	stones	of	various	colors,	cuts,	and	sizes	as
well	as	the	total	volume	of	imitation	glass	have	supported	a	hypothesis	that	the	gems	were
gathered	from	Jewish	households	and	donated	for	the	adornment	of	the	shield.	The	common
portable	Raman	instruments	are	very	convenient	nondestructive	tools	for	quick	in	situ
identifications	of	gemstones	mounted	in	historical	artifacts	in	museums	and	collection	sites.

6.3.3	Art	and	archeology
Dyes	(including	carotenoids)	are	among	the	most	significant	components	in	works	of	art	and
archaeological	findings.	Newly	developed	and	improved	analytical	procedures	and	techniques
for	the	characterization	of	organic	dyes	and	their	identification	in	microsamples	have	recently
been	reviewed	[122].	The	procedures,	which	describe	both	the	chemical	composition	of
natural	organic	dyeing	materials	used	in	the	field	of	the	cultural	heritage	and	spectrometric	and
chromatographic	techniques,	have	been	hailed	as	the	most	valuable	recent	contribution	to	the
study	of	organic	dyes	in	works	of	art	and	archaeological	findings.

The	Raman	and	SERS	analyses	of	Cape	Jasmine	(Gardenia	augusta	L.)	at	three	different
excitation	wavelengths	(633,	785,	and	1064	nm),	both	with	and	without	acid	hydrolysis,	had
their	effectiveness	evaluated	[123].	Raman	bands	at	1537,	1209,	and	1165	cm−1	were	selected
as	discriminating	markers	for	the	crocetin	and	crocin	yellow	colorants	in	dyed-on	alum-
mordanted	wool,	dyed-on	nonmordanted	and	alum-mordanted	silk,	pigment	precipitated	on
hydrated	aluminum	oxide,	and	extract	mixed	with	a	protein	binder	and	painted	on	glass,	and	as
a	water-based	glaze	applied	on	a	mockup	of	a	typical	Chinese	wall	painting.	It	was	shown	that
in	the	case	of	Cape	Jasmine	dyes,	the	Raman	spectroscopy	offered	a	competitive	alternative	to
the	comparatively	classical	HPLC–photodiode	array	analytical	protocols.

Twenty-five	natural	organic	dyes	used	in	antiquity,	especially	for	dyeing	textiles,	and	nine	pure
chromophores	were	analyzed	by	SERS	spectroscopy	on	Ag	colloids	to	build	a	wide	database
for	the	identification	of	dyes	in	archaeological	fabric	samples	[124].	Spectra	of	11	dyes—
dragon's	blood,	sandalwood,	annatto	(containing	bixin	and	crocetin	carotenoids,	dyes	for
cotton,	silk,	and	wool),	safflower	yellow	and	red,	old	fustic,	gamboge,	catechu,	kamala,	aloe,
and	sap	green—were	never	previously	registered.	The	efficiency	of	the	SERS	analysis	of
organic	dyes	used	in	archaeological	textiles	has	been	remarkably	improved.

The	colonization	of	wall	paintings	by	microorganisms	is	a	serious	problem	in	the	field	of	art
conservation.	Confocal	Raman	microscopy	(785	and	514	nm	excitation	lasers)	was	used	to
characterize	the	main	carotenoids	in	brown	stains	or	patinas	on	the	wall	painting	in	the	atrium
of	Pompeian	Marcus	Lucretius	House	[125].	Raman	imaging	and	depth	profiling	were	also
used	to	determine	the	distribution	of	biosynthesized	carotenoids	in	the	stains,	as	well	as	to
determine	the	thickness	of	the	brown	patinas.	Raman	bands	related	to	carotenoids	ranging	from
1000	cm−1	to	1600	cm−1	were	also	identified	in	the	wall	paintings	of	two	Pompeian	houses



excavated	150	years	ago	that	have	since	been	mostly	exposed	outdoors	[126].	This	has
provided	a	proof	of	biological	activity	on	the	walls.

The	black	stains	threatening	the	rock-art	paintings	of	Lascaux	Cave	were	also	analyzed	by	the
SERS	technique	[127].	The	stains	were	mainly	composed	of	melanin	from	the	fungus
Ochroconis	sp.	and	the	fecal	pellets	of	the	collembolan	Folsomia	candida;	however,	the
appearance	of	bands	at	1534	and	1159	cm−1	also	proved	a	presence	of	carotenoid	compounds
in	the	samples.	It	was	concluded	that	SERS	is	a	useful	method	for	cultural	heritage	research.

The	endolithic	traces	on	stone	monuments	and	natural	outcrops,	due	to	current	and	past
biological	colonizations	in	temperate	and	Mediterranean	bioclimates,	were	identified	by
Raman	spectroscopy	to	obtain	biomarkers,	such	as	scytonemin,	anthraquinone	compounds,	and
carotenoids,	to	help	describe	the	strategies	adopted	by	cyanobacteria,	fungi,	and	lichens	to
wither	strong	UV	radiation	and	dry	conditions	[128].	Importantly,	the	biological	origin	of	these
deterioration	phenomena	is	often	not	recognized	and	is	confused	with	abiotic	damages.	Indeed,
different	geomarkers,	such	as	goethite	and	lepidocrocite,	are	caused	by	the	mobilization	of	iron
by	lichen	metabolic	activity.	Importantly,	traces	of	endolithic	microorganisms	have	not	been
heretofore	discovered	on	stone	monuments	located	in	temperate	and	Mediterranean
bioclimates,	where	climate	conditions	are	extreme.

Recently,	Raman,	micro-FTIR,	and	X-ray	fluorescence	analyses	allowed	for	the	complex
characterization	of	the	pictorial	palette,	the	inks,	the	support,	and	the	material	used	in	a
previous	restoration	treatment	of	Codex	Rossanensis,	a	sixth-century	Byzantine	illuminated
manuscript	written	on	purple	parchment	and	conserved	at	the	Museo	Diocesano	in	Rossano
Calabro,	Italy	[129].	The	codex	is	one	of	the	oldest	surviving	illuminated	manuscripts	of	the
New	Testament.	Out	of	four	classes	of	dyes	considered,	the	saffron	dye	containing	crocetin
carotenoid	was	detected	in	the	manuscript.	However,	a	novelty	investigation	has	been	the	first
experimental	evidence	for	the	use	of	the	anthocyanines-containing	elderberry	lake	in	a	sixth-
century	illuminated	manuscript.

6.4	Perspectives
There	are	three	main	sources	of	progress	in	the	use	of	vibrational	spectroscopy	methods	to
investigate	carotenoids	in	diverse	environments:	the	discovery	of	new	and	improvement	of	old
vibrational	spectroscopy	techniques;	steady	improvements	in	computer	hardware	and
chemometric	methods	and	software;	and	the	discovery	of	new	carotenoids	or	examination	of
previously	unexplored	features	of	known	carotenoids.	Significant	progress	in	quantum
chemistry	methods,	development,	and	the	accessibility	of	computational	chemistry	software,	as
well	as	improvements	in	tools	for	handling	and	processing	computational	data,	have	also
significantly	contributed	to	the	progress	of	applied	vibrational	spectroscopy	methods.

Advances	in	Raman	spectroscopy	have	been	recently	reviewed	by	Nafie	[130].	For
perspectives	in	carotenoid	studies,	it	is	worth	noting	that	the	usage	of	SERS	techniques	and
biological	and	biomedical	application	of	Raman	spectroscopy	have	increased	significantly.
The	number	of	applications	in	art	and	archeology,	pharmaceutical	sciences,	and	forensic



analyses,	as	well	as	the	use	of	resonance,	time-resolved,	and	nonlinear	spectroscopy	methods,
have	significantly	increased	over	the	last	decade	as	well.

For	carotenoids,	the	SERS	technique	has	recently	been	used	in	art	and	archeology	studies	[123,
124],	and	in	material	chemistry	for	silica-encapsulated	micro-algae	[82].	Thus,	the	expansion
of	SERS	applications	will	certainly	herald	an	advance	in	its	use	in	the	analysis	and	mapping	of
carotenoids	in	various	environments,	including	biological	and	biomedical	applications	[131].
Due	to	polyene	chains,	carotenoids	exhibit	a	pronounced	resonance	Raman	effect.	Therefore,
SERRS	(surface-enhanced	resonance	Raman	scattering),	in	which	the	scattering	is	enhanced	by
both	a	roughened	metal	surface	and	a	resonance	with	visible	chromophore,	will	likely	be	as
successful	in	the	analysis	of	carotenoids	as	it	was	for	DNA	samples	[132].	Tip-enhanced
Raman	spectroscopy	(TERS)	was	introduced	one	and	a	half	decades	ago	[133].	TERS
combines	the	structural	information	and	signal	enhancement	of	SERS	with	the	high	spatial
resolution	of	atomic	force	microscopy	(AFM)	or	scanning	tunneling	microscopy	(STM).	TERS
was	shown	to	perform	well	in	characterizing	different	virus	strains	[134].	Hence,	recent
innovations	increasing,	inter	alia,	TERS	reproducibility	[135]	make	the	use	of	this	method	in
the	study	of	carotenoids	in	biological	or	medical	material	quite	likely.

The	nonlinear	Raman	methods,	such	as	CARS	and	stimulated	Raman	spectroscopy	(SRS),	have
been	successful	in	addressing	biomedical	challenges	[136,	137].	In	recent	years,	the	CARS
method	was	scarcely	used	in	the	analysis	of	carotenoids	in	plants,	algae,	and	bacteria	[87,	99],
and	the	SRS	technique	has	been	mainly	used	to	investigate	carotenoids	in	photosynthetic	light-
harvesting	processes	[138].	It	seems,	however,	that	some	work	is	still	necessary	to	increase
the	reliability	and	reproducibility	of	CARS	or	SRS	signals	and	to	implement	these	techniques
for	massive	investigations	of	carotenoids	in	biological	and	biomedical	research	[136].

A	lot	of	newly	synthesized	[139]	and	isolated	[140–144]	carotenoids	are	chiral.	Nevertheless,
the	chiroptic	vibrational	optical	activity	spectra	[145],	such	as	vibrational	circular	dichroism
(VCD)	[146]	and	Raman	optical	activity	[147]	(ROA),	have	never	been	applied	in	the
investigation	of	chiral	carotenoids.	However,	quite	recently,	the	resonance	ROA	(RROA)
spectra	of	conformers	of	astaxanthin,	which	as	a	monoestrified	3S,3'S	isomer	exists	in	H.
pluvialis	alga,	have	been	calculated	and	served	as	a	model	for	considering	a	pseudo-
breakdown	of	the	single	electronic	state	paradigm	of	RROA	[148].	With	continuous
improvement	in	the	quality	and	reproducibility	of	VCD	and	ROA	instrumentation,	vibrational
optical	activity	spectroscopy	is	a	rapidly	growing	field	of	modern	physicochemical	techniques
with	great	potential	in	pharmaceutical,	biological,	and	biomedical	applications.	Therefore,	an
increase	of	vibrational	optical	activity	spectroscopy	in	studies	of	carotenoids	is	likely.

Moore's	law,	describing	a	biennial	doubling	of	chip	capacity	at	a	minimal	cost,	is	expected	to
hold	until	at	least	2020	[149,	150].	New	and	more	efficient	protocols,	data	analysis
techniques,	and	(chemometric)	software	(e.g.,	[151–153])	facilitate	the	implementation	of	pre-
processing	techniques,	improve	the	robustness	and	accuracy	of	spectroscopic	analyzes,	and,
importantly,	offer	a	user-friendly	interface	and	functionality	that	make	for	easy	graphical
presentation	of	data.	The	miniaturization	of	Raman,	IR,	and	NIR	spectrometers	has	facilitated
substantial	progress,	vastly	broadening	the	range	of	the	applications	of	vibrational



spectroscopy	methods	[154].	These	improvement	factors	are	especially	important	for
biomedical	applications	of	spectroscopic	methods	such	as	Raman	and	IR	imaging	of	diseased
tissues	(e.g.,	[155–158])	where	the	collected	data	must	be	reprocessed	to	provide
unprecedented	capability	in	measurement	and	scientific	insight	[159–164]	into	the	role	of
carotenoids	in	human	biochemistry,	disease	prevention,	and	human	health.
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7.1	Introduction
Since	the	first	structural	elucidation	of	β-carotene	by	Kuhn	and	Karrer	in	1928–1930,	about
750	naturally	occurring	carotenoids	had	been	reported	as	of	2004	[1].	Improvements	of
analytical	instruments	such	as	nuclear	magnetic	resonance	(NMR),	mass	spectroscopy	(MS),
high-performance	liquid	chromatography	(HPLC),	and	so	on	have	made	it	possible	to	perform
the	structural	elucidation	of	very	minor	carotenoids	in	nature	[2].	Annually,	several	new
structures	of	carotenoids	are	being	reported.	Our	research	group	has	developed	structural
elucidation	and	analysis	of	naturally	occurring	carotenoids	using	NMR,	MS,	MS/MS,	LC/MS
[2],	and	so	on	over	the	last	decade.	Herein,	I	describe	the	techniques	for	structural	elucidation
and	analysis	of	carotenoids	in	plants,	animals,	and	food	products.

7.2	Extraction	and	pre-preparation	of	carotenoids
Carotenoids	are	labile	compounds	for	oxidation,	heat,	and	light.	Therefore,	extraction	and
purification	procedures	should	be	carried	out	rapidly	below	40	°C	while	taking	care	to	avoid
exposing	them	to	strong	light.	Acetone	is	commonly	used	for	extraction	of	carotenoid	from
biological	materials,	especially	animal	tissues.	Methanol	is	also	used	for	extraction	of	plant
tissues.	Mechanical,	enzymatic,	or	alkaline	disruption	of	the	cell	wall	may	be	required	for
extraction	of	carotenoid	from	yeast	and	bacteria,	which	have	rigid	cell	walls.	For	example,
carotenoids	in	Phaffia	yeast	(Xanthophyllomyces	dendrorhrous,	formerly	Phaffia
rhodozyma),	which	has	a	rigid	cell	wall,	were	hardly	extracted	by	acetone	or	methanol.	They
could	effectively	be	extractable	using	dimethyl	sulfoxide	with	heating	to	about	60	°C.	In	some
cases,	antioxidants	are	added	to	extracted	solution	to	avoid	oxidative	degradation	[3].

Acetone	or	methanol	extracts	of	animal	organs	contain	substantial	amounts	of	water	and	polar
lipid.	They	must	be	removed	before	evaporation	to	avoid	bumping.	For	this	purpose,	the
extracts	are	transferred	to	two-layer	solution	composed	by	diethyl	ether–hexane	(1:1)	solution
and	water	in	a	separating	funnel.	The	organic	epiphase,	which	contains	carotenoids,	was
washed	with	water	several	times	to	remove	acetone	and	water-soluble	contaminants.	After
drying	over	Na2SO4	to	remove	water,	the	organic	phase	was	evaporated	to	dryness	below	40
°C.	In	the	case	of	small	volumes	(about	less	than	2	ml)	of	sample	solution,	solvent	can	be
evaporated	directly	by	stream	of	nitrogen	or	inactive	gas.	Generally,	steroids	and	neutral	lipids
(triglyceride,	wax,	etc.)	are	contained	together	with	carotenoid	in	extract.	These	lipid



impurities	should	be	removed	as	much	as	possible	before	carotenoid	analysis.	These	lipid
contaminants	are	effectively	removed	through	precipitation	and	filtration	in	cooled	(below	−20
°C)	acetone	or	methanol	solution.

Many	carotenoids	are	stable	toward	base.	Thus,	saponification	with	KOH–methanol	is
commonly	used	on	the	carotenoid	extracts	to	remove	triglyceride	from	a	lipid-rich	sample.
Saponification	is	also	available	for	hydrolysis	of	carotenoid	ester.	However,	saponification
causes	several	side	reactions	for	alkaline	unstable	carotenoids	[3].	The	following	reactions
were	typically	reported:

1.	 Astaxanthin	is	oxidized	to	astacen.	This	reaction	occurs	for	all	carotenoids	having	a	3-
hydroxy-4-keto-β-end	group.

2.	 Saponification	also	causes	dehydration	on	carotenoids	with	a	2-hydroxy-4-keto-β-end
group,	such	as	2-hydroxy-canthaxanthin.

3.	 Fucoxanthin	and	it	derivatives	are	converted	to	corresponding	hemiketal	compounds	by
base.

4.	 Peridinin	also	decomposes	under	base.

5.	 Seco-carotenoids,	such	as	tobiraxanthns,	are	converted	to	carotenoids	having	unique	five-
member	rings	by	alkaline	medium	[2,	4].

To	avoid	these	side	reactions,	enzymatic	hydrolysis	using	cholesterol	esterase	[5]	or	lipase	[6,
7]	has	been	employed	for	hydrolysis	of	alkaline	labile	carotenoid	esters.

Carotenoid	esters	and	triglycerides	possess	almost	similar	polarity	in	many	cases.	Therefore,
it	is	difficult	to	separate	these	compounds	using	normal	and/or	reverse-phase	chromatography.
In	these	cases,	gel	filtration	chromatography	(GPC)	using	polystyrene	gel	can	effectively
separate	them	because	the	molecular	size	of	carotenoid	esters	is	larger	than	that	of
triglycerides.	For	example,	fucoxanthin	ester	in	clams	[8]	and	astxanthin	esters	in	crustaceans
[9]	were	successively	isolated	by	HPLC	using	this	GPC	column.

Purified	carotenoids	should	be	submitted	to	spectral	analysis	as	soon	as	possible,	and	they
were	stored	below	−20	°C,	or	preferably	at	−80	°C,	under	inactive	gas.

7.3	Chromatography	and	separation	of	carotenoids
7.3.1	Column	chromatography	and	thin-layer	chromatography
Column	chromatography	is	commonly	used	for	the	first	separation	procedure	of	carotenoid
from	crude	extract.	Silica	gel	is	exclusively	used	as	an	adsorbent	of	carotenoid	separation
now,	whereas	magnesium	oxide,	calcium	carbonate,	cellulose	powder,	and	aluminum	oxide
were	once	used	as	adsorbents	of	carotenoid	separation.

Thin-layer	chromatography	(TLC)	is	the	simplest	and	quickest	method	for	analysis	of
carotenoids.	Most	carotenoid	showed	yellow,	orange,	and	red	color.	Therefore,	many
carotenoid	spots	are	easily	observed	without	detection	procedures	such	as	fluorescent



monitoring	and	spraying	of	dying	agents.	From	the	retention	factor	(Rf)	values	and	spot	color
on	TLC,	many	carotenoids	can	be	tentatively	identified.	Precoated	silica	gel	60	G	plate	is	most
frequently	used	for	analysis	of	carotenoids.	Reversed-phase	TLC	is	also	available	now.
Preparative	TLC	is	employed	in	the	separation	of	natural	carotenoids.	This	is	the	simplest	and
quickest	procedure	for	separation	of	carotenoids.

7.3.2	High-performance	liquid	chromatography
HPLC	is	widely	used	for	not	only	qualitative	and	qualitative	analysis	but	also	preparative
separation	of	carotenoids.	Normal-phase	HPLC	using	a	silica	gel	column	is	conveniently	used
for	separation	of	carotenoids.	Carotenoids	are	eluted	according	to	their	polarity.	This	method
is	powerful	for	the	separation	of	xanthophylls,	but	carotenes	are	poorly	resolved	on	this
method.

Reverse-phase	HPLC	using	C8,	C18	(ODS),	and	C30	bonded-phase	columns	are	also	used	for
separation	of	carotenoids.	Reverse-phase	HPLC	with	a	gradient	mobile-phase	system	is
applicable	to	carotenoids	of	all	levels	of	polarity.	The	C30	column	is	effective	for	separation
of	carotenes,	including	their	geometrical	isomers.	A	nitrile-phase	column	is	also	used	for
separation	of	geometrical	isomers	of	carotenoids.	Recently,	an	ultra-high-performance	liquid
chromatography	(UPLC)	system,	which	used	a	C18	microparticle	size	column	(1.7	µm),	was
developed.	Compared	with	an	ordinary	HPLC	system,	the	UPLC	system	afforded	finer
separation	and	sensitivity,	and	a	reduction	of	analytical	time.	Figure	7.1	showed	a
chromatogram	of	carotenoids	in	human	erythrocytes	using	the	UPLC	system.	Eleven
carotenoids	were	detected	within	8	min	[10].



Figure	7.1	UPLC	of	carotenoids	in	astaxanthin-supplemented	human	erythrocyte	using	the
UPLC	system.	Peak	1:	astaxanthin;	Peak	2:	9-cis-astaxanthin;	Peak	3:	13-cis-astaxanthin;	Peak
4:	lutein;	Peak	5:	zeaxanthin;	Peak	6:	anhydrolutein	I;	Peak	7:	anhydrolutein	II;	Peak	8:	α-
cryptoxanthin;	Peak	9:	β-cryptoxanthin;	Peak	10:	9-cis-β-cryptoxanthin;	Peak	11:	lycopene;
Peak	12:	α-carotene;	and	Peak	13:	β-carotene.	For	a	HPLC	condition	ACQUITY	UPLC	system
(Waters):	column,	BEH	Shield	RP18	(1.7	µm,	2.1×150	mm);	mobile	phase,	AcCN/H2O
(85:15)	→	AcCN/MeOH	(65:35);	column	temperature,	40	°C;	flow	rate,	0.4ml/min;	and
detection,	452	nm.

GPC	and	ion	exchange	columns	also	use	carotenoid	separation.	Chiral-phase	columns	are	used
for	separation	of	optical	isomers	of	carotenoids.	We	achieved	the	separation	of	optical	isomers
of	carotenoids	using	chiral-phase	columns:	Sumichiral	OA-2000	for	carotenoids	with	a	3-
hydroxy-4-oxo-β-end	group	[11]	and	3-hydroxy-β-end	group	[12],	and	Chiral	cell	OD	for
carotenoids	with	a	4-hydroxy-β-end	group	[13].	Chiral	pack	AD	[14]	and	Chiral	pack	IC	[15]
were	also	used	for	separation	of	the	optical	isomers	of	zeaxanthin	and	astaxanthin,
respectively.	Recently,	three	optical	isomers	of	alloxanthin	were	also	achieved	using	the
Chiral	pack	AD-H	column	[16].

Semipreparative	HPLC	using	columns	that	are	25–50	cm	long	with	an	internal	diameter	of	6–
10	cm	are	used	on	the	milligram	scale	for	carotenoid	separation,	which	was	required	for	NMR
analysis.	In	my	experience,	it	is	difficult	to	obtain	pure	carotenoids	for	single-system	HPLC.
Therefore,	I	recommend	using	both	normal	and	reverse-phase	HPLC	systems	for	purification	of
carotenoids.

7.4	Quantification	of	carotenoids
Many	carotenoids	have	a	strong	visible-light	(Vis)	absorption	band	around	400~500	nm.	There



are	a	few	compounds	with	the	same	absorption	band.	Therefore,	carotenoid	absorption	maxima
around	400~500	nm	are	selective	and	sensitive.	Carotenoid	content	in	crude	extract	can	be
calculated	from	the	absorption	coefficient.	Carotenoid	content	in	crude	extract	can	be
calculated	using	the	coefficient	 	=	2500	for	mainly	β-carotene	and	lutein	samples,	 	=
2100	(in	hexane)	for	mainly	astaxanthin	samples,	and	 	=	1600	(in	hexane),	1060	(in
acetone),	1140	(in	ethanol)	for	mainly	fucoxanthin	samples	[3,	17].	Individual	carotenoid
content	is	calculated	by	HPLC	using	a	Vis	absorption	chromatogram	or	selective	ion	mass
(MS)	chromatogram.

7.5	Identification	and	structural	elucidation	of
carotenoids
Identification	of	carotenoids	needs	aligning	Rf	values	on	TLC,	retention	time	of	HPLC	with
two	different	detection	systems,	and	UV-Vis	and	MS	spectral	data	with	authentic	samples.	An
LC/MS	instrument	coupled	with	a	photodiode	array	detector	(DAD)	is	a	powerful	tool	for
identification	of	natural	carotenoids.	Favorably,	1H-NMR	spectral	data	were	needed	for	the
identification	of	complex	structural	carotenoids,	such	as	carotenoid	glycosides	and	geometric
isomers.	The	identification	of	optical	isomers	of	carotenoids	needs	CD	spectral	data	and/or
chiral	HPLC	analysis.

Structural	elucidation	of	natural	carotenoids	needs	UV-Vis;	high-resolution	MS;	1H	and	13C
NMR,	including	two-dimensional	(2D)	NMR	analysis;	and	CD	spectral	data	in	the	case	of
chiral	carotenoids	[2].	Chemical	dramatization	also	provides	valuable	information	for
structural	data.

7.5.1	Chemical	dramatization
Chemical	dramatizations	such	as	reduction	with	NaBH4	or	LiALH4,	acetylation,	trimethyl
siliylation,	methylation,	and	epoxide–furanoxide	rearrangement	have	been	employed	for
detection	of	functional	groups	such	as	hydroxy	groups,	carbonyl	groups,	and	epoxides	in
carotenoids	[18].	However,	this	structural	information	can	be	provided	from	NMR,	MS,
infrared	(IR)	spectrometry,	and	so	on.	Therefore,	chemical	dramatizations	are	not	used	often
now.

However,	acetylation	is	still	useful	to	improve	HPLC	and	NMR	analyses.	Although	it	is
difficult	to	separate	the	related	carotenoids	that	contain	rhamnoside	and	fucoside	in	their
original	structure	in	HPLC	analysis,	the	acetylated	derivatives	elute	separately	in	HPLC
analysis.	In	general,	1H	NMR	signals	of	sugar	moiety	in	carotenoid	glycosides	are	severely
overlapped.	Acetylation	can	resolve	this	problem	by	its	lower-field	shift	effect.

7.5.2	UV-Vis,	IR,	and	Raman	spectrometry
UV-Vis	absorption	spectra	comprise	very	simple	and	essential	spectrometry	for	carotenoid
analysis.	Absorbance	max	(λmax)	values	in	the	UV-Vis	spectra	provide	information	on



conjugated	double-bond	numbers	in	carotenoids.	The	shape	of	the	UV-Vis	spectra	is	analyzed
using	the	parameters	of	%III/II	and	%DB/DII	values.	Values	of	%III/II	provide	information	on
the	end	groups	(β-,	ε-,	γ-end	groups,	etc.)	in	carotenoids.	Values	of	%DB/DII	provide
information	on	the	presence	of	cis	double	bonds	in	carotenoids	[17].	Carotenoids	having
conjugated	carbonyl	groups	at	C-4	in	the	β-end	group,	such	as	canthaxanthin	and	astaxanthin,
show	broad	bell-shaped	UV-Vis	spectra.	Although	carotenoids	having	no	conjugated	carbonyl
group	such	as	β-carotene	show	triplet-shaped	UV-Vis	spectra,	DAD	coupled	with	HPLC
provide	online	UV-Vis	spectra	during	HPLC	analysis.

The	IR	spectrum	affords	information	on	functional	groups	such	as	hydroxy,	carbonyl,	allene,
acetylene,	and	other	groups	in	carotenoids	[19].	Fourier	transform	(FT)	IR	enables	one	to
measure	the	IR	spectrum	with	a	sub-microgram	sample.	But	the	information	from	the	IR
spectrum	is	complicated	and	not	confirmatory	in	many	cases.	Thus,	IR	spectrometry	is	not	used
often	now.

Like	IR	spectroscopy,	Raman	spectroscopy	provides	detailed	information	on	molecular
vibration.	Resonance	Raman	spectroscopy	can	be	obtained	at	very	low	concentrations	(to	10−8
M)	even	if	the	chromophore	is	included	in	a	complex	biological	medium.	Therefore,	resonance
Raman	spectrometry	is	used	for	analysis	of	carotenoids	with	a	protein	complex	in	biological
materials.	Resonance	Raman	spectroscopy	is	a	very	useful	method	to	study	the	structures	and
interaction	of	pigments	such	as	chlorophylls	and	carotenoids	in	photosynthetic	protein.
Characteristic	resonance	Raman	bands	of	carotenoids	are	1600–1500	cm−1	(C=C	stretching
vibration),	1300–1100	cm−1	(CC	stretching/in-plane	C–H	vending	vibration),	1000	cm−1	(CH3
vending	vibration),	and	960	cm−1	(out-of-plane	C–H	vending	vibration).	The	E/Z	geometry	of
the	polyene	chain	in	carotenoids	can	be	characterized	in	the	1300–1100	cm−1	region	of	spectra
[20].	Furthermore,	resonance	Raman	spectrometry	can	detect	carotenoids	in	living	organisms.
Recently,	Uragami	et	al.	succeeded	in	detecting	astaxanthin	in	astaxanthin-administered	rat	skin
using	3D	mapping	of	the	Raman	spectrum	[21].

7.5.3	Mass	spectrometry

7.5.3.1	Instruments	and	high-resolution	MS
MS	is	a	most	sensitive	tool	for	analysis	of	organic	compounds.	Double-focusing	magnetic-field
instruments	and	time-of-flight	(TOF)	instruments	can	provide	high-resolution	mass	(so-called
mil	mass)	data.	Molecular	formulas	can	be	determined	by	comparison	of	observed	high-
resolution	masses	of	molecular	ions	or	quasi-molecular	ions	with	possible	composition	using
accurate	masses	of	individual	isotopes	(12C=12,1H=1.007825,16O=15.994915,	etc.).	If
measured	accurate	mass	was	observed	within	the	error	of	5	ppm	or	3	mmu	from	the	predicted
(calculated)	value,	the	molecular	formula	of	this	compound	can	be	judged	“correct.”	High-
resolution	MS	data	are	essentially	required	to	determine	new	carotenoids.

7.5.3.2	Ionization	and	observed	ions



Electro-ionization	(EI)	MS	of	carotenoids	provides	not	only	molecular	ions	[M+]	but	also
several	fragment	ions	such	as	elimination	of	water	[M-H2O]+,	elimination	of	the	acetyl	group
[M-AcOH]+,	[M-80]+	(a	characteristic	ion	observed	in	epoxy	carotenoids),	elimination	of
toluene	from	the	polyene	chain	[M-92]+,	elimination	of	xylene	from	the	polyene	chain	[M-
106]+,	elimination	of	end	groups	from	the	polyene	chain,	and	so	on.	These	fragment	ions	give
important	information	on	the	carotenoid	structure.	Enzell	and	Back	compiled	typical	fragment
ions	of	carotenoids	in	EI	MS	[22].	However,	molecular	ions	of	polar	carotenoids,	such	as
carotenoid	glycoside	and	sulfate,	were	hardly	observed	by	EI	MS.

On	the	other	hand,	soft	ionization	of	mass	spectrometry,	such	as	field	desorption	(FD),	fast
atom	bombardment	(FAB),	atmospheric	pressure	chemical	ionization	(APCI),	electrospray
ionization	(ESI),	and	matrix-associated	laser	desorption	(MALDI),	provides	molecular	ions	or
molecular-related	ions	predominantly.	Figure	7.2	showed	the	EI,	FAB,	FD,	and	ESI	mass
spectra	of	violaxanthin.	The	molecular	ion	[M]+	was	predominantly	observed	in	EI,	FD,	FAB,
and	MALDI	MS.	On	the	other	hand,	in	the	APCI	MS,	the	protonated	molecular	ion	[M+H]+
was	mainly	observed	as	a	molecular-weight-related	ion	for	both	carotenes	and	xanthophylls.
ESI	ionization	provided	several	molecular-weight-related	ions	of	carotenoids.	For	example,
the	molecular	ion	[M+]	was	predominantly	observed	in	carotenes.	Both	M+	and	[M+H]+	ions
were	predominantly	observed	in	hydroxy	carotenoids	such	as	β-cryptoxanthin	and	zeaxanthin.
In	our	experience,	[M+H]+	was	predominant	when	more	than	1	ng	of	sample	was	injected.	On
the	other	hand,	M+	was	predominant	when	less	than	1	ng	of	sample	was	injected.	In	the	case	of
lutein,	fragment	ions	at	m/z	550	(elimination	of	water	from	M+)	and/or	m/z	551	(elimination	of
water	from	[M+H]+)	were	observed	predominantly	instead	of	M+	and/or	[M+H]+.	Keto-
carotenoids	such	as	astaxanthin	predominantly	provided	sodium	adduct	ion	[M+Na]+	along
with	[M+H]+.	ESI	MS	of	violaxanthin	provides	alkaline	metal	adduct	ions	[M+Na]+	and
[M+K]+,	predominantly	along	with	protonated	molecular	ion	[M+H]+,	as	shown	in	Figure	7.2.



Figure	7.2	Positive	ion	EI,	FAB,	FD,	and	ESI	MS	spectra	of	violaxanthin.

7.5.3.3	MS/MS	spectrometry
Generally,	soft	ionization	of	mass	spectrometry	provides	a	fragmentation-less	spectrum.
Therefore,	MS/MS	techniques	were	employed	to	observed	several	product	ions	(fragment
ions)	in	soft	ionization	of	mass	spectrometry.

FAB	collision-induced	dissociation	(CID)	MS/MS	using	a	two-sector	mass	spectrometer	has
been	used	for	the	structural	analysis	of	natural	products.	Therefore,	we	have	applied	a	high-
energy	FAB	MS/MS	technique	for	structural	analysis	of	carotenoids.	The	FAB	MS/MS	of
carotenoids,	using	the	molecular	ion	[M]+	as	a	precursor	ion,	provides	EI	MS–like
fragmentation	[23–25].	The	FAB	MS/MS	spectra	of	more	than	100	natural	carotenoids	are
available	on	the	Mass	Bank	website	[26].	Figure	7.3A	showed	the	FAB	MS/MS	of	capsanthin
3,6-epoxide	using	a	molecular	ion	at	m/z	600	as	a	precursor	ion.	Capsanthin	3,6-epoxide
showed	the	characteristic	product	ions	at	m/z	582	[M−H2O]+	and	m/z	520	[M−80]+,	indicating
the	presence	of	a	hydroxy	group	and	epoxy	group,	respectively.	Elimination	of	toluene	moiety
from	the	polyene	chain	at	m/z	508	[M−92]+	was	also	observed	as	weak	intensity.	Furthermore,
a	series	of	product	ions	resulting	from	cleavage	of	C–C	bonds	in	the	polyene	chain	from	the
epoxy	end	group	(i.e.,	m/z	181,	221,	286,	455,	and	473)	was	observed.	The	product	ions	at	m/z



473	[M−127]+	(cleavage	between	C-6′	and	C-5′)	and	m/z	445	[M−155]+	(cleavage	between	C-
7′	and	C-6′)	indicated	the	presence	of	3-hydroxy-κ-end	group.	Recently,	quadrupole–
quadrupole	(Q-Q)	and	quadrupole-TOF	(Q-TOF)	instruments	with	ESI	or	APCI	ionization
were	widely	used	for	MS/MS	measurement	of	several	natural	products.	Figure	7.3B	showed
ESI	Q-TOF	MS/MS	of	capsanthin	3,6-epoxide	using	protonated	molecular	ion	[M+H]+	at	m/z
601	as	a	precursor	ion.	As	same	as	FAB	MS/MS,	product	ions	elimination	of	water	at	m/z	583
[M+H−H2O]+	and	at	m/z	565	[M+H−2H2O]+,	and	elimination	of	toluene	moiety	at	m/z	509
[M+H−92]+,	were	observed.	However,	product	ions’	elimination	of	the	epoxy	group	[M+H
−80]+,	product	ions	resulting	from	cleavage	between	C-6′	and	C-5′,	and	cleavage	between	C-7′
and	C-6′,	which	were	predominantly	observed	in	FAB	MS/MS,	were	not	observed	in	ESI	Q-
TOF	MS/MS.	However,	ESI	Q-TOF	MS/MS	of	sodium	adduct	ion	[M+Na]+	of	xanthophylls
provided	elimination	of	toluene	moiety	[M+Na−92]+	and	elimination	of	xylene	moiety	[M+Na
−106]+,	which	were	diagnostic	fragments	in	EI	MS	of	carotenoids	[27–28].





Figure	7.3	MS/MS	spectrum	of	capsanthin	3,6-epoxide,	(upper)	FAB	MS/MS	and	(lower)	ESI
Q-TOF	MS/MS.

7.5.3.4	LC/MS	and	LC/MS/MS
LC/MS	is	a	powerful	technique	for	the	identification	and	quantification	of	carotenoids	in
various	biological	samples	with	high	sensitivity	[29–31].	Several	ionizations	such	as	FAB
have	been	employed	for	ionization	of	LC/MS.	APCI	and	ESI	ionization	tools	are	a
conveniently	combined	LC	system.	Therefore,	APCI	and	ESI	ionization	is	now	exclusively
used	for	ionization	of	LC/MS.	LC/APCI	mass	spectra	of	carotenoids	provide	not	only	[M+H]+
but	also	characteristic	fragment	ions	such	as	[M+H-nH2O]+,	[M+H-AcOH]+,	and	[M+H-
sugar]+	[32].	In	ESI	ionization,	xanthophylls	provided	alkaline	metal	adduct	ions,	[M+Na]+,
and	[M+K]+	predominantly.

The	detection	limit	of	LC/APCI	MS	is	several	nanograms	[29,	30].	LC/ESI	MS	is	the	most
highly	sensitive,	and	its	detection	limit	is	at	the	sub-nanogram	level	[31].	We	found	the
following	detection	limits	of	carotenoids	in	an	LC/ESI	MS	DAD	system	using	a	Waters	Xevo
G2S	Q	TOF	mass	spectrometer	equipped	with	an	Acquity	UPLC	system.	Full-scan	ESI	MS
(m/z	100–1500)	and	PDA	(200–600	nm)	spectra	could	be	measured	even	with	0.5	ng	of
astaxanthin	and	α-carotene.	Using	the	selective	ion	monitoring	(SIM)	method,	the	detection
limit	for	[M+H]+	of	astaxanthin	and	M+	of	α-carotene	on	chromatograms	was	approximately
0.05	ng.

The	reverse-phase	HPLC	system	is	exclusively	used	for	LC/MS,	although	we	found	that	APCI
LC/MS	could	be	performed	with	a	normal-phase	HPLC	system	by	using	tetrahydrofuran	as	a
polar	solvent	in	hexane	[32].	LC/MS/MS	is	a	powerful	tool	for	the	identification	and
quantification	of	carotenoids.	Even	in	the	presence	of	contaminant,	the	MS/MS	spectrum	can
provide	accurate	carotenoid	structural	information.	An	LC/Q-TOF	MS	instrument	combined
with	DAD	is	a	very	powerful	tool	for	identification	and	quantification	of	carotenoids.
Retention	time	in	HPLC,	UV-Vis	spectrum	from	DAD,	molecular	ion	[M]+	or	quasi-molecular
ions	([M+H]+,	[M+K]+,	[M+Na]+,	etc.)	from	the	MS	spectrum,	and	the	same	product	ions	from
the	MS/MS	spectrum	provide	accurate	structural	information	on	natural	carotenoids	from
online	HPLC.	Furthermore,	carotenoids	were	quantified	with	both	UV-Vis	and	MS
chromatograms.

Although	LC/MS	is	a	high-sensitivity	tool,	lipid	contamination	sometimes	prevents	detection	of
carotenoids.	It	is	important	to	remove	lipid	impurities	as	much	as	possible	during	pre-
preparation	of	samples.	In	my	experience,	the	sensitivity	of	carotenoid	detection	could	be
increased	about	10–100	times	by	removing	lipid	impurities	during	pre-preparation.

7.5.4	NMR	spectrometry

7.5.4.1	Instruments	and	sensitivity 
NMR	spectroscopy	has	become	the	most	efficient	spectroscopic	tool	for	structural	elucidation



of	organic	compounds.	In	the	1960s,	more	than	10	mg	sample	was	required	for	an	ordinary	1H
NMR	measurement	with	60	MHz	continuous-wave	instruments.	In	the	1970s,	the	advent	of
pulsed	FT	NMR	spectrometry	and	the	increase	of	measuring	frequencies	(100–200	MHz)
strongly	improved	the	sensitivity	and	also	enabled	the	routine	measurement	of	13C	NMR.	Since
then,	the	development	of	high-magnetic-field	instruments	(300–900	MHz)	and	the	progress	of
pulse	sequence	techniques	have	enabled	the	structural	elucidation	of	carotenoids	with	less	than
a	sub-milligram	of	sample.	Today,	using	a	400–500	MHz	instrument	with	a	5	mm	internal
diameter	sample	tube	(sample	solution	volume	600	µl),	about	50	µg,	500	µg,	and	2	mg	of
samples	are	generally	required	to	measure	1D	1H	NMR,	1H	detected	heteronuclear-correlated
2D	NMR,	and	13C	NMR,	respectively.	Furthermore,	1H	NMR	of	a	few	micrograms	of	sample
can	be	measured	within	30	min	of	acquisition	by	using	a	SHIGEMI	microtube	(sample	solution
volume	200	µl).	Moreover,	the	Nano	Probe	(Agilent	Technologies,	formerly	Varian,	sample
solution	volume	30	µl)	enables	one	to	measure	the	complete	decoupled	13C	NMR	of	several
hundred	micrograms	of	carotenoids	for	overnight	acquisition,	as	shown	in	Figure	7.4	[33].



Figure	7.4	Structure	of	new	carotenoid	from	oyster	and	13C	NMR	(500	µg	sample	in	30	µg	in
CDCl3,	using	a	Nano	probe	for	18	h	acquisition).

7.5.4.2	Sample	preparation	for	carotenoids
In	order	to	obtain	a	high-quality	spectrum,	special	attention	should	be	devoted	to	the	sample
preparation.	Signals	of	water	and	residual	solvents	appear	as	very	high-intensity	peaks	and
overlap	on	the	carotenoid	signals,	when	less	than	10	µg	sample	measurements	are	used.
Therefore,	samples	should	be	dried	carefully	in	high	vacuum	or	under	the	stream	of	nitrogen	to
remove	moisture	and	residual	solvents	before	dissolving	the	NMR	measurement	solvent.

Chloroform-d1	(CDCl3)	is	commonly	used	as	a	solvent	for	various	carotenoids.	We
recommend	using	CDCl3	with	silver	foil	as	a	stabilizer,	because	CDCl3	without	a	stabilizer
gradually	generates	hydrochloric	acid	(HCl),	and	carotenoids	are	degraded	by	HCl	during
measuring	time.	Especially,	5,6-epoxy	carotenoid	is	immediately	converted	to	the



corresponding	5,8-epoxide	in	degenerate	CDCl3	solution.

Benzene-d6	(C6D6)	is	a	useful	solvent	for	NMR	measurement	of	carotenoids.	Contrary	to
CDCl3,	carotenoids	are	stable	in	C6D6.	In	addition,	due	to	the	anisotropic	effect	of	benzene,
signals	of	olefinic	protons	of	carotenoids	are	well	resolved.	In	CDCl3	solution,	a	water	signal
appears	at	1.56	ppm	and	sometimes	overlaps	with	methyl	or	methylene	signals	of	carotenoids.
On	the	other	hand,	a	water	signal	appears	at	0.5	ppm	in	C6D6.	Therefore,	a	water	signal	is	not
overlapped	with	carotenoid	signals	in	C6D6	solution.	However,	C6D6	shows	less	solubility	for
xanthophylls	than	CDCl3.

Methanol-d4	(CD3OD),	acetone-	d6	((CD3)2CO),	and	a	mixture	of	CDCl3	with	CD3OD	are
used	for	polar	carotenoids,	such	as	carotenoid	glycoside	and	sulfate.	Tetramethylsilane	(TMS)
is	commonly	used	for	internal	standards	(0	ppm)	of	NMR	spectra.	Residual	solvent	signals	of
CDCl3	(7.26	ppm	for	1H	NMR	and	77.0	ppm	for	13C	NMR)	are	also	used	for	internal	standard
signals.

7.5.4.3	Identification	of	carotenoids	by	NMR
Carotenoids	have	a	long	polyene	chain	in	the	central	part	of	the	molecule.	Therefore,	the
chemical	sift	and	coupling	constant	of	both	end	groups	are	not	influenced	by	each	other	[34].
Thus,	identification	of	the	known	carotenoid	could	be	accomplished	by	comparison	of	NMR
data	of	end	groups	and	the	polyene	chain	with	published	data.	1H	NMR	chemical	shifts	of	140
end	groups	and	13C	NMR	chemical	shifts	of	more	than	90	end	groups	of	carotenoids	in	CDCl3
are	available	in	the	literature	[34].	Geometry	of	the	polyene	chain	was	also	elucidated	in	the
isomerization	shift	of	1H	and	13C	signals	of	the	polyene	part	[34].	Furthermore,	we	and
Japanese	research	groups	[35,	36]	newly	assigned	the	1H	NMR	signals	of	44	end	groups
(Figure	7.5)	and	the	13C	NMR	signals	of	28	end	groups	of	carotenoids	(Figure	7.6).	They	are
shown	in	Figure	7.5	and	Figure	7.6.

















Figure	7.5	1H	NMR	chemical	shifts	of	carotenoid	end	groups.









Figure	7.6	13C	NMR	chemical	shifts	of	carotenoid	end	groups.

7.5.4.4	NMR	experimental	techniques	for	structural	elucidation	of	carotenoids

1D	NMR	experimental	techniques	such	as	1H-1H	decoupling	and	1H-1H	NOE	(nuclear
Overhauser	effect)	difference	spectra	are	classical	methods,	but	they	are	still	important
because	these	techniques	provide	fine-resolution	spectra	with	high	sensitivity	[37,	38].	2D
NMR	spectra	are	routinely	used	for	structural	analysis	now	[34].	1H-1H	COSY	(correlated
spectroscopy)	and	TOCSY	(total	correlation	spectroscopy)	elucidate	proton–proton	(1H-1H)
chemical-shift	connections.	COSY	detects	the	connections	of	geminal	or	vicinal	coupling
protons.	TOCSY	elucidates	the	continuous	coupling	of	1H-1H	connections.	1D	TOCSY
provides	fine-resolution	spectra	and	can	reveal	1H-1H	connections	in	strongly	crowded
signals.

NOE	is	observed	at	both	proton	pairs,	which	locate	at	within	3.5	 .	Both	NOESY	(nuclear
Overhauser	enhancement	and	exchange	spectroscopy)	and	ROESY	(rotation	frame	nuclear
Overhauser	effect	spectroscopy)	spectra	provide	information	on	the	distance	geometry	of	the
protons	in	organic	compound.	The	intensity	and	phase	(positive	or	negative	signal)	of	NOE	are
dependent	on	the	measuring	frequency	of	the	NMR	instrument	and	the	molecular	weight	of	the
sample.	When	measuring	frequencies	in	the	range	of	a	400–600	MHz	instrument,	NOE	is
observed	as	a	strong	and	positive	signal	for	the	small	molecules	below	700	Da,	and	it
becomes	small	or	even	completely	vanishes	for	the	molecular	masses	around	800	Da.	NOE	is
observed	as	a	strong	and	negative	signal	for	the	large	molecules	higher	than	1000	Da.	From	the
above	reason,	carotenoid	glycosides	or	fatty	acid	esters	having	molecular	masses	800–1000
Da	show	very	weak	NOE	in	1D	NOE	difference	and	NOESY	spectra.	Transverse	or	rotating-
frame	NOE	(ROE)	show	always-positive	and	strong	NOE	in	the	medium	molecular	mass
range.	Therefore,	ROESY	is	encouraged	for	NOE	measurement	of	compounds	that	have
molecular	masses	800–1000	Da.	Recently,	gradient-assisted	1D	NOE	spectroscopy	(GOESY),



a	new	technique	of	NOE	experiment	using	a	pulse	field	gradient	(PFG),	has	also	been	applied
to	NOE	experiments	on	carotenoids,	and	it	showed	very	highly	sensitive	results.

Connection	of	a	proton–carbon	chemical	shift	(1H-13C)	is	elucidated	by	13C-1H	COSY,	13C-1H
long-range	COSY,	HSQC	(heteronuclear	singlet-quantum	coherence),	and	HMBC
(heteronuclear	multiple-bond	coherence).	13C	detected	spectroscopy	(13C-1H	COSY	and	13C-
1H	long-range	COSY)	is	low	sensitivity	and	requires	samples	larger	than	10	mg.	Therefore,	1H
detected	spectroscopy	(HSQC	and	HMBC)	is	exclusively	used	now.	HSQC	and	HMBC
spectroscopy	elucidate	direct	and	long-range	(two-	or	three-bond)	1H-13C	connections,
respectively.	The	PFG	technique	has	dramatically	improved	2D	NMR	measurement.	The
traditional	NMR	method	generally	requires	acquisition	16	times	for	2D	NMR	measurement,
whereas	the	PFG	technique	makes	it	possible	to	measure	2D	NMR	in	only	one	acquisition.
Absolute	configuration	of	the	secondary	hydroxy	group	in	carotenoids	can	be	determined	by
NMR	using	the	modified	Mosher	method	[39].	Details	are	described	in	Section	6.2.

Application	of	these	NMR	experimental	techniques	for	structural	elucidation	is	described	in
Section	7.7.

7.5.4.5	Liquid	chromatography	and	nuclear	magnetic	resonance
LC/NMR	is	an	innovative	technique	that	connects	NMR	with	HPLC	online,	and	it	can	offer	not
only	1D	but	also	2D	NMR	spectra	for	the	components	separated	by	HPLC.	Recently,	LC/NMR
has	come	into	wide	use	because	of	improved	sensitivity	due	to	higher	magnetic	fields	of
superconductive	magnets	and	advanced	techniques,	especially	the	solvent	suppression	method.
LC/NMR	was	applied	for	the	separation	and	identification	of	stereoisomers	of	lutein	and
zeaxanthin	in	spinach	at	the	nanogram	scale	[40].	This	method	has	also	been	applied	to
componential	analysis	of	carotenoids	in	several	foods,	specifically	tomato	juice,	palm	oil,	and
Satsuma	mandarin	orange	juice	[41].	Figure	7.7	showed	1H	NMR	spectra	of	lycopene,
phytofuluene,	and	phytoene	obtained	by	online	LC/NMR	of	tomato	juice	extract.	1H	NMR
spectra	of	each	carotenoid	were	obtained	by	the	stopped-flow	mode	with	water	suppression
enhanced	through	the	T1	effect	(WET)	technique.	COSY	spectra	were	also	obtained	using	a
WETgCOSY	pulse	sequence	[41].





Figure	7.7	HPLC	chromatogram	of	tomato	juice	extract	(detected	at	300	nm)	and	1H	NMR
spectra	of	lycopene,	phytofuluene,	and	phytoene	obtained	by	online	LC/NMR.
Chromatographic	separation	was	carried	out	on	a	COSMOSIL	5C18-AR-II	column	(150	mm	×
4.6	mm;	particle	size,	4.5	µm)	with	the	mobile	phase	of	5%	CDCl3	and	95%	CD3CN	(start)	to
10%	CDCl3	and	90%	CD3CN	(15	min,	linear	gradient)	at	the	flow	rate	of	1	mL/min.	LC-NMR
experiments	were	performed	on	a	Varian	UNITY	INOVA-500	spectrometer	equipped	with	a	60
μL	microflow	NMR	probe	at	room	temperature.	1H	NMR	spectra	were	obtained	in	the
stopped-flow	mode	with	water	suppression	enhanced	through	the	T1	effect	(WET)	method	to
suppress	the	peak	of	the	residual	CH3CN	in	CD3CN,	and	the	residual	CHCl3	in	CDCl3.

7.6	Determination	of	absolute	configuration	of
carotenoids
7.6.1	Circular	dichroism	(CD)	spectroscopy
Most	naturally	occurring	carotenoids	possess	at	least	one	asymmetric	carbon	and	occur	in
nature	in	an	optical	active	form.	CD	spectroscopy	is	generally	used	for	determination	of	the
absolute	stereochemistry	of	carotenoids.	Many	carotenoids	showed	CD	absorbance	around
200–400	nm	at	room	temperature.	Most	CD	spectra	of	carotenoids	exhibit	strong	temperature
dependence.	The	intensity	of	the	CD	spectrum	(Δε)	increases	significantly	in	low	temperatures
due	to	stabilization	of	the	conformation.	CD	spectral	data	of	some	natural	carotenoids	were
compiled	by	Buchecker	and	Noack	[42].

Generally,	the	absolute	configuration	cannot	be	determined	unequivocally	by	only	CD	spectra
data.	Absolute	configuration	of	the	new	carotenoid	can	be	determined	by	comparison	with	CD
spectra	of	similarly	structured	carotenoids	with	known	chirality.	For	example,	the	absolute
configuration	of	deepoxysalmoxanthin,	(3R,3′S,6′R)-β,ε-carotene-3,6,3′-triol	was	determined
by	comparison	with	CD	data	of	known	stereoisomers	of	lutein,	(3R,3′S,6′S)-β,ε-carotene-3,3′-
diol	with	the	same	chromophore	system	[43].	Later,	the	validity	of	this	proposed
stereochemistry	was	confirmed	by	a	synthetic	method	[44].	Reduction	of	the	carbonyl	group	in
carotenoids	is	sometimes	employed	for	analysis	of	the	absolute	configuration	of	carotenoids
with	the	3-hydroxy-4-keto-β-end	group	and	2-hydroxy-4-keto-β-end	group	by	CD	spectra.	For
example,	absolute	configuration	of	pectenolone	(3,3′-dihydroxy-7′,8′-didehydro-β,β-caroten-4-
one)	was	determined	by	CD	spectral	data	comparing	its	NaBH4	reduction	products	of	7′,8′-
didehydro-β,β-carotene-3,4,3′-triols	and	diatoxanthin	(7′,8′-didehydro-β,β-carotene-3,3′-diol),
which	have	the	same	chromophore	[45,	46].	The	additivity	rule	of	CD	is	used	to	estimate	the
chirality	of	the	carotenoid	having	different	end	groups	in	both	sides	of	the	polyene	chain.	For
example,	CD	spectra	of	(3R,3′R,6′R)-lutein	(β,ε-carotene-3,3′-diol)	could	be	simulated	from
the	additive	CD	spectra	with	(3R,3′R)-zeaxanthin	(β,β-carotene-3,3′-diol)	and	(3R,6R,3′R,6′R)-
lactucaxanthin	(ε,ε-carotene-3,3′-diol)	with	half	intensity.	Therefore,	the	absolute	configuration
of	(3R,3′R,6′R)-lutein	could	be	postulated	with	additive	CD	spectra	with	(3R,3′R)-zeaxanthin
and	(3R,6R,3′R,6′R)-tunaxanthin,	as	shown	in	Figure	7.8.	In	the	same	manner,	(3R,3′S,6′S)-,



(3R,3′R,6′S)-,	and	(3S,3′R,6′S)-luteins	were	determined	by	CD	spectrometry	[47].	Benzoylation
was	applied	for	determination	of	absolute	configuration	of	allylic	hydroxy	group.	In	order	to
confirm	the	postulated	absolute	configuration,	a	synthetic	approach	or	chemical	derivatizations
are	necessary.

Figure	7.8	CD	spectrum	of	(3R,3′R)-zeaxanthin(——),	(3R,6R,3′R,6′R)-lactucaxanthin(–	–	–),
and	(3R,3′R,6′R)-lutein	in	ether	at	room	temperature;	and	additive	spectrum	of	(3R,3′R)-
zeaxanthin	and	(3R,6R,3′R,6′R)-lactucaxanthin	(half	intensity)(–	·	–	·).

7.6.2	NMR	spectrometry	using	the	modified	Mosher	method
The	absolute	configuration	of	the	hydroxy	group	in	a	saturated	end	group	such	as	5,6-hydro-β-
end	group	and	κ-end	group,	lacking	chromophore	neighbors	of	asymmetric	carbon,	cannot	be
determined	by	CD	spectrometry.	Chiralities	of	these	compounds	can	be	determined	by	the
modified	Mosher	method	using	NMR	spectrometry	[39].

NMR	is	not	able	to	determine	the	absolute	configuration	of	an	organic	compound	directly,
whereas	relative	stereochemistry	can	be	elucidated	by	NMR.	Therefore,	the	absolute
configuration	of	an	organic	compound	is	determined	by	diastereomeric	derivatization	with	a
known	optical	active	compound	by	NMR.	The	modified	Mosher	method	can	be	determined	by
absolute	configuration	of	a	secondary	hydroxy	group	in	an	organic	compound	unequivocally	by
diastereomeric	esterification	with	asymmetrical	methoxytrifluoromethylphenylacetic	acid
(MTPA)	[39].	This	method	is	based	on	the	anisotropic	effect	that	the	phenyl	group	of	the	chiral
auxiliary	MTPA	exerts	on	both	the	right	and	left	sides	of	nearby	protons	at	the	chiral	center	of
the	secondary	hydroxy	group,	as	shown	in	Figure	7.9A.	Absolute	configurations	of	the	hydroxy
group	at	C-4	and	C-4′	in	4,4′-dihydroxypiraridixanthin	were	determined	by	this	modified
Mosher	method,	as	shown	in	Figure	7.9.	The	first	(R)-	and	(S)-	MTPA	esters	of	4,4′-
dihydroxypiraridixanthin	were	prepared.	Next,	the	different	values	of	1H	NMR	signals	of	(S)
and	(R)	MTPA	esters	[Δδ	(=δS–δR)]	of	each	proton	in	the	4-hydroxy-5,6-didehydro-β-end
group	were	evaluated.	The	positive	Δδ	values	for	the	protons	oriented	on	the	right	side	of	the
MTPA	plane	and	negative	Δδ	values	for	the	protons	located	on	the	left	side	of	the	MPTA	plane



in	the	4-hydroxy-5,6-didehydro-β-end	group	disclosed	the	S	configuration	at	C-4	according	to
the	Mosher	model	as	shown	in	Figure	7.9B	[48].

Figure	7.9	Determination	of	absolute	configuration	of	4,4′-dihydroxypiraridixanthin	by	the
modified	Mosher	method.	The	absolute	configuration	at	C-4	was	determined	by	the	difference
values	of	1H	NMR	signals	of	(S)	and	(R)	MTPA	esters	Δδ	(=δS-δR)	of	each	protons	in	the	4-
hydroxy-5,6-didehydro-β-end	group.	The	positive	Δδ	values	for	the	protons	oriented	on	the
right	side	of	the	MTPA	plane	and	negative	Δδ	values	for	the	protons	located	on	the	left	side	of
the	MPTA	plane	in	the	4-hydroxy-5,6-didehydro-β-end	group	disclosed	the	S	configuration	at
C-4	according	to	the	Mosher	model.

7.6.3	Synthetic	approach
A	synthetic	approach	needs	determination	of	the	absolute	configuration	of	more	complex
carotenoids.	Absolute	configuration	of	crassostreaxanthin	B,	which	has	novel	a	cyclic	tetra
substituted	olefinic	end	group,	could	be	determined	by	only	synthetic	study	[49].

7.6.4	X-ray	crystallography



X-ray	crystallography	is	a	very	accurate	method	for	structural	determination.	However,
because	of	the	difficulty	to	obtain	a	single	crystal	suitable	for	X-ray	crystallography,	only	a
few	natural	carotenoids,	such	as	β-carotene,	lutein,	zeaxanthin,	astaxanthin,	canthaxanthin,	and
so	on,	were	subjected	to	X-ray	crystallography	[50].

7.6.5	Examples	of	structural	determination	of	natural	carotenoids
In	this	section,	structural	elucidation	of	the	minor	new	carotenoid	isolated	from	oyster,
Crassostrea	gigas,	was	described	[33].	Ten	kilograms	(wet	weight)	of	the	edible	part	of
oyster	was	extracted	with	acetone	at	room	temperature.	The	acetone	extract	was	partitioned
between	diethyl	ether–hexane	and	aqueous	NaCl.	The	organic	layer	was	dried	over	Na2SO4,
concentrated	to	dryness,	and	then	subjected	to	silica	gel	column	chromatography	with	an
increasing	percentage	of	acetone	in	hexane.	The	fraction	eluted	with	acetone–hexane	(1:1,	v/v)
from	the	silica	gel	column	was	subjected	to	preparative	HPLC	on	silica	gel	with	acetone–
hexane	(3:7)	to	yield	a	new	carotenoid	fraction.	It	was	further	submitted	to	preparative	HPLC
on	ODS	with	chloroform–acetonitrile	(1:9,	v/v)	to	yield	a	new	carotenoid	(500	µg).	This
showed	an	absorption	maximum	at	457	nm	without	fine	structure,	resembling	that	of	peridinin.
High-resolution	fast	atom	bombardment	MS	showed	molecular	ion	at	m/z	628.3395	(calculated
for	C39H48O7,	628.3394).	Therefore,	the	molecular	formula	of	this	compound	was	determined
to	be	C39H48O7.	1H	NMR	showed	that	this	carotenoid	has	a	peridinin-type	structure.	A
complete	decoupled	13C	NMR	spectrum	could	be	observed	by	using	the	Nano	Probe	for	18	h
acquisition.	From	these	NMR	spectral	data	and	high-resolution	MS,	the	presence	of	39
carbons,	including	14	quaternary	carbons	and	46	carbon-bonded	protons,	in	this	carotenoid
was	confirmed.	The	noticeable	signals	due	to	three	carbonyl	carbons	(δ	C	170.4,	168.7,	and
197.7	ppm)	and	allene	groups	(δC	202.7	ppm	and	δH	6.06	ppm)	were	observed.	The	1H-1H
and	direct-bonding	1H-13C	connections	were	elucidated	by	COSY	and	HSQC	spectra,
respectively.	The	assignments	of	the	remaining	14	quaternary	carbons	were	made	by	long-
range	1H-13C	connections	obtained	by	HMBC	experiment.	From	these	accumulated	spectral
data,	the	planer	structure	of	this	carotenoid	could	be	determined	as	shown	in	Figure	7.4.	The
relative	stereochemistry	was	confirmed	by	NOE	obtained	by	NOESY	spectrum.	The	absolute
configuration	of	this	compound	was	determined	by	CD	spectrum	by	comparison	with	those	of
related	carotenoids	such	as	amarouciaxanthin	A.	The	strategy	of	structural	elucidation	by	NMR
is	shown	in	Figure	7.4.	Furthermore,	the	absolute	configuration	was	determined	by	comparison
of	CD	data	of	known	carotenoids	with	similar	structures.	MS/MS	data	also	confirmed	this
structure.	In	this	case,	about	several	hundred	micrograms	of	sample	were	required	for
structural	elucidation.

The	second	example	described	structural	elucidation	of	novel	carotenoid	pyropheophorbide	A
esters	(Figure	7.10A	and	7.10B)	from	abalone,	Haliotis	diversicolor	aquatilis	[51].	Viscera
of	abalone	(100	g	from	50	specimens)	were	extracted	with	acetone.	The	acetone	extract	was
partitioned	with	diethyl	ether–hexane	(1:1,	v/v)	and	water.	The	diethyl	ether–hexane	layer	was
evaporated	to	dryness	and	chromatographed	on	silica	gel	using	an	increasing	percentage	of
diethyl	ether	in	hexane.	The	fraction	eluted	with	diethyl	ether–hexane	(6:4,	v/v)	was	subjected



to	HPLC	on	silica	gel	with	acetone–hexane	(3:7,	v/v)	to	yield	a	series	of	brown	pigments.	This
brown	pigment	showed	absorption	maxima	at	411,	447,	and	666	nm.	This	UV-Vis	spectrum
resembled	the	additive	UV-Vis	spectra	of	fucoxanthin	and	pyropheophorbide	A.	The	molecular
formula	of	this	pigment	was	determined	as	C75H90O8N4	by	high-resolution	FAB	MS	(m/z
1175.6827	[MH+]	C75H91O8N4,	calculated	for	1175.6837).	The	characteristic	fragment	ion	at
m/z	535.2719	corresponded	to	the	pseudo-molecular	ion	[MH+]	of	pyropheophorbide	A
(C33H35O3N4),	suggesting	the	presence	of	a	pyropheophorbide	A	moiety	(Figure	7.10).	These
data	indicated	that	the	compound	consisted	of	fucoxanthin	and	pyropheophorbide	A	moieties.
Both	fucoxanthin	and	pyropheophorbide	A	structural	moieties	in	this	compound	were
characterized	by	the	1H	NMR	and	13C	NMR	spectra,	including	2D	NMR	(COSY,	ROESY,
HSQC,	and	HMBC)	experiments.	Furthermore,	NMR	data	revealed	that	the	pyropheophorbide
A	and	fucoxanthin	moieties	were	linked	with	an	esterified	bond.	The	1H	NMR	signal	of	H-3
(4.82	ppm)	in	the	fucoxanthin	moiety	in	this	compound,	which	showed	about	a	1	ppm
downfield	shift	relative	to	the	corresponding	signal	in	fucoxanthin,	clearly	indicated	that	the
hydroxy	group	at	C-3	in	the	fucoxanthin	moiety	was	esterified	with	pyropheophorbide	A.
Therefore,	the	structure	of	brown	pigment	was	determined	as	fucoxanthin	pyropheophorbide	A
ester,	as	shown	in	Figure	7.10.





Figure	7.10	Key	ROESY	and	HMBC	correlations	and	FAB	MS	fragmention	of	1,	and	FAB	MS
and	NMR	spectra	of	fucoxanthin	pyropheophorbide	A	ester.

7.7	Conclusion	(future	prospects	and	challenges)
In	the	chapter,	the	separation,	analysis	and	structural	elucidation	methods	of	natural
carotenoids	were	described.	Analytical	tools	such	as	MS	and	NMR	spectrometry	are	rapidly
progressing	now.	For	example,	the	cryogenic	probe	(cold	probe)	is	an	NMR	technology	in
which	the	probe	coil	and/or	built-in	signal	preamplifier	are	cooled	with	a	stream	of	He	gas	at
~20	K.	This	increases	the	sensitivity	of	the	probe	coil	and	reduces	the	level	of	thermal	noise
generated	by	electronic	circuits	and	components	of	the	signal	receiver	itself.	The	cryogenic
probe	dramatically	improved	the	sensitivity	of	NMR,	especially	13C	NMR	measurement.
Therefore,	it	may	be	possible	to	conduct	NMR	analysis	of	natural	carotenoids	with	sub-
microgram-level	samples	in	the	near	future.	Supercritical	fluid	extraction	and	supercritical
fluid	chromatography	coupled	with	mass	spectrometry,	which	use	carbon	dioxide	as	the	mobile
phase,	are	used	for	extraction	and	analysis	of	nonpolar	unstable	natural	product.	Carotenoids
are	labile	compounds	for	oxidation,	heat,	and	light.	Therefore,	these	methods	are	useful
techniques	for	analyzing	labile	carotenoids	with	high	sensitivity.	Furthermore,	mass
spectrometry	imaging	(also	known	as	imaging	mass	spectrometry)	is	a	technique	to	visualize



the	spatial	distribution	of	biomolecules	by	their	molecular	masses.	This	technique	enables	the
visualization	of	the	distribution	of	biomolecules	in	organs	and	cells.	Therefore,	localization
(distribution)	of	carotenoids,	including	their	metabolism	in	living	organs	and	cells,	will	be
seen	by	the	mass	spectrometry	imaging	technique	in	the	near	future.
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8.1	Introduction
In	this	chapter,	we	present	the	Raman	spectroscopy	in	situ	analysis	of	carotenoids	measured	in
various	plants	and	animals,	as	well	as	in	humans,	at	the	tissue	and	cellular	levels.	Although
these	natural	pigments	occur	in	vivo	as	minor	components,	resonance	Raman	spectroscopy	can
achieve	a	sensitive	detection	in	the	visible	(Vis)	region	when	the	wavenumber	of	the	laser
excitation	coincides	with	an	electronic	transition	of	the	individual	carotenoid.	Near-infrared
(NIR)	Fourier	transform	(FT)–Raman	spectroscopy	also	strongly	enhances	carotenoids’	Raman
spectra	thanks	to	the	pre-resonance	effect.	Furthermore,	it	avoids	the	disturbing	fluorescence
effect	of	biological	material	usually	observed	when	laser	excitation	is	performed	in	the	Vis
wavelength	range.	Carotenoids	are	identified	in	the	Raman	spectra	by	strong	bands	within	the
1500–1550	and	1150–1170	cm−1	ranges	due	to	in-phase	C=C	(ν1)	and	C–C	stretching	(ν2)
vibrations	of	the	polyene	chain.	Additionally,	in-plane	rocking	modes	of	CH3	groups	(ν4)
attached	to	the	polyene	chain	and	coupled	with	C–C	bonds	are	seen	as	a	peak	of	medium
intensity	in	the	1000–1020	cm−1	region.

8.2	Plants
Several	papers	gathered	in	reviews	have	demonstrated	the	special	advantages	of	FT–Raman
spectroscopy	for	in	situ	studies	of	various	carotenoids	that	occur	all	over	the	plant	kingdom	[1,
2].	Spectra	obtained	from	various	tissues	of	a	range	of	plant	species	indicate	that	the	location
of	the	C=C	stretching	vibrations	is	mainly	influenced	by	the	length	as	well	as	the	terminal
substituents	of	the	polyene	chain	of	carotenoids	and	by	their	interactions	with	other	plant
constituents	(Table	8.1).

Table	8.1	Wavenumber	positions	of	ν1,	ν2,	and	ν4	modes	of	the	predominant	carotenoids	that
occur	in	various	plant	tissues	and	standards	in	the	spectra	obtained	by	Fourier	transform	(FT)–
Raman	spectroscopy.	The	number	of	double	bonds	in	the	conjugated	system	is	shown	in
brackets.

Adopted	from	Ref.	[1].



Plant	name Sample v1
[cm−1]

v2
[cm−1]

v4
[cm−1]

Predominant
Carotenoids

Saffron
Crocus	sativus	L.

Stigma 1536 1165 1020 Crocetin	(7)

Marigold
Calendula	officinalis	L.

Petal 1536 1157 1007 Auroxanthin
(7)

Marigold
Calendula	officinalis	L.

Petal/pollen 1531–
1529

1157 1004 Flavoxanthin
(8)
Luteoxanthin
(8)

Chamomille
Chamomilla	recutita	L.

Pollen 1529 1157 1006 Carotenoid	(8)

Marigold
Calendula	officinalis	L.

Pollen 1524 1157 1004 Lutein	(9)
Antheraxanthin
(9)

Nectarine
Prunus	perica	L.	var.	nucipersica
(Sucrow)	C.	Schneid

Fruit 1527 1157 1005 β-
cryptoxanthin
(9)

Carrot
Daucus	carota	L.

Yellow	root 1527 1157 1006 Lutein	(9)

Carrot
Daucus	carota	L.

Leaf 1526 1157 1004 Lutein	(9)
β-carotene	(9)

Ivy
Hedera	helix	L.

Leaf 1526 1157 1004 Lutein	(9)
β-carotene	(9)

Euonymus	fortunei	Turcs.
‘Canadale	Gold’

Leaf 1525 1156 1004 Lutein	(9)
β-carotene	(9)

Basil
Ocimum	basilicum	L.

Leaf 1525 1158 1005 Lutein	(9)
β-carotene	(9)

Begonia
Begonia	x	semperflorens-cultorum
Hort.

Leaf 1525 1157 1005 Lutein	(9)
β-carotene	(9)

Broccoli
Brassica	oleracea	var.	italica	L.

Flower 1524 1157 1005 Lutein	(9)
β-carotene	(9)

French	bean
Phaseolus	vulgaris	L.

Green	pod 1524 1157 1005 Lutein	(9)
β-carotene	(9)

Corn
Zea	mays	L.

Seed 1522 1157 1005 Zeaxanthin	(9)



Pumpkin
Cucurbita	pepo	L.

Fruit 1524 1157 1009 β-carotene	(9)

Apricot
Prunus	armeniaca	L.

Fruit 1524 1156 1003 β-carotene	(9)

Carrot
Daucus	carota	L.

Orange	root 1520 1156 1007 β-carotene	(9)

Annatto
Bixa	orellana	L.

Seed 1518
1523

1154
1155

1011
1008

cis-Bixin	(9)
trans-Bixin
(9)

Pepper
Capsicum	annuum	L.

Red	fruit 1517 1158 1004 Capsanthin	(9)

Watermelon
Citrullus	lanatus	Thumb.

Fruit 1510 1158 1008 Lycopene	(11)

Tomato
Lycopersicon	esculentum	Mill.

Fruit 1510 1156 1004 Lycopene	(11)

Standard Powder 1522 1157 1008 Lutein	(9)
Standard Powder 1521 1157 1006 α-carotene	(9)
Standard Powder 1515 1156 1007 β-carotene	(9)

The	usefulness	of	Raman	spectroscopy	in	the	investigation	of	cis–trans	isomerization	of
carotenoids	has	been	demonstrated.	The	individual	distribution	of	carotenoids	in	the	intact
plant	tissue	can	be	studied	using	2D	Raman	mappings	(i.e.,	the	different	7-,	8-,	and	9-double-
bond	conjugated	carotenoids	can	be	analyzed	independently	in	the	same	sample).	The
application	of	Raman	spectroscopy	for	in	situ	detection	of	unstable	substances	such	as
epoxycarotenoids	has	also	been	demonstrated.

Based	on	a	range	of	standard	extracts	and	FT–Raman	measurements	of	natural	carotenoids
present	in	over	50	specimens	of	plant	tissue,	it	has	been	shown	that	there	may	be	a	serious
problem	in	the	interpretation	of	the	spectroscopic	data	because	of	significant	wavenumber
shifts	caused	by	carotenoid	interactions	with	organic	tissue	[3].	Therefore,	because	of	the
progressive	shift	in	the	wavenumber	of	the	ν1	Raman	band	as	the	number	of	the	conjugated
C=C	bonds	is	increased,	an	individual	carotenoid	in	biological	samples	cannot	be
unambiguously	identified	and	determined.

The	size,	shape,	density,	and	location	of	different	types	of	carotenoid	bodies	in	orange-fleshed
sweet	potatoes,	carrots,	and	mangoes	have	been	quantified	and	mapped	using	the	ν1	Raman
band	to	register	coherent	anti-Stokes	Raman	scattering	(CARS)	microscopy	[4].	The	data	have
also	been	related	to	the	plant–matrix	morphology	by	a	simultaneous	second-harmonic
generation	microscopy	of	starch	granules.	Whereas	potatoes	and	carrots	showed	heterogeneous
CARS	signals	coming	from	bodies	with	high	carotenoid	densities,	the	carotenoid-filled	lipid
droplets	in	mangoes	were	homogeneous.	Interestingly,	the	β-carotene	density	and	morphology



after	the	potato	was	thermally	processed	showed	that	the	carotene-containing	bodies	remained
intact	despite	significant	changes	to	the	surrounding	starch	granules.

Raman	mapping	supported	by	cluster	analysis	was	used	for	in	situ	discrimination	of
flavonoids,	anthocyanins,	and	carotenoids	that	determine	the	colors	of	the	flower	petals	of
different	pansy	cultivars	Viola	x	wittrockiana	[5].	Hierarchical	cluster	analysis	based	on	the
TLC	extracts	and	the	reference	spectra	taken	from	the	flower	petals	allowed	for	discriminating
the	three	groups	of	pigments	against	each	other	and	drawing	Raman	maps	of	the	distributions	of
carotenoids,	anthocyanins,	and	flavonols	reflecting	the	relative	concentrations	of	these
compounds.

A	direct	in	situ	Raman	microspectroscopy	detection	of	carotenoids	has	been	shown	to	also	be
possible	at	the	subcellular	level	[6].	Indeed,	single	carotenoid	crystals	sequestered	in	a	carrot
cell,	predominantly	formed	from	β-carotene,	were	identified	using	ν1	and	ν2	Raman	bands	and
an	FT–Raman	spectrometer	equipped	with	a	microscope	and	a	40×	magnification	objective.
However	for	a	more	detailed	in	situ	study	of	single	carotenoid	crystals	present	in	the	carrot
root	cells,	a	dispersive	Raman	microscope	with	532	nm	and	488	nm	excitations	was	applied
[7].	Three	categories	of	roots	differing	in	both	β/α-carotene	ratio	and	in	total	carotenoid
content	were	selected	for	the	study,	based	on	high-performance	liquid	chromatography	(HPLC)
measurements.	The	results	showed	that,	independently	from	the	carotenoid	composition	of	the
root,	carotenoid	crystals	are	composed	of	more	than	one	compound	(Figure	8.1,	Color
Supplement).	Individual	spectra	extracted	from	Raman	maps	every	0.2–1.0	μm	had	similar
shapes	in	the	1500–1550	cm−1	region,	indicating	that	different	carotenoid	molecules	were
homogeneously	distributed	within	the	whole	crystal	volume.



Figure	8.1	An	example	of	a	carotenoid	crystal	located	in	a	cell	of	the	high	α	and	β	root.	Left:
Raman	map	obtained	by	the	integration	of	the	ν1	band.	Right:	Raman	spectra	(532	nm)	in	the
range	of	the	ν1	band	extracted	every	0.2	μm	along	a	marked	line.	Reprinted	with	permission
from	M.	Roman,	K.	M.	Marzec,	E.	Grzebelus,	P.	W.	Simon,	M.	Baranska,	and	R.	Baranski,
“Composition	and	(in)homogeneity	of	carotenoid	crystals	in	carrot	cells	revealed	by	high
resolution	Raman	imaging,”	Spectrochimica	Acta	Part	A:	Molecular	and	Biomolecular
Spectroscopy,	136,	1395–1400	(2015)	[7].	Copyright	(2015)	Elsevier.

Surface-enhanced	resonance	Raman	scattering	(SERRS)	measurements	were	carried	out	for	a
“sandwich”	system	composed	of	β-carotene	embedded	in	the	membrane	proteins	of
Photosystem	I	placed	between	a	roughened	silver	slice	and	single	silver	particles	[8].	A	high
signal-to-noise	ratio	and	a	fairly	good	reproducibility	for	very	low	carotene	concentrations	in
membrane	proteins	isolated	from	spinach	(Spinacia	oleracea	L.)	leaves	were	achieved	in	such
a	sampling	method	in	SERRS	experiments.	It	was	found	that	the	β-carotene	in	the	complex	was
predominantly	in	the	all-trans	configuration.

The	study	focused	on	the	effectiveness	of	minimizing	fluorescence	in	the	analysis	of	Cape
Jasmine	(Gardenia	augusta	L.)	by	applying	dispersive	Raman	spectroscopy	(at	three	different
excitation	wavelengths:	633,	785,	and	1064	nm)	and	surface-enhanced	Raman	spectroscopy
(SERS).	During	it,	two	carotenoid	colorant	components	were	identified	[9].	Raman	bands	at
1537,	1209,	and	1165	cm−1	were	assigned	as	discriminating	markers	for	all-trans-crocetin	and
all-trans-crocin.	It	has	also	been	shown	that	both	vibrational	techniques	offer	an	alternative
analytical	approach	for	natural	organic	dyes	and	pigments	in	reference	to	the	more	classical
HPLC–photodiode	array	(HPLC–PDA)	analytical	protocols.

8.3	Animals
Raman	maps	of	the	distribution	of	astaxanthin	in	living	aquatic	animals	have	demonstrated	that
its	distribution	is	tissue	specific	[10].	The	differing	Raman	signatures	of	astaxanthin	present	in
various	tissues	are	caused	by	differences	in	astaxanthin	intermolecular	interactions	and



conformational	changes.

The	micro-Raman	spectra	of	seven	species	of	bivalve	larvae	were	analyzed	to	assess	the	types
of	pigments	present	in	the	shells	of	each	species	and	the	inorganic	versus	organic	material
changes	[11].	The	Raman	spectra	of	1-day-old	larvae	were	differentiable	when	the	larvae
were	reared	in	waters	with	different	organic	signatures.	The	differences	in	spectra	and
pigments	between	most	species	and	the	neural	network	algorithm	allowed	for	the	classification
of	five	out	of	seven	species	with	an	accuracy	greater	than	85%.	Thus,	using	micro-Raman
spectroscopy	makes	the	identification	of	some	unknown	species	and	their	natal	origin	possible.

Raman	imaging	supported	by	mass	spectroscopy	measurements	has	shed	light	on	the	putative
physiological	functions	of	carotenoids	in	an	archaic	photosynthetic	mechanism	in	insects	[12].
Using	a	488	nm	laser	wavelength	corresponding	to	the	maximum	of	carotene	ultraviolet	(UV)-
Vis	absorption,	the	carotene	signature	corresponding	to	the	ν(1),	ν(2),	and	ν(4)	resonance
Raman	bands	was	always	registered	in	living	aphids.	The	carotenoid	crystals	that	formed
spontaneously	after	crushing	adult	orange	aphids	were	also	mapped.	Moreover,	Raman
imaging	was	carried	out	on	the	reddish/brown	aphid	eyes	containing	a	heavy	concentration	of
retinal.	A	higher	intensity	of	the	three	peaks	was	consistently	found	with	the	green	phenotype
compared	to	the	orange	one.	Moreover,	the	method	was	able	to	follow	carotene	synthesis	in
developing	embryos	where	the	signals	were	correlated	with	the	appearance	of	orange
pigmentation.	A	substantial	increase	in	the	concentrations	of	trans-β	and	trans-γ	carotene	was
observed	in	the	green	variant	compared	to	the	orange	one.	At	the	opposite	end,	the	cis-torulene
drastically	increased	in	the	orange	phenotype,	whereas	the	trans-torulene	(a	precursor
metabolite)	was	roughly	unchanged.	The	abundant	carotenoid	synthesis	in	aphids	strongly
suggests	that	carotenoids	have	a	major	and	unknown	physiological	role	beyond	their	canonical
antioxidant	properties.

Pigments	in	waterbears	(Tardigrades,	Echiniscus	blumi)	have	been	identified	as	carotenoids
by	applying	Raman	microspectroscopy	on	living	specimens	[13].	The	distribution	of
carotenoids	within	the	animal’s	body	was	visualized—its	dietary	origin,	its	presence	in	eggs
and	eye	spots,	and	its	absence	in	the	cuticle	and	epidermis.	A	decrease	in	carotenoid	content
was	detected	after	inducing	oxidative	stress,	demonstrating	that	in	vivo	Raman
microspectroscopy	can	be	used	for	studying	the	role	of	carotenoids	in	oxidative	stress–related
processes	in	tardigrades.

The	carotenoids	and	psittacofulvins	(mostly	recognized	in	parrot	plumage)	have	been
identified	(based	on	ν1	and	ν2	Raman	bands	and	the	CH=CH	in-plane	rocking	mode	band	at
1293	cm−1,	respectively)	and	found	to	be	responsible	for	mollusk	shells’	colorations	[14].	The
Raman	characterizations	of	limnic	(freshwater)	and	gastropod	(terrestrial)	shell	specimens
exhibited	no	differences	between	the	two	phyla,	suggesting	similarities	in	the	chemical
structures	of	the	polyene	pigments	contained	in	their	shells.

Raman	spectra	have	also	been	registered	from	the	oocyte	cytoplasm	of	the	African	clawed	frog
(Xenopus	laevis)	using	785	nm	and	532	nm	laser	lines	[15].	The	red	785	nm	line	showed	the
nonresonant	contribution	(from	molecules	such	as	phenylalanine	and	metalloproteins	that	are
present	inside	the	cell)	to	the	Raman	spectrum,	whereas	the	green	532	nm	probe	enabled



detecting	β-carotene	through	the	resonant	Raman	scattering	and	mapping	its	distribution	along	a
diameter	of	a	single	oocyte.

Reflectance	and	resonance	Raman	spectroscopies	were	used	to	investigate	the	induced
molecular	structural	changes	and	carotenoid–protein	interactions	responsible	for	different
colorations	in	the	plumage	of	the	brilliant	red	scarlet	ibis	(Eudocimus	ruber,
Threskiornithidae),	the	orange-red	summer	tanager	(Piranga	rubra,	Cardinalidae),	and	the
violet-purple	feathers	of	the	white-browed	purpletuft	(Iodopleura	isabellae,	Tityridae)	[16].
Feathers	of	these	three	species	contain	canthaxanthin	as	their	primary	pigment.	A	significant
variation	of	the	ν1	Raman	band	frequency	between	the	species	has	been	reported.	The	most
significant	variation	is	found	in	I.	isabellae	feathers	and	is	correlated	with	a	red	shift	in
canthaxanthin	absorption	that	results	in	violet	reflectance.	The	head-to-tail	molecular	alignment
(i.e.,	J-aggregation)	of	the	protein-bound	carotenoid	molecules	is	thought	to	be	an	additional
factor	of	the	color	shift.

Rhodoxanthin,	one	of	a	few	retrocarotenoids	in	nature,	has	been	characterized	in	situ	in	the
plumage	of	fruit	doves	(Ptilinopus,	Columbidae)	and	cotingas	(Phoenicircus,	Cotingidae),	and
was	subsequently	compared	with	the	isolated	pigment	in	a	solution	and	in	thin	solid	films	using
resonance	Raman	spectroscopy	and	UV-Vis	reflectance	[17].	The	coloration	associated	with
the	rhodoxanthin-containing	plumage	ranges	from	brilliant	red	to	magenta	or	purple.	The
vibrational	signatures	of	rhodoxanthin,	supported	by	discrete	Fourier	transform	(DFT)
calculations	of	the	Raman	spectra	of	three	isomers,	have	been	used	to	distinguish	rhodoxanthin
from	more	common	carotenoids	and	to	propose	various	mechanisms	that	change	the	electronic
absorption,	including	the	structural	distortion	of	the	chromophore	and	the	enhanced
delocalization	of	π-electrons	in	the	ground	state.

The	Raman	analysis	of	the	carotenoids	contained	in	ventral	feathers	confirmed	reports	from
earlier	video	recordings	made	at	the	nests	of	the	great	tit,	which	claimed	that	the	biomass	of
leaf-eating	insects	during	the	first	nesting	cycle	was	three	times	higher	than	during	the	second
cycle	[18].

Raman	spectroscopy,	coupled	with	multivariate	statistics,	has	been	used	to	identify	the	most
abundant	carotenoid	within	a	single	feather	barb	of	36	avian	species	[19].	Feathers	rich	with
adoradexanthin,	astaxanthin,	canary	xanthophylls,	canthaxanthin,	cotingin,	or	lutein	were
discriminated	by	subtle	shifts	in	Raman	spectral	band	positions,	and	by	novel	bands	associated
with	particular	carotenoids.	The	Raman	data	on	pigment	presence	have	been	compared	with
HPLC	results.	It	has	been	shown	that	α-doradexanthin	is	present	in	the	plumage	of	Petroica
robins	from	Australia,	whereas	Petroica	immigrants	to	New	Zealand	display	a	yellow
carotenoid	that	is	likely	lutein.

It	has	recently	been	shown	that	discovering	plumage	carotenoids	in	fossil	feathers	could
provide	insight	into	the	ecology	of	ancient	birds	and	nonavian	dinosaurs	[20].	Using	a	modern
feather	as	reference,	the	chemical	evidence	of	carotenoids	in	six	feathers	preserved	in	amber
(Miocene	to	mid-Cretaceous)	and	in	a	feather	preserved	as	a	compression	fossil	(Eocene)	was
detected	without	sample	destruction	through	an	amber	matrix	using	confocal	Raman
spectroscopy.	Using	principal	component	analysis,	it	was	established	that,	depending	on	the



feather’s	color,	the	primary	pigment	was	methoxy-keto-carotenoid	(cotingin),	canthaxanthin,	α-
doradexanthin,	lutein,	zeaxanthin,	or	a	combination	of	these	carotenoids.

With	confocal	Raman	microspectroscopy	at	660	nm,	pig	ear	skin	was	investigated	and
compared	with	abdominal	human	skin	(Transkin).	A	difference	between	the	samples	was	found
in	the	content	of	carotenoids,	besides	other	components	(e.g.,	lipids	and	hyaluronic	acid)	[21].
The	comparison	was	made	at	the	level	of	the	stratum	corneum	(SC),	the	SC–epidermis
junction,	and	the	viable	epidermis.	A	significant	difference	in	carotenoid	content	was	observed
for	the	SC.	The	study	was	done	on	pig’s	ear	skin	because	it	is	usually	used	as	a	substitute	for
human	skin	for	active-ingredient	assessments	in	the	dermatological	and	cosmetics	fields.

The	other	aspect	of	the	dermatological	study	was	focused	on	astaxanthin	and	its	specific
antioxidant	activities	(i.e.,	anti-photoaging).	Confocal	Raman	microscopy	was	used	to	detect	in
vivo	the	three-dimensional	distribution	of	astaxanthin	in	rat	skin	[22].	The	study	demonstrated
that,	when	swabbed	onto	the	outer	surface	of	the	skin,	astaxanthin	can	very	quickly	penetrate
into	the	inner	skin.

It	has	previously	been	shown	that	the	carotenoid	content	of	human	skin	in	vivo	is	directly
influenced	by	the	carotenoid	concentration	of	nutritional	egg	yolks.	Thus,	resonance	Raman
spectroscopy	has	been	used	to	analyze	the	carotenoid	concentration	in	the	egg	yolks	of	hens
that	were	housed	either	in	battery	cages	or	on	free-range	grassland	[23].	The	egg	yolks	of	the
hens	that	had	access	to	grassland	contained	approximately	double	the	amount	of	carotenoid
concentration	of	the	egg	yolks	of	hens	housed	in	battery	cages	(p	<	0.001).	The	kinetics	of	the
carotenoid	concentration	in	the	egg	yolks,	depending	on	fodder,	housing,	and	weather
conditions,	were	also	investigated.

Recent	reports	demonstrate	that	the	oxidative	status	is	related	to	various	stress	conditions	in
dairy	cows,	and	carotenoids	could	serve	as	indicators	of	stress	originating	from	the
environment	(e.g.,	heat	stress	or	sun	radiation)	or	from	the	animal	itself	(e.g.,	disease).	Besides
the	invasive	in	vitro	tests	available,	the	optical	noninvasive	in	vivo	measurements	of	dermal
carotenoids	in	cattle	udder	skin	using	a	light-emitting	diode	(LED)-based	portable
spectroscopic	system	(miniaturized	spectroscopic	system	[MSS])	for	β-carotene	analysis	in	the
whole	blood	samples	was	applied	to	assess	the	oxidative	status	in	cattle	[24].	The	system	was
calibrated	using	resonance	Raman	spectroscopy	[25].	Correlations	between	the	concentrations
of	dermal	and	blood	carotenoids	were	calculated	considering	the	nutritional	status	of	the
animals.	A	significant	correlation	(R	=	0.86)	was	found	for	cattle	with	moderate	to	obese	body
conditions.	Consequently,	the	blood	and	skin	concentrations	of	β-carotene	are	comparable
under	stable	stress	conditions	of	the	cattle.	The	other	study	aimed	at	investigating	dermal
carotenoid	levels	in	cattle	recovering	from	abomasal	displacement	[26].

In	monkeys	(similarly	as	in	humans),	lutein	and	zeaxanthin	are	found	in	significant	amounts	in
the	retina	of	the	Japanese	quail	Coturnix	japonica	[27].	This	makes	the	quail	retina	an
excellent	nonprimate	small-animal	model	for	studying	the	metabolic	transformations	of	these
important	macular	carotenoids.	They	are	thought	to	play	an	integral	role	in	protecting	against
light-induced	oxidative	damage,	such	as	that	found	in	age-related	macular	degeneration
(AMD).	The	carotenoids	present	in	the	quail	retina	were	identified	by	using	C30	HPLC



coupled	with	mass	spectral	and	PDA	detectors.	Besides	lutein	(2.1%)	and	zeaxanthin	(11.8%),
other	ocular	carotenoids	were	identified:	adonirubin	(5.4%),	3′-oxolutein	(3.8%),	meso-
zeaxanthin	(3.0%),	astaxanthin	(28.2%),	galloxanthin	(12.2%),	∑,∑-carotene	(18.5%),	and	β-
apo-2′-carotenol	(9.5%).	Moreover,	deuterium-labeled	lutein	and	zeaxanthin	were	used	as
dietary	supplements	to	study	the	pharmacokinetics	and	metabolic	transformations	of	these	two
ocular	pigments	in	serum	and	ocular	tissues.	Using	Raman	spectroscopy	(which	supported
HPLC	coupled	with	mass	spectrometry),	the	labeled	carotenoids	were	detected	and	quantitated
in	the	ocular	tissue.	It	has	been	shown	that	dietary	zeaxanthin	is	the	precursor	of	3′-oxolutein,
β-apo-2′-carotenol,	adonirubin,	astaxanthin,	galloxanthin,	and	∑,∑-carotene,	whereas	dietary
lutein	is	the	precursor	for	meso-zeaxanthin.	These	studies	also	revealed	that	the
pharmacokinetic	patterns	of	uptake,	carotenoid	absorption,	and	transport	from	serum	into
ocular	tissues	were	similar	to	the	results	obtained	in	most	human	clinical	studies.

Raman	spectroscopy	is	a	suitable	method	for	the	simultaneous,	rapid,	and	nondestructive
quantification	of	astaxanthin	and	cantaxanthin	in	salmon	muscle	tissue	[28].	The	spectra	were
collected	with	785	nm	excitation	from	49	samples	of	ground	muscle	tissue	of	farmed	Atlantic
salmon	(Salmo	salar	L.).	The	partial	least-squares	regression	resulted	in	a	root	mean	square
error	of	prediction	of	0.33	mg/kg	(R2=0.97)	for	carotenoids	of	the	variable	selected	versions
of	all	the	preprocessed	spectral	data	sets.

8.4	Humans
It	has	been	shown	(Chapter	1.2)	that	carotenoids	are	used	as	biomarkers	to	distinguish	between
the	cancerous/malignant	and	healthy	tissue	or	cells.	Carotenoids	in	skin	and	their	antioxidative
role	were	broadly	discussed	in	Chapter	1;	thus,	only	a	short	report	on	in	situ	detection	by	using
Raman	spectroscopy	is	presented	here.	Moreover,	the	spectroscopic	analysis	of	macula
pigments	that	prevent	damage	that	leads	to	AMD	is	discussed.	There	are	also	in	situ	studies	on
carotenoids	at	the	level	of	a	single	human	cell.

8.4.1	Skin
In	many	cases,	determining	the	carotenoid	content	in	human	skin	is	related	to	the	search	for
their	antioxidant	and	protective	activity	against	radicals.	There	are	observations	of	change	to
the	carotenoid	content	in	human	skin	due	to	fruit,	vegetable,	or	diet	supplement	intake,	as	well
as	other	factors	(e.g.,	alcohol	consumption,	smoking,	and	radiation).	The	lifestyle	impact	on
skin	carotenoid	content	has	also	been	examined.

The	noninvasiveness	of	Raman	spectroscopy	is	its	most	important	advantage	in	determining
carotenoids	in	human	skin.	The	Raman	spectrum	of	human	skin	depends	on	the	incident	laser
wavelength.	Using	radiation	around	500	nm,	the	carotenoid	bands	are	selectively	observed	in
the	spectrum	due	to	the	resonance	effect.	With	a	laser	of	785	nm	yielding	the	pre-resonance
Raman	spectrum	of	carotenoids,	the	bands	related	to	other	skin	structures	are	also	observed
(Figure	8.2)	[29].



Figure	8.2	Raman	spectra	of	human	skin.	Reprinted	with	permission	from	W.	Werncke,	I.
Latka,	S.	Sassning,	B.	Dietzek,	M.	E.	Darvin,	M.	C.	Meinke,	J.	Popp,	K.	König,	J.	W.	Fluhr,
and	J.	Lademann,	“Two-color	Raman	spectroscopy	for	the	simultaneous	detection	of
chemotherapeutics	and	antioxidative	status	of	human	skin,”	Laser	Phys.	Lett.,	8,	895–900
(2011)	[29].
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With	multiline	Ar+	laser	and	excitations	at	488	nm	and	514.5	nm,	it	is	possible	to	determine	an
absolute	concentration	of	lycopene	and	β-carotene	in	human	skin	[30].	This	method	is	based	on
lycopene	and	β-carotene’s	differing	absorption	spectra.	The	application	of	these	two	excitation
lines	results	in	different	Raman-scattering	efficiencies	for	both	pigments.	Lycopene	and	β-
carotene	represent	70%	of	all	human	skin	carotenoids,	and	all	of	the	carotenoids	except
lycopene	have	similar	Raman	spectra.	This	causes	some	errors	in	β-carotene	determination	in
the	human	skin,	mainly	due	to	lutein	content.	But	determining	lycopene	in	human	skin	with	an
excitation	of	a	514.5	nm	laser	is	not	significantly	influenced	by	other	carotenoids,	which	are



more	pronounced	when	measured	with	a	488	nm	line	(Figure	8.3)	[25,	30,	31].	Both
excitations,	488	nm	and	514	nm,	were	applied	for	the	measurements	of	skin	carotenoids	as
biomarkers	of	fruit	and	vegetable	intake	[32].	The	total	skin	carotenoid	level	and	lycopene	skin
level	were	determined	in	and	correlated	to	the	HPLC	data.	The	single	and	multiple
measurements	of	the	cutaneous	carotenoid	level	by	using	resonance	Raman	scatterng	were
compared,	and	a	good	agreement	between	them	was	found	[33].

Figure	8.3	Left:	Absorption	spectra	of	β-carotene	(solid	line)	and	lycopene	(dotted	line)	in
ethanol	solution.	Right:	Typical	Raman	spectra	of	β-carotene	and	lycopene	in	human	skin
measured	in	situ	with	514.5	nm	excitation.	Reprinted	with	permission	from	M.	E.	Darvin,	I.
Gersonde,	M.	Meinke,	W.	Sterry,	and	J.	Lademann,	“Non-invasive	in	vivo	determination	of	the
carotenoids	beta-carotene	and	lycopene	concentrations	in	the	human	skin	using	the	Raman
spectroscopic	method,”	J.	Phys.	D-Appl.	Phys.,	38,	2696–2700	(2005)	[25].
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8.4.2	Macular	pigment
Macular	pigment	(MP)	is	a	name	for	the	high	concentration	of	lutein	and	zeaxanthin	found	in
photoreceptor	axons	in	the	retina.	Among	carotenoids,	these	two	are	the	only	ones	that	cross
the	blood–retina	barrier	to	form	MP	in	the	eye.	MP	plays	an	important	role	in	protecting	the
macula,	due	to	its	antioxidative	and	spectroscopic	activity.	The	absorption	spectrum	of	MP
shows	a	band	maximum	at	460	nm,	so	it	absorbs	blue	light	and	protects	the	retina	from
photodamage.	The	higher	the	macular	pigment	optical	density	(MPOD),	the	greater	the	amount
of	blue	light	filtered.	High	MPOD	could	lower	the	risk	of	AMD,	which	is	a	disease	that	causes
visual	impairments.	The	relation	between	MOPD	and	AMD	is	one	of	the	most	popular	topics
in	the	study	of	macular	pigment	[34].	MPOD	could	be	measured	in	vivo	by	means	of	many
techniques,	including	resonance	Raman	spectroscopy	[35].

The	macular	carotenoid	level	of	age-related	maculopathy	(ARM)	patients	compared	to	that	of
healthy	subjects	has	been	investigated	[36].	The	decrease	of	carotenoid	content	in	ARM
patients	and	healthy	older	subjects	was	detected.	Furthermore,	for	the	patients	with	ARM	in



only	one	eye,	the	carotenoid	level	in	the	healthy	eye	was	also	lower,	most	likely	due	to	ARM
affecting	the	opposite	eye	as	well.	Whether	the	decreased	carotenoid	level	in	MP	is	one	of
ARM’s	causes	or	its	effects	remains	uncertain,	but	it	has	been	suggested	that	low	macular
carotenoid	level	could	be	one	of	the	risk	factors	in	the	progression	of	this	disease.
Secondary	outcomes	in	a	carotenoid	clinical	trial	of	early	AMD	have	been	collected	by	means
of	best-corrected	visual	acuity	(BCVA),	contrast	sensitivity	(CS),	and	Raman	spectroscopy
[37].	The	randomized,	double-masked,	placebo-controlled	clinical	trial	of	carotenoids	was
developed	together	with	other	antioxidants.	Raman	spectroscopy	was	used	for	determining	the
carotenoid	content	in	MP.	Only	persons	with	the	highest	risk	for	the	progression	of	AMD	were
chosen	for	the	survey.	An	increase	of	carotenoid	content	during	the	36	months	of	the	carotenoid
trial	was	observed,	whereas	for	the	placebo	group	a	small	decrease	in	carotenoid	content	was
detected.	The	observed	decrease	of	MP	in	the	placebo	group	is	related	to	the	loss	of
photoreceptors	due	to	the	disease’s	progression,	whereas	its	increase	in	the	treatment	group
shows	the	benefits	of	the	carotenoid	trial.	Other	functional	and	morphologic	benefits	were	also
found.	In	vivo	resonance	Raman	imaging	showed	the	capabilities	of	this	method	in	determining
the	spatial	distribution	of	MP	in	living	human	retina	with	very	high	resolution	and	molecular
specificity	[38].	The	results	obtained	demonstrate	that	the	distribution	of	MPs	in	the	human
retina	is	not	uniform.

A	determination	of	MP	levels	following	the	surgery	of	a	full-thickness	macular	hole	(FTMH)
has	been	performed	with	Raman	spectroscopy	[39].	Patients	with	this	syndrome	lack	all	retinal
layers	at	anatomical	fovea.	The	syndrome	also	causes	elderly	patients	to	experience	visual
disorders.	Twelve	eyes	from	12	patients	who	successfully	underwent	FTMH	surgery	were
examined.	In	10	of	the	studied	eyes,	MP	was	detected	in	the	neurosensory	retina	after	the
surgery,	but	in	nine	of	them,	the	MP	level	was	lower	than	in	the	fellow	healthy	macula.	These
results	suggest	that	the	recovery	of	photoreceptors	after	surgery	is	very	good.

The	MP	level	in	patients	with	malabsorption	syndromes	has	also	been	studied	[40].	The	serum
carotenoid	level	was	examined	using	HPLC.	The	low	uptake	of	carotenoids	due	to	the
malabsorption	syndrome	can	cause	an	early-onset	maculopathy.	The	results	obtained	show	that
normal	subjects	have	higher	levels	of	MP	than	malabsorption	syndrome	patients	in	any	studied
age	(22–50	years	for	normal	subjects	and	17–57	years	for	malabsorption	syndrome	patients),
although	the	carotenoid	serum	level	is	normal	or	even	higher.	Furthermore,	lutein	and
zeaxanthin	serum	levels	in	both	the	healthy	and	the	malabsorption	syndrome	patients	increased,
whereas	MP	levels	decreased.	This	could	be	caused	by	the	age-related	breakdown	of	the
biological	processes	of	the	transportation	and	absorption	of	carotenoids	to	the	macula,	which
results	from	the	decreased	uptake	of	dietary	carotenoids	from	the	serum	to	the	macula.	In	this
case,	even	supplementing	carotenoids	could	not	raise	the	level	of	MP.

8.4.3	Carotenoids	in	single	human	cells
Carotenoids	were	detected	not	only	in	complex	systems	such	as	organs	and	tissues	but	also	in
singular	human	cells.	Research	in	this	area	is	mainly	related	to	lymphocytes	due	to	the
protective	role	played	by	carotenoids	in	the	human	immune	system	[41–43].	The	effects	of	the



age	[44]	and	health	condition	[45]	of	the	organism	has	also	been	studied	with	Raman
spectroscopy.

Leukocytes,	the	most	diverse	group	of	blood	cells,	can	be	divided	into	granulocytes
(neutrophils,	basophils,	and	eosinophils)	and	mononuclear	cells	(lymphocytes	and	monocytes)
[41].	Different	types	of	leukocytes	can	be	distinguished	microscopically	due	to	the	varying
shapes	of	nuclei,	sizes,	and	cellular	components.	However,	Raman	spectroscopy	has	often
been	used	to	determine	the	chemical	composition	of	single	blood	cells	and	has	shown	its
potential	in	the	area	of	medical	diagnostics	[41–43].

Lymphocytes,	monocytes,	eosinophils,	and	neutrophils	were	measured	with	Raman	imaging.
From	the	spectra	of	nuclei	and	cytoplasm	compartments	of	studied	leukocytes	(Figure	8.4,
Color	Supplement)	[41],	one	can	notice	that	only	the	cytoplasm	of	lymphocytes	contains
carotenoids.	The	identification	of	pigments	was	based	on	two	marker	bands	observed	in	the
Raman	spectra	at	1522	and	1158	cm−1.	However,	no	traces	of	carotenoids	were	observed	for
any	other	type	of	leukocytes	[41].



Figure	8.4	Morphological	characteristics	of	the	different	leukocytes:	neutrophil	(A	and	E),
eosinophil	(B	and	F),	monocyte	(C	and	G),	and	lymphocyte	(D	and	H).	(A−D)	White	light
images	after	Kimura	staining;	(E−H)	false	color	Raman	images	of	the	same	cell	using	the
intensity	at	~788	cm−1	to	highlight	the	nucleus	(pink)	and	the	intensity	of	the	CH	stretching
between	2800	and	3050	cm−1	to	color	code	the	overall	cell	area	(blue).	(I)	Averaged	Raman
spectra	of	the	cytoplasm,	nucleus,	and	background	region.	Reprinted	with	permission	from	A.
Ramoji,	U.	Neugebauer,	T.	Bocklitz,	M.	Foerster,	M.	Kiehntopf,	M.	Bauer,	and	J.	Popp,
“Toward	a	Spectroscopic	Hemogram:	Raman	Spectroscopic	Differentiation	of	the	Two	Most
Abundant	Leukocytes	from	Peripheral	Blood,”	Analytical	Chemistry,	84,	5335–5342	(2012)
[41].

Copyright	(2012)	American	Chemical	Society.

Human	lymphocytes	are	important	to	the	adaptive	part	of	the	immune	system.	They	are	highly
active	cells	that	continuously	generate	reactive	oxidative	species	(ROS)	as	part	of	their	normal



cellular	activity.	ROS	are	produced	as	part	of	the	killing	mechanism	(e.g.,	to	oxidize	pollutants
and	viruses),	but	their	overproduction	can	lead	to	tissue	damage.	Therefore,	the	oxidant–
antioxidant	balance	allowing	normal	cellular	function	and	health	needs	to	be	maintained	[46],
and	the	role	of	antioxidants,	including	carotenoids	(β-carotene	or	astaxanthin),	is	the	protection
of	immune	cells	against	oxidative	stress	and	membrane	damage	[47,	48].

Time-lapse	Raman	imaging	(TLRI)	of	living	cells	was	a	new	approach	in	label-free	chemical
imaging	through	nonelectronic	resonant,	spontaneous	Raman	microspectroscopy	[42].	Raman
multiple	images	of	an	individual	cell	were	obtained	within	a	timespan	of	minutes.	A	full	series
of	TLRI	images	typically	resulted	in	more	than	1.6	million	data	points	per	image.	A	fingerprint
of	molecular	changes	was	observed	before	the	cell	was	blebbing.	The	molecular	fingerprint
was	related	to	a	gradual	disappearance	of	the	Raman	signal	from	carotenoids.	Concomitant
changes	occurred	in	the	C–H	stretch	high-wavenumber	region,	presumably	due	to	a	change	in
the	protein	and	lipid	environments	of	carotenoids.	It	has	been	hypothesized	that	the	lipid
environment	of	the	carotenoids	changes	as	a	result	of	the	photophysics	in	the	carotenoid
molecules.	The	detectability	of	carotenoids	was	shown	to	be	2.3	μM	per	voxel,	which
corresponds	to	415	molecules.	TLRI	enables	high-speed	chemical	imaging	not	only	in	the
intense	high-wavenumber	region	of	the	Raman	spectrum,	but	particularly	in	the	more
informative	fingerprint	region	between	500	and	1800	cm−1.

Besides	the	distribution	of	carotenoids	[41,	42],	their	concentration	[43]	in	a	single	human
lymphocyte	has	been	studied	using	Raman	spectroscopy.

The	analysis	of	carotenoids	in	lymphocytes	obtained	from	the	peripheral	blood	of	a	healthy
person	has	shown	that	they	are	concentrated	(about	10−3	mol·dm−3)	in	so-called	Gall	bodies
[44,	49].	As	expected,	the	reason	for	the	high	concentration	of	carotenoids	predominantly	in	the
subcellular	components	containing	high	lipid	concentration	(e.g.,	in	Gall	bodies)	is	due	to	the
lipophilic	nature	of	these	pigments	[43].	It	was	concluded	that	carotenoids	are	not
homogeneously	distributed	in	the	cell,	and	their	highest	abundance	is	in	the	cytoplasm	and	Gall
bodies	[42].

The	subcellular	location	and	concentration	of	carotenoids	have	been	studied	in	various	human
lymphocyte	subpopulations	[43].	They	were	found	at	a	high	concentration	(~10−3	M)	in	CD8+
lymphocytes	and	T-cell	receptor-γδ+	lymphocytes.	In	natural	killer	cells,	carotenoids	appeared
to	be	concentrated	(~10−4	M)	in	the	Golgi	complex.	The	concentration	of	carotenoids	in
CD19+	lymphocytes	was	below	the	detection	limit,	which	was	10−6	M	to	10−5	M.	These
results	also	show	the	possibility	of	investigating	the	mechanisms	behind	the	suggested
protective	role	of	carotenoids	against	the	development	of	cancers.

It	has	also	been	noted	that	the	amount	of	carotenoids	in	Gall	bodies	depends	on	the	age	and
health	condition	of	the	organism	[44,	45,	49].

The	level	of	carotenoids	in	living	human	lymphocytes	decreases	with	age	[49].	Also,	a
significant	decrease	of	carotenoids	is	observed	in	lung	carcinoma	patients	compared	with
healthy	individuals,	particularly	in	adenocarcinoma	patients.	Carotenoid	supplementation
raised	the	serum	concentration	in	lung	cancer	patients	up	to	normal	levels,	whereas



intracellular	content	remained	significantly	lower	[45].

8.5	Perspectives
This	chapter	presents	the	results	of	some	selected	published	studies	that	describe	various
applications	of	Raman	spectroscopy	for	an	efficient	measurement	of	carotenoids.	This
spectroscopic	method	has	a	potential	to	replace	existing	standard	procedures	used	for
biological	sample	analysis	(mainly	chromatographic	techniques).	A	special	advantage	of
vibrational	spectroscopy	is	the	possibility	to	perform	in	situ	analysis	of	the	intact	cell	or	tissue
without	the	necessity	to	perform	any	sample	cleanup	steps.	Raman	spectroscopy	combined
with	microequipment	and	confocal	microscopy	can	provide	detailed	molecular	information
with	high	spatial	resolution	at	the	cellular	level.	Imaging	techniques	have	developed	quickly
over	the	last	decade	and,	as	a	result,	so	has	the	potential	application	of	vibrational	methods	in
biological	sample	research.	Usually,	the	sensitivity	of	these	vibrational	methods	is	lower
compared	to	other	analytical	techniques.	However,	this	is	not	the	case	for	carotenoids,	which
can	be	analyzed	at	parts-per-million	concentrations.	Furthermore,	some	special	Raman
techniques,	such	as	the	SERS	or	TERS	(tip-enhanced	Raman	scattering)	methods,	can	increase
the	sensitivity	of	analysis.	These	methods	enhance	the	signal	by	six	or	more	orders	of
magnitude.	In	summary,	the	increased	demand	for	solutions	to	the	complex	problems	of	plant
and	animal	biochemistry	requires	a	multidisciplinary	approach	in	which	Raman	spectroscopy
already	plays	a	prominent	role.
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9.1	Biological	functions	of	carotenoids
A	conjugated	double-bond	system,	which	is	a	basic	and	typical	structural	element	of	a	polyene,
is	responsible	for	both	the	photophysical	and	structural	properties	of	carotenoids.	On	the	one
hand,	a	polyene	chain	is	rigid,	which,	together	with	its	length	of	circa	3	nm	in	the	case	of	most
abundant	natural	carotenoids	[1,	2],	provides	unique	opportunities	to	stabilize	biomembranes
and	membrane-bound	pigment–protein	complexes	[3–7].	On	the	other	hand,	a	length	of	the
conjugated	double-bond	system	is	responsible	for	absorption	of	light	and	therefore	for	the
pigment	properties	of	carotenoids.	In	the	case	of	N	values	in	the	range	of	7–11	(e.g.,
violaxanthin,	N=9;	lutein,	N=10;	or	β-carotene,	N=11;	see	Figure	9.1),	the	energies	of	the
strongly	allowed	S0	to	S2	electronic	transition	correspond	to	light	energies	from	the	blue-
green	spectral	region	(see	Figure	9.2)	[8].





Figure	9.1	Chemical	structures	of	the	most	abundant	carotenoids,	constituents	of	the	pigment–
protein	complexes.

Figure	9.2	Scheme	of	energy	levels	of	chlorophyll	a	and	carotenoids	with	indicated	selected
electronic	transitions.	A	stands	for	light	absorption;	D,	thermal	energy	dissipation;	I,
intersystem	crossing;	EET,	excitation	energy	transfer;	S0	(ground),	S1,	and	S2,	the	energy
levels	of	a	carotenoid;	T,	triplet	states;	Q,	the	Qy	state;	and	B,	the	Bx	state	of	chlorophyll	a.

Due	to	the	same	determinants,	the	energy	of	the	first	excited	triplet	state	of	the	C40	carotenoids,
with	a	sufficiently	long	conjugated	double-bond	system,	is	low	enough	to	accept	excitation
energy	from	the	triplet	state	of	porphyrins,	including	chlorophylls,	which	are	very	effective
photosensitizers	able	to	generate	singlet	oxygen.	Owing	to	the	fact	that	the	energy	of	both	the
triplet	states	of	photosensitizers	and	the	energy	of	singlet	oxygen	are	higher	than	the	triplet-
state	energy	of	the	carotenoids	listed	above,	they	can	play	a	photoprotective	role	via	the	energy
quenching	of	photosensitizer	triplet	or	oxygen	singlet	states.	Carotenoids	are	assigned	three



major	physiological	functions	in	nature:	photoprotection	against	oxidative	damage	[9,	10],
structural	stabilization	of	biomembranes	and	proteins,	and	light	absorption	(pigmentation	and
the	photosynthetic	light-harvesting	function).	As	can	be	seen	from	the	short	discussion	so	far	in
this	chapter,	owing	to	the	unique	chemical	structure	of	this	class	of	molecules,	carotenoids
seem	ideally	suited	to	play	important	biological	functions	in	living	organisms.
There	are	two	possible	localizations	of	carotenoids	in	biomembranes;	pigments	can	be	directly
present	within	the	membrane	lipid	phase	[3]	and	specifically	bound	to	pigment–protein
complexes.	The	distribution	of	carotenoids	in	the	thylakoid	membranes	of	the	photosynthetic
apparatus	is	a	prominent	example	of	such	a	localization.	Almost	an	entire	pool	of	the
photosynthetically	active	carotenoids	is	protein	bound,	along	with	chlorophylls,	and	appears	as
functional	pigment–protein	complexes	[11].	In	addition	to	this,	a	certain	poll	of	polar
carotenoids,	called	xanthophylls,	appears,	at	least	transiently,	directly	in	the	lipid	phase	of	the
thylakoid	membranes.	Those	xanthophylls	are	violaxanthin,	antheraxanthin,	and	zeaxanthin,	and
such	localization	is	associated	with	operation	of	the	enzymatic	interconversion	between	the
pigments,	referred	to	as	the	xanthophyll	cycle	[12].	The	xanthophyll	cycle	pigments	have	one
common	structural	feature,	namely,	the	presence	of	two	hydroxyl	groups	in	the	opposite	ends	of
their	molecules,	at	the	C3	and	C3′	positions.	The	distance	between	these	polar	groups	(~3	nm)
fits	very	well	with	the	thickness	of	the	hydrophobic	core	of	the	thylakoid	membrane	(~3	nm)
[1,	7].	Owing	to	such	compatibility,	the	xanthophylls	can	span	the	membrane	and	be	anchored
by	their	polar	groups	in	the	opposite	hydrophilic	zones	of	the	membrane.	Such	pigment
localization	and	orientation	have	been	shown	to	influence	considerably	both	the	structural	and
dynamic	properties	of	the	membranes	and,	in	consequence,	protect	the	lipid	phase	against
oxidative	damage.

As	mentioned	in	this	chapter,	most	carotenoids	are	located	in	vivo	in	the	functional	pigment–
protein	complexes.	A	prominent	example	of	such	a	complex	is	the	plant	photosynthetic	antenna
complex	LHCII	(light-harvesting	pigment–protein	complex	of	Photosystem	II)	[13,	14].

9.2	Carotenoids	in	pigment–protein	complexes
LHCII	(see	Figure	9.3	in	the	Color	Supplement)	is	a	very	abundant	membrane	protein	in	the
biosphere,	and	it	comprises	virtually	half	of	the	chlorophyll	molecules	on	Earth	[15].

The	main	physiological	function	of	this	pigment–protein	complex	is	capturing	light	quanta	and
transferring	electronic	excitations	toward	the	reaction	centers,	to	drive	the	photochemical
reactions	of	photosynthesis.



Figure	9.3	Model	of	the	structure	of	the	LHCII	pigment–protein	complex,	based	on	the
crystallographic	data	PDB:	2bhw.

A	superficial	analysis	of	the	LHCII	composition	indicates	enormously	high	pigment	density	per
protein:	eight	molecules	of	chlorophyll	a,	six	molecules	of	chlorophyll	b,	and	four	molecules
of	xanthophylls.	The	LHCII	xanthophyll	pool	is	constituted	by	two	luteins,	one	neoxanthin,	and
one	violaxanthin.	Interestingly,	the	xanthophylls	are	not	covalently	bound	to	the	complex	but
always	occupy	the	same	positions	and	bind	to	the	complex	at	the	same	stoichiometry,	both	in
the	native	LHCII	and	in	the	complex	reconstituted	in	vitro,	from	the	overexpressed	lhcb
apoprotein	and	pigment	extract.	This	means	that	different	xanthophylls	play	important	and
specific	functions	in	the	complex.	LHCII	is	a	photosynthetic	antenna,	and,	therefore,	it	could	be
anticipated	that	the	main	physiological	function	of	xanthophylls	in	the	complex	is	to	absorb
light	and	direct	their	excitation	energy	toward	chlorophylls	[16].	In	fact,	such	a	nonradiative
excitation	energy	transfer	from	xanthophylls	to	chlorophyll	a	can	be	very	easily	observed	from
the	analysis	of	the	chlorophyll	fluorescence	excitation	spectra	in	which	the	contribution	from
carotenoid	excitations	can	be	noticed.	Such	energy	transfer	has	to	operate	via	the	short-
distance,	energy-charge	exchange	mechanisms,	referred	to	as	Dexter-type	energy	transfers,	due
to	the	fact	that	carotenoids	present	a	relatively	low-fluorescence	quantum	yield,	which	is	one
of	the	determinants	of	the	rate	of	the	long-distance,	Förster-type,	nonradiative	excitation	energy
transfer	mechanism.	A	contribution	of	carotenoids	to	the	antenna	activity	is	very	distinct	in	the
case	of	the	bacterial	photosynthetic	antenna	complexes	[17],	but	in	the	case	of	the	plant	LHCII



complex,	the	xanthophyll	absorption	bands	are	almost	overlapped	by	the	combined	Soret	bands
of	chlorophyll	a	and	chlorophyll	b.	This	suggests	that	antenna	activity	of	the	LHCII-bound
xanthophylls	is	not	a	vital	biological	function.	Photosensitized	generation	of	carotenoid	triplet
states	in	isolated	LHCII,	localized	mostly	on	lutein,	by	time-resolved	and	pulse	electron
paramagnetic	resonance	(EPR)	techniques	[18]	and	also	by	Raman-scattering	spectroscopy
[19],	shows	that	the	antenna-bound	xanthophylls	act	as	photoprotectors	via	quenching	of
chlorophyll	triplet	states	and	preventing	generation	of	singlet	oxygen	[20,	21].	Two	molecules
of	lutein	are	located	in	the	central	part	of	the	antenna	protein,	span	the	complex,	and	remain	in
close	contact	with	numerous	chlorophyll	molecules.	Such	a	localization	provides	favorable
conditions	for	chlorophyll–lutein	excitation	energy	transfer,	including	the	chlorophyll	triplet
quenching	by	the	xanthophyll,	which	is	recognized	as	a	basic	photoprotective	activity.	It	was
suggested	that	circa	95%	of	chlorophyll	triplet	excitations	in	LHCII	are	effectively	quenched
by	the	protein-complexed	molecules	of	lutein	[20].	Moreover,	the	rigid	xanthophyll	molecules,
located	in	the	central,	lutein-binding	sites	of	LHCII	(L1	and	L2),	play	a	fundamental
physiological	function	in	proper	folding	and	stabilization	of	this	pigment–protein	complex	[13,
14].

Most	conclusions	regarding	the	behavior	of	LHCII	under	light	stress	conditions,	including
those	on	xanthophyll-related	photoprotection,	are	based	on	the	model	studies	carried	out	with
an	isolated	pigment–protein	complex.	Such	observations	are	valuable	from	the	physiological
point	of	view	due	to	the	fact	that	isolated	LHCII	is	not	able	to	transfer	excitation	energy
outward	toward	the	reaction	centers,	and	therefore	it	is	a	good	model	of	this	antenna	complex
under	overexcitation	conditions.	Moreover,	owing	to	the	LHCII	phosphorylation	and	the	so-
called	State	I–State	II	transition,	the	proteins	migrate	out	of	the	membrane	regions	enriched
with	the	reaction	centers	of	Photosystem	II	[22–26].	Some	antennae	become	energetically
coupled	to	Photosystem	I,	but	the	majority	remains	energetically	uncoupled	from	reaction
centers	in	the	thylakoid	membranes.	As	mentioned	in	this	chapter,	chlorophylls	are	very
efficient	photosensitizers,	basically	due	to	the	fact	that	the	rate	of	intersystem	crossing	can
reach	~60%	in	the	case	of	chlorophyll	a,	and	up	to	88%	in	the	case	of	chlorophyll	b.
Therefore,	from	the	“strategic”	standpoint,	a	better	photoprotective	activity,	under
overexcitation	conditions,	would	be	preventing	the	generation	of	chlorophyll	triplets,	rather
than	quenching	them.	A	straightforward	mechanism,	acting	according	to	such	a	rule,	would	be
quenching	of	excessive	chlorophyll	singlet	excitations.	Chlorophyll	a	fluorescence	quenching,
observed	at	strong	light	conditions,	is	a	manifestation	of	the	operation	of	such	a	mechanism	in
vivo.	Such	observation	is	straightforward	and	technically	very	simple,	contrary	to	explaining
which	exact	mechanisms	are	directly	responsible	for	that	kind	of	excitation	quenching.	One	of
the	popular	concepts	was	directly	based	on	the	reversed	antenna	activity	of	the	LHCII-bound
xanthophylls,	namely,	on	the	singlet–singlet	excitation	energy	transfer	from	chlorophyll	to
xanthophylls.	The	forward	(from	xanthophyll	to	chlorophyll)	and	the	backward	(from
chlorophyll	to	xanthophyll)	singlet–singlet	excitation	energy	transfer	was	a	core	of	the
hypothesis,	named	the	molecular	gearshift	mechanism	[27].	The	hypothesis	has	been	put
forward	to	explain	the	biological	meaning	of	the	xanthophyll	cycle	operating	in	the
photosynthetic	apparatus	of	higher	plants.	Within	the	xanthophyll	cycle,	violaxanthin,	which	is
a	xanthophyll	present	in	the	photosynthetic	apparatus	at	physiological	conditions,	is



enzymatically	converted	to	zeaxanthin,	under	strong	light	conditions,	via	the	two-step	de-
epoxidation	(see	Figure	9.4)

Figure	9.4	Schematic	representation	of	the	xanthophyll	cycle	operating	in	higher	plants.

Owing	to	the	fact	that	zeaxanthin	is	a	xanthophyll	with	a	longer	conjugated	double-bond	system
(N=11)	than	violaxanthin	(N=9),	corresponding	energy	levels	in	both	xanthophylls	will	be
different	and	located	lower	on	the	energy	scale	in	the	case	of	a	longer	polyene.	Simply	due	to
this	fact,	combined	with	the	localization	of	the	lowest	singlet	energy	level	of	xanthophylls	(S1,
1A1

g),	which	is	comparable	to	the	energy	of	the	Qy	state	of	chlorophyll	a,	it	could	be
anticipated	that	violaxanthin	will	be	a	xanthophyll	predisposed	to	act	as	an	antenna,	contrary	to
zeaxanthin,	which	will	be	predisposed	to	act	as	a	chlorophyll	excitation	quencher	(see	Figure
9.5).



Figure	9.5	Comparison	of	the	localization	of	the	electronic	energy	levels	of	chlorophyll	a	and
the	xanthophyll	cycle	pigments,	to	discuss	a	direction	of	the	excitation	energy	transfer.

Such	a	concept	was	originally	presented	as	a	hypothesis	due	to	the	fact	that	localization	of	the
xanthophyll	S1	level	on	the	energy	scale	was	uncertain,	because	direct	S0→S1	electronic
transition	is	forbidden	for	a	single-photon	absorption	[28],	due	to	the	symmetry	reasons.	It
appeared	latter	that	the	energy	difference	between	the	S1	states	of	violaxanthin	and	zeaxanthin
was	not	as	large	as	originally	expected	[29],	which	made	the	“molecular	gearshift	model”	less
attractive.	On	the	other	hand,	the	vibronic	bands	of	carotenoids	are	relatively	broad	and	the	S1
energy	level	could	be	almost	isoenergetic	relative	to	the	Qy	state	of	chlorophylls;	both	the
forward	and	the	backward	singlet–singlet	excitation	energy	transfer	between	xanthophyll	and
chlorophyll	molecules,	embedded	in	the	same	pigment–protein	complexes,	is	very	probable,
and	it	is	also	very	likely	that	it	plays	a	physiological	function	in	regulation	of	the
photosynthetic	antenna	function,	under	changing	light	intensity	conditions	[30].

As	mentioned	in	this	chapter,	operation	of	the	enzymatic	reactions	of	the	xanthophyll	cycle
requires	violaxanthin,	a	xanthophyll	bound	to	the	protein	environment	(Figure	9.3),	to	be
detached	and	transferred	toward	the	lipid	phase	of	the	thylakoid	membrane,	in	which	the	de-
epoxidase	enzyme	dissolved	in	the	luminal	volume	can	act	[12].	This	process	has	been
historically	referred	to	as	a	light-dependent	control	of	violaxanthin	availability	for	enzymatic



de-epoxidation.	The	resonance	Raman	study	of	xanthophylls	in	isolated	LHCII	has	revealed
that,	under	strong	light	conditions,	violaxanthin	is	subjected	to	light-driven	molecular
configuration	change,	in	situ,	which	makes	the	pigment	binding	to	the	protein	less	favorable	for
steric	reasons.	The	localization	site	of	violaxanthin	in	LHCII	is	at	the	border	of	monomers	in
the	trimeric	structure,	which	is	a	natural	molecular	organization	form	of	this	protein	under
physiological	conditions.	Owing	to	this	fact,	it	has	been	hypothesized	that	the	process	of	light-
driven	liberation	of	violaxanthin	is	associated	with	the	light-induced	LHCII	trimer
destabilization	resulting	in	a	monomer	formation	[31].	The	process	of	light-induced	trimer–
monomer	transition	of	LHCII	was	first	observed	by	Garab	and	coworkers	[32].	Such	a	LHCII
transition	was	originally	assigned	as	originating	from	a	thermo-optical	effect.	It	is	very	likely
that	violaxanthin	undergoes	a	light-driven	molecular	configuration	change	not	via	a	direct
photoreaction	but	rather	at	the	expense	of	thermal	energy	dissipated	in	the	entire	overexcited
antenna	system.	In	such	a	system,	violaxanthin	therefore	can	be	recognized	as	a	specific
overexcitation	sensor,	triggering	a	cascade	of	processes	leading	to	photoprotection	via
quenching	of	excessive	excitations.	One	of	the	consequences	of	such	a	process	is	making
violaxanthin	available	for	the	enzymatic	de-epoxidation,	which	results	in	zeaxanthin
accumulation.	Another	direct	consequence	is	the	presence	of	LHCII	monomers	instead	of
trimers	in	the	photosynthetic	membranes	subjected	to	light	stress.	The	possible	physiological
meaning	of	such	a	trimer–monomer	conversion	still	remains	an	open	question.	The	fact	that	the
trimeric	organization	of	LHCII	has	been	conserved	during	biological	evolution	suggests	that
such	a	structure	is	optimized	to	assure	efficient	operation	of	the	complex	as	a	photosynthetic
antenna.	The	fact	that	LHCII	trimers	disassemble	into	monomers,	under	light	stress	conditions,
suggests	a	photoprotective	meaning	of	this	reorganization.	Regarding	accumulation	of
zeaxanthin,	numerous	observations	has	shown	a	correlation	of	zeaxanthin	concentration	and
high-light-induced	excitation	quenching	[33,	34].	However,	the	fact	that	a	comparable	extent	of
quenching	could	be	observed	in	the	zeaxanthin-less	Arabidopsis	mutants	[35]	raises	a	question
on	the	causative	character	of	the	zeaxanthin	level	and	excitation-quenching	correlations.	On	the
other	hand,	it	can	be	hypothesized	that,	in	the	absence	of	zeaxanthin,	other	xanthophylls	take
over	the	role	of	excessive	chlorophyll	singlet	excitation	quenching	[35].	In	addition	to	the
direct,	photophysical	effects	of	the	xanthophyll	cycle	pigments	on	the	pigment–protein
complexes,	indirect	effects	have	been	proposed,	based	on	modulation	of	molecular
organization	of	the	antenna	proteins	(the	formation	of	supramolecular	structures)	[14,	30,	36–
38].

As	emphasized	here,	each	LHCII-bound	xanthophyll	represents	a	unique	chemical	structure	and
occupies	a	unique	site	in	the	protein.	In	contrast	to	lutein,	which	is	tightly	bound	and	hidden
inside	a	protein	core,	or	violaxanthin,	which	is	relatively	weakly	bound	and	located	at	the
periphery	of	the	LHCII	monomer	(at	the	border	of	monomers	in	the	trimeric	structure),
neoxanthin	is	anchored	by	one	end	in	the	protein,	and	half	of	its	molecule	protrudes	out	of	the
complex.	Interestingly,	in	contrast	to	other	LHCII-bound	xanthophylls	that	remain	in	the	all-
trans	molecular	configuration,	neoxanthin	binds	to	the	protein,	adopting	a	9′-cis	molecular
configuration.	It	seems	that	such	a	molecular	configuration	of	the	xanthophyll	assures	relatively
tight	protein	binding,	despite	the	fact	that	only	half	of	the	molecule	is	involved	in	interaction
with	the	protein	(a	hook	effect).	Several	light-controlled	regulatory	processes	are	assigned



specifically	to	neoxanthin	as	a	light-intensity-sensing	photoreceptor.	It	has	been	demonstrated,
based	on	the	results	of	the	resonance	Raman	analysis	of	the	LHCII-bound	xanthophylls,	that
neoxanthin	undergoes	light-driven	molecular	configuration	changes,	referred	to	as	“twisting”
[39].	Such	a	change	has	been	proposed	to	alter	the	LHCII	structure	to	a	level	that	influences
lutein–chlorophyll	molecular	distance	and	potentiates	singlet–singlet	excitation	energy	transfer
to	lutein	(chlorophyll	excitation	quenching)	[39].	Such	a	concept	has	been	questioned	for	two
reasons.	In	the	first	place,	it	is	a	relatively	rigid	protein	core,	which	is,	according	to	structural
biologists,	very	unlikely	to	be	subjected	to	reorganization	[15].	Another	line	of	criticism	is
associated	with	questioned	chlorophyll	excitation	quenching	by	lutein	[40].	Despite	this
dispute,	the	observation	regarding	light-driven	twisting	of	neoxanthin	is	very	important,
certainly	very	interesting,	and	most	likely	physiologically	relevant.	It	also	has	been
demonstrated,	with	application	of	chromatographic	analysis,	that	illumination	of	isolated
LHCII,	with	relatively	strong	light,	results	in	photo-isomerization	of	9′-cis	neoxanthin	to	other
molecular	configuration	forms,	in	particular	9′,13′-	and	9′,13-dicis	[41].	It	has	been	postulated
that	such	a	light-driven	neoxanthin	conversion	facilities	intertrimer	LHCII	interactions,	leading
to	formation	of	the	excitation-quenching	molecular	organization	structures	of	LHCII.	According
to	the	authors,	a	close	contact	between	the	LHCII	trimers	in	the	membrane,	which	would	result
in	the	formation	of	excitation-quenching	supramolecular	structures	of	the	complex,	is	blocked
by	neoxanthin	protruding	out	of	the	protein	but	is	potentiated	after	light-driven	neoxanthin
isomerization	[42].

9.3	Final	remarks
As	can	be	concluded,	based	on	the	analysis	of	the	molecular	structure	and	physiological
function	of	carotenoids	bound	to	the	pigment–protein	complex	LHCII,	biological	functions	of
pigments	are	potentiated	by	and	specifically	related	to	a	chemical	structure.	Such	a	structure	is
responsible	for	both	the	structural	and	photophysical	properties	of	carotenoids.	Slightly	altered
xanthophyll	composition	of	the	other,	minor	photosynthetic	pigment–protein	antenna	complexes
(e.g.,	CP	24,	CP	26,	and	CP	29)	and,	in	particular,	the	presence	of	β-carotene	in	the
photosynthetic	reaction	centers	are	believed	to	respond	to	the	specific	physiological	functions
of	carotenoids	in	those	pigment–protein	complexes.	This	problem	is	still	a	subject	of	intensive
research.	Generally,	both	the	structure-stabilizing	and	energy	transfer	functions	are	certainly
basic	ones	assigned	to	carotenoids	in	the	pigment–protein	complexes.	In	the	case	of	β-
carotene,	additionally,	it	has	been	hypothesized	that	a	polyene	chain	may	be	directly	involved
in	the	electric	charge	transfer,	for	example	in	the	cyclic	electron	transfer	around	Photosystem	II
[43].	A	very	interesting	example	of	a	pigment–protein	complex	that	binds	carotenoids	is	a
water-soluble	orange	carotenoid	protein	called	OCP	[44,	45].	The	OCP	complex	has	been
reported	to	act	as	a	light	intensity	sensor	in	cyanobacteria,	responsible	for	control	of	thermal
energy	dissipation	under	light	stress	conditions.	The	protein-embedded	carotenoid	(3′-
hydroxyechinenone)	remains	in	the	all-trans	configuration.	A	reversible	phototransformation	of
OCP,	from	the	“orange”	form	to	the	active	“red”	form,	which	takes	place	upon	illumination
with	blue-green	light,	is	associated	with	certain	structural	modifications	of	both	the	protein
environment	and	the	carotenoid	cofactor,	as	demonstrated	with	application	of	the	FTIR	and



resonance	Raman	techniques,	respectively	[45].

9.4	Perspectives
Despite	the	high	activity	of	numerous	research	groups	involved	in	studies	on	physiological
functions	of	carotenoid	pigments	in	the	pigment–protein	complexes,	there	are	still	many	open
questions	that	need	clarification.	One	of	these	problems	is	associated	with	the	potential
involvement	of	a	light-induced	molecular	configuration	change	of	the	LHCII-bound
violaxanthin,	in	the	process	of	light-driven	trimer–monomer	transition	of	the	complex.	A
similar	open	question	is	related	to	the	light-driven	molecular	configuration	change	of	the
LHCII-bound	xanthophyll	neoxanthin.	It	is	possible	that	such	a	process	influences	(or	maybe
even	potentiates?)	supramolecular	structure	formation	of	LHCII,	which	is	responsible	for
excessive	excitation	quenching	in	the	photosynthetic	apparatus	of	plants	exposed	to
overexcitation	conditions.	These	and	similar	open	questions	will	be,	most	probably,	addressed
in	the	near	future,	and	new	findings	will	shed	light	on	mechanistic	aspects	of	unknown
carotenoid	functions	in	the	pigment–protein	complexes.
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10.1	Biosynthetic	pathways
10.1.1	Occurrence	in	nature
Carotenoids	are	ubiquitous	in	living	organisms	where	they	play	important	functions,	as	shown
in	other	chapters.	They	are	found	in	organisms	classified	to	all	three	domains	of	life	(Bacteria,
Archaea,	and	Eukaryota),	including	fungi,	algae,	higher	plants,	and	animals	[1,	2].	Most
animals	uptake	carotenoids	from	food	and	accumulate	or	modify	them	through	metabolic
reactions,	as	they	are	not	capable	of	carotenoid	biosynthesis	de	novo	due	to	the	lack	of
essential	enzymes.	An	exception	to	this	rule	was	found	in	arthropods,	specifically	pea	aphids
(Acyrthosiphon	pisum;	class	Insect,	order	Hemiptera),	which	accumulate	their	own
carotenoids,	carotenes,	and	torulene,	responsible	for	color	polymorphism	between	individuals
[3].	Genetic	analysis	confirmed	that	the	displayed	color	is	inherited	in	the	Mendelian	fashion
thus	conferred	by	aphid	genes.	A	unique	bidirectionally	transcribed	arrangement	of	fused
phytoene	synthase	and	lycopene	cyclase	gene	sequences,	accompanied	by	the	phytoene
desaturase	sequence,	indicates	that	in	the	past	an	ancestor	of	pea	aphids	acquired	a	carotenoid
gene	cluster	from	zygomycete	fungi	via	a	horizontal	transfer.	Pigmentation	observed	in	other
aphid	species,	supported	by	their	genomic	analyses,	extends	the	number	of	aphid	species	that
may	be	able	to	perform	carotenogenesis	[4].	Recent	phylogenetic	analyses	of	other	plant	pests,
spider	mite	(Tetranychus	urticae;	class	Arachnida,	order	Trombidiformes)	[5,	6]	and	gall
midges	(Mayetiola	destructor	and	Asteromyia	carbonifer;	class	Insect,	order	Diptera)	[7],
indicate	analogous	transfer	of	the	same	conserved	gene	cluster	from	fungal	symbionts	to
arthropods	with	subsequent	sequence	duplications,	rearrangements,	and	divergence.
Identification	of	highly	homologous	sequences	in	three	distinct	taxonomic	orders	delivers
molecular	evidence	for	independent	acquisition	of	carotenoid	genes	by	those	animals,	although
other	scenarios	cannot	be	neglected	[8].

10.1.2	Cellular	localization	and	compartmentalization
The	evolutionary	complexity	of	an	organism	determines	how	carotenoids	are	synthesized	in
cells.	Archaea	and	bacteria	lack	internal	organelles,	so	all	steps	of	carotenoid	biosynthesis
must	take	place	in	the	cytosol.	The	mevalonate	pathway	(MVA)	is	a	multistep	route	leading	to



the	synthesis	of	short,	five-carbon	(C5)	isoprenoid	precursors	of	carotenoids	in	these
organisms.	For	many	years,	the	MVA	pathway	was	considered	as	the	only	pathway	of
isoprenoid	biosynthesis	in	eukaryotes.	However,	algae	and	higher	plants	have	distinct	cellular
organelles	surrounded	by	plasma	membranes	built	of	phospholipids	and	proteins	that	separate
the	biochemical	environment	from	the	rest	of	the	cell.	Such	compartmentalization	led	to	the
separation	of	biosynthetic	pathways	in	eukaryotes,	with	an	alternative,	nonmevalonate	pathway
formed	in	plastids	(Figure	10.1).

Figure	10.1	Cytosolic	and	plastidic	pathways	of	C5	isoprenoid	biosynthesis	in	a	plant	cell.
DXP,	1-deoxy-D-xylulose	5-phosphate;	GAP,	D-glyceraldehyde	3-phosphate;	MEP,	2-C-
methyl-D-erythritol	4-phosphate;	HMBPP,	(E)-1-hydroxy-2-methyl-2-butenyl	diphosphate.

In	this	pathway,	the	2-C-methyl-D-erythritol	4-phosphate	(MEP)	pathway,	the	same	C5
isoprenoid	precursors	are	synthesized	as	in	the	MVA	pathway.	It	is	now	generally	accepted	that
in	eukaryotes,	plastid	C5	isoprenoids	are	substrates	for	biosynthesis	of	carotenoids
(tetraterpenes),	chlorophylls,	as	well	as	mono-	and	diterpenes,	while	triterpenes	and
sesquiterpenes	are	generated	from	C5	isoprenoids	produced	by	the	MVA	pathway	found	in	the
cytosol	[9,	10].	Metabolite	exchange	between	plastids	and	cytosol	occurs	to	some	extent	due	to
membrane	permeability,	but	the	MEP	and	MVA	pathways	cannot	compensate	for	the	absence	of
the	other.	Nevertheless,	experiments	with	13C	labeled	glucose	revealed	that	some	microalgae



like	Euglena	gracilis	can	synthesize	carotenoids	using	precursors	of	both	pathways	[11].	In
general,	a	consequence	for	the	cellular	compartmentalization	is	that	carotenogenesis	takes
place	in	the	plastids	of	plant	cells.

10.1.3	Pathways	to	generate	isoprenoid	precursors	for	carotenoid
biosynthesis
According	to	the	International	Union	of	Pure	and	Applied	Chemistry	(IUPAC)	nomenclature,
carotenoids	are	a	class	of	hydrocarbons	and	their	oxygenated	derivatives	that	consist	of	eight
C5	isoprenoid	units.	Derivatives	with	more	than	40	carbons	in	the	chain	can	be	also	called
carotenoids	if	they	have	more	C5	units	joined	in	a	manner	similar	to	that	of	the	C40	skeleton.
Additionally,	removal	of	one	or	both	ends	of	the	carotenoid	molecule	can	result	in	shorter
chain	carotenoids,	referred	to	as	apocarotenoids	[12].	Although	shorter,	C30	isoprenoids	are
not	covered	by	the	above	definition;	they	are	commonly	classified	as	carotenoids.	They	are
found	in	only	a	limited	number	of	bacterial	species	(e.g.,	Heliobacterium	sp.,
Methylobacterium	sp.	Staphylococcus	sp.,	and	Streptococcus	sp.),	which	are	able	to
condense	two	C15	isoprenoids	[13,	14].	Thus,	some	organisms	are	capable	of	C30	and	C40
carotenoid	biosynthesis	by	making	use	of	two	divergent	pathways;	however,	plants	only	use	the
C40	pathway	[15].

Synthesis	of	a	canonical	40-carbon	carotenoid	as	well	as	other	isoprenoids	requires
condensing	C5	units.	Formation	of	these	short	isoprenoid	precursors	in	the	MEP	pathway	is
processed	by	nuclear	encoded	enzymes	that	are	targeted	to	plastids.	Two	substrates,	pyruvate
and	D-glyceraldehyde	3-phosphate,	are	condensed	by	1-deoxy-D-xylulose	5	phosphate	(DXP)
synthase	(DXS),	and	then	DXP	is	converted	by	DXP	reductoisomerase	(DXR)	to	MEP	(Figure
10.1).	As	the	outcome	of	the	next	multi-enzyme	step,	synthesis	of	(E)-1-hydroxy-2-methyl-2-
butenyl	diphosphate	(HMBPP)	and	its	subsequent	reduction	to	two	C5	isoprenoid	molecules,
dimethylallyl	diphosphate	(DMAPP)	and	isopentenyl	diphosphate	(IPP),	occur.	DMAPP	and
IPP	are	isoprene	isomers	protonated	at	C1	and	C3,	respectively,	and	both	have	a	five-carbon
chain.	Isoprene	biosynthesis	in	the	MVA	pathway	utilizes	two	units	of	acetyl-CoA	that,	after
condensation,	are	converted	to	mevalonate	undergoing	phosphorylation.	Decarboxylation	of	5-
diphosphomevalonate	leads	to	IPP	formation,	which	can	then	be	isomerized	to	DMAPP	[16–
18].

Two	mechanisms	are	involved	in	the	elongation	of	the	isoprene	chain	from	five	to	40	carbons.
The	carbon	linear	skeleton	is	elongated	by	five	carbons	each	time	when	a	C5	unit	is	added.
When	two	of	the	same	isoprenoid	molecules	are	condensed,	the	reaction	results	in	duplication
of	the	skeleton	length.	Thus,	in	a	series	of	elongation	reactions,	DMAPP/IPP	are	converted	to
C10,	C15,	and	C20	isoprenoid	intermediates,	and	condensation	of	the	latter	gives	the	first	C40
carotenoid	(Figure	10.2).	Bacteria,	algae,	and	higher	plants	are	capable	of	C5–C20	and	C40
isoprenoid	biosynthesis	in	this	manner.	This	pathway	is	extended	to	longer	C45	and	C50
carotenoids	by	a	few	selected	bacteria	such	as	Flavobacterium	dehydrogenans	[19],



Corynebacterium	glutamicum	[20],	Dietzia	sp.	[21],	Micrococcus	luteus,	and	halophilic
archaea	Halobacterium	sp.	and	Halococcus	sp.	[22].	Biosynthesis	of	C45	and	C50	carotenoids
results	from	the	condensation	of	their	shorter	C40	and	C45	intermediates,	respectively,	by	the
addition	of	one	C5	unit.





Figure	10.2	Isoprenoid	chain	elongation	pathways	known	in	living	organisms,	including	plant
kingdom,	and	engineered	pathways	in	bacteria.

Genetic	engineering	of	Escherichia	coli	revealed	that	there	are	other	functional	routes	for
carotenoid	biosynthesis.	Depending	on	the	combination	of	isoprenoid	intermediates	used	in
enzymatic	reactions,	carotenoids	of	various	chain	lengths	can	be	synthesized	(e.g.,	C35
carotenoids	were	synthesized	after	condensation	of	C15	and	C20	intermediates)	[23]	(Figure
10.2).	The	engineering	strategy	revealed	that	biosynthesis	of	natural	carotenoids	also	can	be
achieved	through	alternative	branches.	For	example,	C40	carotenoids	were	obtained	by	fusion
of	C15	and	C25	molecules	instead	of	naturally	occurring	condensation	of	two	C20	intermediates.
Also	the	C45	carotenoid,	naturally	produced	by	condensation	of	a	C40	molecule	and	C5	unit,
was	synthesized	in	an	engineered	pathway	by	condensation	of	C20	and	C25	intermediates,
whereas	the	C50	carotenoid	was	produced	by	condensation	of	two	C25	intermediates	[14].
Clearly,	there	is	some	degree	of	flexibility	in	respect	to	engineering	carotenoids	in	the
bacterial	world.

In	plants,	C40	carotenoids	are	synthesized	after	sequential,	three-cycle	condensation	reactions
(Figure	10.3	and	Table	10.1).	At	first,	geranylgeranyl	diphosphate	(GGPP)	synthase	catalyzes
condensation	of	DMAPP	and	IPP	and	release	of	the	allylic	diphosphate	group	to	form	geranyl
diphosphate	(GPP)	[18].	This	C10	molecule	with	a	doubled	isoprene	chain	and	one
diphosphate	end	group	binds	to	GGPP	synthase,	which	repeats	the	condensation	reaction	with
another	IPP	unit.	The	resulting	farnesyl	diphosphate	(FPP)	has	a	15-carbon	chain.	In	the	third
cycle,	FPP	and	IPP	condensation	leads	to	formation	of	C20	GGPP.	These	three	C10,	C15,	and
C20	plastid	isoprenoids	are	also	precursors	of	many	other	classes	of	biologically	active
compounds,	such	as	the	mono-	and	diterpenes,	phytol,	chlorophylls,	tocopherols,	gibberelins,
phylloquinone,	ubiquinones,	plastoquinones,	and	tocotrienol	[16,	24].



Figure	10.3	Biosynthesis	of	carotene	precursors	from	C5	units	catalyzed	by	geranylgeranyl
diphosphate	synthase	(GGPPS)	and	phytoene	synthase	(PSY).



Table	10.1	Plant	enzymes	of	carotenoid	biosynthetic	pathway.

Abbreviation Name Activity
CBFD Carotenoid	β-ring	4-

dehydrogenase
Hydroxylation

CCS Capsanthin/capsorubin	synthase κ-ring	formation,	cyclization
CHYB
(or	BCH,	CHX,	CHY,	or
HYD)

Non-heme	di-iron	β-carotene	3-
hydroxylase

Hydroxylation

CRTISO cis-to-trans	carotene	isomerase Isomerization
CYP97A,	β-OH P450	β-ring	carotene	3-

hydroxylase
Hydroxylation

CYP97C,	ε-OH P450	ε-ring	carotene	3-
hydroxylase

Hydroxylation

DDE Diadinoxanthin	deepoxidase De-epoxidation
DEP Diatoxanthin	epoxidase Epoxidation
GGPPS Geranylgeranyl	diphosphate

synthase
Condensation

HBFD Carotenoid	4-dehydroxy-β-ring
4-dehydrogenase

Dehydrogenation,	ketolation

LCYB Lycopene	β-cyclase Cyclization
LCYE Lycopene	ε-cyclase Cyclization
NXS Neoxanthin	synthase Ring	opening,	desaturation,

isomerization
PDS Phytoene	desaturase Desaturation
PSY Phytoene	synthase Synthesis
VDE Violaxanthin	deepoxidese De-epoxidation
ZDS ζ-Carotene	desaturase Desaturation
ZEP Zeinoxanthin	epoxidase Epoxidation
Z-ISO 15-cis-ζ-carotene	isomerase Isomerization

10.1.4	The	main	pathway	toward	carotenoid	biosynthesis
Plant	carotenoids	are	hydrocarbons	that	may	undergo	various	modifications	through
desaturation,	isomerization,	cyclization,	oxygenation,	hydroxylation,	methylation,	epoxidation,
and	esterification	or	their	reversed	reactions	that	lead	to	a	diverse	class	of	molecules	of
various	structure	and	properties,	and	imply	various	biological	functions	of	carotenoids	(for
comprehensive	reviews,	see	[18,	25–31]).	The	carotenoid	pathway	can	be	arranged	in	a



hierarchical	manner	with	distinguished	branches.	The	first	carotenoids	are	subjected	to
desaturation	and	isomerization	reactions	that	lead	to	formation	of	acyclic	hydrocarbon
molecules	with	an	increased	number	of	conjugated	double	bonds	in	the	main	chain	(Figure
10.4).	GGPP	is	the	immediate	precursor	of	plant	carotenoids.	Two	GGPP	molecules	are
condensed	in	a	head-to-head	orientation	to	form	C40	prephytoene	diphosphate	(PPPP)	with	one
diphosphate	group	at	the	central	position.	This	reaction	is	catalyzed	by	phytoene	synthase
(PSY),	the	first	enzyme	of	the	carotenoid	pathway	in	plants.	Then	the	same	enzyme	converts
PPPP	to	the	first	C40	carotenoid,	15-cis-phytoene,	catalyzing	a	complex	rearrangement	at	the
site	of	diphosphate	release.

Figure	10.4	Desaturation	and	isomerization	reactions	of	15-cis-phytoene	and	intermediates	in
lycopene	biosynthesis.

Next,	phytoene	desaturase	(PDS)	catalyzes	two-step	desaturation	of	15-cis-phytoene	in	which
the	number	of	conjugated	double	bonds	increases	from	three	to	five	in	15,9′-di-cis-phytofluene
and	then	to	seven	in	9,15,9′-tri-cis-ζ-carotene.	A	desaturated	fragment	occupies	the	central



bond	and	extends	symmetrically	toward	both	molecule	ends.	During	these	reactions,	two	cis
bonds	are	also	formed	at	9	and	9′	positions.	The	enzyme	15-cis-ζ-carotene	isomerase	(Z-ISO)
catalyzes	isomerization	of	9,15,9′-tri-cis-ζ-carotene	at	C15,	and	9,9′-di-cis-ζ-carotene	is
formed.	This	reaction	can	be	light	mediated,	and	therefore	Z-ISO	activity	is	not	essential	in
light-exposed	tissues.	The	second	cycle	of	a	two-step	desaturation	is	carried	out	by	ζ-carotene
desaturase	(ZDS).	In	these	reactions,	the	length	of	the	central	unsaturated	chain	fragment
increases	to	nine	in	7,9,9′-tri-cis-neurosporene	and	then	to	11	in	7,9,7′,9′-tetra-cis-lycopene
(prolycopene).	Similar	to	PDS,	also	ZDS	generates	two	cis	bonds	at	7	and	7′	positions.	The
second	isomerization	catalyzed	by	cis-to-trans	carotene	isomerase	(CRTISO)	results	in
formation	of	all-trans-lycopene,	also	with	11	conjugated	double	bonds.	The	lack	of	CRTISO
activity	in	light-exposed	tissues	does	not	prevent	all-trans-lycopene	formation;	however,
photoisomerization	is	less	efficient	[32–34].	The	length	of	the	desaturated	chain	fragment
determines	absorption	properties	of	the	polyene	chromophore.	A	longer	chromophore	leads	to
a	longer	absorption	wavelength,	and	thus	phytoene	is	colorless,	ζ-carotene	(seven	conjugated
double	bonds)	is	pale	yellow,	neurosporene	(nine	conjugated	double	bonds)	is	yellow,	and
lycopene	(11	conjugated	double	bonds)	is	pinkish-red	in	color	[35].

Cyclization	of	all-trans-lycopene	forms	asymmetric	and	then	symmetric	carotenes.	Depending
on	the	enzyme	binding	lycopene,	the	biosynthetic	pathway	bifurcates	to	produce	β-	or	ε-
carotenoids	(Figure	10.5).



Figure	10.5	Plant	carotenoid	biosynthesis,	enzymes,	and	reaction	steps.	Dashed	line	represents
an	alternative	pathway	in	algae.	Refer	to	Table	10.1	for	enzyme	abbreviations.

Lycopene	β-cyclase	(LCYB)	is	responsible	for	formation	of	the	β-ionone	ring,	and	lycopene	ε-



cyclase	(LCYE)	forms	the	ε-ionone	ring.	LCYB	is	capable	of	cyclization	of	both	ends	of	linear
lycopene.	At	first,	cyclization	leads	to	the	formation	of	an	asymmetric	γ-carotene	(β,ψ-
carotene)	with	one	β-ring	and	an	acyclic	second	end.	In	the	next	reaction,	the	same	enzyme
completes	cyclization	of	the	acyclic	end,	forming	the	bicyclic	β-carotene	(β,β-carotene)	with
two	β-rings.	LCYE	usually	modifies	one	end	of	lycopene	as	it	does	not	accept	a	monocyclic
carotene	as	a	substrate.	LCYE	converts	one	acyclic	end	of	lycopene	to	the	ε-ionone	ring	in	δ-
carotene	(ε,ψ-carotene).	The	remaining	acyclic	end	can	be	cyclized	by	LCYB,	leading	to
formation	of	the	bicyclic	α-carotene	(β,ε-carotene)	with	single	β-	and	ε-ionone	rings.	Up	till
now,	only	one	homolog	of	LCYE	was	found	in	lettuce	that	is	capable	of	cyclization	of	both
lycopene	ends;	thus,	it	forms	the	bicyclic	ε,ε-carotene.	Monocyclic	carotenes	are	usually
immediately	converted	to	bicyclic	carotenes,	so	both	α-	and	β-carotene	are	much	more
common	in	plants,	with	the	latter	being	predominant.	Interestingly,	the	activity	of	LCYE	to	form
the	β-ring	was	also	confirmed	in	the	absence	of	LCYB.	The	ionone	ring	type	determines	the
number	of	conjugated	double	bonds	in	a	molecule.	The	β-ionone	ring	has	a	double	bond	in	the
the	5–6	position;	thus,	the	bicyclic	β-carotene	has	11	conjugated	double	bonds	determining	an
orange	color	of	the	compound.	In	the	ε-ionone	ring,	a	double	bond	is	at	the	4–5	position;	thus,
the	chromophore	of	α-carotene	(β,ε-carotene)	is	restricted	to	10	conjugated	double	bonds	and
reflects	a	less	intense	orange	color.

The	next	class	of	carotenoids	to	be	formed	from	α-	and	β-carotene	by	hydroxylation	are
xanthophylls	(Figure	10.5).	Single	hydroxylation	of	α-	and	β-carotene	at	the	C3	atom	in	the	β-
ring	leads	to	zeinoxanthin	and	β-cryptoxanthin,	respectively.	Zeaxanthin	is	formed	by	the
subsequent	hydroxylation	at	C3	of	the	second	β-ring	of	β-cryptoxanthin,	and	lutein	is	produced
by	the	hydroxylation	of	the	ε	ring	of	zeinoxanthin.	Alternatively,	α-carotene	is	hydroxylated	at
C3	in	the	ε-ring,	so	the	route	to	lutein	goes	through	α-cryptoxanthin.	Different	enzymatic
mechanisms	are	proposed	to	mediate	α-	and	β-carotene	hydroxylation,	and	they	involve	a
ferrodoxin-dependent	non-heme	diiron	monooxygenase	(CHYB,	alternatively	abbreviated	as
HYD,	β-OH,	or	BCH)	and	P450	heme	cytochrome	enzymes	CYP97A	and	CYP97C.
Hydroxylation	of	β-carotene	β-rings	is	mediated	by	a	homodimer,	β-carotene	3-hydroxylase
(CHYB).	CYP97A	also	exhibits	some	activity,	but	as	it	is	not	capable	of	homodimer
formation,	the	reaction	is	less	efficient.	Hydroxylation	of	α-carotene	requires	interaction	of
CYP97A	and	CYP97C,	which	recognize	β-	and	ε-rings,	respectively.	However,	CYP97C	and
CHYB	are	also	capable	of	β-ring	hydroxylation	although	with	lower	efficiency	than	CYP97A
[36].	As	CYP97C	prefers	as	a	substrate	a	molecule	with	the	β-ring	already	hydroxylated,
zeinoxanthin	is	preferentially	synthesized.	There	is	also	a	CYP97B3	gene	in	Arabidopsis	with
an	unclear	function	[37].	CYP97B29	recently	cloned	from	red	algae	has	β-ring	activity	and
probably	also	ε-ring	activity,	suggesting	that	the	CYP97A,	B,	and	C	subfamily	originated	before
the	divergence	of	higher	plants	and	green	algae	lineages	[38,	39].	In	addition,	CYP97B
subfamily	members	in	genomes	of	probably	all	high	plants	are	also	reported	[39].	A	unique
xanthophyll	in	the	plant	kingdom,	lactucaxanthin	(3,3′-ε,ε-carotene-diol),	is	formed	after
hydroxylation	of	both	ε-rings	of	ε,ε-carotene,	but	its	mechanism	has	not	been	fully	elucidated
yet	[40].

Epoxidation	reactions	lead	to	formation	of	many	carotenoids,	of	which	the	most	common	are



those	involved	in	the	xanthophyll	cycle.	Two	enzymes,	zeinoxanthin	epoxidase	(ZEP)	and
violaxanthin	deepoxidase	(VDE),	catalyze	reversible	reactions	of	epoxidation/de-epoxidation
of	three	β,β-branch	xanthophylls.	Zeaxanthin	is	converted	to	antheraxanthin	by	epoxidation	of
its	one	β-ring,	and	then	epoxidation	of	the	second	β-ring	leads	to	formation	of	violaxanthin.
Violaxanthin	deepoxidase	reverses	these	reactions	in	intense	light.	Epoxidation	of	α-branch
xanthophyll	lutein	results	in	lutein	5,6-epoxide,	which	is	found	in	small	quantities	in	the	leaves
from	plants.	Neoxanthin	synthase	(NXS)	opens	one	of	the	violaxanthin	epoxy	groups	and
desaturates	the	6–7	bond	in	neoxanthin,	which	is	isomerized	to	9′-cis-neoxanthin.	This
xanthophyll	also	can	be	synthesized	from	the	violaxanthin	isomer	9-cis-violaxanthin.	Both	9′-
cis-neoxanthin	and	9-cis-violaxanthin	are	the	last	β,β	branch	C40	carotenoids	abundant	in
plants	that	are	further	metabolized	by	dioxygenases	to	xanthoxin,	and	ultimately	produce
abscisic	acid	(ABA).

10.1.5	Specialty	branches	of	the	pathway
In	spite	of	the	above-mentioned	common	pathway,	some	plant	species	synthesize	specialty
carotenoids.	In	the	fruits	of	pepper	(Capsicum	spp.)	[41,	42]	and	orange	as	well	as	the	tepals
of	lily	[43,	44],	two	dark	red	carotenoids,	capsanthin	and	capsorubin,	are	present.	They	are
converted	from	antheraxanthin	and	violaxanthin,	respectively,	by	the	same	bifunctional	enzyme
capsanthin/capsorubin	synthase	(CCS)	(Figure	10.5).	The	enzyme	converts	a	six-carbon	epoxy
ring	of	antheraxanthin	and	violaxanthin	to	a	κ-ring	containing	five	carbons	and	one	hydroxy
group.	CCS	is	highly	homologous	to	LCYB,	with	55%	identity	and	72%	similarity.	It	also
shows	cyclization	activity	and	is	capable	of	lycopene	conversion	to	β-carotene,	although	with
much	lower	efficiency	(estimated	at	25%	of	that	of	Capsicum	LCYB)	[45–47].

Another	unique	carotenoid	in	higher	plants	is	astaxanthin	found	in	the	petals	of	pheasant’s	eye
(Adonis	sp.)	[48].	This	carotenoid	can	be	also	found	in	many	bacteria	and	algae	(e.g.,
Chlorella	zofingiensis	and	Haematococcus	pluvialis	[49,	50]),	and	it	is	responsible	for	a
characteristic	pink	color	of	some	animals	(e.g.,	crustaceans	and	salmon)	feeding	on	organisms
capable	of	astaxanthin	synthesis	[51].	Two	precursors	of	astaxanthin	biosynthesis	were
proposed	in	higher	plants,	β-carotene	and	zeaxanthin.	Recent	findings	revealed	that	β-carotene
is	converted	in	a	three-step	reaction	involving	hydroxylation	and	ketolation	of	β-rings	[52]
(Figure	10.5).	At	first,	the	β-ring	of	β-carotene	is	hydroxylated	at	C4	by	a	carotenoid	β-ring	4-
dehydrogenase	(CBFD).	Then,	the	hydroxy	group	is	dehydrogenated	by	a	carotenoid	4-
dehydroxy-β-ring	4-dehydrogenase	(HBFD)	to	form	a	keton	group.	Next,	a	second
hydroxylation	reaction	at	C3	by	the	same	CBFD	enzyme	is	carried	out,	and	finally	the	β-ring
has	single	keto	and	hydroxyl	groups.	Astaxanthin	is	a	carotenoid	with	symmetric
rearrangements	in	both	end	rings.	Depending	on	the	combination	of	end	group	moieties,	various
intermediates	are	synthesized.	These	include	echinenone	and	canthaxanthin	with	one	and	two
keto	rings,	respectively,	and	andonirubin	with	single	keto	and	keto-hydroxyl	rings.	The	exact
order	of	intermediates	in	this	keto-carotenoid	branch	of	the	biosynthetic	pathway	remains
unrevealed.	Presumably,	astaxanthin	can	be	converted	to	adonixanthin	as	the	latter	has	a
hydroxy	group	at	the	3′	position	and	no	keto	group,	so	adonixathin	may	be	synthesized	by
oxygen	release	from	astaxanthin.



In	algae,	the	C40	carotenoid	biosynthesis	is	further	extended	[53]	(Figure	10.5).	Neoxanthin	is
proposed	as	the	precursor	of	the	diadinoxanthin	cycle	carotenoids,	which	is	an	alternative
cycle	to	the	xanthophyll	cycle	operating	in	land	plants	and	plays	a	similar	role	in	light-
mediated	photoprotection	[54].	Diadinoxanthin	has	one	epoxy	ring	and	a	hydroxylated	β-ring	at
C3	attached	to	the	main	polyene	chain	with	a	triple	bond	in	the	7–8	position.	The	deepoxidation
reaction	catalyzed	by	diadinoxanthin	deepoxidase	(DDE)	forms	diatoxanthin	with	two
hydroxylated	end	rings.	The	reaction	is	reversible	by	diatoxanthin	epoxidase	(DEP)	in
subsaturating	light	conditions.	Several	brown,	red,	and	green	algae	also	contain	significant
amounts	of	fucoxanthin	[55,	56].	The	high	health-promoting	properties	of	this	carotenoid	were
given	much	attention	recently	[57],	but	the	reactions	leading	to	its	formation	remain
unresolved,	as	biosynthesis	of	peridinin.	The	chemical	structures	of	both	carotenoids	are
similar	to	that	of	neoxanthin	with	the	−OH	group	at	C3	substituted	by	−OCOCH3.	Modifications
in	the	second	ring	are	more	complex	and	require	multistep	reactions.	The	role	of	neoxanthin	as
the	precursor	of	diadinoxanthin,	fucoxanthin,	and	peridinin	has	been	questioned,	as	some	algae,
like	small	diatoms,	do	not	have	NXS	converting	violaxanthin	to	neoxanthin.	In	consequence,
these	organisms	do	not	accumulate	neoxanthin,	and	hence	violaxanthin	may	be	considered	as
the	precursor	of	those	specialty	carotenoids.	If	this	is	true,	fucoxanthin	and	peridinin	might	be
products	of	diadinoxanthin	conversion	[58].

10.2	Regulation	of	carotenoid	biosynthesis
The	genes	and	biosynthetic	enzymes	controlling	carotenogenesis	have	been	extensively	studied,
and	the	next	frontier	is	to	discover	what	regulates	carotenoid	biosynthesis,	accumulation,	and
storage.	Carotenoid	biosynthesis	is	under	stringent	control	throughout	the	life	of	the	plant,
being	finely	tuned	to	developmental	and	environmental	signals	that	control	carotenoid	gene
expression,	accumulation,	and	storage	[1].	Carotenoids	are	important	in	photosynthesis,
photoprotection,	and	the	production	of	a	range	of	hormones	and	signaling	molecules	[1].	They
are	also	important	in	optimizing	resource	allocation,	promoting	color	development	in	fruits	and
flowers,	and	altering	the	rates	of	catabolism.	Carotenoid	regulation	and	signaling	are	intriguing
as	the	enzymes	and	pigments	are	localized	in	the	plastid,	whereas	the	genes	are	encoded	in	the
nucleus.	Therefore,	some	degree	of	communication	between	the	plastid	and	the	nucleus	must
occur	in	order	to	coordinate	carotenoid	biosynthesis	as	well	as	flux	through	the	pathway	to
generate	downstream	phytohormones	and	apocarotenoid	signaling	metabolites.	This	section	of
this	chapter	will	focus	on	regulatory	aspects	of	carotenogenesis	relating	to	(1)	cross-talk
between	and	within	the	carotenoid	and	MEP	pathways,	(2)	environmental	and	developmental
control,	(3)	epigenetic	and	posttranscriptional	regulatory	mechanisms,	(4)	plastid
differentiation	and	communication,	(5)	enzyme	localization	and	metabolon
compartmentalization,	and	(6)	carotenoid	degradation	and	apocarotenoid	signaling
metabolites.

10.2.1	Cross-talk	between	and	within	the	carotenoid	and	MEP
pathways



Cross-talk	or	metabolic	feedback	signaling	within	and	between	the	carotenoid,	MEP,	and	ABA
pathways	is	an	enigmatic	phenomenon.	Cross-talk	relies	on	the	sensing	of	end	product
accumulation	and	the	coordination	of	transcriptional	and	posttranscriptional	regulatory
mechanisms.	Cross-talk	modulates	the	entry	of	prenyl	diphosphate	precursors	for	carotenoid
biosynthesis	at	different	developmental	stages	and	maintains	flux	through	the	carotenoid
pathway	to	insure	a	sufficient	supply	of	carotenoid	derivatives	for	the	downstream	production
of	apocarotenoid	signals	[1].	Several	genes	encoding	enzymes	in	isoprenoid	and	carotenoid
biosynthesis	are	subject	to	negative	and	positive	feedback	regulatory	processes,	and	several
isoprenoid	and/or	carotenoid-derived	molecules	have	been	proposed	to	mediate	these
signaling	processes	[59–69].	Therefore,	depending	on	the	tissue	and	plastid	type,	a	complex
level	of	metabolic	feedback	coordination	appears	necessary	to	provide	communication
between	pathways	in	order	to	deliver	a	balanced	precursor	supply	for	carotenogenesis	and
insure	biosynthesis	can	be	adjusted	in	response	to	environmental	and	developmental	cues
(reviewed	in	detail	by	Refs.	[1,	30,	70,	71]).

10.2.2	Environmental	and	developmental	control
There	are	reports	describing	environmental	signals	such	as	temperature,	salt,	CO2,	and	water
availability	that	can	affect	carotenoid	composition,	although	the	molecular	mechanisms	are
awaiting	a	more	detailed	discovery	[72–78].	Light	is	the	most	thoroughly	studied
environmental	signal	shown	to	elicit	dramatic	effects	on	carotenogenesis	in	a	range	of	plant
tissues	during	photomorphogenesis	[79].	The	light	signal	is	transduced	to	a	chemical	signal	by
photoreceptors	and	chromeproteins	that	participate	in	the	regulation	of	carotenoid	pathway
genes,	particularly	at	the	transcription	level	[80–82].	For	example,	when	a	seed	positioned
below	the	ground	germinates,	an	etiolated	(dark-grown)	seedling	develops,	and
photomorphogenesis	is	repressed	in	the	absence	of	light.	The	cotyledons	of	etiolated	seedlings
contain	etioplast	plastid	organelles	instead	of	chloroplasts,	and	carotenoids	become	localized
in	prolemellar	bodies	(PLB),	a	lattice	of	tubular	membranes	that	defines	the	etioplast	[34,	61].
The	exposure	of	light	will	cause	the	seedling	to	deetiolate,	and	etioplasts	differentiate	into
chloroplasts	concomitant	with	a	burst	in	carotenoid	biosynthesis	that	facilitates
photomorphogenesis	[34,	83,	84].

The	expression	of	genes	that	encode	rate-determining	enzymes,	PSY	and	DXS	(1-deoxy-D-
xylulose	5-phosphate	synthase),	becomes	upregulated	during	seedling	deetiolation	[80,	85–88],
whereas	the	transcription	of	LCYB	in	tomato	and	Arabidopsis	increased	when	seedlings	were
transferred	from	low	to	high	light	[26].	The	changes	of	carotenoid	gene	expression	observed	in
correlation	with	light	stimulation	require	different	photoreceptors	[89].	The	transcription	of
maize	LCYB	and	VDE	was	induced	by	red	light	illumination,	revealing	a	dependence	of
carotenoid	gene	expression	on	phytochrome	receptor	types	and	their	activities	[89].	In	maize,
the	upregulation	of	PSY2	gene	expression	during	deetiolation	was	shown	to	depend	upon	the
PHY	photoreceptors	[73]	and	a	family	of	Phytochrome	Interacting	Factors	(PIF)	proteins	[87].
PIF	proteins	are	transcription	repressors	that	contain	a	basic	helix–loop–helix	motif	and
regulate	PSY	gene	expression	by	coordinating	carotenoid	and	chlorophyll	biosynthesis	during
light-stimulated	chloroplast	differentiation	[87,	90].	Although	light	is	the	best	studied



environmental	signal	controlling	carotenoid	biosynthesis,	further	studies	are	needed	to	unveil
the	molecular	mechanisms	by	which	light	alters	carotenogenesis	and	how	this	links	to
developmental	programs.

Carotenoid	biosynthesis	is	also	dynamically	regulated	throughout	the	life	cycle	of	a	plant,	from
seed	and	root	development	to	flowering	and	especially	during	fruit	development,	which	will
be	a	primary	focus	of	this	section	(for	detailed	reviews,	see	[26,	71,	75,	76]).	Tomato	fruit
ripening	shows	dramatic	color	changes	reflective	of	carotenoid	pigment	changes.	The
carotenoid	profile	in	green	tomato	fruits	is	rather	similar	to	that	of	leaves,	but	during	ripening
the	chlorophylls	become	degraded	and	a	dramatic	accumulation	of	carotenoids,	in	particular
lycopene,	is	produced	at	the	branch	in	the	pathway	to	β-	and	ε-carotenoids	[91].	During	the
ripening	process,	chloroplasts	differentiate	into	chromoplast	organelles,	which	sequester	large
amounts	of	carotenoids	[92].

Fruit	ripening	is	associated	with	transcriptional	upregulation	of	the	MEP	pathway	gene	DXS,
followed	by	PSY	and	PDS	as	well	as	other	carotenogenic	genes	encoding	desaturases	and
isomerases	that	facilitate	a	burst	in	carotenoid	biosynthesis	[91,	93–96].	The	carotenoid
content	in	marigold	petals,	resulting	in	light-yellow	to	dark-orange	colored	flowers,	also
correlates	positively	with	the	expression	of	PSY	and	DXS	transcripts	[97].	In	contrast,	the
expression	of	the	cyclase	genes,	LCYB	and	LCYE,	at	the	branch	in	the	pathway	diminishes
during	fruit	ripening	[98]	and	clearly	correlates	with	an	enhanced	flux	through	the	initial	stages
of	the	pathway	as	well	as	a	restriction	to	carotenoid	end	products,	which	leads	to	a	massive
accumulation	of	lycopene	and	a	reduction	in	xanthophylls	[99–101].	In	contrast,	an	unknown
mutation	in	the	tomato	delta	mutant	caused	an	increase	in	LCYE	gene	expression	and
accumulation	of	δ-carotene	in	fruit	tissues,	whereas	upregulation	of	LCYB2	transcript
abundance	in	the	beta	mutant	led	to	accumulation	of	β-carotene	[98].	The	tomato	LCYB2
promoter	contains	RAP2.2	and	ERE	(ethylene	responsive	element)	cis-acting	DNA	motifs,
which	can	bind	transcription	factors	and	trigger	regulation	of	carotenoid	accumulation	in	fruits
and	flowers	[102].	Although	there	are	other	relevant	examples	in	the	literature,	these	few
pieces	of	evidence	highlight	how	regulation	of	carotenogenesis	is	finely	tuned	to
developmental	changes.	The	evidence	for	carotenoids	to	mediate	developmental	programs	is
emerging	fast,	and	perhaps	their	roles	in	controlling	organelle	biogenesis,	differentiation,
signaling,	and	communication	are	the	ripest	areas	for	discovery.

10.2.3	Regulation	by	epigenetic	and	posttranscriptional
mechanisms
A	paradigm	shift	for	secondary	metabolism	was	the	discovery	of	an	epigenetic	regulatory
mechanism	that	controls	carotenogenesis	and	links	the	production	of	secondary	metabolites	to
memory-forming	processes	in	Arabidopsis	[103].	The	carotenoid	biosynthetic	pathway
bifurcates	after	lycopene	to	produce	lutein	or	β-carotenes,	and	their	derivatives.	Using
Arabidopsis	as	a	model,	it	was	shown	how	the	branch	point	was	regulated	by	a	chromatin-
modifying	histone	methyltransferase,	Set	Domain	Group	8	(SDG8),	which	targets	the
carotenoid	isomerase	(CRTISO)	[104].	CRTISO	is	a	key	rate-limiting	enzyme	in



carotenogenesis	that	controls	composition	of	the	downstream	xanthophyll	pigments	and
accumulation	of	the	upstream	cis-carotenes	[34].	SDG8	alters	the	histone-3-lysine-4
trimethylation	surrounding	the	CRTISO	gene,	thereby	facilitating	permissive	CRTISO	gene
expression	and	lutein	biosynthesis	[105].

The	sdg8	and	crtiso	mutants	have	reduced	lutein	in	leaves,	but	tend	to	also	accumulate	cis-
carotenoids	in	etiolated	seedlings,	which	results	from	the	reduction	in	CRTISO	transcript
abundance.	The	changed	carotenoid	profile	in	these	mutants	was	proposed	to	cause	an	increase
in	shoot	branching,	presumably	by	perturbing	strigolactone	biosynthesis	[71,	104].	Further
characterization	of	the	CRTISO	and	SDG8	promoters	revealed	overlapping	tissue-specific
expression	in	tissues	important	in	epigenetic	programming	(shoot	meristem)	and
reprogramming	(anthers)	events,	which	link	the	control	of	carotenogenesis	to	plant
development	[106].	Together,	these	two	enzymes	control	carotenoid	flux	through	the	branch
from	prolycopene	to	the	synthesis	of	α-	and	β-carotenes.	Investigations	have	indicated	that	both
crtiso	and	sdg8	mutants	have	an	inhibitory	effect	on	LCYE	transcript	levels,	revealing	that
metabolic	feedback	may	partially	explain	the	reduced	lutein	levels	[61,	104].

Another	intriguing	example	of	an	epigenetic	regulatory	mechanism	involving	micro-RNA
(miRNA)	control	of	carotenogenesis	opens	a	new	frontier	to	control	carotenogenesis.
Overexpression	of	the	Arabidopsis	AtmiR156b	gene	in	Brassica	napus	enhanced	the	levels	of
lutein	and	β-carotene	in	seeds	as	well	as	increased	reproductive	shoot	branching	[107,	108].
The	AtmiR156	gene	regulates	11	members	of	the	squamosa	promoter	binding	protein-like
(SPL)	family,	and	each	SPL	gene	further	regulates	numerous	other	genes	through	a	complex
gene	regulation	network	[108].	It	is	very	interesting	to	note	that	microarray	analysis	showed
that	SDG8	controls	the	expression	of	certain	miRNA	genes	in	Arabidopsis,	in	particular
AtmiRNA156,	which	regulates	SPL-15	[109].	AtmiRNA156	was	shown	to	be	upregulated	by
24-epibrassinolide	(a	highly	active	brassinosteroid),	highlighting	a	new	link	between	SDG8
regulation	of	brassinosteroid-regulated	miRNA	gene	expression,	shoot	branching,	and
carotenogenesis	[110].	Given	that	SDG8	controls	specific	developmental	and	stress-
responsive	pathways	in	plants	[111–113],	and	the	fact	that	miRNA	targeted	gene	silencing	and
chromatin	modification	perturb	carotenogenesis,	the	future	is	bright	to	uncover	how	the
regulation	of	carotenoid-derived	phytohormones	and	apocarotenoid	signaling	metabolites	is
linked	to	developmental	programs.	The	collective	evidence	is	getting	stronger	to	continue	the
speculation	that	carotenoids	may	play	a	significant	role	in	the	epigenetic	programming	of
developmental	events	in	response	to	environmental	stimuli.

10.2.4	Carotenoids	in	plastid	biogenesis,	differentiation,	and
control
A	major	form	of	carotenoid	sink	regulation	involves	the	sequestration	and	storage	of
carotenoids,	which	are	determined	in	part	by	the	type	of	plastid	organelle	and	specific
plastidial	structures	that	promote	sequestration.	The	biogenesis	and	differentiation	of	plastid
operations	have	a	major	effect	upon	carotenoid	composition	and	storage.	For	example,
overexpression	of	PSY	in	Arabidopsis	did	not	affect	the	carotenoid	levels	in	chloroplasts	of



photosynthetic	tissues;	however,	in	proplastids	of	seed-derived	calli,	carotenoid	levels
increased	by	over	100-fold,	being	deposited	in	crystals,	similar	to	crystalline-type
chromoplasts	of	nongreen	tissues	present	in	several	other	taxa	[114].	Carotenoids	are	usually
localized	in	photosynthetic	membranes	of	chloroplasts,	whereas	in	chromoplasts	the	storage	of
esterfied	carotenoids	is	associated	with	fibrillins,	which	are	lipoprotein	structures	in
plastoglobuli	[115].	The	cauliflower	(Brassica	oleracea	var.	botrytis)	or	mutant	displays	an
arrest	in	plastid	division	that	causes	chromoplast-like	plastids	that	contain	membranous
compartments	to	form	instead	of	leucoplasts	[116,	117].	The	or	mutant	accumulates	high
carotenoid	levels,	in	particularly	β-carotene,	which	causes	an	orange	color	in	edible	tissues
that	are	normally	white	[117].	The	OR	gene	encodes	a	DnaJ-like	protein	with	a	conserved	Cys-
rich	domain	that	chaperones	target	substrates	to	DnaK/Hsp70	for	the	correct	folding	and
assembly	[92,	116,	117].	Similarly,	the	Hsp21	protein	chaperone	from	tomato	was	also	found
to	promote	chloroplast-to-chromoplast	transition,	in	turn	resulting	in	the	accumulation	of
carotenoids	[118].	Clearly,	changes	to	plastid	division	can	have	profound	outcomes	for
creating	a	new	carotenoid	sink.

The	size	and	replication	(number)	of	plastids	can	also	affect	carotenoid	sequestration.	The
tomato	high-pigment	mutants	hp1	and	hp2	accumulate	carotenoids,	and	it	was	concluded	that
this	was	likely	due	to	elevated	plastid	biogenesis	[119–122].	The	DDB1	gene	that	is	mutated	in
hp1	[122]	and	the	DET1	gene	that	is	mutated	in	hp2	[120]	are	both	involved	in	light-mediated
regulation	of	carotenogenesis	and	plastid	biogenesis.	Again,	there	were	no	changes	in
carotenoid	gene	expression	observed	in	tomato	lines	with	suppressed	DET1	expression;
instead,	the	size	and/or	number	of	plastids	was	elevated	[121].	Similarly,	the	tomato	hp3
mutant	has	a	defective	ZEP	gene	involved	in	the	xanthophyll	cycle	and	enhances	carotenoid
accumulation	by	increasing	both	plastid	numbers	and	the	size	of	the	plastid	compartment	[123].
A	deeper	insight	into	the	molecular	mechanisms	that	control	plastid	size	and	number	is	needed
to	shed	light	on	how	the	storage	of	carotenoids	can	be	further	manipulated	for	biofortication
projects.

Plastid	organelles	communicate	with	each	other	and	the	nucleus	by	a	process	known	as
retrograde	signaling	(reviewed	by	Ref.	[124]).	This	can	involve	two	processes:	(1)
operational	control—signals	produced	in	mature	organelles	in	response	to	environmental	cues
to	maintain	the	“optimal”	running	of	metabolic	processes;	and	(2)	biogenic	control—signals
produced	in	developing	organelles	required	for	the	production	and	correct	assembly	of
structures	and	complexes.	Cis-carotene	metabolites	are	produced	only	in	the	upper	part	of	the
pathway,	and	their	function	remains	unknown.	Searching	for	novel	cis-carotene-derived	signals
has	proved	difficult	due	to	the	fact	that	mutations	in	early	stages	of	carotenoid	biosynthesis	are
lethal	and	prevent	the	production	of	carotenoids	important	in	photosynthesis.	However,	very
recently	there	appears	to	be	an	exciting	hunt	for	novel	cis-carotenoid-derived	signaling
molecules	[66,	67,	125].	These	metabolites	are	hypothesized	to	mediate	chloroplast	to	nuclear
communication	by	controlling	nuclear	gene	expression	[125].	In	summary,	plastids	are	dynamic
organelles,	and	developmental	and	environmental	signals	can	alter	their	biogenesis,	number,
structure,	and	metabolism	to	have	intriguing	effects	upon	carotenoid	storage	and	regulation.



10.2.5	Enzyme	localization	and	metabolon	compartmentalization
Perhaps	the	reassembly	and	relocalization	of	carotenoid	metabolic	complexes	referred	to	as
metabolons	represent	the	next	wave	of	the	carotenoid	regulatory	world.	Carotenoid
biosynthesis	is	localized	in	plastid	membranes,	whereby	a	metabolon	that	links	multiple
coordinating	enzymes	by	noncovalent	interactions	channels	the	intermediary	products	through
an	enzyme	complex(es)	along	a	biosynthetic	route	[126,	127].	Enzyme	complexes	with	high
molecular	weights	containing	carotenoid	biosynthesis	enzymes	have	been	identified	in	plastids
[25,	128–130],	although	the	intermediates	in	the	carotenoid	pathway	are	largely	absent.	In
principal,	the	formation	of	metabolon	could	result	in	interactions	between	enzymes	and	is
likely	to	affect	enzyme	activity	and	protein	localization.

The	shape,	size,	and	polarity	of	carotenoid	metabolites	can	ultimately	affect	the	molecular
interactions	between	proteins	and	membrane	localization	within	the	plastid	organelle.
Carotenoids	can	have	different	geometric	cis-isomers	formed	due	to	rotations	at	any	of	their
conjugated	double	bonds,	and	therefore	affect	their	ability	to	align	within	subcellular	structures
and	reduce	the	stability	of	metabolon	complexes	by	altering	the	rigidity	of	the	lipid	membranes
and	limiting	oxygen	penetration	to	the	hydrophobic	core	of	the	membrane	[131,	132].	For
example,	the	altered	shape	of	cis-carotenoids	can	reduce	how	they	crystallize	and	aggregate
when	compared	with	their	counterpart	all-trans	isomers,	and	this	was	indeed	the	case	in
chromoplasts	from	tomato	and	watermelon	fruits	where	all-trans-lycopene	crystallized	and
aggregated	[133,	134].	PSY	is	likely	to	represent	the	head	of	an	enzyme	metabolon.	In
Arabidopsis	and	rice,	different	PSY	isoforms	localize	to	plastoglobuli	and	attach	to	the
chloroplast	thylakoids	[127,	135].	The	physical	localization	of	the	Maize	PSY1	isoforms	can
change	depending	on	the	allelic	variant,	and	it	was	hypothesized	that	different	types	of
plastoglobuli,	being	fibrillar	or	globular,	in	combination	with	different	PSY1	isoforms	might
direct	carotenogenesis	to	different	plastid	compartments	[135].	Carotenoid	enzymes	are
usually	thought	to	be	localized	to	the	chloroplast	envelope,	and	in	chromoplasts	the	plastid
sequesters	carotenoids	as	plastoglobuli.	However,	it	could	be	possible	that	chromoplast
carotenoids	are	synthesized	and	sequestered	in	plastoglobuli.	Indeed,	this	is	an	insightful	view
recently	proposed	to	explain	carotenogenic	regulation	and	availability	for	biosynthesis	[127].

10.2.6	Carotenoid	degradation	and	production	of	signaling
metabolites
Carotenoids	are	rather	stable	compounds,	and	their	rate	of	biosynthesis,	capacity	for	storage,
and	degradation	are	key	processes	controlling	carotenoid	homeostatic	steady-state	levels.	It
was	long	thought	that	the	rate	of	carotenoid	degradation	was	slow,	but	new	evidence	using
14CO2	pulse-chase	labeling	demonstrated	that	degradation	rates	in	Arabidopsis	are	much
higher	than	expected	[136].	Carotenoids	are	large	nonpolar	molecules,	and	their	cleavage	is
required	to	allow	movement	out	of	the	hydrophobic	chloroplast	membrane	and	into	a	more
hydrophilic	environment	where	they	can	perhaps	act	as	signaling	metabolites	mediating
cellular	and	nuclear	processes.	Non-enzymatic	photooxidation	and	enzymatic	cleavage	of
carotenoids	are	two	well-studied	processes	that	can	degrade	carotenoids	to	apocarotenoid



signaling	molecules.

Singlet	oxygen	(1O2),	the	main	reactive	oxygen	species	(ROS)	in	photosynthetic	organisms,	can
non-enzymatically	attack	β-carotene	or	xanthophylls	by	oxidization	[137].	Similarly,
lipoxygenases	and	peroxidases	can	also	unspecifically	break	down	carotenoids	by	oxidative
degradation	[138].	Carotenoids	help	to	quench	the	1O2	reactive	oxygen	stress	signal	in	the
photosystem	reaction	centers,	and	in	the	process	a	variety	of	β-apocarotenoids,	including	β-
carotene	endoperoxide,	geranylacetone,	pseudoionone	β-cyclocitral,	β-carotene-5,6-epoxide,
and	β-ionone,	are	produced	[139–142].	These	β-apocarotenoids	appear	to	have	different
functions,	although	many	are	involved	in	high-light	stress	responses	in	plants	by	repressing
genes	through	the	chloroplast	to	nucleus	signal	transduction	pathways	that	function	to	moderate
development,	growth,	and	biogenesis	of	cellular	components	[142].

A	few	carotenoid-derived	signaling	molecules	are	produced	via	the	oxidative	cleavage
catalyzed	by	carotenoid	cleavage	dioxygenases	(CCDs)	in	plants,	and	they	affect	the	synthesis
of	color,	apocarotenoid	flavor,	and	developmental	processes.	The	CCD	gene	family	consists	of
nine	members,	four	CCDs	and	five	NCEDs	(9-cis-epoxycarotenoid	dioxygenases),	whose
enzymes	have	emerged	as	exciting	areas	of	discovery	[29,	143–145].	Members	of	the	CCD
family	have	different	substrate	preferences,	and	they	contribute	to	the	turnover	of	carotenoids
with	a	high	degree	of	enzymatic	cleavage	specificity	in	non-photosynthetic	tissues	of	plants
[146,	147].	Interestingly,	the	expression	profile	of	CCD	family	enzymes	shows	a	stronger
correlation	with	apocarotenoid	biosynthesis	than	with	the	degradation	of	carotenoids	[29].

The	synthesis,	catabolism,	and	transport	of	the	phytohormone	ABA	are	controlled	by
physiological	(sugar	sensing,	and	stomatal	guard	cell	transpiration),	developmental	(seed
germination	and	dormancy,	cell	division,	and	elongation),	and	environmental	stress	(drought,
salinity,	cold,	pathogen,	and	UV	stress	responses)	processes	in	plants	[148].	In	vitro
biochemical	assays	have	shown	that	ABA	is	a	cleavage	product	of	9-cis-violaxanthin	and/or
9′-cis-neoxanthin	by	the	NCED.	These	enzymes	catalyze	the	11,12-cleavage	of	9-cis-epoxy
carotenoids	to	produce	C25	apocarotenoids	and	the	rate-limiting	ABA	precursor,	xanthoxin.
The	path	from	xanthoxin	to	absicisic	acid	requires	cytosolic	oxidation	and	has	been
extensively	reviewed	elsewhere	[148–150].	Factors	that	regulate	the	expression	or	activity	of
upstream	carotenoid	enzymes	can	affect	the	levels	of	xanthophylls	and	hence	ABA	synthesis.
For	example,	the	β-carotene	hydroxylase	from	rice	can	alter	the	levels	of	xanthophylls,	thereby
affecting	tolerance	to	the	oxidative	stress	associated	with	drought	[151].	Drought	stress	can
induce	PSY	levels	in	rice	and	maize,	thereby	enhancing	carotenogensis	and	ABA	production
[63,	64].	Conversely,	zds	and	crtiso	mutants	have	been	associated	with	reduced	ABA	levels
[152].	Collectively,	these	few	pieces	of	evidence	show	how	important	upstream	regulatory
steps	are	in	modulating	downstream	carotenoid-derived	products	such	as	ABA.

The	strigolactone	class	of	carotenoid-derived	terpenoids	functions	to	(1)	inhibit	shoot
branching	in	Arabidopsis,	pea,	petunia,	and	rice	by	presumably	inhibiting	bud	outgrowth	and
maintaining	apical	dominance	[153,	154];	(2)	influence	mycorrhizal	hyphal	branching	in	order
to	stimulate	a	symbiotic	relationship	in	the	root	rhizosphere	[155];	and	(3)	encourage
germination	of	parasitic	plant	seeds	such	as	striga	[156].	β-carotene	has	been	shown	to	be	the



substrate	for	strigolactone	biosynthesis	[157],	and	it	has	yet	to	be	determined	if	changes	in	β-
carotene	levels	can	actually	perturb	strigolactone	production.	D27	is	a	β-carotene	isomerase
that	converts	all-trans-β-carotene	into	9-cis-β-carotene,	which	is	needed	for	subsequent	CCD7
cleavage	and	strigolactone	synthesis	[158].	Next	CCD7	catalyzes	the	9′,10′-cleavage	of	9-cis-
β-carotene	to	give	9-cis-β-apo-10’-carotenal,	and	CCD8	catalyzes	the	oxidative	cleavage	and
intramolecular	cyclization	of	9-cis-apo-10'-carotenal	to	produce	carlactone	[158].	Recent
evidence	shows	that	two	rice	members	of	CYP711	enzymes	homologous	to	the	Arabidopsis
More	Axillary	Growth	1	(MAX1;	encodes	a	cytochrome	P450)	act	as	carlactone	oxidases	to
stereoselectively	convert	carlactone	into	ent-2′-epi-5-deoxystrigol	and	to	the	orobanchol
revealing	structural	diversification	step	in	the	production	of	strigolactones.	The	biological
relevance	of	different	strigolactones	remains	to	be	discovered	[159].	Given	that	CCD8	was
originally	shown	to	cleave	trans-apo-10'-carotenal	to	apo-13-carotenone,	a	precursor	to
strigolactone,	other	strigolactone-like	molecules	are	likely	to	exist,	and	this	highlights	that	the
biosynthesis	of	carlactone	to	striglactone	is	awaiting	further	exciting	discovery.

CCD	enzymes	are	also	required	for	the	production	of	several	biologically	and	commercially
important	apocarotenoids.	In	planta,	CCD1	seems	responsible	for	producing	fragrance	and
flavor	apocarotenoids;	9,10-cleavage	of	β-carotene	yields	an	aromatic	volatile	β-ionone	[139,
160,	161].	In	maturing	Arabidopsis	seeds,	a	loss	of	function	of	CCD1	activity	leads	to	higher
carotenoid	levels	and	may	have	a	role	in	synthesis	of	apocarotenoid	flavor	and	aroma	volatiles
[162].	The	tomato	LeCCD1	enzyme	contributes	to	the	formation	of	the	flavor	volatiles	β-
ionone,	pseudoionone,	and	geranylacetone	[139].	In	Satsuma	mandarin	(Citrus	unshiu),	the
CCD4	enzyme	cleaves	β-cryptoxanthin	and	zeaxanthin	asymmetrically	at	the	7,8	or	7′,8′
positions	to	yield	β-citraurin	and	apo-8′-β-carotenal	[163].	Arabidopsis	CCD4	was	also
identified	as	a	negative	regulator	of	carotenoid	content	by	two	independent	approaches:
identification	of	quantitative	trait	loci	and	fine	mapping,	and	a	genome-wide	association	study
that	showed	that	CCD4	plays	a	major	role	in	the	degradation	of	β-carotene	during	seed
desiccation	and	dark-induced	leaf	senescence	[164].	Furthermore,	CCD4	was	recently	shown
to	be	involved	in	leaf	development	[125].	The	Arabidopsis	clb5/zds	(chloroplast	biogenesis-5
and	ζ-carotene	desaturase)	mutants	accumulate	one	or	more	cis-carotenoids,	and	their
accumulation	was	associated	with	an	abnormal	needle-like	leaf	abnormality	and	the	repression
of	several	nuclear	encoded	genes	involved	in	early	chloroplast	development,	photosynthetic
activity,	and	carotenoid	biosynthesis.	Through	use	of	the	fluridone	carontenoid	inhibitor
(targets	PDS)	and	the	ccd4	clb5	double	mutant,	the	authors	rescued	clb5	mutant	phenotypes
[125].	Given	that	proteomic	analysis	has	shown	that	CCD4	is	localized	to	plastoglobules,
where	carotenoids	accumulate	in	high	concentration,	the	functions	of	CCD4	are	beginning	to
emerge	[165].

There	are	other	apocarotenoid	signaling	molecules	such	as	C13	cyclohexenone	derivatives
(e.g.,	blumenol)	and	C13/14	apocarotenoids	(e.g.,	mycorradicin)	that	appear	to	function	in
controlling	beneficial	arbuscular	mycorrhizal	fungi	symbiosis	and/or	triggering	hyphal
branching	in	the	rhizosphere	[155,	166–168].	There	is	evidence	for	other	novel	mobile
carotenoid-derived	signaling	metabolites	required	for	normal	root	and	shoot	development.
These	include	an	unknown	Arabidopsis	graft	transmissible	signal	produced	in	the	roots	of	bps1



(bypass1)	mutants	that	can	move	and	arrest	shoot	development	[169].	The	mobile	signal	does
not	require	the	activity	of	any	single	carotenoid	cleavage	dioxygenases,	and	it	is	related	to
neither	ABA	nor	strigolactone	[170].	Periodic	lateral	root	(LR)	branching	in	Arabidopsis	has
been	reported	to	require	biosynthesis	of	an	uncharacterized	apocarotenoid	that	is	directly
involved	in	LR	formation	[171].	Genetic	analysis	ruled	out	ABA	and	strigolactone	as
candidates,	and	by	use	of	CCD	inhibitor	D15	[172],	it	was	concluded	that	an	apocarotenoid
derived	from	β-carotene	or	β,β-xanthophylls	by	oxidative	cleavage	acted	in	conjunction	with
an	oscillatory	LR-clock.	Interestingly,	application	of	D15	treatment	resulted	in	higher	overall
carotenoid	content	in	roots	[171].	Finally,	signals	derived	from	the	cis-carotenoids	tetra-cis-
lycopene	and	tri-cis-neurosporene	were	proposed	to	produce	apocarotenoids	signals	in	tomato
that	regulate	metabolic	feedback	of	PSY1	transcription	and	link	organellar	metabolic	status	to
overall	plant	development	[66].

The	time	is	ripe	for	more	discoveries	to	elucidate	the	novel	chemical	structures	of
apocarotenoid	signaling	molecules	regulated	by	BPS1,	controlling	a	lateral	root	clock,	leaf
development,	or	retrograde	gene	expression	that	controls	metabolic	feedback	in	tomato	fruit
ripening.	A	deeper	understanding	of	the	control	processes	and	apocarotenoid	signaling
pathways	will	facilitate	the	fine-tuning	of	plant	responses	to	environmental	and	developmental
cues.	Carotenoids	play	essential	roles	during	photosynthesis,	and	they	serve	as	precursor
substrates	for	the	production	of	a	variety	of	hormones	and	signaling	metabolites	that	link
secondary	metabolism	to	fundamental	processes	such	as	growth,	development,	and
reproduction.	Unraveling	the	regulation	of	biosynthesis,	storage,	and	degradation	of
carotenoid-derived	signaling	molecules	will	undoubtedly	provide	fascinating	new	insights	into
the	roles	that	carotenoids	have	in	nature.

10.3	Biofortification	and	health	perspectives
The	carotenoid	biosynthetic	pathway	in	plants	is	complex	and	tightly	regulated,	as	discussed	in
this	chapter.	The	biochemical	steps	in	the	pathway	have	been	discovered,	and	the	discovery	of
complex	mechanisms	regulating	carotenoid	gene	expression,	protein	activity,	and	localization
are	at	the	forefront	of	active	research	combining	information	from	different	higher	plant
species	and	genomic	approaches.	By	enhancing	our	knowledge	of	the	regulation	of	biosynthetic
processes	and	flux	through	the	pathway,	undoubtedly	new	possibilities	will	emerge	to	enhance
plant	biofortification	as	a	convenient	resource	to	produce	valuable	micronutrient	compounds.
Special	interest	in	carotenoid	biosynthesis	in	plants	is	attributed	to	the	highly	beneficial
chemical	properties	of	carotenoid	compounds	that	are	well	recognized	in	promoting	human
health,	for	example	due	to	their	antioxidant	properties	and	provitamin	A	activity.	They	are	also
valuable	ingredients	used	commercially	in	animal	food	and	the	aquaculture	feed	industry.
Several	drawbacks	can	be	identified	when	considering	plants	as	a	sink	for	carotenoid	storage:
(1)	the	level	of	carotenoid	accumulation	in	various	plant	organs	can	be	low	or	absent,	(2)
biosynthesis	can	be	tissue	and	organ	dependent,	(3)	environmental	factors	can	alter	carotenoid
accumulation,	and	(4)	some	carotenoids	are	only	synthesized	by	specific	species.

High	homology	between	carotenoid	genes	among	different	plant	species	as	well	as	some



microorganisms	makes	genetic	engineering	a	powerful	tool	to	enhance	carotenoid	content	in
plant	organs	or	redirect	pathway	flux	to	produce	different	carotenoid	species.	This	can	be
accomplished	by	(1)	the	overexpression	of	carotenoid	genes	to	elevate	total	carotenoids	or
individual	compounds,	(2)	the	silencing	of	carotenoid	gene	expression	to	perturb	the	pathway
at	specific	steps	and	elevate	the	levels	of	specific	carotenoid	metabolites,	and	(3)	transfer	a
single	or	stack	of	carotenoid	genes	from	one	organism	to	another	in	order	to	enhance
biosynthesis	or	perhaps	introduce	new	pathway	branches	to	produce	new	carotenoids	[10].
Several	attempts	to	modify	the	carotenoid	pathway	have	commenced	and	successfully
enhanced	biofortification	[28,	173],	with	Golden	Rice	being	the	most	recognized.	Golden	Rice
produces	provitamin	A	carotenoids,	mainly	β-carotene,	in	grains	due	to	the	expression	of	the
Pantoea	ananatis	phytoene	desaturase	(CrtI)	gene	and	plant	PSY	gene	from	Narcissus
pseudonarcissus,	later	replaced	by	maize	PSY	in	the	second-generation	Golden	Rice	(GR2).
This	modification	allowed	β-carotene	to	accumulate	up	to	31	µg/g	grain	tissue,	which	is	a
sufficient	dietary	intake	for	combating	vitamin	A	deficiency	in	people	relying	exclusively	on	a
diet	of	rice	[174].	Release	of	GR2	to	farmers	and	further	production	may	be	a	turning	point	in
commercial	adoption	of	plants	with	engineered	biosynthetic	pathways.	The	approach	of
pathway	modification	may	be	of	particular	interest	to	develop	varieties	of	commercial
significance	for	industrial	purposes	in	future	ventures.	An	interesting	example	has	already	been
presented	by	Jayaraj	et	al.	[175],	who	produced	carrots	that	accumulate	several	keto-
carotenoids	in	the	root,	mainly	astaxanthin,	adonirubin,	and	canthaxanthin,	which	are	rare	in
plants	but	essential	for	feed	use	in	the	aquaculture	industry.

Natural	biosynthetic	pathways	in	algae	are	less	understood,	although	the	major	steps	have	been
identified.	Most	intriguing	is	that	algae	can	synthesize	many	carotenoids	not	present	in	higher
land	plants.	For	example,	considerable	attention	has	been	directed	to	the	synthesis	of
fucoxanthin	due	to	its	health-beneficial	properties	[56,	58].	A	deeper	discovery	of	the	enzymes
responsible	for	algae	carotenoid	biosynthesis	and	mechanisms	regulating	accumulation,
storage,	and	degradation	will	ultimately	benefit	carotenoid	biofortification	of	land	plants	and
the	screening	for	new	varieties	that	are	rich	in	carotenoids	species	important	for	human	health.
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11.1	Introduction
The	colors	of	fruits	and	vegetables	are	composed	mainly	by	the	individual	amounts	of	different
carotenoids,	anthocyanins,	flavonoids,	and	chlorophylls.	The	most	important	function	of	these
pigments	is	to	attract	animals	(e.g.,	mammals	and	birds),	which	are	responsible	for	distributing
the	seeds	and	thus	guaranteeing	the	reproductive	success	of	the	individual	plant	species	[1].	In
a	process	of	co-evolution,	carotenoids	possess	various	biological	functions	for	humans,
predominantly	provitamin	A	activity,	antioxidative	properties,	and	enhancement	of	the	immune
system.

Carotenoids	occur	in	all	plants	and	are	therefore	among	the	most	important	nutrients	in	food
materials.	They	are	fat-soluble	microconstituents	that	have	beneficial	effects	to	human	health,
including	protection	against	cancer,	various	cardiovascular	diseases,	and	macular
degeneration.	Today,	approximately	700	carotenoids	have	been	detected	in	nature,	and	they	are
divided	into	different	carotenes	(e.g.,	α-carotene,	β-carotene,	and	lycopene)	and	xanthophylls,
which	represent	the	oxygenated	carotenoid	fraction	(lutein,	zeaxanthin,	canthaxanthin,	and
astaxanthin).	The	chemical	structures	of	the	most	frequently	occurring	carotenoids	are
presented	in	Figure	11.1.





Figure	11.1	Chemical	structures	of	those	carotenoids	most	frequently	found	in	fruits	and
vegetables.

In	plants,	carotenoids	play	a	crucial	role	in	protecting	chlorophyll	with	antioxidant	activity,
and	these	properties	are	one	of	the	many	reasons	that	carotenoids	are	of	interest	to	humans.	All
carotenoids	exist	in	plants	in	the	trans-geometric	form;	however,	thermal	processing	can
induce	trans-to-cis	carotenoid	isomerization.	The	content	of	carotenoids	in	plants	is	influenced
by	different	factors	related	to	the	genetic	background,	the	environment,	and	cultivation
strategies	used	to	manage	the	crop	during	its	growth.	In	particular,	cultivation	strategies	can
result	in	an	increase	in	the	concentration	of	carotenoids.	However,	postharvest	processes	also
may	induce	some	changes	concerning	the	chemistry	of	carotenoids,	hence	their	individual
bioavailability.

11.2	Occurrence	of	carotenoids	in	food	materials
In	higher	plants,	carotenoids	are	mainly	detected	in	leaves,	flowers,	and	fruits.	But	recent
studies	confirm	that	large	amounts	of	carotenoids	also	occur	in	numerous	macro-	and
microalgae	[2,	3].	Furthermore,	photosynthetic	bacteria	and	fungi	also	are	able	to	produce
various	carotenoids,	such	as	canthaxanthin.	Contrary	to	that,	animals	are	unable	to
biosynthesize	carotenoids	de	novo	and	are	therefore	dependent	on	the	carotenoid	supply	from
their	diet.	It	is	well	known	that	several	yellow-	or	red-colored	birds,	some	fish	species	such	as
salmon,	and	numerous	marine	invertebrates	accumulate	various	carotenoids	(mainly
astaxanthin)	from	nature.	In	human	blood	plasma,	usually	the	following	six	carotenoids	are
detected:	α-	and	β-carotene,	lycopene,	zeaxanthin,	lutein,	and	β-cryptoxanthin	[4].	With	respect
to	provitamin	A	activity,	the	most	prominent	substances	are	α-	and	β-carotene,	several
xantophylls	including	β-cryptoxanthin,	and	some	apocarotenoids	[5].	However,	the	enzymatic
processes	involved	in	the	conversion	of	these	precursors	with	provitamin	A	activity	are
influenced	by	different	factors,	such	as	the	consistency	of	the	food	matrix,	vitamin	A,	and	the
health	status	of	the	individual	[6].	Among	the	group	of	carotenoids	that	are	converted	to	retinol,
their	individual	provitamin	A	activity	was	determined	several	years	ago	[7].	As	can	be	seen
from	Table	11.1,	β-carotene	has	the	highest	provitamin	A	activity	because	every	molecule
produces	two	of	retinal,	which	is	subsequently	reduced	to	retinol.	Today,	it	is	well	known	that
only	those	carotenoids	can	be	converted	into	vitamin	A	that	possess	at	least	one	β-type	ring,	no
oxygenated	functional	groups,	and	a	polyene	chain	containing	at	least	11	carbon	atoms.



Table	11.1	Carotenoids	with	provitamin	A	acitivity.	The	individual	provitamin	A	value	is
relative	to	ß-carotene	according	to	Bauernfeind	[7].

Carotenoid Percent	Vitamin	A	Activity
trans-β-Carotene 100
9-cis-β-Carotene 38
13-cis-β-Carotene 53
trans-α-Carotene 53
9-cis-α-Carotene 13
13-cis-α-Carotene 16
trans-β-Crypthoxanthin 57
9-cis-β-Crypthoxanthin 27
15-cis-β-Crypthoxanthin 42
β-Carotene-5,6-epoxide 21
γ-Carotene 42–50
β-Zeacarotene 20–40

During	fruit	development,	several	metabolic	changes	influence	their	chemical	composition	and
structural	characteristics,	especially	at	the	end	of	the	process	during	fruit	ripening.	Fruit
development	covers	a	maturation	phase	consisting	of	initial	cell	division,	followed	by	a	period
of	cell	growth	and	an	increase	in	the	size	of	laticiferous	canals	and	intercellular	spaces,	until	a
maximum	organ	expansion	is	reached	[8].	Vasquez-Caicedo	et	al.	[9]	analyzed	the
morphological	changes	of	the	structures	with	the	aim	to	understand	where	the	plant	pigments
are	exactly	deposited	during	maturation	of	mango	(Mangifera	indica).	They	also	got	a	deeper
insight	into	the	nature	and	availability	of	carotenoids	during	postharvest	ripening	and
described	the	nutritional	and	sensory	quality	of	mango	fruits.	In	capsicum	(Capsicum	annuum)
fruits,	early	ripening	stages	were	characterized	by	the	presence	of	chloroplasts	[10],	where
carotenoids	are	part	of	the	pigment–protein	complex	of	Photosystems	I	and	II	in	the	stroma-
and	grana-thylakoids.	The	authors	were	able	to	prove	that	during	fruit	ripening,	chloroplasts
differentiate	into	chromoplasts	by	disintegration	of	the	thylakoid	membranes	and	by	the
development	of	new	pigment-bearing	structures.

11.3	Bioavailability	and	bioefficiency	of	carotenoids
It	has	been	reported	that	humans	consume	around	60	different	carotenoids	with	their	intake	of
vegetables	and	fruits.	Small	amounts	of	carotenoid	uptake	are	related	to	the	consumption	of
eggs,	fish,	and	poultry	for	which	plant	and	algal	materials	(e.g.,	zeaxanthin	from	maize)	are
very	often	ingredients	of	the	animal	feed	[11].	Numerous	epidemiological	studies	also	have
been	performed	to	understand	more	precisely	the	beneficial	effect	of	various	carotenoids	on
human	health.	In	this	context	especially,	lycopene	and	β-carotene	have	been	found	to	act	as



important	protectors	against	cancer	and	cardiovascular	diseases	[11–14].	Therefore,	today
growing	interest	exists	in	getting	reliable	information	regarding	the	bioavailability	of
carotenoids,	with	respect	to	both	carotenoids	per	se	and	the	vitamin	A	value	of	provitamin	A
carotenoids	in	foods	or	supplement	preparations	[15].	Such	data	are	needed	for	dietary
recommendations,	supplement	formulation,	and	design	of	intervention	strategies	involving
carotenoids.	At	present,	scarce	quantitative	information	is	available,	which	is	related	to	the
lack	of	adequate	methods	to	measure	carotenoid	bioavailability.	Reported	ranges	of	carotenoid
bioavailability	(%	dose	absorbed)	range	from	1	to	99,	and	variability	is	generally	high	both
within	and	between	treatments.	Currently	available	methods	allow	one	to	determine	relative
bioavailability,	but	in	most	cases	these	approaches	are	not	applicable	to	assess	data	for
absolute	bioavailability.	The	most	commonly	applied	methods	include	measuring	the	increase
in	plasma	carotenoid	concentration	following	chronic	intervention,	and	use	of	postprandial
chylomicron	(PPC)	carotenoid	or	retinyl	ester	response	following	a	single	dose	of	carotenoid
[15].	Based	on	the	currently	available	data,	it	can	be	suggested	that	oil	solutions	of	carotenoids
are	more	bioavailable	than	those	from	food	matrices.	Furthermore,	it	has	been	recognized	that
heating	can	improve	the	bioavailability	of	carotenoids	from	some	selected	food	products.

Generally,	the	bioactivity	of	carotenoids	requires	their	preceding	release	from	the	food	matrix
and	subsequent	absorption.	However,	today	the	bioavailability	of	carotenoids	still	is	not	yet
fully	understood	because	numerous	factors	influence	this	diverse	process,	which	has	been
reviewed	in	detail	previously	[6,	16,	17].	According	to	several	studies,	it	has	been	presented
that	the	chemical	structure	of	an	individual	carotenoid	has	a	high	impact	on	its	bioavailability.
In	this	context,	van	het	Hof	et	al.	[18]	registered	a	fivefold	higher	bioavailability	of	lutein
compared	to	β-carotene	from	a	mixed-vegetable	diet.	Similar	results	were	obtained	by	Kostic
et	al.	[19],	who	administered	equimolar	doses	of	lutein	and	β-carotene	dissolved	in	oil	to	their
study	participants.	Furthermore,	the	effects	of	interactions	between	different	carotenoids	and
the	total	amount	of	carotenoid	on	bioavailability	have	been	studied	intensively,	and	it	was
discovered	that	different	carotenoids	compete	for	their	absorption	[20].	However,	the	chemical
environment	of	the	carotenoids	in	the	plant	tissue	also	plays	an	important	role	regarding	their
release	and	subsequent	absorption.	Today,	it	is	well	known	that	in	plants,	carotenoids	are
deposited	in	different	types	of	plastids,	such	as	chloroplasts	and	chromoplasts.	The	low
bioavailability	of	carotenoids	from	raw	green	vegetables	is	related	to	the	fact	that	the	pigment
is	bound	in	various	complexes	with	protein	that	are	located	in	the	chloroplasts.	If	food	material
is	heated,	carotenoids	are	released	from	these	complexes	and	thus	will	enhance	their
bioavailability	[21].	It	is	assumed	that	the	morphology	of	chromoplasts	in	yellow,	orange,	and
red	fruits	and	vegetables	has	a	significant	impact	on	the	bioavailability	of	carotenoids.	Thus,	it
has	been	reported	that	carrot	root	cells	contain	comparatively	large,	crystalline	aggregations	of
β-carotene,	whereas	nanoscale	substructures	of	lipid-dissolved	and	liquid-crystalline	β-
carotene	can	be	found	in	papaya	fruits	[22,	23].	At	the	same	time,	crystalloid	accumulations	of
lycopene	have	been	identified	in	both	papayas	and	tomatoes.

A	series	of	in	vitro	digestion	experiments	have	been	carried	out	in	which	an	enhanced	release
of	lycopene	and	β-carotene	from	papayas	has	been	detected,	whereas	the	release	from	carrots
and	tomatoes	was	significant	lower	[24].	Because	all	three	mentioned	fruits	contain	β-



carotene,	the	authors	developed	a	three-way	cross-over	clinical	trial	to	evaluate	the
bioavailability	of	the	vitamin	A	precursor.	Furthermore,	they	also	determined	the
bioavailability	of	β-cryptoxanthin	from	papaya	fruits,	which	are	known	to	contain	high	amounts
of	this	provitamin	A	carotenoid.	A	total	of	16	participants	were	recruited	for	the	randomized
cross-over	study.	Test	meals	containing	raw	carrots,	tomatoes,	and	papayas	were	adjusted	to
provide	an	equal	amount	of	β-carotene	and	lycopene.	For	the	evaluation	of	bioavailability,
lipoprotein	fractions	containing	newly	absorbed	carotenoids	were	analyzed	over	9.5	hours
after	test	meal	consumption.	The	bioavailability	of	β-carotene	from	papayas	was	found	to	be
approximately	three	times	higher	than	that	from	carrots	and	tomatoes,	whereas	differences	in
the	bioavailability	of	β-carotene	from	carrots	and	tomatoes	were	insignificant.	Retinyl	esters
appeared	in	the	lipoprotein	fractions	at	a	significantly	higher	concentration	after	the
consumption	of	the	papaya	test	meal.	The	authors	mention	that	lycopene	was	approximately	2.6
times	more	bioavailable	from	papayas	than	from	tomatoes.	Furthermore,	the	bioavailability	of
β-cryptoxanthin	from	papayas	was	shown	to	be	2.9	and	2.3	times	higher	than	that	of	the	other
papaya	carotenoids	β-carotene	and	lycopene,	respectively.	It	is	assumed	that	the	morphology	of
chromoplasts	and	the	physical	deposition	form	of	carotenoids	play	major	roles	in	the	context	of
their	individual	bioavailability	from	the	foods	investigated.	Particularly,	the	liquid-crystalline
deposition	of	β-carotene	and	the	storage	of	lycopene	in	very	small	crystalloids	in	papayas
were	found	to	be	associated	with	their	high	bioavailability.	In	conclusion,	papaya	was	shown
to	provide	highly	bioavailable	β-carotene,	β-cryptoxanthin,	and	lycopene	and	is	therefore
recommended	as	a	readily	available	dietary	source	of	provitamin	A	for	reducing	the	incidence
of	vitamin	A	deficiencies	in	many	subtropical	and	tropical	developing	countries	[23].	Based
on	liquid	chromatography–mass	spectroscopy	(LC-MS)	data	(Figure	11.2,	Color	Supplement),
it	has	been	found	that	yellow	fruits	contain	only	trace	amounts	of	lycopene,	whereas	this
substance	occurs	as	the	main	carotenoid	in	red	papaya	(51%	of	total	carotenoids).



Figure	11.2	Separation	of	carotenoids	and	carotenoid	esters	from	(A)	yellow	papaya,	(B)	red
papaya,	and	(C)	tomato	fruit	by	high-performance	liquid	chromatography	(HPLC)	monitored	at
450	nm.	1:	β-Apo-8-carotenal	(added	as	internal	standard);	2:	β-cryptoxanthin;	3:	β-carotene;
4:	β-cryptoxanthin	caprate;	5:	β-cryptoxanthin	laurate;	6:	β-cryptoxanthin	myristate;	7:	Z-
lycopene	isomers;	and	8:	all-E-lycopene.

(Reproduced	with	permission	from	Schweiggert	et	al.,	2011	[22].	©	Springer.)

In	addition,	the	developmental	pathway	of	red	papaya	chromoplasts	was	investigated	during
fruit	ripening	and	carotenogenesis.	The	authors	found	that	carotenoids	from	papaya	and	mango
were	accumulated	in	globular	and	tubular	structures,	where	they	are	present	in	a	lipid-
dissolved	or	liquid-crystalline	form	[22].	Contrary	to	that,	the	studies	prove	that	chromoplasts
obtained	from	carrots	and	tomatoes	show	large	crystalloid	β-carotene	and	lycopene
aggregates,	respectively	(Figure	11.3,	Color	Supplement).



Figure	11.3	Light	micrographs	of	carrot	root	and	mango,	papaya,	and	tomato	fruits.	The
chromoplasts	are	marked	with	arrows.

(Reproduced	with	permission	from	Schweiggert	et	al.,	2012	[24].	©	Elsevier.)

The	same	authors	recognized	for	the	first	time	that	fruits	collected	from	papaya	and	tomato
plants	accumulate	a	crystalline	form	of	lycopene,	whereas	in	papaya	fruits	a	much	smaller	size
of	lycopene	crystalloids	was	deposited	[22,	24].

In	1967,	the	World	Health	Organization	(WHO)	defined	the	term	bioefficiency	as	“the	fraction



of	ingested	carotenoids	with	provitamin	A	activity	that	is	absorbed	and	converted	to	its	active
form	retinol.”	Estimating	that	the	bioefficacy	of	carotenoids	from	a	diet	is	one-third	of	that	of
retinol	and	recognizing	that	the	equivalence	between	β-carotene	and	retinol	is	2:1,	a	ratio
value	of	6	was	introduced	to	calculate	the	efficacy	for	β-carotene	and	12	for	other	carotenoids.
The	term	bioavailability	has	been	formed	by	a	fusion	of	the	two	words	biological	and
availability	[25].	Generally,	it	is	defined	as	the	amount	of	a	nutrient	that	is	released	from	a
food	during	the	digestion	process.	In	contrast	to	the	term	bioaccessibility,	which	is	usually
described	as	the	sum	of	digestibility	and	assimilation,	bioavailability	covers	metabolism,
transport	and	tissue	distribution,	and	bioactivity	of	a	certain	active	substance	[26].	Numerous
fruits	and	vegetables	contain	various	carotenoids	that	possess	high	bioactivity	with	regard	to
human	health.	In	particular,	β-carotene	as	the	precursor	of	vitamin	A	represents	an	important
nutritional	issue	in	many	developing	countries	due	to	its	role	in	immune	function	and	growth
[27].	But	also	other	carotenoids	that	are	not	converted	to	vitamin	A,	such	as	lycopene,	are	well
known	for	their	health-promoting	properties	[28].

11.4	Extraction	of	carotenoids	from	various	food
matrices
Several	extraction	and	purification	studies	have	been	performed	to	obtain	carotenoids	from
natural	sources,	including	solvent	extraction,	supercritical	fluid	extraction	(SFE),	distillation,
membrane	separation,	chromatography,	and	crystallization.	Furthermore,	biotechnological
methods	have	been	applied	to	produce	carotenoids	in	bioreactors	with	appropriate
microorganisms.	Nevertheless,	also	today	solvent	extraction	is	mainly	used	to	isolate	natural
carotenoids	in	industrial-scale	amounts	[29,	30].	In	the	past,	different	organic	solvents	such	as
acetone,	tetrahydrofuran,	n-hexane,	pentane,	methanol,	and	chloroform	have	been	used	to
extract	carotenoids	from	various	natural	products,	such	as	fruits,	vegetables,	and	seafood	[31–
33].	Today,	liquid	CO2	is	becoming	increasingly	important	as	an	extraction	solvent	because	of
its	ability	to	diffuse	into	natural	tissues	and	its	nontoxic	properties.	In	order	to	purify	the
isolated	fractions,	carotenoids	are	usually	crystallized	or	co-crystallized	[34].	In	literature,
most	articles	related	to	various	extraction	methods	describe	analytical	procedures,	whereas
industrial	applications	are	scarce	and	in	most	instances	explained	in	patents.

Taungbodhitham	et	al.	developed	a	solvent	extraction	method	suitable	for	a	wide	range	of
sample	matrices	in	carotenoid	analysis	[33].	Using	canned	tomato	juice	as	a	representative
sample,	they	were	able	to	present	that	two	solvents	of	low	biological	hazard,	ethanol	and
hexane,	are	the	most	suitable	for	extracting	carotenoids	from	the	matrix.	The	use	of	double
extraction,	each	with	35	ml	of	an	ethanol–hexane	mixture	(4:3,	by	volume),	resulted	in	good
recoveries	of	carotenoids	(lycopene	96%,	α-carotene	102%,	and	β-carotene	93–100%).
Coefficients	of	variation	conducted	on	different	days	were	for	lycopene	5%	and	for	β-carotene
7%.	They	applied	the	new	established	method	to	various	fruit	and	vegetable	matrices,	and
performed	recovery	studies	with	carrot	and	spinach	as	representatives	for	root	and	leafy
vegetables.	In	this	context,	they	obtained	average	percentage	recoveries	of	added	carotenoids
from	canned	tomato	juice,	carrot,	and	spinach	as	follows:	101,	99.8,	and	101%	for	α-carotene



(12.4,	24.8,	49.6,	and	99.2	μg/10	ml	of	added	α-carotene);	and	98.1,	99.7,	and	96.1%	for	β-
carotene	(25.5,	50.9,	101,	and	201	μg/10	ml	of	added	β-carotene).	These	similar	recoveries
over	the	explored	concentration	ranges	confirm	that	the	application	of	the	developed	extraction
method	seems	to	be	more	or	less	unaffected	by	differences	in	matrix	composition	of	the
samples.

In	recent	years,	the	growing	demand	for	natural	products	in	foods,	pharmaceuticals,	and
cosmetics	caused	a	significant	reduction	of	organic	solvents	in	extraction	processes.	Following
this	trend,	numerous	patents	have	been	registered	related	to	the	use	of	physical	techniques	such
as	precipitation,	distillation,	filtration	and	centrifugation,	enzymatic	processes,	and	SFE.

Extraction	of	natural	products	with	supercritical	CO2	has	received	much	attention	for	the	past
several	years.	The	main	advantages	of	this	technique	are	that	no	extraction	solvent	residues
remain	and	the	extractions	can	be	performed	at	low	to	moderate	temperatures,	insuring	that	less
destruction	or	chemical	reactions	will	occur	during	the	extraction	process.	The	first	uses	of
CO2	extraction	were	related	to	decaffeination	of	coffee	[35]	and	extraction	of	hops	[36],	which
today	still	represent	the	most	important	commercial	applications	in	this	field.	In	addition,	it
prevents	the	oxidation	of	carotenoids	during	the	extraction	process.	In	recent	years,	the
growing	interest	in	nutraceuticals	has	led	to	increased	efforts	to	find	potential	carotenoid
sources	in	several	products	and	by-products	obtained	from	the	agricultural	and	fishing
industries	[37–39].

Table	11.2	summarizes	some	of	the	most	important	approaches	to	isolate	carotenoids	from
various	natural	materials.	Nevertheless,	it	has	to	be	stressed	here	that	even	today	organic
solvents	are	still	widely	used,	and	many	patents	involve	the	use	of	ethanol	and	ethyl	acetate	but
also	describe	the	advantages	of	so-called	green	solvents	such	as	ethyl	lactate	[40].

Table	11.2	Recent	patents	related	to	the	extraction	of	carotenoids	(according	to	Riggi	[77]).

Title Patent	Number Method Raw	Materials References
Solventless
extraction

CA2397655 Broth	cells;	thermal
lysing	(>50 °C),
centrifuge	cell	mixture,
light	layer	enriched,
non-emulsified
enriched	components

Algae,	fungi,
bacteria

Engelhardt	et
al.,	2001	[78]

Pigment
extraction
system	and
method

US2003091704 Raw	materials;
homogenization,
washing,
centrifugation,	pigment
recovery

Citrus	fruits,
mainly	grapefruit

Lee	Hyoung
&	Coates,
2003	[79]

Natural	color
concentrates
and

CA2303352 Raw	materials	+	food-
grade	polyvinyl
pyrollidone

Flower,	fruit
(mainly	cranberry
and	blueberry)	and

Hoffman	et
al.,	2004	[80]



antimicrobial
nutraceutical
from	plants

Mixing,	removing	the
juice
Substrate	enriched	in
carotenoids

vegetable	juice	or
homogenate

Processes	for
extracting
carotenoids	and
for	preparing
feed	materials

CA2395319 Raw	materials	+
solvent,
Mixing,	separating
water	layer
Carotenoid	solution	in
an	edible	oil

Shellfish,	krill,
algae,	fungi,
vegetables,
tomatoes

Kagan	&
Braun,	2001
[81]

Isolation	of
carotenoid
crystals

CA2396167 Oily	suspension	from
disrupted	microbial
cells	+	alkali	(pH	9–
12),	kept	at	50–75 °C,
separated	and	washed
Crystalline	suspension
with	a	salty	aqueous
solution

Microbial	sources
(bacteria,	fungi,
algae,	yeast)

Wolf	et	al.,
2001	[82]

Carotenoid
extraction
process

US2003044499 Diluted	raw	materials
(Brix	<10°),	crushing,
decantation,
centrifugation,
extraction	with	organic
solvents,	carotenoid-
containing	plant
oleoresin

Tomato	paste,
carrots,	dried
carrots,	wolfberry
fruit
(Lycium
barbarum),	corn,
Dunaliella
biomass

Zelkha	&
Sedlov,	2003
[83]

Method	for
producing
carotenoid
concentrate
from	green	mass
of	plant	material

UA73556 Raw	materials–oil
(0.5	to	2:1)
Filtration	or	thermal
pressing	and	milling,
carotenoid-enriched
substrate

Green	mass	of
plant	material

Postoienko	et
al.,	2004	[84]

Process	for
extracting
carotenoids
from	fruit-	and
vegetable-
processing
waste

AU2003287701 Macerated	source–
alcohol–surfactant,
slurry	+	carbon
disulfide,	decantation,
centrifugation,	liquid
fraction	+	solid
fraction,	separating
liquid	fraction,
concentrating,

Fruit-	or
vegetable-
processing	waste

Rusnack	&
Allen,	2004
[85]



carotenoid	crystals
precipitated

Method	for
production	of
fat-soluble
carotenoid
complex	from
hydrobios	and
waste

RU2004100513 Raw	materials:	heated
fat	(<40 °C),	agitation,
centrifugation,
carotenoid-enriched
substrate

Fish	industry	by-
products

Mukhin	et	al.,
2006	[86]

Production	of
lycopene
enriched
antioxidants

ES2241503 Raw	materials–lipid,
high-speed	stirring
(<120 °C),	carotenoid-
enriched	substrate

Any	plant	product
(tomatoes,
watermelons,	wild
berries,	flowers,
etc.)

Rey,	2005
[87]

Isolation	and
purification	of
carotenoids
from	marigold
flowers

AU2005331246 Marigold	flower
petals
Ensilaging,
dehydration,	dried
meal	pelletizing,	pellet
+	hexane	solvent
extraction,	marigold
oleoresin,
homogenizing	in
alcohol,	hydrolysis
with	alkali,	carotenoid
esters	precipitation
using	water	and
alcohol	(50/50)
Mixture,	washing	with
hot	water,	filtration	of
carotenoid	crystals,
centrifugation,
filtration,	drying,
carotenoid	crystals

Marigold	flower
petals

Madavalappil
&
Swaminathan,
2006	[53]

Process	for
production	of
carotenoids

JP2007319015 Microorganism	culture
+	alcohols	heated
(>80 °C),	mixing,
alcohol	solution,
concentration	and
mixing	with	water,
carotenoid-enriched
precipitate,	washing

Microorganism
cultures

Ishikawa	et
al.,	2007	[88]



and	filtration
Extraction	of
carotenoids
from	plant
material

US20097572468 Dried	and	milled	raw
materials–ethyl
lactate/ethanol	(93/7,
v/v),	filtration,
centrifugation	and
membrane	separation,
carotenoid-enriched
solution,	evaporation

Tomato,
watermelon,
papaya,	guava,
mango,	grapefruit,
olive,	carrots,
parsley,	spinach

Ishida	et	al.,
2009	[89]

Separation	of
carotenoids
from	fruits	and
vegetables

CA2305091 Mechanically	crushed,
cooked,	homogenized,
and	freeze-dried	raw
materials
Mixing	the	powder
with	an	edible	oil
SFE	(45	to	50 °C	/	35
to	38	mpa	/	120	to	180
min.

Fruits	and
vegetables,
especially
tomatoes

Shi,	2001
[90]

Method	for
extracting
chlorophyll	and
carotenoid
pigments	from
seaweeds,
crustacean,	and
echinodermata

KR20020000660 CO2	+	alcohol
entrainer	80 °C	/	5	to
50	mpa

Seaweeds,
crustaceans,
echinoderms

Chun	&
Hong,	2002
[91]

Method	for
producing
organic	solvent-
free	lycopene
concentrate

AU2369002 Drying	(moisture	<
10%)	and	milling,
optionally	adding
virgin	olive	oil	and
oligoresin,	SFE:	<80 
°C,	30–70	mpa,
depressurisation	10–
20	mpa,	40–60 °C

Industrial	wastes
from	the	tomato-
processing	industry

Rey	et	al.,
2002	[92]

Improvements
in	or	relating	to
separation
technology

CA2483191 Lipophilic	compound
and	urea	solution,
near-critical	fluid	(35–
80 °C	/	15–50	mpa),
depressurizing,
lipophilic	compound

By-product	of
transesterification
processes

Mackenzie	et
al.,	2003	[93]

Method	for US20046737552 Two-step	supercritical Alfalfa,	wheat, Crombie,



extracting	lutein
from	green	plant
materials

fluid	extraction
First	pressure:	10–40
mpa
Second	pressure:	41–
80	mpa
Entrainer	(ethanol	1	to
5%	(v/v)	of	the
supercritical	fluid)

barley,	kale,
broccoli,	spinach,
cabbage	beans,
soybean,	mustard
greens,	collards,
turnip	greens

2004	[94]

Process	and
apparatus	for
modifying	plant
extracts

AU2004246728 Raw	materials,
semipermeable
nanofiltration
membrane,	partially
dried	starting	material,
supercritical	CO2
extraction

Fruits,	vegetables,
herbs,	grasses

Brewer,	2004
[95]

Supercritical
carbon	dioxide
extraction	of
carotenoids
from	natural
materials	using
a	continuous	co-
solvent

US2005266132 Raw	materials
grinding	(0.2	to	2	mm),
drying	(<10%
moisture),	powder	+
oil
SFE	co2	(35	to	100 °c
/	10	to	100	mpa	/	0.5
to	3.0	l/min)

Carrots,	tomatoes,
marine	algae

Temelli	and
Sun,	2005
[96]

Method	of
extracting
carotenoids	and
edible	glycerol
from	Dunaliella
salina

CN101107991 Optimized	culture	of
Dunaliella	salina
Concentrate	with
hollow-fiber	film
method	centrifugal
separation,
dehydration,	and
drying	carbon	dioxide
with	supercritical
method

Dunaliella	salina Zhen	et	al.,
2008	[97]

Method	for
extraction	and
concentration	of
carotenoids
using
supercritical
fluids

US7329789 Supercritical	gas:
dimethyl	ether,
Optional	second	step,
supercritical	gas:	CO2

Algae-derived
materials,	marine
organisms,
vegetables

Schonemann
et	al.,	2008
[98]

Method	for CN101209985 Supercritical	CO2, Tobacco	leaves Mingqin	&



extracting
carotenoids
from	tobacco
leaf	by
overcritical	co2

column
chromatographic
separation

Jinxia,	2008
[99]

Dense	gas
means	for
extraction	of
solute	from
solids

US2008251454 Inclined	single	auger
or	multiple	augers	in	a
pressurized	chamber,
continuously	refilled
biphasic	dense	gas
mixed	with	raw
materials
Solute	+	gas	and	liquid
phases	at	the	bottom,
insoluble	components
+	vapor	phase	at	the
top

Soybean,	rapeseed
(canola),	corn,
palm	sunflower,
jatropha,	corn
germ,	safflower,
cotton,	flax,
peanut,	olive,
coconut,	woody
material,	animal
matter

Waibel	et	al.,
2008	[100]

Methods	for
processing
crustacean
material	[46]

CA2421820 Enzymes	having
phospholipase	activity
in	an	aqueous	liquid
Separation,
inactivation,	or
removal	of	added
enzymes

Crustacean
materials

Nielsen,	2002
[101]

Increasing
bioavailability
of	carotenoids

CA2448125 Esterase	+	cellulase	+
protease	+	pectinase,
emulsifier,	detection
assay	for	determining
the	efficiency	of	the
esterase

Red	pepper,	apple,
apricot,	avocado,
citrus	fruit,	mango,
nectarine,	papaya,
peach,	persimmon,
plum,	potato,
pumpkin,
tangerine,	zucchini

Levy	et	al.,
2002	[102]

AU,	Australia;	CA,	Canada;	CN,	China;	DE,	Germany;	ES,	Spain;	JP,	Japan;	KR,	South	Korea;	RU,	Russia;	SFE,	supercritical
fluid	extraction	;	UA,	Ukraine;	US,	United	States).

Roots	of	carrot	(Daucus	carota	L.	var.	Caro	Pride)	were	successfully	extracted	with
supercritical	fluid	CO2	under	various	combinations	of	pressures	and	solvent	modifiers	at	40 
°C,	and	the	resulting	ratio	of	α-	and	β-carotene	content	was	determined	by	high-performance
LC	(HPLC).	The	supercritical	fluid	CO2	extraction	at	40 °C	and	60.6	MPa	with	5%	chloroform
as	modifier	afforded	111.16	and	148.32	mg	of	α-	and	β-carotene	per	gram	of	dried	carrot,
respectively.	Compared	to	solvent	extraction	using	chloroform	as	the	extraction	solvent,	the
new	method	extracted	only	92.70%	of	the	total	carotenoid	fraction	[41].	The	effects	of	thermal



treatments	during	blanching,	pasteurization,	and	sterilization	on	cis-trans-isomerization	of	β-
carotene	in	carrot	juice	produced	on	a	pilot	plant	scale	and	in	β-carotene-containing
preparations	have	been	studied	by	Marx	et	al.	[42].	The	authors	observed	that	pasteurization
and	sterilization	at	121	°C	caused	only	minor	isomerization,	whereas	sterilization	at	130	°C
and	blanching	resulted	in	increased	formation	of	cis-isomers.	Furthermore,	it	was	found	that
dissolution	of	crystalline	carotenes	by	cellular	lipids	during	blanching	of	carrots	can	be	used
as	the	prerequisite	for	isomerization.	In	a	similar	approach,	addition	of	grapeseed	oil	to	the
coarse	mash	enhanced	isomerization	in	both	unheated	and	heat-preserved	carrot	juices.	Based
on	model	preparations	containing	crystalline	β-carotene,	the	authors	were	able	to	present	a
pronounced	stability	during	heating,	whereas	thermal	treatment	of	β-carotene	dissolved	in
toluene	resulted	in	temperature-dependent	isomerization.	It	is	assumed	that	the	carotene-
stabilizing	principles	observed	in	carrot	juice	can	be	related	to	chromoplast	fragments	as	the
core,	coated	by	water-insoluble	juice	constituents	such	as	pectin,	cellulose,	and	protein	that
prevent	carotenes	from	being	dissolved	in	neutral	lipids	upon	moderate	heating.

By	1993,	an	ethanol–pentane	solvent	extraction	method	and	a	supercritical	CO2	extraction
procedure	were	being	compared	for	a	subsequent	HPLC	determination	of	α-	and	β-carotene	in
vegetables	[43].	The	analyzed	samples	included	carrots,	collard	greens,	turnips,	turnip	greens,
mustard	greens,	broccoli	florets,	zucchini,	and	squash.	It	was	found	that	homogenization	of	the
samples	prior	to	extraction	significantly	improved	recovery	of	the	carotenoids.	A	combination
of	static	and	dynamic	modes	of	extraction	with	ethanol	as	modifier,	performed	at	338	atm	and
40	°C,	was	necessary	to	achieve	optimum	recovery	with	the	supercritical	fluid	procedure.
Applying	the	supercritical	CO2	technique,	the	carotene	content	was	23%	higher	when
compared	to	results	obtained	by	liquid	extraction.	Only	corn	and	carrots	contained	detectable
levels	of	α-carotene,	and,	in	both	cases,	liquid	extraction	yielded	slightly	higher	results.
Whereas	liquid	extractions	needed	approximately	90	minutes,	the	supercritical	fluid	procedure
could	be	performed	within	30	minutes.

Gao	et	al.	[44]	developed	a	supercritical	CO2	method	enhanced	by	ultrasound	for	the
extraction	of	lutein	esters	from	marigold	(Tagetes	erecta).	The	effects	of	extraction	parameters,
including	particle	size	of	matrix,	temperature,	pressure,	flow	rate	of	CO2,	and	ultrasonic
conditions	consisting	of	power,	frequency,	and	irradiation	time/interval	on	the	yield	of	lutein
esters,	were	studied	with	single-factor	experiments.	The	results	showed	that	the	yield	of	lutein
esters	increased	significantly	with	the	presence	of	ultrasound	(p	<	0.05).	Optimal	yield	of
lutein	esters	(690	mg	100	g-1)	was	obtained	for	a	particle	size	fraction	of	0.245–0.350	mm,
extraction	pressure	of	32.5	MPa,	temperature	of	55	°C,	and	CO2	flow	rate	of	10	kg	h−1	with
ultrasonic	power	of	400	W,	ultrasonic	frequency	of	25	kHz,	and	ultrasonic	irradiation
time/interval	of	6/9	s.

Barth	et	al.	[45]	also	applied	SFE	to	optimize	the	isolation	of	carotenoids	from	freeze-dried
carrots	and	compared	the	SFE	results	with	those	obtained	by	traditional	solvent	extraction
(TSE)	methods.	To	optimize	SFE	for	carotenoids,	a	factorial	experiment	was	conducted	with
varying	temperature	of	the	sample	chamber	(30,	40,	or	50	°C),	different	pressure	of	the
extraction	fluid	(300,	400,	or	500	atm),	and	various	co-solvent	modifications	(5	or	10%



ethanol).	The	optimum	conditions	for	extraction	of	α-carotene	and	β-carotene	by	SFE	were	50
°C,	300	atm,	and	10%	co-solvent	ethanol.	Total	provitamin	A	activity	(α-	plus	β-carotene)	was
greater	in	SFE	than	in	TSE	studies.	The	time	required	for	SFE	was	1	h,	whereas	for	the	TSE
procedure	6	hours	were	needed.	Therefore,	the	authors	recommend	SFE	as	a	reliable	and
improved	method	for	extraction	of	carotenoids	from	carrot	tissue.

Howe	and	Tanumihardjo	performed	biofortification	of	maize	with	α-carotene	to	improve	the
vitamin	A	status	in	vitamin	A–deficient	populations	where	maize	is	a	staple	crop	[46].	The
main	objective	of	their	work	was	to	evaluate	different	carotenoid	extraction	methods	and	to
adapt	them	for	application	in	countries	growing	biofortified	maize.	The	most	reproducible
method	based	on	coefficient	of	variation	and	extraction	efficiency	was	a	modification	of
Kurilich	and	Juvik’s	method	[47].	Furthermore,	it	was	found	that	heat	and	saponification	are
necessary	to	release	carotenoids	from	biofortified	maize.	In	order	to	get	satisfying	results	also
for	maize	samples	with	high	oil	content,	addition	of	base	has	been	proved	to	ensure	complete
saponification.	The	described	method	was	found	to	be	applicable	for	lutein,	zeaxanthin,	α-
cryptoxanthin,	and	α-carotene.

A	powerful	SFE	method	for	the	isolation	of	all-trans-lycopene	from	tomatoes	using	CO2	at	40
°C	without	any	modifiers	has	been	described	by	Gomez-Prieto	et	al.	[48].	This	method	allows
minimizing	the	risk	of	degradation	via	isomerization	and	oxidation	of	health-promoting
ingredients,	such	as	lycopene.	The	effects	of	different	experimental	parameters	on	the	solvating
power	of	the	supercritical	fluid	are	evaluated	in	terms	of	both	the	selectivity	achievable	in	the
process	and	the	yield	of	the	extraction	of	all-trans-lycopene.	The	isolated	fractions	contain
88%	all-trans-lycopene	and	12%	cis-lycopene.

Another	approach	aiming	to	extract	lycopene	and	α-carotene	from	tomato	paste	waste	using
supercritical	carbon	dioxide	has	been	described	by	Baysal	et	al.	[49].	To	optimize	the
extraction	process	with	regard	to	increased	amounts	of	lycopene	and	α-carotene,	a	factorial
designed	experiment	was	conducted.	The	factors	assessed	were	temperature	of	the	extractor
(35,	45,	55,	and	65	°C),	pressure	of	the	extraction	fluid	(200,	250,	and	300	bar),	addition	of
co-solvent	(5,	10,	and	15%	ethanol),	extraction	time	(1,	2,	and	3	h),	and	CO2	flow	rate	(2,	4,
and	8	kg/h).	The	individual	amounts	of	lycopene	and	α-carotene	in	the	tomato	paste	waste,
extracts,	and	residues	were	determined	by	HPLC.	A	maximum	of	53.93%	of	lycopene	was
extracted	in	2	h	(CO2	flow	rate	=	4	kg/h)	at	55	°C	and	300	bar,	with	the	addition	of	5%	ethanol
as	a	co-solvent.

A	similar	SFE	method	has	been	presented	for	the	extraction	of	lycopene	from	tomato	peel	by-
product	using	the	indigenous	oil	from	tomato	seed	that	has	been	obtained	along	with	the	tomato
peel	[50].	The	authors	determined	the	effects	of	temperature,	pressure,	and	CO2	flow	rate	on
lycopene	recovery	from	tomato	peel	in	the	presence	of	tomato	seed	oil	as	a	co-solvent	to
enhance	the	supercritical	CO2	solvating	power	for	lycopene	and	β-carotene	extraction	(Figure
11.4).	In	this	context,	they	found	that	the	presence	of	tomato	seed	oil	can	significantly	improve
the	extraction	yield	of	lycopene.



Figure	11.4	Effect	of	tomato	seed	oil	as	co-solvent	on	the	recovery	of	lycopene	and	β-carotene
at	90	°C,	40	MPa,	and	3	ml	min–1.

(Reproduced	with	permission	from	Machmudah	et	al.,	2012	[50].	©	Elsevier.)

Furthermore,	a	beneficial	role	in	the	stability	of	lycopene	due	to	its	fatty	acid	content	could	be
identified.	However,	increasing	temperature	(70,	80,	and	90	°C)	caused	a	slightly	decrease	in
the	recovery	of	β-carotene,	whereas	the	amount	of	lycopene	increased	at	the	same	time	[50].
The	optimum	process	conditions	for	lycopene	extraction	were	obtained	using	the	following
parameters:	temperature	90	°C,	pressure	40	MPa,	particle	size	1.05±0.10	mm,	and	a	ratio	of
tomato	peel	to	seed	of	37:63.	Under	these	conditions,	56%	of	lycopene	could	be	extracted
from	the	tomato	peel,	whereas	44%	of	this	carotenoid	remained	in	both	the	pipeline	and	the
solid	matrix.	The	authors	stress	that	the	presence	of	fatty	acid	content	in	the	tomato	seed	oil
improved	the	recovery	of	lycopene	extracted	from	18%	to	56%.

Another	research	group	also	performed	SFE	of	tomato	seeds	and	skins	obtained	as	by-products
from	the	industrial	processing	of	tomatoes	[51].	Here,	the	extracts	were	analyzed	for	their
content	of	lycopene,	α-carotene,	β-carotene,	α-tocopherol,	γ-tocopherol,	and	δ-tocopherol	by
HPLC,	and	the	amounts	compared	to	a	chemically	extracted	control.	The	SFE	experiments
were	carried	out	using	CO2	at	seven	temperatures	(range,	32–86	°C)	and	six	pressures	(range,



13.78–48.26	MPa).	The	authors	also	studied	the	effect	of	CO2	flow	rate	and	volume	on	the
extraction	yield.	It	was	found	that	the	percentage	of	lycopene	extracted	increased	with	elevated
temperature	and	pressure	to	a	maximum	recovery	of	38.8%	(obtained	at	86	°C	and	34.47
MPa).	Optimal	conditions	for	extraction	of	lycopene	from	3	g	of	raw	material	were	determined
to	be	86	°C,	34.47	MPa,	and	500	mL	of	CO2	at	a	flow	rate	of	2.5	mL/min.	Applying	these
conditions,	an	extraction	yield	of	61.0%	of	lycopene	could	be	obtained.

The	influence	of	some	operative	parameters	of	supercritical	carbon	dioxide	extraction
employed	for	the	isolation	of	lycopene	and	β-carotene	from	the	pulp	and	skins	of	ripe	tomatoes
have	been	evaluated	by	Cadoni	et	al.	[52].	The	extractions	were	conducted	at	pressures	and
temperatures	ranging	from	2500	to	4000	psi	and	from	40	to	80	°C,	respectively.	The	extracted
product	at	4000	psi	and	80	°C	contained	about	65%	of	lycopene	and	35%	of	β-carotene.
Lycopene	and	β-carotene	showed	a	different	solubility	in	the	supercritical	fluid	depending	on
the	individual	process	parameters.	Applying	optimal	operative	parameters,	the	authors	were
able	to	obtain	a	product	that	contained	87%	lycopene	and	13%	β-carotene.

Madavalappil	and	Swaminathan	[53]	patented	a	new	method	using	the	SFE	method	to	isolate
the	carotenoid	fraction	from	marigold	flowers.	In	a	first	step,	they	performed	an	anaerobic
fermentation	pretreatment	to	promote	fixation	and	enrichment	of	the	target	substances,	followed
by	dehydration	through	an	eco-friendly	drying	process.	At	the	end,	they	obtained	a	dried	meal
that	could	be	pelletized	and	subsequently	extracted	with	food-grade	solvents	such	as	n-hexane.

Vagi	et	al.	[54]	extracted	chlorophylls	and	carotenoids	from	marjoram	(Origanum	majorana)
applying	the	supercritical	carbon	dioxide	technique.	They	studied	the	effects	of	extraction
pressure	and	temperature	on	the	yield	of	the	pigments	by	applying	a	32	full	factorial	design
with	three	repeated	tests	in	the	center	of	the	design.	According	to	the	applied	extraction
methods,	different	amounts	of	each	pigment	were	determined.	The	highest	levels	of	carotenoids
and	chlorophylls	were	found	in	the	samples	obtained	by	alcoholic	Soxhlet	extraction	applying
a	laboratory	and	pilot	plant	apparatus.	When	supercritical	CO2	was	applied,	the	highest
amounts	of	pigment	substances	were	extracted	at	450	bar	pressure	and	50	°C	temperature.

Another	useful	application	of	supercritical	CO2	extraction	has	been	published	by	Careri	et	al.
[55].	The	authors	developed	a	procedure	to	investigate	the	effects	of	various	process
parameters	(temperature,	pressure	of	the	supercritical	fluid,	dynamic	extraction	time,	and
percentage	of	ethanol	added	as	modifier)	on	the	extraction	of	β-carotene,	β-cryptoxanthin,	and
zeaxanthin	isolated	from	Spirulina	algae,	which	is	well	known	as	a	carotenoid-rich	dietary
product.	An	experimental	design	approach	allowed	researchers	to	find	polynomial	functions
describing	the	relationships	between	the	mentioned	variables	and	responses	and	to	identify,	for
each	analyte,	the	optimal	experimental	conditions	for	the	individual	SFE	of	the	three
carotenoids	inside	the	experimental	domain	considered.	Also,	the	authors	highlighted	that	the
newly	developed	SFE	method	proved	to	be	a	more	effective	extraction	procedure	when
compared	with	the	TSE	technique.

Machmudah	et	al.	[56]	extracted	carotenoids	from	rosehip	fruits	also	applying	supercritical
CO2	and	determined	the	individual	profile	of	pigments	by	HPLC.	They	performed	the



extraction	at	pressures	of	150–450	bar	and	applied	temperatures	between	40–80	°C	and	CO2
flow	rates	of	2–4	ml	min−1.	In	order	to	optimize	the	process	conditions,	a	full	33-factorial
design,	in	which	pressure,	temperature	and	CO2	flow	rate	were	used	as	design	factors,	were
coupled	with	statistical	analysis	of	the	results,	applying	analysis	of	variance	(ANOVA).	The
experimental	results	show	that	the	maximum	amount	of	carotenoids	extracted	was	obtained	at
80	°C,	450	bar,	and	4	ml	min−1.	According	to	the	HPLC	results	obtained,	the	carotenoids
extracted	contain	lycopene	and	β-carotene	as	main	components,	and	additionally	a	small
amount	of	lutein.	The	amount	of	lycopene,	β-carotene,	and	lutein	extracted	were	1.180–14.37
mg	g−1	feed,	0.154–1.017	mg	g−1	feed,	and	1.258–16.84	g	g−1	feed,	respectively.	The	authors
were	able	to	demonstrate	that	temperature	mainly	influenced	the	extraction	yield	of
carotenoids,	whereas	for	lycopene	extracted,	all	variables	(temperature,	pressure,	and	CO2
flow	rate)	had	a	more	or	less	similar	influence.	Furthermore,	the	authors	discovered	that	the
mean	extraction	rate	constant	of	total	carotenoids	increased	with	increasing	pressure	and
temperature,	reaching	levels	of	(3.344–5.851)	×	10−3	min−1.

Macias-Sanchez	et	al.	[3]	described	the	extraction	of	carotenoids	and	chlorophylls	using	CO2
modified	with	ethanol	as	a	co-solvent.	The	extraction	of	both	plant	pigments	was	performed
using	freeze-dried	powders	of	the	three	microalgae	Nannochloropsis	gaditana,
Synechococcus	sp.,	and	Dunaliella	salina	as	raw	materials.	They	applied	the	following
processing	conditions:	pressures	of	200,	300,	400,	and	500	bar;	and	temperatures	of	40,	50,
and	60	°C.	The	highest	extraction	yields	of	carotenoids	and	chlorophyll	with	CO2	and	5%
ethanol	from	N.	gaditana	were	obtained	at	500	bar	and	60	°C.	In	the	case	of	the	microalga	D.
salina,	the	maximum	yields	for	both	pigments	were	obtained	at	400	bar	and	60	°C,	the	same
operating	temperature	as	for	N.	gaditana.	With	regard	to	Synechococcus	sp.,	the	highest
carotenoid	extraction	yields	were	achieved	at	300	bar	and	50	°C.	The	authors	found	that
optimal	carotenoid–chlorophyll	ratios	were	obtained	by	using	SFE	with	co-solvent	instead	of
using	conventional	extraction.	The	largest	amount	of	carotenoids	was	extracted	from	D.	salina
due	to	the	higher	total	content	of	carotenoids	present	in	this	microalga	compared	to	the	other
two.

A	novel	method	to	separate	cis	and	trans	isomers	of	β-carotene	from	a	freeze-dried	powder
(Figure	11.5)	obtained	from	the	algae	Dunaliella	bardawil	applying	SFE	has	been	introduced
by	Gamlieli-Bonshtein	et	al.	[57].	The	solubility	of	the	9-cis	isomer	was	found	to	be	nearly
four	times	higher	than	that	of	the	all-trans	isomer.	When	SFE	was	applied	to	a	carotenoid
concentrate,	the	authors	obtained	39%	recovery	of	β-carotene	at	the	initial	extraction	stages
and	achieved	80%	purity	of	the	9-cis-isomer.	Contrary	to	that,	extraction	from	freeze-dried
algae	was	slower	and	provided	less	recovery	and	purity	of	the	cis-isomer.



Figure	11.5	Schematic	flow	diagram	of	the	experimental	supercritical	fluid	extraction	(SFE)
apparatus	used	for	isolation	of	carotenoids	from	the	algae	Dunaliella	bardawil.	C,	cylinder	for
supply	of	liquid	CO2;	V1–V4,	valves;	P,	high-pressure	pump;	E,	extractor	cell;	R,	restrictor;	T,
collection	glass	tube.

(Reproduced	with	permission	from	Gamlieli-Bonshtein	et	al.,	2002	[57].	©	Wiley.)

Another	fast	and	selective	extraction	method	has	been	developed	by	Guedes	et	al.	[58]	to
isolate	food-grade	pigments	and	antioxidants	from	microalgae.	The	study	describes	the
influence	of	pressure,	temperature,	CO2	flow	rate,	and	a	polar	co-solvent	upon	the	yields	of
carotenoids	and	chlorophylls	in	SFE	of	Scenedesmus	obliquus	biomass.	The	highest
carotenoid	yield	was	obtained	applying	250	bar	and	60	°C,	whereas	optimal	conditions	for
extraction	of	chlorophyll	were	found	at	4:3	g	CO2	min−1.	Using	ethanol	as	co-solvent	for	liquid
CO2,	generally	an	increased	extraction	yield	could	be	achieved	except	for	chlorophyll	c.	The
authors	observed	a	remarkable	selectivity	under	the	described	operating	conditions,	and	they
stress	that	the	new	extraction	methods	may	enable	easy	separation	and	purification	of	numerous
plant	pigments.

Studies	related	to	carotenoid	extraction	are	mainly	based	on	single-solvent	extraction.	In	this
context,	it	has	been	found	that	ethyl	lactate	works	efficiently	for	solvent	extraction	of	both	cis
and	trans	isomers	of	lycopene	[59].	Commonly	used	solvents	in	most	extraction	processes
show	adverse	effects	on	human	health	and	cannot	be	removed	completely	from	the	product.
Such	solvents,	therefore,	are	not	acceptable	as	raw	materials	for	food	or	cosmetic	products.
Most	nonpolar	solvents	that	possess	high	extraction	efficiencies	are	considered	to	be	toxic.
Solvents	used	in	various	patents	for	extracting	lycopene	include	hexane,	ethyl	acetate,



methylene	chloride,	methanol,	ethanol,	propanol,	and	acetone	[60,	61].	At	present,	ethyl	acetate
is	most	commonly	applied	for	extracting	carotenoids	that	will	be	used	in	the	food	industry;	it
isolates	β-carotene	and	lutein	more	effectively	than	the	other	polar	solvents	mentioned	here,
but	unfortunately	it	is	less	efficient	in	extracting	the	all-trans	isomer	of	lycopene.	Furthermore,
it	is	not	considered	to	be	environmentally	friendly,	and	it	is	highly	flammable.	In	order	to	find
alternatives,	ethyl	lactate	was	identified	as	a	useful	solvent	for	carotenoid	extraction	because
of	its	solubility	in	both	aqueous	and	organic	solvents.	It	is	an	environmentally	friendly
substance	produced	from	fermentation	of	carbohydrate	feedstocks	and	is	available	from	the
corn	and	soybean	industries.	Furthermore,	it	has	a	relatively	high	flashpoint	and	is	colorless,
environmentally	benign,	and	completely	biodegradable	in	CO2	and	water.	Due	to	its	miscibility
with	both	hydrophilic	and	hydrophobic	substances,	the	authors	suggest	ethyl	lactate	as	an
efficient	solvent	for	extraction	of	carotenoids,	including	their	stereoisomeric	forms.

The	uses	of	hexane	and	ethanol	in	several	vegetable	matrices	have	been	evaluated	for
quantification	of	carotenoids	such	as	lycopene	and	α-	and	β-carotene	[33].	However,	many	of
these	solvents	do	not	comply	with	regulations	for	human	consumption.	One	alternative	is	the
use	of	environmentally	friendly	solvents	[60,	62].	Ethyl	lactate	has	been	proved	as	an	excellent
solvent	for	extraction	of	trans-cis-lycopene,	β-carotene,	and	astaxanthin.	The	use	of	ethanol	as
solvent	has	provided	good	results	when	used	for	the	extraction	of	carotenoids,	besides	the
xantophyll	waste	from	the	ethanol	industry.	Some	investigations	compare	the	use	of	hexane,
ethyl	acetate,	and	a	mixture	of	hexane,	acetone,	and	ethanol	(50:25:25,	v/v/v)	to	extract
lycopene	from	dry	tomato	peel.	For	the	extraction	of	astaxanthin	from	Hematococcus	pluvialis,
a	mixture	of	ethyl	acetate	and	ethanol	(1:1,	v/v)	was	found	to	be	the	best	extraction	solvent
tested	due	to	its	high	efficiency	and	low	toxicity	compared	with	other	organic	solvents	[63].
An	alternative	to	traditional	extraction	methods	is	pressurized	liquid	extraction	(PLE),	which
is	currently	used	to	extract	biologically	active	substances.	This	system	applies	conventional
solvents	at	elevated	temperatures	and	pressures,	but	it	requires	less	solvent	and	shorter
extraction	times,	resulting	in	a	more	efficient	and	environmentally	friendly	extraction
technique.	The	use	of	ethanol	in	PLE	is	described	as	a	very	useful	method	for	extracting
zeaxanthin	from	Chlorella	ellipsoidea,	a	green	microalga	that	contains	more	than	nine	times	of
the	total	zeaxanthin	level	than	that	of	red	pepper	[64].	The	same	process	has	been	applied	to
isolate	carotenoids	from	carrot	by-products	using	pressurized	hot	ethanol	[65].

Freeze-dried	samples	of	the	microalga	Chlorella	vulgaris	were	extracted	with	supercritical
CO2	at	temperatures	of	40	and	55	°C	and	pressures	up	to	35	MPa	[66].	The	authors	performed
the	studies	on	whole	and	crushed	algae.	The	extraction	yields	of	carotenoids	and	other	lipids
increased	with	pressure,	and	the	carotenoid	fraction	in	the	oil	was	also	greater	at	higher
pressures.

Aiming	to	improve	the	yield	and	selectivity	of	lutein	in	the	extract	obtained	by	supercritical
carbon	dioxide	extraction,	Ruen-ngam	et	al.	[67]	applied	a	pretreatment	process	using	alcohol
for	the	removal	of	chlorophyll	a,	chlorophyll	b,	and	β-carotene	from	C.	vulgaris.	After	this
treatment,	supercritical	carbon	dioxide	extraction	was	carried	out	in	a	pressure	range	between
20	and	40	MPa	and	a	temperature	range	between	40	and	80	°C.	Ethanol	and	methanol	were



used	as	modifier	solvents,	of	which	ethanol	was	found	to	be	more	suitable	for	the	elution	and
pretreatment	process.	The	authors	recognized	that	the	amount	of	lutein	in	the	extract	increased
with	pressure	but	decreased	with	extraction	temperature.	The	amount	of	lutein	in	the	extract
was	significantly	enhanced	at	an	entrainer	flow	rate	up	to	0.4	ml	min−1,	reaching	a	maximum	at
around	53±0.01%.	Increasing	the	ethanol	flow	rate	further	to	0.5	ml	min−1	reduced	the	amount
of	lutein.	Moreover,	using	ethanol	as	modifier,	the	amount	of	lutein	in	the	extract	increased	28
times,	compared	to	CO2	extraction	without	entrainer.	Ethanol	was	found	to	enhance	the	polar
characteristics	of	the	solvent,	resulting	in	an	enhancement	of	lutein	solubility.	The	presence	of
the	ethanol	entrainer	significantly	improved	the	solubility,	but	it	could	be	seen	that	a	very	high
amount	of	modifier	limited	the	mass	transfer	diffusion.	In	some	cases,	a	two-phase	system	was
observed	(liquid	and	supercritical	fluid),	resulting	in	a	lower	amount	of	lutein	in	the	extract.
The	highest	recovery	percentage	and	the	selectivity	of	lutein	were	around	52.9±0.02%	and
43.1±0.02%,	respectively,	obtained	from	supercritical	carbon	dioxide	extraction	with
pretreatment	and	ethanol	as	entrainer	at	40	MPa	and	40	°C.

Carotenoids	from	the	microalgae	Spirulina	maxima	were	obtained	with	CO2	supercritical
fluid	extraction	[68].	The	effects	of	pressure	and	temperature	on	the	yield	and	chemical
composition	of	the	extracts	were	studied.	The	experiments	were	conducted	at	temperatures	of
20–70	°C	and	pressures	of	15–180	bar.	The	solvent	mass	flow	rate	was	3.33	×	10−5	kg	s−1.
Statistical	analysis	showed	that	neither	the	temperature	nor	the	pressure	significantly
influenced	the	total	carotenoid	yield,	but	both	the	temperature	and	the	pressure	affected	the
extraction	rate,	and	the	effect	of	the	temperature	prevailed	over	that	of	the	pressure.	Generally,
the	extracts	contained	comparatively	high	amounts	of	fatty	acids	and	carotenes,	but	at	100	bar
and	45	°C	the	extract	contained	no	carotenes.	As	expected,	process	temperatures	higher	than	50
°C	degraded	the	carotenes	significantly.

Pu	et	al.	[69]	extracted	astaxanthin	with	flaxseed	oil	(FO)	from	shrimp	(Litopenaeus	setiferus)
by-products.	In	this	context,	they	determined	the	kinetics	of	flaxseed	oil	oxidation	containing
different	amounts	of	astaxanthin	(FAO)	and	degradation	substances	of	this	carotenoid
compound.	Furthermore,	they	determined	the	individual	content	of	free	fatty	acids,	peroxide
value,	fatty	acid	methyl	ester	profiles,	and	color.	The	amount	of	extractable	astaxanthin	in	the
shrimp	by-products	was	4.83	mg	100	g−1	of	shrimp	waste.	A	similar	α-linolenic	content	has
been	analyzed	in	FOA	and	FO	samples,	but	the	oxidation	rate	of	FOA	samples	was	lower
compared	to	that	of	FO.	When	FO	and	FOA	were	heated	to	30	°C,	both	oils	exhibited	minimal
lipid	oxidation	with	increasing	heating	time,	whereas	FO,	when	heated	to	40,	50,	and	60	°C,
had	a	higher	lipid	oxidation	rate	than	FOA	with	increasing	heating	time	from	0	to	4	h.
Therefore,	astaxanthin	showed	clearly	effective	antioxidant	properties	in	flaxseed	oil	when	it
was	heated	from	40	to	60	°C.	The	rate	of	astaxanthin	degradation	in	FOA	samples	was
significantly	influenced	by	temperature.	Both	FO	and	FOA	showed	minimal	lipid	oxidation	at
30	°C	with	increasing	time,	whereas	FO	had	a	higher	oxidation	at	40–60	°C	than	FOA	with
increasing	heating	time	from	0	to	4	h.	The	authors	were	able	to	demonstrate	that	astaxanthin
could	effectively	reduce	lipid	oxidation	in	FO	when	it	is	heated	from	40	to	60	°C.	The
degradation	of	astaxanthin	during	heating	was	successfully	described	by	first-order	reaction



kinetics.	Astaxanthin	was	stable	in	FOA	at	30	and	40	°C,	but	had	substantial	degradation	at	50
and	60	°C.	Finally,	the	authors	point	out	that	by-products	generated	from	the	shrimp-peeling
process	are	a	good	source	to	obtain	high-quality	astaxanthin,	which	can	be	used	as	a	natural
colorant	and	antioxidant	ingredient	in	human	food	and	other	industrial	applications.

In	a	similar	approach,	Mezzomo	et	al.	[70]	used	residues	of	pink	shrimp	(Penaeus	brasiliensis
and	Penaeus	paulensis)	waste	as	raw	material	to	obtain	carotenoid-enriched	extracts.	They
investigated	different	pretreatments	and	extraction	methods	such	as	Soxhlet,	maceration,	and
ultrasound.	Different	organic	solvents	and	even	vegetable	oil	have	been	applied	as	extraction
solvents.	Cooking	associated	with	milling	and	drying	provided	the	extracts	richest	in	the
carotenoid	fraction.	The	extracts	were	evaluated	in	terms	of	yield,	individual	carotenoid
profile,	total	carotenoid	content,	UV-visible	scanning	spectrophotometry,	and	mid-Fourier
transform	infrared	spectroscopy.	The	authors	demonstrate	that	shrimp	waste	can	provide
carotenoid-enriched	extracts,	containing	particularly	astaxanthin,	in	concentrations	up	to	252	g
astaxanthin	g−1	extract.	For	maceration,	the	most	appropriate	solvents	were	acetone	and	a
mixture	of	hexane	and	isopropanol	(50:50,	v/v).

Recently,	Almahy	et	al.	[71]	developed	a	solid–liquid	extraction	technique	for	leaching	natural
colorants	from	plant	materials	for	applications	in	plant	research	applying	boiling	and	solvent
extraction.	They	used	water,	methanol,	and	acidified	methanol	as	solvent	to	extract	the
carotenoid	fraction	from	carrot	and	studied	the	influence	of	ultrasound	on	the	yield	of	the
individual	natural	substances	in	comparison	with	a	magnetic	stirring	process	as	control.	It	was
found	that	the	application	of	ultrasound-assisted	extraction	can	increase	the	yield	of	dyes	from
different	parts	of	various	plant	resources.	The	reason	for	the	improvement	could	be	due	to
better	leaching	of	natural	dye	materials	from	plant	cell	membranes	and	mass	transfer	to	the
solvent,	supported	by	ultrasound.	The	results	indicate	that	there	is	about	12–100%
improvement	in	yield	of	extract	obtained	due	to	the	use	of	ultrasound	as	compared	to	magnetic
stirring	at	45	°C.	The	authors	assumed	that	this	novel	technique	can	be	employed	effectively
for	the	extraction	of	pigments	from	various	plant	resources,	and	they	recommended	the	process
as	an	eco-friendly	method	in	the	current	situation	of	global	environmental	concern.

In	recent	years,	research	into	the	application	of	enzymatic	treatments	in	vegetable	matrices	to
obtain	the	release	of	valuable	plant	substances	has	increased	remarkably	[72].	It	has	been
shown	that	the	application	of	enzymatic	treatments	in	carrot	and	dried	pumpkin	improves	the
attractiveness	of	dehydrated	products.	Usually,	the	disintegration	of	the	cell	wall	structure
accelerates	metabolic	changes,	forming	undesirable	colors	and	flavor	substances.	But	this	is
not	observed	in	enzymatically	treated	vegetable	matrices,	because	here	the	carotenoids
released	from	cellular	structures	by	pectinase	and	cellulase	are	still	bound	to	proteins	so	they
keep	their	state,	which	provides	stability	to	the	highly	unsaturated	pigment	structure.	In	this
context,	it	also	has	been	observed	that	the	use	of	enzyme	mixtures	generated	from	cultures	of
microorganisms	can	reduce	the	processing	time	dramatically	when	compared	to	treatments	in
which	commercial	enzymes	are	used.	Therefore,	enzymatic	treatments	as	an	alternative
approach	in	the	extraction	process	also	have	been	used	by	Barzana	et	al.	[73]:	prior	to	the	use
of	solvents,	they	applied	different	pretreatments	to	the	plant	matrix	to	increase	cell	wall
permeability,	facilitating	the	mechanisms	of	diffusion	and	mass	exchange	between	the



immiscible	phases	during	the	leaching	process.	They	found	a	clear	correlation	between	these
applications	of	enzymatic	pretreatment	and	the	extraction	yield	of	carotenoids.	Several	of	their
experiments	showed	that	complex	substrates	were	hydrolyzed	under	a	combination	of	different
enzymes.	The	authors	mentioned	in	this	context	that	the	use	of	raw	enzymes	has	some
advantages	over	the	use	of	commercial	enzymes	because	of	their	cost-effectiveness	rate	and	a
substantial	reduction	in	processing	time.	In	industrial	processes,	some	microorganisms	are
known	for	their	production	of	cellulolytic	enzymes,	like	A.	terreus	with	an	enzyme	activity	of
0.688	U	mg−1	of	protein	[74].	Aspergillus	niger	is	considered	as	one	of	the	most	complete
multienzyme	producers	to	produce	cellulases,	hemicellulases,	glucoamylases,	and	pectinases,
showing	enzymatic	activities	of	0.99,	15.86,	13.37,	and	7.62	U	mg−1	of	protein,	respectively
[75].	For	the	described	enzymatic	treatments,	water	has	been	identified	as	the	most	appropriate
solvent;	however,	although	it	allows	the	enzymatic	hydrolysis	to	take	place,	an	excess	of	this
solvent	can	slow	the	extraction	process	because	it	may	prevent	the	necessary	contact	with	the
vesicles	of	intracellular	lipids	leading	to	carotenoids.	Generally,	a	rapid	adsorption	of	the
enzyme	accelerates	the	lysis	of	the	cell	wall,	leading	to	an	increase	in	the	extraction	yield.	This
is	why	agitation	plays	an	important	role	in	enzymatic	treatments	[76].

11.5	Conclusions
This	chapter	presented	various	options	used	for	the	isolation	and	production	of	carotenoids
from	natural	sources.	Most	of	the	individual	studies	demonstrate	that	sample	pretreatments
performed	prior	to	the	extraction	process	are	essential	for	optimal	yield	of	carotenoids.
Furthermore,	it	becomes	clear	that	a	successful	extraction	is	largely	influenced	by	the	sample
matrix	and	the	carotenoid	profile	present	therein.	Beside	supercritical	CO2	extraction,	other
powerful	and	environmentally	friendly	technologies	(e.g.	pressurized	liquid	extraction,
extraction	assisted	by	enzymes,	microwave,	or	ultrasound)	also	are	applied	to	isolate
carotenoids	from	higher	plants,	algae,	fungi,	yeasts,	and	seafood	waste.	Generally,	more
research	is	needed	in	the	near	future	to	get	more	accurate	knowledge	of	carotenoid
bioavailability	from	various	food	materials	in	order	to	develop	food-based	strategies	for	long-
term	alleviation	of	vitamin	A	deficiency	around	the	world.	In	this	context,	environmentally
friendly	and	cheap	production	of	natural	carotenoid	extracts	can	make	an	important
contribution	to	improve	the	worldwide	supply	of	these	bioactive	substances.

11.6	Perspectives
In	order	to	obtain	more	reliable	and	consistent	results	regarding	carotenoid	bioavailability,	it
will	be	necessary	to	improve	the	existing	knowledge,	reconsidering	the	in	vitro	conditions	to
simulate	more	precisely	both	human	digestion	and	absorption	in	additional	accurately	designed
case	studies.	Furthermore,	integrated	approaches	would	be	helpful	for	identifying	the	key
factors	for	carotenoid	release	and	absorption	from	various	food	matrices.	Thus,	data	received
from	different	surveys	could	be	more	easily	compared	with	each	other	and	would	be	also
available	for	bioavailability	studies	of	other	nutrients	or	evaluations	of	various	food



functionalities.	Generally,	the	use	of	“green”	separation	techniques	such	as	supercritical	CO2
extraction	will	further	increase	in	the	near	future.	It	also	can	be	assumed	that	other	safe	and
environmentally	friendly	organic	solvents	applicable	for	isolation	of	carotenoids	from	food
materials	(e.g.,	ethyl	lactate	and	ethanol)	will	get	more	potential	for	future	use	in	this	context.
Last	but	not	least,	enzymatic	pretreatments	(e.g.,	the	use	of	pectinase	or	cellulase)	prior	to	the
application	of	solvents	in	vegetable	matrices	will	help	to	release	carotenoids	from	cellular
structures,	thus	improving	the	yield	of	the	whole	extraction	process.
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12.1	Introduction
Carotenoids	represent	an	important	group	of	natural	pigments	throughout	all	biological
kingdoms,	and	they	play	essential	roles	in	photoprotection,	light	harvesting,	pollinator
attraction,	and	species-specific	coloration.	Besides	their	ultraviolet	(UV)	irradiation	and
visible-light	absorbing	properties,	a	number	of	highly	important	biological	functions	have	been
associated	with	their	antioxidant	properties,	their	role	in	the	biosynthesis	of	hormones,	and
their	function	as	direct	precursors	of	vitamin	A	[1].	Although	the	beneficial	health	properties	of
several	carotenoids	(e.g.,	β-carotene)	as	provitamin	A	and	photoprotective	agents	are	widely
accepted	[1,	2],	further	potential	health	effects	are	the	subject	of	current	investigations.	For
instance,	the	carotenoid	lycopene,	the	red	pigment	of	tomato	fruits,	is	among	the	most	powerful
known	natural	antioxidants.	Because	the	consumption	of	lycopene-rich	foods	has	been
associated	with	a	30–40%	reduction	in	prostate	cancer	[3],	a	causal	relationship	to	lycopene	is
discussed	[4],	in	particular	because	it	was	found	in	biologically	active	concentrations	in	the
human	prostate	[5].	Similarly,	the	carotenoids	lutein	and	zeaxanthin	are	found	in	circa	500-fold
higher	concentrations	in	the	macula	lutea	of	the	human	retina	than	in	other	tissues.	Moreover,
lutein	and	zeaxanthin	account	for	66–77%	of	the	total	carotenoids	in	human	brain	tissue	[6].
Supported	by	epidemiological	trials,	the	frequent	intake	of	lutein	and	zeaxanthin	has	therefore
been	associated	with	a	reduced	risk	of	age-related	degenerative	diseases,	such	as	macular
degeneration,	cataract,	and	the	decline	of	cognitive	functions	in	the	elderly	[6,	7].

Besides	health-related	aspects,	carotenoids	are	widely	applied	by	the	food	industry	as
coloring	foodstuffs.	For	this	purpose,	the	commercially	most	important	carotenoids	are	β-
carotene	and	astaxanthin.	β-carotene	adds	color	to	beverages,	dairy	products,	confectionery,
and	many	other	commodities,	whereas	astaxanthin	is	widely	applied	as	feed	additive	in	salmon
and	trout	aquacultures	as	well	as	in	chicken	and	quail	farming.	Carotenoids	are	valued	as	feed
additives	to	improve	and	standardize	the	color	of	flesh	and	egg	yolks	[8].	In	total,	food,	feed,
and	pharmaceutical	companies	achieve	significant	sales	with	carotenoids,	which	are	estimated
at	a	total	market	volume	of	$786	million	[9].	Although	only	a	few	carotenoids	are
commercially	applied,	over	600	different,	naturally	occurring	carotenoids	are	known	to	date,
and	the	highest	diversity	can	be	found	among	microorganisms.	Beyond	the	as-yet-unknown
functions	of	such	microbial	carotenoids,	their	biotechnological	production	holds	enormous
potential	due	to	rapid	microbial	growth	rates	and	extremely	high	carotenoid	concentrations,
creating	serious	competition	with	carotenoids	from	chemical	synthesis	or	extraction	from	plant



materials.	For	better	understanding	of	their	enormous	potential,	biosynthesis	of	microbial
carotenoids	will	be	outlined	in	this	chapter,	and	information	on	particularly	carotenoid-rich
microorganisms	will	be	subsequently	reviewed.	In	the	final	section,	modern	biotechnological
processes	for	the	production	of	the	most	important	carotenoids	(β-carotene,	astaxanthin,	lutein,
zeaxanthin,	and	lycopene)	will	be	described.

12.2	Microbial	biosynthesis	of	carotenoids
More	than	100	million	tons	of	carotenoids	are	annually	biosynthesized	and	found	in	an
enormous	diversity	of	organisms	across	all	biological	kingdoms	[10].	Although	animals	are
unable	to	biosynthesize	carotenoids	and	derive	them	from	their	diet,	a	variety	of	carotenoids	is
biosynthesized	by	higher	plants,	which	use	carotenoids	for	photosynthesis,	photoprotection,
and	pollinator	attraction.	However,	although	less	obvious,	the	highest	diversity	of	carotenoids
is	biosynthesized	by	algae,	yeasts,	fungi,	and	bacteria,	including	extremophilic	archaea	as	well
as	non-photosynthetic	and	photosynthetic	eubacteria.	Investigations	into	the	gene	clusters	of
bacteria	from	the	genera	Pantoea	(syn.	Erwinia)	and	Myxococcus	were	of	utmost	importance
for	an	understanding	of	carotenoid	biosynthesis	in	general	[11].	However,	the	most	prominent
representatives	of	carotenogenic	microorganisms	are	presumably	the	cyanobacteria.	According
to	the	endosymbiotic	theory,	the	biosynthetic	capability	of	an	ancient	cyanobacterial	species
has	been	transferred	to	algae	and	plants	by	their	“immigration”	into	the	respective	eukaryotic
cell.	Subsequent	extensive	gene	transfers	and	metabolic	interactions	led	to	a	close	and	vital
association	of	the	endosymbiont	to	the	host	organism.	The	resulting	cellular	organelles	were
the	plastids,	such	as	chloroplasts	of	higher	plants.	These	organelles	are	surrounded	by
membranes,	contain	their	own	DNA,	and	segregate	by	cell	division	similar	to	their	bacterial
ancestors	[12].	Therefore,	carotenogenic	genes	from	plants,	algae,	and	cyanobacteria	often
show	high	homology,	and	large	genetic	dissimilarities	to	genes	of	bacteria	and	fungi	are
frequently	observed	[10].

In	general,	biosynthesis	of	all	carotenoids	follows	the	isoprenoid	biosynthetic	pathway.
Isoprenoid	compounds	are	biosynthesized	from	the	basic	C5-elements	isopentenyl	diphosphate
(IDP)	and	its	isomer,	dimethylallyl	diphosphate	(DMADP).	For	a	long	time,	the	mevalonate
pathway	was	considered	to	be	the	only	route	to	IDP	and	DMADP	and,	thus,	for	all	isoprenoid
compounds	in	all	living	organisms.	IPP	biosynthesis	starts	with	acetyl-CoA	to	yield	mevalonic
acid	(MVA),	which	then	is	phosphorylated,	decarboxylated,	and	dehydrated	to	IDP	and
DMADP	(Figure	12.1A).





Figure	12.1	Biosynthetic	pathways	to	IDP	and	DMADP.

Investigations	of	this	pathway	were	mostly	conducted	with	noncarotenogenic	organisms	like
yeasts	and	mammalian	liver,	focusing	on	the	elucidation	of	sterol	biosynthesis.	Later,	similar
work	was	conducted	with	carotenogenic	organisms,	confirming	that	the	same	pathway	was
feeding	carotenoid	biosynthesis.	For	instance,	isotopically	labeled	acetate	proved	to	be	an
efficient	precursor	of	β-carotene	in	the	molds	Phycomyces	blakesleanus	and	Mucor	hiermalis,
in	the	protist	Euglena	gracilis,	and	in	carrot	root	(Daucus	carota	L.)	[10].

However,	the	first	doubts	about	the	universal	role	of	MVA	arose	as	early	as	in	the	1950s.
Whereas	14CO2	was	heavily	incorporated	into	carotenoids	in	many	bacteria,	algae,	and
chloroplasts	of	plants,	isotopically	labeled	MVA	and	acetate	were	not	or	were	only	very
poorly	integrated	[13,	14].	At	the	same	time,	labeled	MVA	was	efficiently	incorporated	into
sterols,	triterpenoids,	and	sesquiterpenes.	Such	results	were	first	ascribed	to	a	potential	lack	of
permeability	of	the	bacterial	or	chloroplast	membrane	toward	MVA.	Nevertheless,	isotopically
labeled	IDP	was	very	well	incorporated	into	chloroplast	carotenoids.	As	a	consequence	of
these	and	other	contradictory	results,	an	MVA-independent	IDP	biosynthesis	in	chloroplasts
was	proposed.	Interestingly,	this	second	metabolic	route	to	biosynthesize	isoprenoid
compounds	was	first	discovered	in	bacteria	and,	subsequently,	found	in	plant	embryos	of
Gingko	biloba	L.,	and	then	in	numerous	other	plants	and	bacterial	species.	Today,	the	non-
MVA	pathway	is	even	proposed	to	represent	the	major	route	to	carotenoids	and	other
isoprenoid	compounds	in	many	bacteria,	particularly	in	cyanobacteria	and	in	chloroplasts	of
plants	and	algae	[10].	It	is	noteworthy	that	this	pathway	is	also	essential	to	pathogenic
eubacteria	(e.g.,	Mycobacterium	tuberculosis),	and	the	detailed	elucidation	of	this
biosynthetic	route	has	great	potential	for	the	development	of	new	drugs,	in	particular	due	to	its
absence	in	humans	[15].	Furthermore,	knowledge	about	this	pathway	has	proved	to	be	a
prerequisite	for	successful	metabolic	engineering	of	the	isoprenoid	flux	toward	an	enhanced
carotenoid	productivity	[16].	In	the	nonmevalonate	pathway,	IPP	synthesis	starts	by	the	initial
condensation	reaction	of	pyruvate	and	glyceraldehyde-3-phosphate	to	yield	1-deoxy-D-
xylulose-5-phosphate	(DOXP),	which	is	subsequently	converted	to	2-C-methyl-D-erythritol-4-
phosphate	(MEP),	as	shown	in	Figure	12.1B.	Due	to	these	two	intermediates,	the
nonmevalonate	pathway	is	often	called	the	DOXP	or	MEP	pathway.	The	following	reaction
steps	and	in	particular	the	involved	genes	and	derived	enzymes	to	obtain	IDP	and	DMADP
were	reviewed	in	detail	recently	[15].

Irrespective	of	the	metabolic	route,	IDP	represents	the	key	precursor	of	carotenoid
biosynthesis.	After	isomerization	of	IDP	to	DMADP,	prenyl	transferases	catalyze	the
subsequent	condensation	of	one	molecule	each	of	DMADP	and	IDP	to	form	geranyl
diphosphate	(GDP),	the	C10-precursor	of	the	monoterpenes	(Figure	12.2A).



Figure	12.2	Major	biosynthetic	routes	to	carotenoids	in	microorganisms.

The	subsequent	addition	of	IDP	units	consecutively	provides	the	C15-farnesyl	diphosphate
(FDP)	and	the	C20-geranylgeranyl	diphosphate	(GGDP),	respectively.	GGDP	synthase	and	its
corresponding	gene	sequence	were	shown	to	be	highly	conserved	among	bacteria	and	plants.
Subsequently,	the	basic	C40	carotenoid	skeleton	is	synthesized	by	condensation	of	two
molecules	of	GGDP	as	catalyzed	by	phytoene	synthase	(crtB	in	bacteria	and	Psy	in	plants),
yielding	the	first,	colorless	C40-carotenoid	phytoene	(Fig.	12.2A).	A	central	double	bond	at
C15,15′	is	introduced	in	the	course	of	this	reaction,	and,	interestingly,	its	stereochemical
configuration	(Z	or	E)	varies	regarding	the	organism.	In	plants,	fungi,	and	some	bacteria,	the
phytoene	isolated	was	mostly	or	entirely	the	(15Z)-isomer,	although	all	further	carotenoids	had
the	(15E)-configuration.	In	some	bacteria	such	as	Mycobacterium	and	Halobacterium	species
as	well	as	Cellulomonas	dehydrogenans,	the	phytoene	predominantly	occurred	in	its	(all-E)
form.	Although	GGDP	is	the	direct	precursor	of	phytoene	and,	thus,	that	of	the	most	common
C40	carotenoids,	FDP	represents	the	substrate	for	an	analogous	series	of	rare	C30	carotenoids
found	in	non-phototrophic	bacteria	(e.g.,	in	Staphylococcus	aureus	and	Streptococcus
faecium).	The	similarly	colorless	phytoene-analogon	C30-4,4′-diapophytoene
(dehydrosqualene)	is	derived	from	two	molecules	of	FDP.	Subsequently,	desaturation	reactions
of	phytoene	and	dehydrosqualene	lead	to	the	consecutive	formation	of	colored	derivatives,
namely,	phytofluene,	ζ-carotene,	neurosporene,	and	lycopene	(common	C40	pathway)	and
4,4′diapophytofluene,	4,4′diapo-ζ-carotene,	4,4′diapo-neurosporene,	and	4,4′diapo-lycopene
(C30	pathway	in	bacteria;	Figure	12.2B),	respectively.



A	variety	of	C45-	and	C50-carotenoids	was	found	in	some	Gram-positive	Eubacteria	and
Archaea.	They	are	biosynthesized	by	the	normal	C40-carotenoid	pathway,	and	the	additional
introduction	of	C5-units	occurs	at	a	later	stage,	such	as	during	the	cyclization	of	lycopene	(see
Figure	12.2C).	The	most	prominent	examples	are	bacterioruberin,	its	derivatives	from	the
Halobacterium	and	Arthrobacter	species,	and	the	“C.p.	450”	from	Curtobacterium
flaccumfaciens	pvar.	poinsettia	[10].	A	psychotropic	strain	of	Arthrobacter	agilis,	isolated
from	the	Antarctic	sea	ice,	showed	increased	C50-carotenoid	production	when	growing	at	low
temperatures.	Particularly,	bacterioruberin	and	its	glycosylated	derivatives	were	assumed	to
enhance	their	cold	adaption	by	contributing	to	membrane	stabilization	at	low	temperatures.	By
analogy,	other	bacteria	containing	C45-	and	C50-carotenoids	are	extremophilic,	most	likely
producing	these	pigments	to	cope	with	their	respective	environmental	challenges	[17].

Besides	acyclic	carotenoids,	mono-	and	dicyclic	derivatives	of	particularly	C40-	but	also	C45-
and	C50-carotenoids	are	frequently	encountered,	whereas	C30-carotenoids	with	cyclic	end
groups	have	not	been	described	in	nature	[10].	Recently,	however,	an	Escherichia	coli	strain
was	equipped	with	genes	for	4,4′-diapo-neurosporene	biosynthesis	and	the	lycopene	cyclase
crtY,	producing	detectable	quantities	of	the	novel	cyclic	C30-diapo-torulene	[18].

Investigations	with	bacterial	strains	were	of	great	importance	for	elucidating	the	mechanism	of
cyclization	of	carotenoid	end	groups.	In	the	1970s,	nicotine	and	2-(4-
chlorophenylthio)triethylammonium	hydrochloride	were	discovered	as	potent	inhibitors	of	the
biosynthesis	of	cyclic	carotenoids.	After	nicotine	treatment	of	a	Mycobacterium	and	a
Flavobacterium	species	normally	producing	β-carotene	and	zeaxanthin,	respectively,	the
accumulation	of	the	acyclic	lycopene	was	observed.	When	washing	the	cells	free	of	nicotine
and	resuspending	them	in	growth	media,	lycopene	was	readily	converted	into	the
corresponding	dicyclic	products.	Later,	further	experiments	confirmed	that	lycopene	was	the
major	substrate	for	the	biosynthesis	of	cyclic	C40-carotenoids	[10].	Such	inhibitors	of	lycopene
cyclization	are	used	for	commercial	lycopene	production	by	the	fungus	Blakeslea	trispora,	a
fungus	that	normally	produces	β-carotene.	The	chemical	mechanism	proposed	for	lycopene
end-group	cyclization	leads	to	the	three	basic	ring	types:	β,	γ,	and	ε.	The	most	common
carotenoids	of	the	human	diet	are	β-	and	ε-ring	carotenoids	like	β-carotene	(β,β-carotene),	α-
carotene	(β,ε-carotene),	β-cryptoxanthin	(3-hydroxy-β,β-carotene),	lutein	(3,3′-dihydroxy-β,ε-
carotene),	and	zeaxanthin	(3,3′-dihydroxy-β,β-carotene),	as	shown	in	Figure	12.2A	and	12.2D.
These	basic	β-,	γ-,	and	ε-rings	can	be	converted	into	the	aromatic	ϕ	and	χ	rings	by	green	and
purple	sulfur	bacteria	of	Chlorobioaceae	and	Chromatiaceae	as	well	as	by	some	non-
phototrophic	Brevibacterium,	Mycobacterium,	and	Streptomyces	species	[10].	Although
investigations	into	the	biosynthesis	of	aromatic	carotenoids	are	scarce,	Krügel	et	al.	[19]
described	a	unique	β-carotene	desaturase	with	an	additional	methyl	transferase	activity	from
Streptomyces	griseus.	The	described	enzyme	is	responsible	for	the	biosynthesis	of	aromatic
carotenes	such	as	isorenieratene	(Figure	12.2F);	isorenieratene	was	previously	found	in
marine	sponges,	which	are	unable	to	synthesize	aromatic	carotenoids	de	novo	but	presumably
derive	them	from	specific	symbiotic	bacteria	[20].



Although	such	monocyclic	and,	particularly,	aromatic	end	groups	rather	represent	exceptions,
most	naturally	occurring	carotenoids	have	cyclic	β	and	ε	end	groups	containing	at	least	one
oxygen	function.	Hydroxyl	and	keto	groups	at	C2,	C3,	and	C4	as	well	as	epoxy	groups	at	C5
and	C6	are	frequently	observed	(e.g.,	fucoxanthin;	Figure	12.2H).	Biosynthetically,	the
insertion	of	hydroxyl	functions	into	cyclic	end	groups	occurs	after	cyclization,	as	shown	by
experiments	with	a	Flavobacterium	[21].	β-carotene	hydroxylase	enzymes	have	been
identified	and	isolated	from	different	organisms,	such	as	the	green	alga	Haematococcus
pluvialis	[22].

In	yeasts	and	other	fungi,	characteristic	monocyclic	and	carboxylic	carotenoids	like	torulene
and	torularhodin	are	frequently	encountered.	In	Rhodotorula	species,	the	biosynthetic
monocyclization	of	lycopene	results	in	the	formation	of	γ-carotene,	which	is	subsequently
desaturated	to	torulene.	Torulene	is	hydroxylated	and	oxidized	by	a	mixed-function	oxidase	to
yield	the	carboxylic	torularhodin	(Figure	12.2E).	In	Xanthophyllomyces	species	(=	sexual
state	of	Phaffia),	the	γ-carotene	is	transformed	to	β-carotene	and,	via	other	intermediates,	to
their	major	pigment	astaxanthin,	as	shown	in	Figure	12.2G	[23].	The	production	of	astaxanthin,
the	commercially	second	most	important	carotenoid,	by	these	Xanthophyllomyces	and
Haematococcus	species	is	described	below.	A	number	of	excellent	reviews	about	the
extensive	knowledge	on	carotenoid	biosynthesis	is	available	for	further	information	elsewhere
[10–12,	24–26].

12.3	Carotenoid-rich	microorganisms
12.3.1	Microalgae
Although	the	estimated	number	of	existing	microalgae	species	ranges	from	200,000	to	800,000,
only	about	35,000	species	of	microalgae	have	so	far	been	described	[27].	Microscopically
small	representatives	(microalgae)	were	described	within	all	algal	classes	[28].	Prior	to
polymerase	chain	reaction	and	next-generation	sequencing	techniques,	the	characterization	of
carotenoids	and	their	biosynthetic	intermediates	has	been	used	for	their	chemosystematic
classification	[28,	29],	although	their	extreme	diversity	substantially	complicated	this	attempt.

In	general,	carotenoid	biosynthesis	in	algae	occurs	in	plastids,	evolutionarily	representing
reduced	cyanobacteria	according	to	the	widely	accepted	endosymbiotic	theory.	Such	“primary
plastids”	are	found	in	the	diverse	groups	of	green	and	red	algae	as	well	as	the	small	group	of
glaucophytes.	The	photosynthetically	active	plastids	of	the	microscopic	glaucophytes
(Glaucophyta)	contain	chlorophyll	a,	several	carotenoids,	and	highly	characteristic	relics	of	a
peptidoglycan	wall,	which	are	very	similar	to	the	peptidoglycan	of	their	suggested
cyanobacterial	ancestors.	About	5000–6000	species	of	red	algae	(Rhodophyta)	are	known
today,	ranging	from	coccoid	nonflagellated	cells	to	multicellular	and	large	marine	algae.
Characteristic	components	of	red	algae	plastids	are	chlorophyll	a,	several	carotenoids,	and
light-harvesting	phycobiliproteins	containing	the	accessory	pigment	phycoerythrin.	The	green
algae	(Chlorophyta	and	Charophyta)	are	a	similarly	diverse	group	that	are	abundantly
encountered	in	marine	and	freshwater	environments.	Their	plastids	are	highly	similar	to	those



of	land	plants	and	other	members	of	the	Chloroplastida	group.	These	plastids	contain
chlorophyll	a	and	b,	and	several	carotenoids	highly	similar	to	those	found	in	green	parts	of
land	plants,	but	they	lack	the	red	algae–specific	phycobiliproteins.	Although	there	has	been
some	controversy,	phylogenetic	studies	have	shown	that	the	above-mentioned	three	groups
were	monophyletic,	and	the	current	scientific	consensus	is	that	an	ancient	cyanobacterium	was
taken	up	by	an	eukaryotic	ancestor	during	a	single	endosymbiotic	event.	The	endosymbiont	was
genetically	reduced	and	integrated	into	its	host	and,	subsequently,	the	above-described	three
major	lineages	of	Archaeplastida	(Glaucophyta,	Rhodophyta,	and	Chloroplastida)	evolved.
Plastids	from	the	majority	of	today’s	eukaryotes	are	related	to	this	origin	[30].	The
photosynthetic	amoeboid	Paulinella	chromatophora	is	a	still	controversially	discussed
exception,	which	was	just	recently	shown	to	have	taken	on	a	different	cyanobacterium	as	an
endosymbiont	[31].

The	uptake	and	retention	of	a	primary	algal	cell	by	another	eukaryotic	lineage	are	called	a
secondary	endosymbiotic	event.	This	process	has	led	to	a	large	diversity	of	plastids	among
numerous	algal	lineages.	For	instance,	chlorarachniophytes	and	euglenids	acquired	secondary
plastids	from	at	least	two	different	green	algal	lineages.	Haptophytes,	cryptomonads,
heterokonts,	dinoflagellates,	and	apicomplexans	acquired	secondary	plastids	from	different	red
algal	lineages.	Highlighting	the	importance	of	this	secondary	endosymbiotic	event,	over	50
percent	of	the	presently	described	protist	species	are	estimated	to	contain	secondary	red	algal
plastids	[30].

In	addition	to	secondary	endosymbiotic	events,	a	subsequent	plastid	loss	or	the	transformation
of	photosynthetic	plastids	to	cryptic	non-photosynthetic	plastids	occurred	in	many
heterotrophic	lineages.	An	even	more	complex	evolutionary	history	was	revealed	in
dinoflagellates	(Dinophyta),	a	large	group	of	partly	photosynthetic	flagellated	protists.
Dinoflagellates	are	found	among	marine	plankton	but	also	in	freshwater	environments,	and	a
few	species	are	known	to	have	acquired	plastids	by	the	uptake	of	a	red	algal	lineage,	which
already	contained	a	secondary	plastid	[30].	Little	information	is	available	about	such	tertiary
plastids	and,	particularly,	their	causal	relationship	to	the	biosynthesis	of	the	typical
dinoflagellate	carotenoids.	For	instance,	dinoflagellates	of	the	Peridinium	genus	produce	the
unique	C37-carotenoid	peridinin	(Figure	12.3)	as	a	primary	pigment,	and	their	tertiary
endosymbiont	was	shown	to	be	of	unusual	Chrysophyceaen	algal	origin	[32].



Figure	12.3	Unique	carotenoids	in	microalgae.

In	contrast,	the	dinoflagellate	Karenia	spp.	were	shown	to	contain	the	similarly	unique
carotenoid	gyroxanthin	(Figure	12.3)	as	well	as	several	characteristic	fucoxanthin	derivatives.
Their	endosymbiont	was	shown	to	be	of	a	prymnesiophyceaen	algal	origin.	Therefore,	the
unique	gyroxanthin	diester	was	used	as	an	early	marker	of	harmful	Karenia	brevis	outbreaks,
the	so-called	Florida	red	tides.	Such	dinoflagellates	produce	large	amounts	of	brevetoxins
with	deleterious	effects	on	commercial-aquacultural	fisheries	and	public	health,	and,	thus,	an



early	detection	of	its	outbreaks	proved	to	be	most	helpful	[33].

Other	characteristic	carotenoids	are	exclusively	found	in	algae.	The	distribution	of	carotenoids
and	chlorophylls	in	algae	was	previously	compiled	by	Takaichi	[34].	For	instance,	the	alleneic
(C=C=C)	carotenoid	fucoxanthin	is	only	found	in	brown	algae	and	other	heterokonts
(Heterokontophyta),	and	19′-acyloxy-fucoxanthin	derivatives	such	as	19′-hexanoyloxy-
fucoxanthin	(Fig.	12.3)	are	also	present	in	Haptophyta	and	Dinophyta.	These	fucoxanthin-
containing	algae	and	the	Cryptophyta	contain	chlorophyll	c	as	a	further	characteristic	trait.
Similarly,	acetylenic	(C≡C)	carotenoids	were	solely	reported	in	algae.	For	instance,
alloxanthin	(Figure	12.3),	crocoxanthin,	and	monadoxanthin	are	typical	pigments	of
Cryptophyta,	and	diadinoxanthin	and	diatoxanthin	were	described	in	Heterokontophyta,
Haptophyta,	Dinophyta,	and	Euglenophyta	[34].

12.3.2	Yeasts	and	filamentous	fungi
In	contrast	to	algae,	much	fewer	yeasts	and	fungi	are	known	to	produce	carotenoids.	The	yeasts
of	the	genera	Rhodotorula,	Rhodosporidium,	Sporobolomyces,	and	Xanthophyllomyces
(Phaffia)	have	been	studied	extensively	[35],	whereas	most	work	on	fungal	carotenoids	was
carried	out	on	P.	blakesleanus,	B.	trispora,	and	Neurospora	crassa.	Fungi	and	yeasts
exclusively	utilize	the	classical	mevalonate	pathway	for	the	biosynthesis	of	isoprenoid
compounds.	A	characteristic	fungal	product	of	this	pathway	is	ergosterol,	and	the	accumulation
of	carotenoids	often	depends	on	the	exposure	to	light	[10].	Apart	from	illumination,	carotenoid
biosynthesis	in	several	members	of	the	Mucorales	was	enhanced	or	initiated	during	sexual
interaction	of	different	mating-type	strains.	The	most	prominent	and	commercially	important
representative	member	of	the	Mucorales	is	B.	trispora.	The	organism	was	discovered	in	1904
by	Blakeslee,	who	made	the	fundamental	observation	that	zygotes	were	not	formed	when	the
fungus	was	grown	from	one	spore.	Blakeslee	showed	that	two	mycelia	different	in	sex	are
required	for	sexual	reproduction,	naming	the	phenomenon	heterothallism	and	the	mycelia	(+)
and	(−)	[36].	Furthermore,	he	noted	developing	coloration	when	(+)	and	(−)	mycelia	were
combined.	By	analogy	to	many	members	of	the	order	Mucorales,	the	sexual	activity	of	B.
trispora	is	accompanied	by	a	substantially	increased	accumulation	of	carotenoids.	In	1968,
van	den	Ende	confirmed	the	trisporic	acids	B	and	C	(Figure	12.4)	to	induce	carotenogenesis	in
B.	trispora;	they	are	considered	“sex	hormones”,	as	they	also	induce	the	formation	of
gametangia	in	Mucor	mucedo.	The	quantities	of	carotenoids	obtained	after	external	stimulation
of	a	(−)	mycelia	culture	of	B.	trispora	are	similar	to	those	found	in	mated	cultures	[37].	As
described	further	in	this	chapter,	B.	trispora	is	used	for	the	commercial	production	of	β-
carotene	and	lycopene	today.



Figure	12.4	Trisporic	acids	B	and	C	and	a	typical	fungal	carotenoid.

Generally,	the	most	abundant	carotenoids	in	yeast	and	fungi	are	β-carotene,	γ-carotene,	and
other	carotenes.	A	short	overview	is	provided	in	Table	12.1.

Table	12.1	Distribution	of	carotenoids	in	yeasts	and	fungi.
Source:	Liaaen-Jensen	[29].

Order Abundant
Carotenoids

Occasional	Carotenoids

Phycomycetes β-carotene,	γ-carotene Other	carotenes
Ascomycetes β-carotene,	γ-carotene Lycopene,	neurosporaxanthin,	aleuriaxanthin,

plectaniaxanthin,	phillipsiaxanthin
Heterobasidiomycetes β-carotene,	γ-

carotene,	astaxanthin
Other	carotenes	and	simple
hydroxycarotenoids

Hymenomycetes β-carotene,	γ-carotene Other	carotenes,	torularhodin,	simple
hydroxycarotenoids,	keto-carotenoids

Deuteromycetes β-carotene,	γ-
carotene,	torulene,
torularhodin

Lycopene,	other	carotenes,	neurosporaxanthin,
plectaniaxanthin,	astaxanthin,	keto-carotenoids

Nevertheless,	several	specific	und	unique	carotenoids	were	found	in	yeasts	and	fungi,	such	as
the	carboxylic	carotenoids	neurosporaxanthin	(e.g.,	in	Neurospora	crassa;	Fig.	12.4)	as	well
as	torulene	and	torularhodin	(in	Rhodotorula	spp.;	Fig.	12.2E).

Being	of	commercial	interest,	as	described	further	in	this	chapter,	the	heterobasidiomycetous
yeast	Xanthophyllomyces	dendrorhous	(Phaffia	rhodozyma)	naturally	produces	astaxanthin,



although	its	concentration	in	the	microorganism	highly	depends	on	the	strain	and	environmental
factors	[38].	As	also	described	further,	astaxanthin	production	processes	using
Xanthophyllomyces	sp.	were	significantly	improved	in	recent	decades	and	might	soon	gain
commercial	importance.

12.3.3	Bacteria
Carotenoid-producing	bacteria	can	be	classified	into	anoxygenic	phototrophic,	oxygenic
phototrophic,	and	non-phototrophic	bacteria.	Anoxygenic	photosynthetic	bacteria	possess	a
light-harvesting	photosystem	based	on	the	accessory	pigments	bacteriochlorophyll	and	several
carotenoids.	More	than	50	genera	with	about	130	species	of	anoxygenic	phototrophoic	bacteria
have	been	described	to	produce	around	100	different	carotenoids.	The	chemical	structures	of
most	of	these	carotenoids	are	different	from	those	found	in	algae,	higher	plants,	fungi,	and	non-
photosynthetic	bacteria.	For	instance,	they	are	most	often	acyclic	compounds	with	hydroxyl	or
methoxy	groups	at	C-1,	and	also	with	carbonyl	functions	at	rare	positions.	If	cyclic,	aromatic
rings	are	frequently	observed,	for	instance	in	chlorobactene	(Figure	12.5).



Figure	12.5	Unique	bacterial	carotenoids.

Unusual	C30	carotenoids	as	well	as	carotenoid	glycosides,	sulfates,	and	carboxyl	and	hydroxyl
derivatives	are	characteristic	of	particular	bacterial	genera,	as	described	in	great	detail	by
Takaichi	[39],	who	also	reviewed	the	five	known	pathways	leading	to	this	enormous	diversity.



For	instance,	the	anoxygenic	purple	bacteria	contain	typical	acyclic	carotenoids	like
spirilloxanthin	and	spheroidene	(Fig.	12.5),	whereas	both	green-sulfur	and	green-filamentous
bacteria	contain	rare	derivatives	of	β-carotene	and	γ-carotene	such	as	isorenieratene	and
chlorobactene	[40].

Oxygenic	phototrophic	bacteria	are	exclusively	represented	by	cyanobacteria	(Cyanophyta),
sometimes	also	called	blue-green	algae.	Besides	the	production	of	oxygen	during
photosynthesis,	they	differ	from	anoxygenic	phototrophic	bacteria	by	producing
phycobiliproteins	and	chlorophyll	a	instead	of	bacteriochlorophylls.	The	prokaryotes	of	the
Prochlorophyta	are	an	exception,	as	they	produce	chlorophylls	a	and	b	but	lack
phycobiliproteins	[29].	Mostly	thriving	in	low-light	habitats,	a	few	cyanobacteria	have
developed	chlorophyll	derivatives	with	significantly	red-shifted	absorption	maxima	in	their
light-harvesting	protein	complexes,	such	as	chlorophyll	d	(e.g.,	in	Halomicronema	spp.	[41])
and	chlorophyll	f	(e.g.,	in	Acaryochloris	spp.	[42]).	Furthermore,	all	cyanobacteria
biosynthesize	a	variety	of	carotenoids	with	structures	similar	to	those	found	in	both	algae	and
anoxygenic	phototrophic	bacteria.	For	instance,	bacteria-characteristic	carotenoid	glycosides
were	found,	and,	at	the	same	time,	common	dicyclic	β-ring	carotenoids	(e.g.,	β-carotene)	occur
as	part	of	their	photosystems.	Several	derivatives	of	the	carotenoid	glycosides
myxoxanthophyll	and	oscillaxanthin,	along	with	keto-carotenoids	like	echinenone	and
canthaxanthin,	are	unique	carotenoids	of	cyanobacteria	(Figure	12.5).	Thus,	their	carotenoid
composition	can	be	used	for	their	classification	[29,	40].

Although	phototrophic	bacteria	utilize	carotenoids	as	part	of	their	light-harvesting	protein
complexes,	non-phototrophic	carotenoid-containing	bacteria	do	not	conduct	photosynthesis.
Because	carotenoids	also	serve	as	a	protectant	against	photo-oxidative	damage,	biosynthesis
of	carotenoids	in	non-phototrophic	bacteria	is	often	a	light-induced	process.	Prominent
examples	of	light-induced	biosynthesis	are	non-phototrophic	bacteria	of	the	Myxococcus	spp.
and	Streptomyces	spp.,	both	of	which	have	been	used	extensively	for	investigations	into	the
genetic	regulation	and	transcriptional	initiation	of	carotenogenic	gene	clusters.	In	contrast,
Paracoccus	spp.	constitutively	accumulate	carotenoids	that	are	of	commercial	interest,	such	as
astaxanthin	and	zeaxanthin	[43].	In	2007,	the	European	Food	Safety	Authority	(EFSA)
considered	the	use	of	dried	sterilized	cells	of	Paracoccus	carotinifaciens	as	safe	for	feeding
salmon	and	trout,	indicating	growing	commercial	interest	in	this	production	route	of	feed
carotenoids	[44].

Besides	the	described	Eubacteria	species,	non-phototrophic	carotenogenic	species	are	also
found	among	the	Archaea.	Thermoacidophilic	Sulfolobus	spp.	were	described	to	form	unique
zeaxanthin	glycosides,	whereas	several	halophilic	species	(Halobacterium	spp.	and
Haloferax	spp.)	were	reported	to	accumulate	astaxanthin,	β-carotene,	canthaxanthin,	and
lycopene	[43].	However,	technical	difficulties	impair	their	biotechnological	cultivation	and
further	exploitation.	For	instance,	corrosion-resistant	materials	are	required	for	growing
halophilic,	alkaliphilic,	and	acidophilic	species,	and,	most	frequently,	the	production	rates	and
biomass	yields	are	poor	[45].



12.4	Selected	examples	of	biotechnological	carotenoid
production
12.4.1	Production	of	β-carotene
β-carotene	is	widely	used	in	the	food,	feed,	cosmetic,	and	pharmaceutical	industries	due	to	its
potent	coloring	traits,	antioxidant	properties,	and	provitamin	A	activity.	Its	use	in	foods	and
feeds	has	been	widely	approved	by	competent	authorities	worldwide.	In	the	European	Union,
β-carotene	and	β-carotene-rich	preparations	require	labeling	as	E	160a,	which	comprises	two
subcategories:	E	160a	(i)	mixed	carotenes,	and	E	160a	(ii)	β-carotene.	Mixed	carotenes	are
further	divided	into	plant	carotenes	and	algal	carotenes.	Plant	carotenes	need	to	be	“obtained
by	solvent	extraction	of	natural	strains	of	edible	plants,	carrots,	vegetable	oils,	grass,	alfalfa
(lucerne),	and	nettle”,	containing	“carotenoids	of	which	β-carotene	accounts	for	the	major
part”	[46].	The	extraction	of	carotenoids	from	crude	palm	oil	(Elaeis	guineensis	Jacq.)	is	a
commercially	utilized	example,	commonly	involving	alkaline	saponification	of	a	specific
carotene-rich	oil	fraction,	and	subsequent	solvent-assisted	carotene	extraction	[47].
Eventually,	crystallization	at	lowered	temperatures	may	be	carried	out	to	remove
noncarotenoid	impurities	[48].	Algal	carotenes	are	obtained	from	the	halophilic	green	alga
Dunaliella	salina,	mostly	containing	E-	and	Z-isomers	of	β-carotene	in	different	ratios	ranging
from	50:50	to	71:29	[46].

In	contrast,	pure	β-carotene	(E	160a	(ii))	comprises	at	least	96%	(all-E)-β-carotene,	and	it
may	be	derived	synthetically	or	originate	from	the	fungus	B.	trispora	[46].	However,	more	than
90%	of	commercialized	β-carotene	is	still	derived	from	chemical	synthesis	because
biotechnological	production	is	associated	with	several	disadvantages,	such	as	poor	process
control	in	open	ponds,	high	nutrient	consumption	with	low	efficiency	in	bioreactors,
contamination	problems,	and	difficult	optimal	nutrient	requirements	[49].

Nevertheless,	carotenoid	production	with	B.	trispora	is	currently	carried	out	at	the	industrial
scale,	and	several	companies	are	expecting	significant	growth	rates	within	the	next	decade,	in
particular	because	substantial	technical	and	scientific	progress	enabled	a	more	efficient
carotenoid	production	using	this	fungus.	As	described	in	Section	12.3.2,	a	prerequisite	for
carotenoid	accumulation	by	B.	trispora	is	the	presence	of	both	(+)	and	(−)	mating	types,	which
disp	trisporic	acids—fungal	sexual	hormones.	Moreover,	carotenoid	production	also	increased
after	the	addition	of	structurally	similar	chemical	enhancers,	such	as	abscisic	acid,	β-ionone,
α-ionone,	and	vitamin	A	[50].	The	addition	of	citrus	oils,	citrus	pulp,	and	molasses	was	found
to	exert	a	surprising	carotenoid-enhancing	effect	similar	to	that	of	β-ionone	[51,	52].	Span	20
and	geraniol	were	reported	to	intensely	increase	carotenoid	production	in	mated	B.	trispora
[53,	54].	Reports	are	available	on	the	systematic	optimization	of	growth	media	[55]	as	well	as
on	the	optimum	mixing	ratio	of	30:1	of	the	(−)	and	(+)	types	[56].	Several	bioreactor	systems,
such	as	stirred-tank	and	airlift	reactors,	have	been	investigated	[57,	58],	and	solutions	to
technical	problems	such	as	foam	formation	and	excessive	dissolved	oxygen	have	enabled
processes	that	enhance	yields	up	to	fivefold	higher	than	those	of	conventional	systems	[59].



Unicellular	flagellate	green	microalgae	belonging	to	Dunaliella	spp.	(Chlorophyta	and
Chlorophyceae),	which	are	naturally	occurring	in	media	with	very	high	salt	concentrations	of
up	to	35%,	are	further	important	sources	of	“natural”	β-carotene.	According	to	Ben-Amotz	and
Avron	[60],	Dunaliella	represents	the	only	eukaryotic	photosynthetic	organism	that	is	found	in
significant	numbers	in	saline	lakes	such	as	the	Dead	Sea	in	Israel	and	the	Great	Salt	Lake	in
Utah,	United	States.	In	contrast	to	other	algae,	it	lacks	a	rigid	polysaccharide	cell	wall.	Instead,
the	thin	elastic	plasma	membrane	is	covered	by	a	flexible	mucilaginous	coat.	The	absence	of	a
rigid	cell	wall	allows	rapid	cell	volume	changes	in	response	to	extracellular	changes	in
osmotic	pressure.	A	further	response	to	high	salinity	is	the	massive	accumulation	of	β-carotene
within	its	chloroplasts.	As	a	result,	the	commonly	green	algae	appear	rather	red	due	to	their
extremely	high	β-carotene	content	reaching	up	to	10%	of	dry	weight.	For	comparison,	the	β-
carotene	levels	of	most	other	algae	are	around	0.3%,	according	to	Ben-Amotz	and	Avron	[60].
Most	interestingly,	despite	the	high	concentration,	crystals	of	β-carotene	are	not	observed	in
the	chloroplasts	of	highly	pigmented	Dunaliella.	Besides	(all-E)-β-carotene,	the	algae	also
accumulate	high	amounts	of	(9Z)-β-carotene,	which	is	an	oily	substance	when	purified	or
concentrated	and,	therefore,	is	believed	to	aid	the	solubilization	of	its	(all-E)-isomer	in	the
algae	chloroplasts	[60].	Up	to	50%	of	the	total	β-carotene	from	Dunaliella	may	be	present	as
its	(Z)-isomer	[46].	Such	lipid-dissolved	β-carotene	may	be	expected	to	be	highly
bioavailable,	as	has	been	previously	shown	by	comparing	the	bioavailability	of	solid-
crystalline	β-carotene	from	carrots	to	that	of	lipid-dissolved	and	liquid-crystalline	β-carotene
from	papaya	[61,	62].	In	agreement	with	this	hypothesis,	Ben-Amotz	et	al.	reported	a	10-fold
higher	bioavailability	of	the	algal	carotene	when	feeding	equivalent	doses	of	β-carotene	from	a
Dunaliella	supplement	and	synthetic	(all-E)-β-carotene	[63].	Large-scale	β-carotene
production	by	Dunaliella	is	mostly	carried	out	in	outdoor	cultivation	ponds.	These	ponds	are
relatively	shallow	(10–25	cm	deep)	in	order	to	meet	optimum	surface–volume	ratios.	Thereby,
the	cells	are	exposed	to	the	highest	possible	intensity	of	photosynthetically	effective
irradiation,	which	is	required	for	maximum	β-carotene	yield.	Both	nonmixed	and	paddle-wheel
mixed	ponds	are	suitable	for	production,	whereas	the	use	of	airlifts	or	centrifugal	pumps	may
damage	the	fragile	cell	wall	of	Dunaliella	algae	[60].

β-carotene	accumulation	is	maximized	under	high	salt	concentrations,	high	light	intensity,	and
slow	growth	rates.	High	salt	concentrations	close	to	saturation	(>27%)	allow	simultaneous
limitation	of	the	growth	rate	and,	at	the	same	time,	effectively	keep	halotolerant	predatory
protozoa	and	competitor	algae	deprived	[49].	In	intensive	cultivation	facilities,	growth	rate
limitations	are	achieved	by	limiting	nutrients	in	the	bioreactor	(e.g.,	by	depriving	nitrogen	or
carbon	dioxide	supply).	Recently,	a	modern	gentle	airlift	loop	bioreactor	has	been	described
for	the	cultivation	of	D.	salina,	providing	controlled	CO2	supply	for	growth	regulation	[64].
Furthermore,	the	use	of	light-emitting	diodes	(LEDs)	has	been	shown	to	allow	control	of	both
growth	and	carotenoid	accumulation	rates.	The	combination	of	a	red	and	blue	LED	at	a	ratio	of
75%	and	25%,	respectively,	yielded	the	highest	growth	rates,	whereas	increasing	proportions
of	blue	light	was	shown	to	foster	β-carotene	and	lutein	accumulation	[65].

Other	microorganisms	have	been	examined	for	their	applicability	to	industrial	β-carotene
production.	For	instance,	fungi	strains	from	Mucor	spp.	(e.g.,	Mucor	circinelloides)



biosynthesize	appreciable	amounts	of	β-carotene	when	exposed	to	blue	light.	Furthermore,
Phycomyces	blakesleeanus	has	been	investigated,	producing	carotenoids	when	exposed	to
intersexual	hormones.	To	date,	however,	β-carotene	production	from	Mucor,	Phycomyces,	or
other	microorganisms	has	not	been	able	to	compete	with	the	established	manufacture	from
Blakeslea	or	Dunaliella.

12.4.2	Production	of	astaxanthin
Astaxanthin	can	be	considered	the	second	most	important	carotenoid	after	β-carotene,	and
about	29%	of	total	carotenoid	sales	are	allotted	to	astaxanthin	[66].	Currently,	its	use	for	the
aquacultural	production	of	salmon	and	trout	is	by	far	the	most	significant	application,	because
this	carotenoid	provides	the	orange-red	coloration	to	the	flesh	of	these	fish.	Astaxanthin	is	also
fed	to	chicken	and	quails	to	improve	and	standardize	the	color	of	flesh	and	egg	yolks	[8].
Furthermore,	antiaging,	anti-inflammatory,	and	sunproofing	properties	have	been	proven	for
astaxanthin.	Although	these	health-beneficial	assumptions	have	not	yet	been	translated	into
reliable	and	legal	health	claims,	the	importance	of	astaxanthin	as	a	dietary	supplement	is
increasing.	By	analogy	to	β-carotene,	the	overwhelming	proportion	of	astaxanthin	is	derived
from	chemical	synthesis.	The	enormous	market	value	of	synthetic	astaxanthin	was	estimated	to
be	more	than	$200	million	in	2011.	The	most	promising	natural	sources	of	astaxanthin	are	the
yeast	X.	dendrorhous	and	the	microalga	H.	pluvialis.	Astaxanthin-rich	biomass	from	X.
dendrorhous	(=	Phaffia	rhodozyma)	has	been	approved	for	trout	and	salmon	farming	by	the
European	Union.	Recently,	the	production	cost	of	astaxanthin	by	H.	pluvialis	in	improved
large-scale	outdoor	photobioreactors	was	estimated	to	be	$718	per	kg	in	2011,	which	might
even	underprice	the	cost	of	chemical	synthesis,	which	has	an	estimated	cost	of	$1000/kg	[67].
More	importantly,	the	use	of	food	and	feed	additives	from	natural	sources	is	a	demand	of	many
consumers,	and,	thus,	microbial	astaxanthin	synthesis	is	expected	to	gain	importance.

Commercial	cultivation	methods	for	H.	pluvialis	have	been	developed,	and	a	total	yield	of
1.5–3.0%	astaxanthin	(of	dry	weight)	has	been	achieved.	Both	closed	photobioreactors	and
open	culture	ponds	are	being	successfully	used	for	Haematococcus	cultivation	by	a	two-phase
process.	First,	the	reproduction	of	vegetative	cells	is	enhanced	by	near-optimum	growing
conditions,	including	the	control	of	temperature,	pH,	and	nutrient	levels,	if	possible.	After
reaching	a	sufficient	cellular	density,	the	microalgae	is	exposed	to	environmental	and	nutrient
stress	to	induce	massive	astaxanthin	accumulation.	For	instance,	the	salinity	of	the	medium
might	be	increased,	as	well	as	the	temperature	or	light	intensity.	The	vegetative
Haematococcus	cells	will	transform	into	so-called	hematocysts	within	two	or	three	days,	and
after	3–5	more	days	maximum	astaxanthin	concentrations	(1.5–3.0%	of	dry	weight)	are
reached.	Subsequently,	the	cells	are	harvested	by	settling	or	centrifugation,	eventually
combined	with	ethoxyquin	or	other	antioxidants,	dried,	and	then	cracked	by	milling	to	ensure
maximum	bioavailability	for	their	use	as	a	feed	supplement.	Excellent	photographs	of	the
microalgae	and	an	outdoor	cultivation	site	are	available	from	Lorenz	and	Cysewski	[68].

Besides	the	microalga	Haematococcus,	the	astaxanthin-producing	yeast	X.	dendrorhous
appears	to	be	a	further	promising	microorganism	providing	several	advantages.	The	yeast	does
not	require	light	for	growth	and	accumulation	of	astaxanthin,	its	principal	carotenoid.



Moreover,	it	metabolizes	many	kinds	of	saccharides	under	both	aerobic	and	anaerobic
conditions	and	reproduces	at	relatively	high	growth	rates	[69].	Its	modesty	regarding	the
substrate	enables	the	utilization	of	industrial	by-products,	such	as	malt	waste	and	residues	from
mustard	production	[70,	71].	Schmidt	et	al.	[66]	have	recently	compiled	an	overview	of
growth	media	suitable	for	Xanthophyllomyces	cultivation.	The	moderately	psychrophilic	yeast
grows	at	temperatures	from	0	to	27	°C	(optimum:	18–22	°C)	at	a	pH	value	between	5	and	6.
Because	oxygen	is	required	for	astaxanthin	biosynthesis,	a	sufficient	but	nonabundant	supply	of
oxygen	ensured	high	carotenoid	yields.	Inadequate	oxygen	supply	fostered	β-carotene	instead
of	astaxanthin	biosynthesis,	whereas	oversupply	led	to	reduced	growth	rates.	By	analogy	to	the
above-described	Haematococcus	process,	cultivation	is	typically	divided	into	a	cell	growth
phase	and	a	subsequent	maturation	phase	[66].	The	astaxanthin	content	of	wild	strains	of	X.
dendrorhous	was	reported	to	be	200–400	μg/g	of	dry	yeast,	and	an	increase	by	a	factor	of	10–
50	would	be	necessary	to	become	competitive	with	astaxanthin	from	Haematococcus	or	even
from	chemical	synthesis.	Thus,	encouraging	attempts	to	genetically	improve
Xanthophyllomyces	strains	by	metabolic	engineering	have	been	pioneered	in	the	past	decade
by	Visser	et	al.	[72].	By	upregulating	phytoene	synthase	and	lycopene	cyclase,	a	significantly
increased	accumulation	of	β-carotene	and	echinone	was	achieved,	indicating	that	the
oxygenation	reactions	might	be	rate	limiting	[72].	More	recently,	Sandmann	and	coworkers
combined	a	chemical	mutagenic	approach	with	systematic	genetic	pathway	improvements,
thereby	yielding	a	strain	that	produced	more	than	5000	μg	astaxanthin	per	gram	of	dry	weight
[73].	One	year	later,	the	same	group	reported	further	improvements,	obtaining	up	to	9000	μg
per	gram	of	dry	weight	by	metabolic	engineering.	This	encouraging	success	will	significantly
enhance	the	economic	importance	of	biotechnologically	produced	astaxanthin	soon.

12.4.3	Production	of	lycopene
Frequent	dietary	uptake	of	lycopene	has	been	associated	with	several	health	benefits.	For
instance,	several	epidemiological	trials	associated	the	consumption	of	lycopene-rich	foods
with	a	30–40%	risk	reduction	of	prostate	cancer	incidence	[3],	although	several	research
groups	claimed	the	need	for	further	studies	in	order	to	maintain	a	causal	association	to
lycopene	[4].	Besides	further	potential	health	benefits	described	in	the	literature,	lycopene
recently	gained	enormous	attention	from	the	food	colorant	industry,	because	it	may	be	used	for
the	replacement	of	the	natural	red	colorant	carmine.	The	replacement	of	carmine	has	been	of
interest	since	lycopene	producers	promotionally	highlighted	its	origin	from	a	louse
(Dactylopius	coccus	Costa),	thus	effectively	provoking	disgust	by	the	customer.	In	2009,	the
European	Commission	approved	various	applications	of	lycopene	of	synthetic	origin	as	well
as	from	tomato	oleoresins	and	B.	trispora,	respectively,	as	a	novel	food	ingredient	for	coloring
food	and	as	a	food	supplement	(see	[74–76]).	By	analogy,	US	Food	and	Drug	Administration
(FDA)	regulations	allow	lycopene	usage	from	these	sources	within	the	United	States,	where
GRAS	(generally	recognized	as	safe)	status	was	granted	for	corresponding	products	during	the
years	2003–2006	[77].

In	contrast	to	β-carotene,	lycopene	yields	and	purities	obtained	by	chemical	synthesis	were
reported	to	be	poor,	particularly	its	isomeric	purity	[78].	Carotenoids	extracted	from	tomato,



however,	naturally	contain	high	proportions	(>91%)	of	(all-E)-lycopene	[79].	Thus,	efficient
commercial	processes	are	based	on	the	extraction	from	plant	sources	and	on	biotechnological
approaches.	Besides	tomato,	other	plant	sources	are	under	current	investigation	(Table	12.2).

Table	12.2	Examples	of	plant	foods	rich	in	lycopene.

Source Latin	Plant	Name Total	Lycopene	in	mg/100	g
Fresh	Weight

Ref.

Autumn	olive Elaeagnus	umbellata	Thunb. 15.1–54.0 [90]
Buffalo	berry Shepherdia	argentea	[Pursh]	Nutt. 18.2–36.0 [91]
Gac	fruit	aril Momordica	cochinchinensis

Spreng.
34.8–190.2 [92,

93]
Red-fleshed
papaya

Carica	papaya	L. 2.1–4.3 [94]

Red	carrot Daucus	carota	L. 6.5 [92]
Tomato	(raw) Lycopersicon	esculentum	L. 3.5–17.2 [79,

95]
Pink	guava Psidium	guajava	L. 5.2 [92]
Watermelon Citrullus	lanatus	(Thunb.)

Matsum.	&	Nakai
4.5 [92]

Extremely	high	concentrations	were	found	in	gac	fruit	arils	(up	to	190	mg	lycopene/100	g	of
fresh	weight	[FW])	and	autumn	olives	(up	to	54	mg/100	of	FW),	whereas	lower	concentrations
comparable	to	tomato	were	observed	in	red	carrots	(6.5	mg/100	g	of	FW),	pink	guava	(5.2
mg/100	g	of	FW),	and	red-fleshed	papaya	(4.3	mg/100	g	of	FW;	see	Table	12.2).	Several
promising	lycopene-producing	microorganisms	such	as	Streptomyces	chrestomyceticus,	B.
trispora,	P.	blakesleanus,	and	a	genetically	modified	Flavobacterium	sp.	have	also	been
investigated,	without	reaching	industrial	production	(except	for	B.	trispora)	[52].	As
described	here,	common	strains	accumulate	mostly	β-carotene	and	only	minor	amounts	of
lycopene.	For	high	lycopene	production,	B.	trispora	strains	either	without	lycopene	cyclase
activity	or	supported	by	chemical	lycopene	cyclase	inhibitors	are	required.	Examples	for	such
inhibitors	are	several	tertiary	amines,	aminomethyl	pyridines,	imidazole,	pyridine,	morpholine,
quinolone	[52],	nicotine	[80],	piperidine,	and	vitamin	A	acetate	[53].	In	recent	years,
significant	progress	was	made	in	the	fermentative	production	of	lycopene	by	B.	trispora,
yielding	up	to	156–578	mg	lycopene	per	liter	[54,	81].	López-Nieto	et	al.	[52]	developed	a
process	for	semi-industrial	lycopene	production	in	an	800	L	bioreactor,	including	a	careful
medium	optimization	and	the	application	of	lycopene	cyclase	inhibitors.	Besides	B.	trispora,
blue-light	illuminated	mutant	strains	of	P.	blakesleanus,	metabolically	engineered	E.	coli,	and
the	above-mentioned	microorganisms	were	proposed	for	lycopene	production.	However,	to
date,	none	of	these	microorganisms	was	shown	to	be	able	to	compete	with	the	outstanding
lycopene	production	rates	of	B.	trispora.



12.4.4	Production	of	lutein	and	zeaxanthin
Commercial	sources	of	lutein	and	zeaxanthin	are	of	high	interest	due	to	their	use	as	feed	and
food	supplements.	Lutein	and	zeaxanthin	specifically	accumulate	in	the	macula	of	the	human
retina	at	concentrations	of	up	to	500-fold	higher	than	in	human	blood	serum	and	other	tissues.
Their	presence	in	the	macula	is	related	to	effects	protecting	against	the	development	of	cataract
and	macular	degeneration.	Moreover,	high	consumption	of	lutein-	and	zeaxanthin-rich	food	was
related	to	the	maintenance	of	cognitive	functions	in	the	elderly	and,	possibly,	a	lowered
incidence	of	Alzheimer’s	disease	[6].	In	addition,	there	is	still	controversy	whether	lutein	and
zeaxanthin	meet	the	three	substantial	criteria	of	a	conditionally	essential	nutrient,	because
dietary	lack	of	lutein	and	zeaxanthin	resulted	in	structural	abnormalities	in	the	retina	of
primates.	However,	in	order	to	classify	lutein	and	zeaxanthin	as	conditionally	essential
nutrients,	controlled	clinical	trials	are	required	to	provide	clear-cut	evidence	in	humans	first
[82].	Although	lutein	has	been	approved	for	food	and	feed	uses	in	many	countries	for	a	long
period,	the	placing	on	the	market	of	synthetic	zeaxanthin	as	a	novel	food	ingredient	in	food
supplements	was	authorized	in	the	European	Union	only	in	2013	[83].	According	to	Fernández-
Sevilla,	lutein	sales	in	the	United	States,	where	it	is	largely	applied	as	a	food	colorant	and
ingested	as	food	and	feed	supplements,	amounted	to	circa	$150	million	in	2010	[84].	Other
market	reports	stated	a	total	market	value	of	lutein	of	circa	$233	million	in	2010,	closely
surpassing	that	of	astaxanthin	[9].	Interestingly,	chemical	synthesis	of	lutein	was	described	to
be	an	outstandingly	expensive	process	[84],	and,	thus,	commercial	lutein	is	almost	exclusively
derived	from	the	petals	of	marigold	flowers	(Tagetes	erecta	L.).	After	extraction	with	organic
solvents	such	as	hexane,	an	oleoresin	containing	mostly	lutein	esters	is	obtained,	whereas	free
lutein	can	be	derived	after	alkaline	saponification	and	subsequent	solvent	extraction,
eventually	followed	by	recrystallization	to	enhance	purity	[85].	Regarding	their
biotechnological	production,	several	lutein-producing	microalgae	have	been	examined	as	the
most	promising	sources.	Lutein	production	from	marigold	was	recently	compared	in	detail	to
its	production	from	the	microalgae	Murielopsis	sp.,	Chlorella	sp.,	and	Scenedesmus	sp.	by
Fernández-Sevilla	et	al.	[84].	The	same	authors	carried	out	highly	promising	experiments	in
4,000	and	28,000	L	photobioreactors,	showing	enhanced	lutein	yields	under	increased
illumination	conditions.	The	addition	of	stress-inducing	chemicals	such	as	H2O2	and	sodium
hypochlorite	was	reported	to	exert	a	moderate	effect	on	lutein	yield.	As	compared	to	the
production	of	lutein	from	marigold	(Tagetes	sp.),	a	major	obstacle	for	obtaining	carotenoids
from	the	above-mentioned	Chlorophycean	microalgae	is	their	thick	and	hard	cell	walls,	which
need	to	be	broken	up	by	energy-	and	cost-intensive	procedures,	such	as	milling,	ultrasound,
microwave,	freeze–thaw	cycles,	or	the	addition	of	chemical	agents.	Further	procedures	are
analogous	to	the	marigold	process	(i.e.,	they	include	saponification	and	solvent-assisted
carotenoid	extraction)	[84].

Altough	several	processes	for	the	biotechnological	production	of	lutein	are	currently	under
investigation,	information	on	biotechnological	zeaxanthin	production	is	still	scarce.	For
instance,	Flavobacterium	spp.	have	been	reported	to	be	a	microbial	source	of	zeaxanthin,
producing	up	to	190	mg	zeaxanthin	per	liter	of	cell	culture.	Zeaxanthin	from	Flavobacterium
spp.	has	been	proposed	for	uses	in	the	cosmetic,	food,	and	feed	industries	[86].	In	addition,



Singh	et	al.	[87]	reported	the	isolation	of	a	fast-growing	strain	of	microalgae	(Chlorella
saccharophila),	containing	zeaxanthin	and	β-carotene	at	a	ratio	of	circa	75:25.	Chinese
wolfberries	(Lycium	barbarum	L.)	and	the	husks	of	Chinese	lantern	(Physalis	alkekengi	L.)
are	among	the	richest	natural	sources	of	zeaxanthin,	which	might	be	of	particular	interest	as
biological	starting	material,	as	the	latter	are	commonly	discarded	[88].	The	importance	of
“natural”	zeaxanthin	might	increase	substantially	in	the	future,	as	it	is	similarly	found	in	the
human	macula	and	neural	system.	In	contrast	to	lutein,	only	minor	amounts	of	zeaxanthin	are
part	of	the	common	human	diet,	thus	making	its	supplementation	potentially	interesting.

12.5	Perspectives	and	conclusions
In	response	to	the	continuously	increasing	demand	for	natural	carotenoids,	feasibility	of	their
production	by	microorganisms	has	already	reached	industrial	scale,	as	described	in	this
chapter.	For	a	few	examples,	namely,	astaxanthin	production,	the	biotechnological	process	is
already	competitive	with	chemical	synthesis,	owing	to	substantial	genetic	and	mutagenic
improvements	of	the	producing	organism.	At	the	same	time,	optimized	microalgal	cultivation
allows	astaxanthin	production	without	using	genetically	modified	organisms.	Lycopene	is	a
carotenoid	of	increasing	importance	due	to	its	health-beneficial	properties	and	its	potential	to
replace	synthetic	and	animal-derived	dyes,	such	as	red	azo-dyes	and	carmine,	respectively.
Lycopene	production	by	B.	trispora	ruled	out	the	attempts	for	its	chemical	synthesis,
particularly	due	to	the	achievable	high	isomeric	purity.	In	addition,	this	organism	is	already
being	used	for	the	commercial	production	of	natural	β-carotene,	and	extensive	knowledge
about	process	control	is	available.	The	β-carotene	process	appears	to	be	easily	adaptable	to
lycopene	production	by	the	addition	of	lycopene	cyclase	inhibitors.	The	microalga	Dunaliella
has	also	been	applied	for	the	large	scale	β-carotene	production,	and	cultivation	systems	have
been	optimized	during	the	past	few	decades.	The	derived	products	are	particularly	interesting,
because	their	high	proportion	of	up	to	50%	(Z)-isomers	and	their	lipid-dissolved	physical	state
result	in	a	superior	total	β-carotene	bioavailability.	However,	chemical	synthesis	of	β-carotene
still	dominates	the	market.	The	“hard-to-synthesize”	carotenoid	lutein	is	almost	exclusively
obtained	from	the	extraction	of	T.	erecta	petals,	although	biotechnological	processes	for	lutein
production	are	currently	under	development.	A	similar	development	is	expected	for	zeaxanthin,
a	carotenoid	that	is	found	in	high	concentrations	in	the	retina	and	neural	tissues	of	humans.
Because	Western	diets	are	commonly	low	in	zeaxanthin,	the	need	for	dietary	supplements	may
increase	as	knowledge	about	this	carotenoid	and	its	biological	functions	expands.

Carotenoids	aside,	further	food	grade	pigments	from	microbial	sources	have	recently	entered,
or	are	about	to	enter,	the	markets,	such	as	Monascus	pigments,	hydroxyanthraquinoids	(Arpink
red;	e.g.,	from	Penicillium	oxalicum),	and	riboflavin	from	Ashbya	gossypii.	As	previously
highlighted	by	Dufosse	et	al.	[89],	the	successful	marketing	of	any	pigment	from	microbial
sources	highly	depends	on	its	acceptability	by	the	consumers,	regulatory	approval,	and	the
essentially	required	capital	investment	to	allow	the	product	to	leap	from	research	facilities	to
the	market.	The	food	industry’s	major	concerns	often	are	related	to	the	duration	and	high	cost
of	the	extensive	required	toxicity	studies	as	well	as	the	enormous	investments	of	building	and



operating	indoor	fermentation	facilities	[89].

The	worldwide	demand	for	“naturally”	produced	food,	feed,	and	cosmetic	ingredients	has
provided	great	opportunities	for	biotechnological	processes,	and	a	scientifically	and
economically	bright	future	might	be	expected	for	microbial	pigments.	Looking	at	the
astonishing	diversity	of	algae,	yeasts,	fungi,	and	bacteria,	many	discoveries	regarding	the
production	of	carotenoids	and	beyond	are	certainly	yet	to	be	made.
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13.1	Introduction
The	market	value	of	commercially	used	carotenoids	was	estimated	at	nearly	$1.2	billion	in
2010	and	is	predicted	to	grow	to	$1.4	billion	in	2018	[1].	Only	a	small	percentage	of	these
pigments	is	obtained	from	de	novo	producers:	some	species	of	algae,	yeasts,	bacteria,	and
fungi.	However,	already	about	20–30%	of	the	total	β-carotene	market	is	related	to	natural
pigment	sources	[2].	The	culture	of	Dunaliella	salina,	which	is	the	most	important	source	for
natural	production	of	β-carotene,	is	adapted	to	produce	this	pigment	on	a	commercial	scale	in
Australia,	China,	the	United	States,	and	Israel	[3].	Astaxanthin	is	commercially	obtained	from
Haematocuccus	pluvialis	microalgae	in	Sweden,	Israel,	and	the	United	States	[3].	Also,
several	other	algae	and	yeasts	(e.g.,	Xanthophyllomyces	dendrorhous,	Blakeslea	trispora,
Phycomyces	blakesleeanus,	Rhodotorula	spp.,	and	Chlorella)	are	rich	sources	of	various
carotenoids	[4].

Numerous	factors	affect	carotenoid	production	in	these	natural	biomanufactures,	including
light,	temperature,	media	composition,	pH,	and	the	presence	of	chemical	compounds.	The
action	of	these	agents	multidirectionally	changes	the	total	carotenoid	content,	pigment
composition,	and	relative	isomeric	content,	affecting	also	their	accessibility	and
bioavailability.	This	review	summarizes	results	of	relatively	recent	works	related	to	the	above
issues.

Microbial	synthesis	of	carotenoids	and	various	optimization	strategies	of	pigments	production
are	discussed	in	Chapter	12.

13.2	Light
White-light	illumination	is	one	of	the	most	widely	studied	factors	influencing	volumetric
production	of	carotenoids	in	algae,	bacteria,	and	fungi,	associated	both	with	altered	growth	of
the	microorganisms	and	increased	activation	of	carotenoid	biosynthetic	enzymes	[5].	Although
typically	illumination	increases	the	cellular	carotenoid	content,	depending	on	the	illumination
scheme	(continuous,	cyclic),	chosen	light	intensity,	and	presence	of	other	influencing	factors
(temperature,	metal	ions,	chemical	compounds,	etc.),	the	carotenoids’	composition,	level,	and



isomeric	content	vary	in	a	rather	wide	range.	Irradiance	conditions	(studied	in	the	20–1250
μmol	m−2	s−1	range)	had	a	significant	effect	on	carotene	production	by	D.	salina	(Ds)	with
maximal	fivefold	improvement	of	the	cellular	carotenoid	content	[6].	The	increased	carotene
production	was	related	to	the	suppressed	algal	growth	and	was	irradiance	dependent,	that	is,
low	irradiances	promoted	the	9-cis	isomer	accumulation	contrarily	to	high-irradiance
conditions	that	favored	all-trans	carotene	[6].	These	results	are	somehow	contradictory	to	the
early	works	of	Ben	Amotz	et	al.	[7,	8],	who	demonstrated	that	the	ratio	of	the	9-cis	and	all-
trans	β-carotene	isomers	in	Dunaliella	bardawil	(Db),	equal	to	about	1	in	the	high-light-
irradiance	conditions,	was	about	10-fold	decreased	in	the	low-irradiance	conditions.
Nevertheless,	a	long	exposure	of	Db	to	high-intensity	blue	light	(2000	μmol	m−2	s−1,	500–580
nm)	resulted	in	the	stereoisomer-dependent	degradation	of	β-carotene	with	faster	degradation
of	the	9-cis	form	than	the	all-trans	isomer	[8].

Also,	a	study	of	outdoor	cultivation	of	Ds	in	a	closed	tubular	photoreactor	showed	over	30%
net	increase	in	both	β-carotene	and	lutein	levels	and	demonstrated	that	the	9-cis-β-carotene
level	raised	during	light	period	with	the	all-trans-isomer	level	unchanged	until	sunset	(about	6
p.m.)	[9].	The	apparent	influence	of	solar	irradiance	(maximally	460	μmol	m−2	s−1)	on	the	cis-
β-carotene	accumulation	(47	and	60%	of	total	β-carotene	before	sunrise	and	in	the	afternoon–
evening,	respectively)	affected	significantly	the	cis-to-trans	β-carotene	ratio	during	the	day–
night	cycle	[9].

The	above-mentioned	studies	demonstrate	that	usage	of	different	irradiation	conditions	or/and
algal	strains	result	in	different	isomeric	composition	of	β-carotene.	Also,	determination	of
which	produced	β-carotene	forms	are	more	beneficial	on	human	health	is	not	straightforward.

Deming	et	al.	[10]	reported	that	the	all-trans	β-carotene	isomer	is	more	bioavailable	than	the
9-	and	13-cis	isomers	after	a	single	oral	dose	in	gerbils.	Also,	a	longer	administration	of	β-
carotene	isomers	in	humans	brought	similar	conclusions.	The	preferential	serum	absorption	of
all-trans	β-carotene	over	9-cis	β-carotene	was	noticed	(14	days	of	daily	administration	of	40
mg	synthetic	or	Db-derived	carotenoid)	[11].	These	results	were	confirmed	by	the	study	of
Tamai	et	al.	[12],	who	found	higher	levels	of	both	the	9-cis	and	all-trans	forms	of	β-carotene
in	plasma,	platelets,	and	mononuclear	cells	of	healthy	human	males	after	administration	of
synthetic	carotene	compared	to	Db-derived	samples	containing	approximately	equal	amounts
of	the	all-trans	and	9-cis	forms	(44	weeks	daily	administration	of	60	mg	synthetic,	Db-derived
carotenoid,	or	placebo).	However,	observed	increased	human	serum	concentrations	of	all-
trans,	and	not	9-cis,	β-carotene,	upon	ingestion	of	a	natural	isomer	mixture	obtained	from	Ds
(Betatene)	might	have	various	reasons:	preferential	absorption	of	the	all-trans	form,	rapid
distribution	of	the	9-cis	isomer	into	the	tissues,	or	the	presence	of	isomerase	activity
processing	9-cis	to	all-trans	β-carotene	conversion	[13].	This	and	other	reports	demonstrate
that	many	controversies	have	arisen	around	bioproperties	of	synthetic	all-trans	versus
“natural”	cis-trans	isomeric	mixtures	of	this	pigment	[14],	and	the	question	if	algal	β-carotene
is	more	beneficial	than	the	synthetic	one	still	waits	for	a	clear	answer.

One	of	the	most	promising	biosources	of	another	carotenoid—the	“superantioxidant”
astaxanthin—is	the	green	microalga	Haematococcus	pluvialis	(Hp),	one	of	the	most	commonly



studied	models	for	carotenoid	production.	Astaxanthin	accumulation	takes	place	in	Hp	upon
various	stress	factors,	among	others	high	irradiance	[15–19].	Hp	with	maximal	total	content	of
22.7	mg	per	gram	of	the	biomass	was	pointed	out	as	the	most	efficient	astaxanthin	producer	in
strong	light	conditions	(350	µmol	m−2	s−1,	optimal	sodium	acetate	content),	followed	by
Neochloris	wimmeri,	Protosiphon	botryoides,	Scotiellopsis	oocystiformis,	Chorella
zofingiensis,	and	Scenedesmus	vacuolatus	(19.3,	14.3,	10.9,	6.8,	and	2.7	mg	astaxanthin	g−1
biomass,	respectively)	[20].	Astaxanthin	content	in	Hp,	grown	on	a	Fe2+-rich	acetate	medium,
considerably	increased	upon	illumination,	with	the	high	light	intensity	being	favored	over	low,
and	continuous	illumination	being	more	efficient	than	light-dark	cycles.	Additionally,	blue
(370–480	nm)	light	was	a	more	effective	stimulus	than	red	(>530	nm)	light	for	astaxanthin
overproduction	[16].	The	increase	of	the	astaxanthin	concentration	in	Hp	upon	illumination	is
accompanied	with	the	higher	expression	of	astaxanthin	biosynthesis	genes—lycopene	cyclase,
phytoene	synthase,	phytoene	desaturase,	and	carotenoid	hydroxylase—and,	in	turn,	is
correlated	with	the	redox	state	of	the	photosynthetic	electron	transport	[21,	22].	Nevertheless,
it	seems	that	astaxanthin	is	produced	as	a	result	of	a	photoprotection	process	rather	than	is
itself	a	protective	agent	[23].	From	the	morphological	point	of	view,	irradiance	of	Hp	cells
leads	to	alteration	from	the	green	motile	cells	to	cyst	forms.	This	change	is	associated	with	the
drastic	change	of	the	carotenoid	pool.	Whereas	lutein	(70%)	and	the	xanthophyll	cycle
pigments	(i.e.,	violaxanthin,	antheraxanthin,	zeaxanthin,	and	β-carotene)	are	the	most	abundant
components	of	green	motile	cells	[24],	astaxanthin	is	the	main	pigment	in	cysts.	Raman	imaging
was	applied	to	study	the	relative	concentration	and	distribution	of	three	pure	components
(astaxanthin,	β-carotene,	and	chlorophyll)	in	morphotypes	of	Hp	cells	upon	noninductive	and
inductive	conditions	(cells	induced	to	accumulate	astaxanthin	by	suspending	in	nitrate-depleted
medium	and	exposure	to	continuous	high	light	[~350	µmol	m−2	s−1]	for	several	days)	[25].
Applied	methodology	enabled	following	the	process	of	carotenoids	formation	in	live	cells	and
obtaining	information	about	their	distribution	(Figure	13.1,	Color	Supplement).



Figure	13.1	Multivariate	curve	resolution	(MCR)	concentration	maps	for	spectral	components
representing	chlorophyll,	astaxanthin,	and	β-carotene.	(A–D)	Flagellated	motile	cell.	(E–H)
Palmella	stage	cell	under	noninductive	conditions.	(I–L)	Palmelloid	cell	under	inductive
conditions	for	24	hours;	and	(M–P)	large	red	cyst	(aplanospore).	In	all	images,	the	scale	bar
represents	10	mm.	Note	that	in	(A)	and	(E),	the	intensity	has	been	scaled	by	0.5	and	0.4,
respectively,	for	clarity.	The	intensity	scales	are	not	comparable	across	cell	types	as	the
acquisition	parameters	were	optimized	for	each	cell	image;	however,	within	a	cell	type,	the
intensities	within	the	concentration	map	represent	relative	component	concentrations.
Composite	RGB	images	are	created	by	overlaying	the	individual	concentration	maps	that	have
been	pseudo-colored,	as	indicated	in	the	image	titles	[25].

Figure	reprinted	upon	Creative	Commons	Attribution	License	(CCAL).

Carotenoids	accumulation	in	Hp	was	also	studied	from	the	kinetic	point	of	view	[26].	In	the
first	phase	of	carotenoid	accumulation	(up	to	5	h	of	irradiation	with	1100	μmol	m−2	s−1),	β-
carotene	is	linearly	consumed,	whereas	astaxanthin	is	synthesized	in	the	following	sequence:
non-esterified,	monoesterified,	and	finally	di-esterified	[26].	Consumed	β-carotene	is	of
photosynthetic	origin	(light-harvesting	complex),	in	opposition	to	phase	II	(24	h	of	irradiation
with	1100	μmol	m−2	s−1)	when	ongoing	de	novo	synthesis	of	β-carotene	(astaxanthin’s
precursor)	takes	place.	Initially,	in	phase	II,	free	and	monoesterified	astaxanthin	is	produced,
followed	by	diesters	amassing	[26].	As	the	accumulated	pigment	is	predominantly	esterified,
fatty	acid	synthesis	is	associated	with	astaxanthin	accumulation	[26].	Five	fatty	acids	(oleic,
linoleic,	linolenic,	palmitic,	and	stearic)	were	found	in	esterified	astaxanthin	in	different
proportions	depending	on	the	number	of	esters	groups,	irradiance	time,	and	conditions	[24].
Oleic	and	saturated	(palmitic	and	stearic)	were	the	main	fatty	acids	found	in	monoesters	and
diesters,	respectively	[24,	27,	28].



It	is	known	that	astaxanthin	oral	bioavailability	(in	humans)	can	be	enhanced	in	the	presence	of
fat	[29].	Deposition	of	natural	astaxanthin	fatty	acid	esters	from	Hp	and	the	synthetic	racemic
pigment	in	rainbow	trout	brought	no	significant	differences	in	the	white	muscle	after	6	weeks
of	feeding	[30].	Contrarily,	absorption	of	astaxanthin	by	rainbow	trout	(56	days	of	feeding,	50
mg	kg−1)	was	not	as	efficient	when	it	was	fed	with	a	mixture	of	esters	(astaxanthin	from	Hp)	as
opposed	to	being	fed	with	the	non-esterified	form	(free,	synthetic	astaxanthin)	[31].

Another	very	important	source	of	astaxanthin	is	the	yeast	Xanthophyllomyces	dendrorhous
(Xd,	the	sexual	state	of	Phaffia	rhodozyma),	potentially	a	more	convenient	source	of	pigments
due	to	easier	large-scale	production	of	yeasts	compared	to	algae	[32].	It	was	demonstrated	that
all	studied	Xd	strains	have	increased	pigment-producing	capability.	Upon	moderate	white-light
illumination,	the	final	astaxanthin	content	was	significantly	strain-dependent,	yet	the	1.2–2.9-
fold	increase	of	the	pigment	content	was	detected	in	illuminated	cultures	relative	to	the	dark-
grown	ones	[33].	Contrarily,	Hwan	and	Johnson	[34]	observed	an	overall	decrease	in	the	total
carotenoid	content	and	considerable	alterations	of	the	pigment	composition	(astaxanthin,
phoenicoxanthin,	3-hydroxy-echinenone,	3,3'-dihydroxy-3',4'-didehydro-β,ψ-caroten-4-one,	β-
zeacarotene,	and	β-carotene)	and	isomeric	pool	(trans/cis	astaxanthin)	in	the	light-grown
conditions	compared	to	the	control,	depending	on	the	light	wavelength	and	yeast	strain.
Vazquez	[35]	also	denoted	significant	differences	in	the	carotenoid	composition	in	six	Xd
strains	grown	in	light	(500	lux)	and	in	the	dark,	although	for	all	strains	the	total	carotenoid
level	and	the	astaxanthin	content	increased,	contrarily	to	3,3'-dihydroxy-3',4'-didehydro-β-ψ-
caroten-4-one,	echinenone,	3-hydroxyechinenone,	and	cantaxanthin,	whose	content	changes
were	strain-dependent.	It	can	be	concluded	that	the	light	influence	on	carotenoids	production	in
Xd	is	considerably	strain-dependent	and,	further,	that	systematic	studies	are	necessary	to	obtain
firm	conclusions	about	this	phenomenon.

Different	stereoisomers	of	astaxanthin	are	formed	in	various	carotenoid	sources.	For	instance,
the	pigment	in	Hp	and	Xd	is	optically	pure:	(3S,3′S)	and	(3R,3′R)	isomers,	respectively;
whereas	the	synthetic	xanthophyll	is	the	mixture	of	three	forms:	(3S,3′S),	(meso),	and	(3R,3′R)
in	the	1:2:1	ratio.	A	single	administration	of	the	mixture	of	esters—95.2%	all-trans-,	1.2%	9-
cis-,	and	3.6%	13-cis-astaxanthin,	which	is	a	mixture	of	(3R,3′R)-,	(meso),	and	(3S,3′S)-
astaxanthin	in	the	31:49:20	ratio—resulted	in	considerable	selective	accumulation	of	the	cis-
isomers	over	all-trans-astaxanthin	in	the	plasma	(with	the	proportions	of	~70	and	30%,
respectively).	The	(3R,3′R)	optical	isomer	was	also	accumulated	selectively	in	the	plasma
compared	to	other	forms	((3R,3′R)-,	(meso)-,	and	(3S,3′S)-astaxanthin	in	the	54:40:6	ratio)
[36].	These	results	indicate	that	a	selective	process	increases	the	relative	proportion	of	cis-
and	(3R,3′R)	isomers	of	astaxanthin	compared	to	the	all-trans-astaxanthin	and	meso/(3S,3′S)
forms	before	uptake	in	the	blood	[36].	Selective	absorption	of	the	cis-isomers	compared	to	all-
trans-astaxanthin	after	a	single-dose	pigment	ingestion,	during	blood	uptake	[37],	was	also
observed	by	Osterlie	et	al.,	without	detecting	changes	is	the	optical	isomers	ratio.	It	was	also
reported	that	all	three	optical	isomers	are	equally	well	resorbed	by	fish	[38].

Carotenoid	production	by	Rhodotorula	glutinis	depends	on	the	mutual	influence	of	white	light
and	anaerobic	or	aerobic	conditions	[39].	The	level	of	torularhodin,	a	specific	carotenoid	for
Rhodotorula	spp.,	can	be	increased	at	a	cost	of	growth	following	exposure	to	low-intensity



white	light	[40].	Bhosale	and	Gadre	reported	that	Rhodotorula	also	can	be	a	valuable	source
of	β-carotene	as	illumination	with	white	light	in	the	late	exponential	growth	phase	led	to	a	58%
increase	in	the	β-carotene	level	in	a	β-carotene-producing	mutant	of	R.	glutinis	[41].	Few
other	reports	indicating	the	influence	of	illumination	on	carotenoid	production	in	other
microorganisms	have	been	published	[42–46].

Various	studies	seeking	further	commercialization	and	intensification	of	microbial	carotenoid
production	by	illumination	have	been	recently	undertaken.	A	quite	simple	but	effective	way	is
development	of	a	proper	selection	method	to	obtain	microbial	mutants	of	increased	carotenoid
productivity.	A	variation	of	this	method	based	on	eliminating	β-carotene-poor	algae	using	high-
intensity	(200	W	m−2)	blue	light	was	applied	in	the	case	of	Db,	resulting	in	a	circa	sixfold
increase	of	β-carotene	production	in	the	mutants	[47].	Various	types	of	photoreactor
constructions	were	tested,	for	instance	a	considerable	(maximal	7.6-fold	enhancement)
increase	of	the	intracellular	β-carotene	concentration	in	Ds	was	obtained	in	a	flat-panel
photobioreactor	run	in	turbidostat	mode	upon	high-irradiance	conditions	(2×1000	μmol	m−2	s
−1)	[28].	An	example	of	a	quite	different	tactic	resulting	in	carotenoid	overproduction	is	the
study	of	Steinbrenner	and	Sandmann	[48],	who	applied	site-directed	mutagenesis	in	carotenoid
biosynthesis	enzyme	phytoene	desaturase	in	Hp.	Under	light	stress	conditions,	one	of	the
studied	Hp	mutants	showed	enhanced	accumulation	of	astaxanthin,	whose	level	after	48	h	of
exposure	to	high	light	was	26%	higher	compared	to	the	native	alga	[48].

13.3	Temperature
As	temperature	is	one	of	the	key	factors	for	controlling	growth	of	the	organisms,	the	effects	of
temperature	on	the	pigmentation	of	algae	have	been	noticed	since	the	1950s	[49].	For	many
carotenoid	producers,	including	their	commercial	sources	the	Dunaliella	and	Haematococcus
spp.,	temperature	is	the	most	important	factor	controlling	cell	growth	and	pigment	production
[5].

In	Db	culture,	decreasing	the	temperature	from	30	to	10 °C	resulted	in	a	twofold	increase	of	the
β-carotene	content	with	no	significant	changes	in	other	carotenoids.	Additionally,	it	was
noticed	that	the	decrease	of	the	temperature	selectively	increased	9-cis	carotene	content	more
than	twice	compared	to	the	all-trans	isomer	[50].

Orset	and	Young’s	study	[51]	of	carotenoid	production	in	Ds	upon	the	temperature	increase
demonstrated	that,	at	low-irradiance	conditions	(120	µmol	m−2	s−1),	a	low	temperature	did	not
affect	total	carotenoid	accumulation,	although	it	resulted	in	the	selective	increase	of	the	α-
carotene	(7.5-fold	with	the	temperature	decrease	from	34	to	17 °C)	and	cis-β-carotene	level.
These	changes	were	interconnected	with	the	decrease	of	all-trans	β-carotene	content	(the	level
of	the	9-cis-form	increased	relatively	to	all-trans-β-carotene	about	10%	between	17	and	34 
°C,	but	no	significant	changes	in	the	isomer	population	of	α-carotene	were	noticed).	At	high-
irradiance	conditions	(1000	µmol	m−2	s−1),	α-carotene	was	also	selectively	accumulated	upon
the	temperature	decrease,	but,	in	this	case,	the	total	pigment	amassing	was	also	promoted	by
low	temperatures	[51].	Similarly	to	the	low-irradiance	conditions,	the	ratio	of	the	9-cis	to	all-



trans	forms	of	β-carotene	increased	with	the	temperature	decrease	(twofold	between	19	and
30 °C),	and	so	did	the	ratio	of	the	9-cis	to	all-trans	forms	of	α-carotene	[51].

The	above-mentioned	study	is	one	of	scarce	examples	of	the	research	devoted	to	the	study	of
non-β	isomers	of	carotene.	Therefore,	it	is	worth	noticing	that	a	recent	momentous	work
(human	serum	concentration:	16,573	adults,	13.9	years	duration)	demonstrated	that	the	serum
α-carotene	concentrations	were	inversely	associated	with	the	risk	of	death	from	all	causes,
among	others	cardiovascular	diseases	and	cancer	[52].	This	conclusion	explains	the	fact	that
although	high	consumption	of	fruits	and	vegetables	was	associated	with	low	risks	of	many
chronic	diseases	(among	others,	cancer,	cardiovascular	diseases,	and	type	2	diabetes	mellitus),
results	from	randomized	trials	were	unable	to	unambiguously	link	the	consumption	of	β-
carotene	supplements	with	the	risk	of	chronic	diseases	[53–56].	As	the	α-	to	β-carotene	ratio
in	Dunaliella	can	be	quite	easily	controlled	(at	least	to	some	extent)	by	using	temperature	[51],
it	may	be	of	potential	future	interest	to	use	this	factor	to	further	optimize	α-carotene	production.

The	influence	of	the	temperature	on	carotenoid	production	in	outdoor	Ds	cultures	in	the	tubular
photobioreactor	was	tested.	The	temperature	was	(1)	kept	at	25 °C	throughout	the	day,	(2)
oscillating	between	17	and	25 °C,	and	(3)	in	the	range	of	17–30 °C	(no	temperature	control),
and	the	obtained	results	showed	that	the	constant	temperature	conditions	are	favorable	(the
productivity	ratio	of	β-carotene	equaled	2.9:1.6:1	for	a,	b,	and	c,	respectively)	[9].

A	β-carotene	level	was	shown	to	increase	exponentially	in	the	temperature	range	of	4–37 °C	in
the	aerobic	mycelium	Mucor	rouxii	(from	ca.	10	to	170	μg	g−1	dry	weight),	showing	the
twofold	increase	in	37 °C	compared	to	its	usual	growth	temperature	(28 °C)	[57].

A	very	interesting	example	of	temperature	influence	on	carotenoids	production	is	the	behavior
of	recombinant	Sacharomyces	cerevisiae	expressing	carotenogenic	genes	from	Xd.	The
recombinant	Sc-EYBI	cells	were	reported	to	synthesize	massively	higher	(258.8	μg	g−1	dry
cell	weight)	amounts	of	β-carotene	when	growing	at	20 °C,	about	59-fold	higher	compared	to
30 °C.	In	a	modified	recombinant	(Sc-EYBIH)	β-carotene	level	was	further	increased	to	528.8
μg	g−1	dry	cell	weight	and	was	also	highly	temperature	dependent	(at	20 °C,	27-fold	higher
than	for	cells	growing	at	30 °C)	[58].

This	study	is	an	example	of	using	a	fast-growing	and	low-demanding	species	(S.	cerevisiae)	to
obtain	quite	significant	β-carotene	content.	Further	development	of	carotenoids	bioproduction
based	on	recombinant	species	could	result	in	selectively	obtaining	other	carotenoids	with
designed	properties,	for	instance	higher	bioavailability	and	beneficial	effects	on	human	health.

Elevated	temperatures	may	have	also	a	positive	effect	on	some	secondary	carotenoids
production.	Astaxanthin	accumulation	was	increased	threefold	in	Hp	cultivated	at	30 °C
relatively	to	20 °C	along	with	the	increased	cell	encystment	[59].

Contrarily,	low	temperatures	resulted	in	a	50%	increase	of	the	total	carotenoid	level	in	Xd	and
a	change	of	the	relative	carotenoid	pool	[60].	The	presence	of	10	mM	nicotine	(inhibitor	of	the
cyclization	step	in	carotenogenesis)	in	cultures	of	Xd	mutants	resulted	in	the	accumulation	of
lycopene	and	γ-carotene,	while	the	oxidation	of	β-carotene	was	inhibited	by	10	mM-
diphenylamine	that	was	reversible	in	the	low-temperature	conditions	[60].



The	effect	of	thermal	stress	was	studied	in	the	green	alga	Chlorococcum	sp.	upon	nitrogen
starvation	conditions	[61].	Upon	the	temperature	increase	(20–30 °C),	the	following	trends
were	observed:	(1)	increase	of	β-cryptoxanthin	(ca.	33-fold),	3′-hydroechinenone	(ca.
twofold),	astaxanthin	(ca.	twofold),	and	total	carotenoids	level	(ca.	twofold);	(2)	decrease	of
β-carotene	(ca.	fivefold)	and	cantaxanthin	(ca.	twofold);	and	(3)	variations	of	levels	of
echinenone,	adonirubin,	and	adonixanthin	[61].

The	temperature	also	affected	the	composition	of	fatty	acids	and	the	total	carotenoids	content	in
the	microalga	Diacronema	vlkianum	(Haptophyceae)	[62].	The	total	carotenoids	content
decreased	about	twofold	with	a	simultaneous	increase	of	the	relative	concentration	of
astaxanthin	(from	ca.	40	to	49%)	in	26 °C	relatively	to	18 °C	in	the	exponential	phase	of	the
cell	growth	[62].

Rather	atypical	methodology	(Raman	spectroscopy	supported	by	quantum-chemical
calculations)	was	used	to	follow	changes	in	the	astaxanthin	isomers	content	in	situ	upon	the
temperature	increase	in	the	wide	range	of	temperatures	(−100	to	150 °C)	[63].	It	was	proposed
that	the	carotenoid,	initially	in	the	form	of	H-aggregates	with	the	trans	conformation	of	both
end	rings,	is	released	from	aggregates	and	rotamerizes	to	the	more	stable	gauche	forms	upon
the	thermal	treatment	[63].

The	influence	of	the	temperature	on	the	carotenoid	level	and	growth	of	the	microalga
Muriellopsis	sp.,	a	potent	lutein	producer,	was	also	examined	[64].	The	lutein	per	cell	level
was	unchanged	in	the	temperature	range	of	20–28 °C,	followed	by	about	a	sixfold	increase	as
the	temperature	was	raised	from	28	to	33 °C.	Nevertheless,	the	maximal	lutein	level	in	the
culture	was	obtained	at	28 °C,	due	to	the	maximal	cell	density	at	this	temperature	[64].	The
alga	S.	almeriensis,	producing	up	to	76%	of	lutein	in	the	total	carotenoids	content,	also	reacted
in	a	twofold	increase	of	lutein	content	with	the	temperature	increase	from	10	to	30 °C,
following	a	slight	drop	of	lutein	upon	a	further	temperature	increase	to	40 °C	(illumination-
stimulating	solar	circle,	maximally	1400	μmol	m−2	s−1)	[65].

Microalgae	are	a	potential	source	of	lutein	and	could	be	purified	and	processed	similarly	to
Marigold	oelresin,	which	is	currently	a	main	source	of	lutein	supplements.	Taking	into	account
that	some	microalgae,	particularly	Murielopsis	sp.	and	S.	almariensis,	have	a	higher	lutein
content	than	M.	oelresin	(Figure	13.2),	they	can	be	a	very	prospective	source	of	lutein,
particularly	if	extraction	methods	are	improved	[66].



Figure	13.2	Dietary	requests	of	microalgae	biomass	and	lutein	concentrates	from	microalgae
compared	with	other	sources	taking	into	account	bioavailability.	Numbers	in	parentheses	show
the	total	amount	of	lutein	to	be	ingested	to	cover	the	recommended	daily	dose.

Reprinted	with	permission	from	Ref.	[66].

Significant	variations	in	the	carotenoid	pool	are	observed	in	R.	glutinis	upon	temperature
changes	in	the	range	of	10–40 °C	as	the	proportions	of	β-carotene–torulene–torularhodin	equal
88:9:3	and	65:28:7	at	10	and	40 °C,	respectively	[41].	The	higher	content	of	torulene	at	higher
temperatures	is	probably	caused	by	the	fact	that	the	γ-carotene	dehydrogenation	and
decarboxylation,	leading	to	torulene	synthesis,	is	a	temperature-dependent	step	[5].

These	results	are	in	agreement	with	the	previously	reported	inhibition	of	the	production	of
torulene	and	torularhodin	and	higher	β-carotene	accumulation	in	R.	glutinis	cells	maintained	at
5 °C	for	21	days	[67].	Also,	Buzzini	and	Martini	[68]	reported	that	synthesis	of	β-carotene	and
torulene	was	favored	at	lower	temperatures	(25 °C),	whereas	higher	temperatures	(35 °C)	are
better	conditions	for	torularhodin	production	in	R.	glutinis.

As	torulene	and	torularhodin	are	used	mostly	as	feed	products	rather	than	health	supplements,
it	can	be	concluded	that	low-temperature,	being	the	β-carotene-maximizing	factor,	is	of
consideration	in	the	large-scale	Rhodotorula	cultures.

Different	bacterial	strains	also	accumulate	carotenoids	upon	unfavorable	environmental
conditions:	For	example,	in	the	cyanobacterium	Synechococcus	sp.,	the	carotenoid–
chlorophyll	ratio	increased	substantially	at	15 °C,	as	compared	to	cells	grown	at	38	or	22 °C,
due	to	nitrogen	limitation	[44].	Also,	the	low	temperature	is	a	stimulant	for	production	of	the
C50	carotenoid	bacterioruberin	and	its	glycosylated	derivatives	in	bacterium	Arthrobacter
agilis,	isolated	from	Antarctic	sea	ice	[69].	Two	strains	of	carotenoid-producing	thermophilic
bacteria	similar	to	Chloroflexus	aurantiacus,	grown	at	55 °C	and	rich	in	γ-carotene	and
hydroxy-γ-carotene,	and	only	trace	amounts	of	β-carotene	(i.e.,	the	main	component	of	C.
aurantiacus)	were	isolated	[70].



The	temperature	influence	on	the	accumulation	of	carotenoids	by	microbial	cells	is	quite
complicated.	Depending	on	the	microorganism,	both	low	and	high	temperatures	can	be	a
carotenoid-stimulating	factor.	This	complicates	considerably	the	optimization	of	microbial
production,	as	the	temperature	is	rather	difficult	to	control	in	the	outdoor	cultures.
Nevertheless,	knowledge	about	the	temperature	influence	and	analysis	of	its	synergetic	or	anti-
synergetic	effects	with	other	factors	can	be	helpful	in	designing	and	localizing	large-scale
microbial	carotenoids	farms.

13.4	Carbon	and	nitrogen	sources
The	carbon	source	plays	a	dual	role	during	the	microbial	fermentation.	It	is	both	a	major
constituent	for	building	cellular	material	and	an	important	energy	source.	The	influence	of
different	carbon	sources	on	β-carotene	production	in	B.	trispora	cells	is	presented	in	Figure
13.3.

Figure	13.3	Effect	of	carbon	and	nitrogen	source	on	β-carotene	production	by	mated	strains	of
B.	trispora.

Reprinted	with	permission	from	Ref.	[71].

The	maximum	amount	of	β-carotene	(99	mg	dm−3)	was	observed	for	D-glucose,	which	can	be
easily	assimilated	in	the	metabolic	pathway	of	β-carotene	biosynthesis.	The	second-best
carbon	source	was	fructose,	and	tapioca	dextrins,	soluble	starch,	and	maltose	resulted	in	a
similar	level	of	β-carotene	production	(approx.	20–25	mg	dm−3).	Dextrins,	potatoes,	sucrose,
glycerol,	whey,	lactose,	and	molasses	were	found	to	be	poor	substrates	with	respect	to	both	the
cell	growth	as	well	as	β-carotene	production	[71].

Regulation	of	carotenogenesis	in	the	dimorphic	fungus	M.	rouxii	was	also	dependent	on
saccharides	used	as	the	carbon	source	[57].	Among	the	evaluated	saccharides,	β-carotene



production	was	the	highest	for	glucose	and	lower	(in	decreasing	order)	for	cellobiose,
maltose,	xylose,	lactose,	and	sucrose.	Generally,	monosaccharides	are	the	best	available
carbon	source	for	microorganisms,	and	in	the	conditions	of	their	absence	the	monosaccharides
are	produced	in	the	medium	by	digestion	of	complex	sugars	whose	bioavailability	depends	on
the	chemical	structure	[57].

The	effect	of	chosen	organic	nitrogen	sources	on	production	of	β-carotene	in	B.	trispora	cells
is	presented	in	Figure	13.3.	A	higher	yield	of	β-carotene	(90	mg	dm−3)	was	obtained	for	a
yeast	extract	as	compared	to	a	soya	peptone	and	beef	extract	(approx.	50	mg	dm−3).	Other
screened	nitrogen	sources	resulted	in	considerably	lower	β-carotene	production	[71].	The
nitrate	concentration	of	the	media	is	a	significant	parameter	affecting	carotenogenesis.	The
green	microalga	Hp	was	cultured	in	different	concentrations	of	sodium	nitrate	to	determine	the
concentration	effect	on	cell	growth	and	astaxanthin	accumulation.	The	influence	of	five
different	concentrations	(0.0,	0.75,	1.50,	3.00,	and	6.00	mM)	of	sodium	nitrate	was	evaluated.
The	highest	astaxanthin	accumulation	was	observed	for	algal	cells	cultivated	in	the	absence	of
sodium	nitrate	[72].	Simultaneously,	nitrogen	starvation	caused	retention	of	division	and
growth	in	size	in	the	exposed	cells	in	response	to	the	environmental	stress	[17,	73].	Under
nitrogen	starvation,	the	maximum	of	astaxanthin	accumulation	was	achieved	after	8	days	of	the
experiment,	when	the	amount	of	chlorophyll	per	cell	decreased	significantly	[73].	A	similar
effect	was	observed	when	cells	of	Hp	grown	under	optimal	conditions	were	suspended	in	a
phosphate-free	medium	containing	two	concentrations	of	nitrogen:	high	and	low.	The
phosphate-deprived	culture	exposed	to	the	high	nitrogen	concentration	produced	astaxanthin
excessively	when	compared	to	cells	grown	under	the	low	level	of	nitrogen	[17].	An	increased
secondary	carotenoids	accumulation	(canthaxanthin	and	astaxanthin)	in	the	green	alga
Chlorella	zofingiensis	was	found	to	respond	to	the	combined	conditions	of	nitrogen-free
medium	and	high	light	intensity	[43].

13.5	Aerobic	versus	anaerobic	conditions
For	yeast,	capable	of	both	oxidative	phosphorylation	and	anaerobic	fermentation,	the
environment	significantly	affects	the	metabolism,	including	pigment	production	capacity.
Recently,	it	was	demonstrated	in	live	Rhodothorula	mucilaginosa	cells	that	carotenoids	are
not	biosynthesized	in	the	anaerobic	environment,	although	they	are	dominating	in	the	cells
cultured	in	the	oxygen	atmosphere.	Additionally,	flavohemoproteins	rather	than	carotenoids	are
produced	in	the	Rhodotorula	cells	upon	the	switch	of	the	phenotype	to	adjust	from	an
anaerobic	to	aerobic	environment	[74].	In	the	live	yeast	grown	in	the	aerobic	conditions,
carotenoids	are	colocalized	with	lipids,	as	demonstrated	by	using	high-resolution	(lateral	ca.
260	nm)	Raman	imaging	(Figure	13.4,	Color	Supplement).



Figure	13.4	Representative	images	showing	the	distribution	of	carotenoids	in	Rhodotholua
mucilaginosa	(integration	over	the	band	at	1156	cm−1,	A	and	A’)	and	lipid	bodies	(2857	cm−1,
B	and	B’)	grown	in	aerobic	and	anaerobic	conditions.	Single	Raman	spectrum	(extracted	from
cross-marked	points	on	the	maps	A’	and	B’)	showing	features	due	to	the	mixture	of	lipids	with
carotenoids,	and	carotenoids	(blue	and	red	spectra,	respectively).

Adapted	from	Ref.	[74]	with	permission	from	The	Royal	Society	of	Chemistry.

13.6	Inorganic	and	organic	salts
Inorganic	salts	are	crucial	for	carotenoids	biosynthesis	in	microbial	cells.	The	supplementation
of	an	adequate	concentration	of	salts,	especially	FeSO4,	CuSO4,	MgSO4,	Na2HPO4,	KH2PO4,
and	Na2CO3,	would	enhance	the	carotenoid	content	in	cells.	Divalent	metal	cations	as	Fe2+	and
Cu2+	take	part	in	biochemical	processes	occurring	in	microbial	cells	as	they	are	essential	part
of	various	enzymes,	for	instance	cytochrome-c-oxidase	[75]	and	superoxide	dismutase	(SOD)
[76],	respectively.	Furthermore,	Mg2+	is	a	constituent	of	bacteriochlorophylls	in	some
bacterial	strains,	while	sodium	and	potassium	ions	are	responsible	for	keeping	a	suitable
cytoplasmic	osmotic	pressure.	Phosphates	supplementation	is	necessary	for	biosynthesis	of
macromolecular	substances	(e.g.,	DNA	or	adenosine	triphosphate	[ATP]),	whereas	 	is
profitable	for	enhancing	both	biomass	and	total	carotenoids	production	in	some	anaerobic
microorganisms.	Optimization	of	the	conditions	is	required	to	obtain	satisfactory	results	for
carotenoids	production	by	microorganisms	[71,	75].

The	level	of	total	carotenoid	production	in	Rhodobacter	sphaeroides	cells	was	measured	as	a
function	of	12	liquid	media	with	different	inorganic	salt	concentrations.	A	statistical



methodology	was	applied	to	find	an	optimal	combination	of	inorganic	salts	for	carotenoid
accumulation	(the	maximal	total	carotenoid	content	of	17.245	mg	dm−3)	that	was	evaluated	as
follows:	MgSO4	0.12	g	dm−3,	Na2HPO4	2.05	g	dm−3,	FeSO4	0.03	g	dm−3,	and	Na2CO3	2.22	g
dm−3	[75].

Hp	responds	to	the	presence	of	ferrous	ions	through	enhanced	production	of	astaxanthin	[77].
The	hyperaccumulation	of	carotenoids	in	Hp	cells	upon	Fe2+	ions	is	the	response	to	generation
of	hydroxyl	radicals	according	to	the	Fenton	reaction	[59].	The	supplementation	of	EDTA-
chelated	ferrous	ions	did	not	substantially	affect	the	astaxanthin	biosynthesis,	as	iron	in	this
form	did	not	undergo	the	Fenton	reaction	[78].	Previously,	stimulation	of	astaxanthin	synthesis
by	free	radicals	was	observed	for	Xd	yeast	cells	[79].

Addition	of	ferrous	ions	together	with	acetate	enabled	control	of	the	cell	cycle	phase	of	the
yeast	cells.	Generally,	supplementation	of	acetate	to	the	Hp	culture	induced	formation	of	red
cysts	enriched	in	astaxanthin	from	green	chlorophyll–rich	biflagellated	cells.	Encystment	was
accompanied	by	a	decrease	in	both	protein	and	chlorophyll	content.	The	addition	of	Fe2+	to
acetate	considerably	accelerated	formation	of	cyst	and	disappearance	of	cellular	proteins,	and
drastically	enhanced	biosynthesis	of	astaxanthin	[77].

The	stimulatory	or	inhibitory	effect	of	metal	ions	on	carotenoids	biosynthesis	depends	on	the
nature	of	a	specific	carotenogenesis	enzyme.	Several	divalent	cations	(Ba2+,	Fe2+,	Mg2+,	Ca2+,
Zn2+,	and	Co2+)	can	act	as	chemical	stimulants	of	carotenogenesis	in	R.	glutinis	cells	[80].
Moreover,	calcium,	zinc,	and	ferrous	cations	resulted	in	both	enhanced	volumetric	production
(mg	dm−1)	as	well	as	cellular	accumulation	(mg	g−1)	of	carotenoids	in	R.	glutinis	mutants	[81].
A	carotenoid	profile	of	R.	graminis	changes	considerably	under	the	influence	of	some	trace
elements:	Fe3+,	Co2+,	Mn2+,	Al3+,	and	Zn2+.	Two	cations,	Co2+	and	Al3+,	exhibited	a
stimulatory	effect	on	β-	and	γ-carotene	production,	while	the	accumulation	of	torulene	and
torularhodin	was	the	highest	under	stimulation	with	Mn2+,	Al3+,	and	Zn2+	[82].	The	level	of
carotenoids	accumulation	in	Xd	was	checked	by	culturing	the	yeast	cells	in	a	chemically
defined	medium,	with	Cu2+	and	Fe2+	varying	from	0	to	32	μM	and	from	0	to	108	μM,
respectively	[83].	Cu2+	concentrations	below	3.2	μM	progressively	increased	both	astaxanthin
and	total	pigment	concentrations,	while	no	significant	effect	on	the	studied	variables	was	seen
with	Cu2+	concentrations	above	this	value.	Nevertheless,	the	astaxanthin	content	and	total
pigment	accumulation	were	increased	significantly	with	the	increase	of	the	Fe2+	concentration
(already	at	concentrations	below	1	μM),	while	the	further	increase	of	Fe2+	concentration	to
108	μM	did	not	significantly	affect	the	production	of	astaxanthin	in	Xd	cells	[83].

The	effect	of	the	addition	of	two	heavy	metal	ions	(Cu2+	and	Cd2+)	on	carotenoid	biosynthesis
was	determined	in	the	marine	red	macroalga	Gracilaria	tenuistipitata.	Supplementation	with
0.2	ppm	Cu2+	or	1	ppm	Cd2+	resulted	in	decreased	culture	growth	and	increased	oxidative
stress.	In	both	conditions,	the	content	of	lutein	and	β-carotene	in	G.	tenuistipitata	increased
[84].

Phosphate	ions	are	also	important	factors	influencing	carotenogenesis	in	microbial	cells	[17,



72,	83].	In	order	to	control	the	level	of	phosphate	ions	in	the	media,	the	concentrations	of
K2HPO4	and	KH2PO4	were	varied.	Astaxanthin	accumulation	and	the	cell	number	of	Hp	were
checked	in	the	three	different	phosphate	concentrations:	0.85,	1.70,	and	3.40	mM	[72].	The
overall	effect	of	phosphate	starving	on	Hp	was	similar	to	the	effects	observed	in	nitrogen-free
cultures:	phosphate	starvation	stimulated	astaxanthin	synthesis	and	inhibited	chlorophyll
formation	in	the	algal	cells.	However,	under	phosphate	starvation,	the	rate	of	astaxanthin
accumulation	was	slower	compared	to	in	nitrogen-free	conditions,	and	carotenoid	content
leveled	off	after	14	days	[73].	Similarly,	in	Xd	cells,	an	increase	of	the	total	pigment
concentrations	(4.0–4.6	mg	dm−3)	as	well	as	astaxanthin	accumulation	(1.7–2.3	mg	dm−3)	upon
a	decrease	of	the	phosphate	concentration	in	the	media	(from	4.8	to	1.3	mM)	was	observed
[85].

The	effect	of	various	citrate	concentrations	(0–58	mM)	in	the	medium	on	Xd	culture	was	also
performed	[85].	Citrate	is	one	of	the	intermediates	in	the	TCA	(tricarboxylic	acids)	cycle,
taking	part	in	biosynthesis	of	the	carbon	skeleton	of	carotenoids	and	in	lipids	formation	in
microbial	cells	[5].	Low	concentrations	of	citrate	(up	to	1.2	mM)	revealed	no	effect	on
pigment	accumulation,	but	supplementation	of	citrate	at	levels	of	29	mM	or	higher	was
reported	to	increase	the	total	carotenoid	concentration	in	the	yeast	cells	with	parallel
decreasing	of	proteins	[85].	In	contrast,	administration	of	amino	acids	(glutamate,	glutamine,
aspartate,	and	asparagine)	derived	from	TCA	cycle	intermediates	resulted	in	increased	growth
of	cells	and	decreased	carotenoid	production.	In	general,	carotenoid	accumulation	depends	on
the	quantities	of	reactive	species	generated	during	the	TCA	cycle.	Supplementation	of	amino
acids	decreased	the	production	of	reactive	oxygen	species	by	lowering	TCA	cycle	activity,
causing	a	decrease	of	carotenoid	production	[86].

Increased	salinity—induced,	for	instance,	by	the	NaCl	solution—can	be	an	important
exogenous	stress	factor	stimulating	microbial	cells	to	enhanced	carotenogenesis.	Some	of	the
yeast	strains	exhibited	a	significant	increase	in	carotenoid	production	in	response	to	the
osmotic	stress.	R.	glutinis	and	R.	mucilaginosa	produced	2.5-fold	and	sixfold	more	β-carotene
after	the	addition	of	10%	NaCl	at	the	beginning	of	the	growth	phase,	respectively	[87].	Also,	in
the	strain	of	Sporidiobolus	salmonicolor,	the	high	level	of	β-carotene	was	obtained	after	the
osmotic	stress	[87].	The	highest	yield	of	β-carotene	per	dry	mass	was	obtained	under	mixed
osmotic	(NaCl)	and	oxidative	(H2O2)	stress	factors.	The	β-carotene	accumulation	was	over
threefold	higher	when	compared	with	control	after	incubation	of	the	yeast	culture	with	2%	of
salt	and	5	mmol	dm−3	peroxide.	Lycopene	production	during	the	stress	experiments	exhibited	a
very	similar	course	to	β-carotene	changes	[88].

A.	agilis,	a	psychotropic	bacteria	isolated	from	Antarctic	sea	ice,	can	produce	a	series	of
geometrical	isomers	of	the	C50	carotenoid	bacterioruberin;	mono-,	di-,	and	tetra-glycosylated
derivatives	of	bacterioruberin;	and	a	C50	hydrocarbon,	tetraanhydrobacterioruberin.	The
overall	pigment	content	decreased	proportionally	to	the	increased	NaCl	concentration,	varying
from	0	to	10%	(w/v).	However,	no	carotenoid	production	was	observed	in	the	medium
containing	10%	(w/v)	NaCl	[69].



13.7	Other	chemical	agents
Over	50	years	ago,	it	was	observed	that	addition	of	some	nitrogen	compounds	enhances
carotenoids	production	in	B.	trispora	and	P.	blakesleanus	[89,	90].	An	inhibitor	of	lycopene
cyclase	(2-methylimidazole	)	at	the	50	mg	dm−3	level	was	found	equally	active	as	at	higher
concentrations	(100	or	200	mg	dm−3).	For	concentrations	in	the	range	of	50–200	mg	dm−3,
lycopene	was	produced	nearly	selectively	(95%	of	total	carotenoid	content),	whereas	for	a
lower	2-methylimidazole	concentration	(10	mg	dm−3),	carotenes	were	produced	in	the	higher
amount	(15%	of	total	carotenoid	content)	[91].	The	influence	of	other	inhibitors	of	lycopene
cyclase,	such	as	piperidine,	triethylamine,	pyridine,	and	creatinine,	on	carotenoid	production
was	tested.	The	largest	increases	in	the	level	of	lycopene—about	eightfold	(270	mg	dm−3)	and
sixfold	(198	mg	dm−3)—were	observed	after	stimulation	of	piperidine	(in	a	dose	of	500	ppm)
and	triethylamine	(in	a	dose	of	750	ppm),	respectively.	Most	of	the	chemical	compounds	with	a
trimethylcyclohexyl	ring	(e.g.,	vitamin	A,	and	α-	and	β-ionone)	have	been	reported	to	enhance
carotenoid	accumulation	in	fungus	cells	[5].	Therefore,	to	obtain	maximal	stimulation	of
lycopene,	vitamin	A	acetate	at	1000	ppm	was	added	to	stimulate	β-carotene	production,	and
then	piperidine	at	500	ppm	was	added	after	48	h.	Under	these	conditions,	775±5	mg	dm−3	of
lycopene	level	was	obtained	quite	selectively	as	the	β-carotene	was	significantly	lower	(67±1
mg	dm−3)	[92].	The	concentration	of	β-carotene	in	B.	trispora	cells	increased	proportionally	to
vitamin	A	acetate	concentration	from	500	to	1000	ppm,	and	then	decreased	with	the	further
concentration	growth.	The	highest	concentration	of	β-carotene	(828±3	mg	dm−3)	was	obtained
in	a	culture	grown	with	vitamin	A	acetate	at	1000	ppm	[92].	A	similar	pattern	of	changes	in	the
β-carotene	production	was	observed:	an	increasing	accumulation	with	rising	concentrations	of
penicillin	(from	500	to	1000	ppm)	in	B.	trispora	cells.	Nevertheless,	the	received	level	of	β-
carotene	was	comparable	with	that	of	the	control,	when	penicillin	was	added	in	the	beginning
of	the	experiment	[92].

The	effect	of	other	nitrogen	compounds	such	as	diphenylamine	and	nicotine	on	carotenoids
biosynthesis	in	Xd	was	studied.	The	oxidation	of	β-carotene	was	irreversibly	inhibited	by	10
μM	of	diphenylamine,	and	the	dehydrogenation	of	phytoene	was	reversibly	inhibited	by	60
μM-diphenylamine.	It	was	also	found	that	10	mM	of	nicotine	inhibits	the	cyclization	of
lycopene,	but	after	nicotine	removal	the	initial	carotenogenesis	pathway	was	restored	with	a
decrease	in	lycopene	concentration	and	a	subsequent	accumulation	of	β-carotene	[60].

13.8	pH
pH	has	an	important	influence	on	carotenoids	formation,	although	usually	it	was	considered	as
one	of	multiple	tested	compounds	in	the	cultures	of	microorganisms.	For	example,	pH	as	well
as	other	factors	affect	cellular	carotenogenesis	in	cultures	of	algae	Muriellopsis	cells.
Maximum	accumulation	of	lutein,	violaxanthin,	and	β-carotene	in	the	Muriellopsis	culture	was
observed	when	cells	were	grown	at	pH	6.5,	and	it	decreased	markedly	at	lower	and	higher	pH
values.	Nevertheless,	the	lutein	level	per	cell	showed	maxima	at	pH	6	and	9,	being	five-	to
sevenfold	higher	than	those	at	pH	6.5	[42].	Enhanced	β-carotene	accumulation	at	pH	6–7	and



pH	7–8	values	has	also	been	reported	for	B.	trispora	[71]	and	for	Chlorococcum	sp.	[61],
respectively.

13.9	Multiple	stress	factors
The	real	problems	in	optimizing	industrial-scale	cultures	of	carotenoids	is	the	fact	that	various
discussed	factors	influencing	carotenogenesis	may	have	synergetic	activity	and	act	differently
in	different	microorganisms.	A	complicated	dependence	between	various	factors	results	in	the
practical	impossibility	of	establishing	a	single	optimization	scheme	for	various	carotenoids
producers.	This	is	illustrated	in	this	section	based	on	the	example	of	a	single	study	describing
optimization	of	a	single	carotenoid	production	in	various	microorganisms	by	manipulation	of
various	factors	[20].	Orasa	et	al.	[20]	reported	that	the	optimal	astaxanthin	content	in	Hp	was
obtained	in	the	conditions	of	a	nitrogen-free	medium	if	the	initial	pH	of	the	medium	was	acidic
(pH	4)	and	under	light	intensity	of	350	mmol	photons	m−2	s−1.	For	N.	wimmeri,	a	better
astaxanthin	accumulation	rate	was	obtained	when	300	mM	sodium	acetate	was	used,	while
none	of	the	conditions	assayed	(just	three:	initial	acid	pH,	salinity	stress,	and	nitrogen-free
medium	with	sodium	acetate)	resulted	in	the	increased	astaxanthin	production	in	P.	botryoides
[20].	Moreover,	the	optimal	astaxanthin	production	was	obtained	after	a	different	time	period
from	that	of	the	culture	setup,	and	some	crucial	factors	influencing	the	carotenogenesis	(light
and	temperature)	were	kept	constant	[20].	As	the	number	of	factors	influencing	carotenogenesis
is	significant,	testing	their	various	combinations	seems	to	be	a	time-consuming	task.	Therefore,
development	of	complex	statistical	approaches	is	of	basic	importance	in	order	to	considerably
increase	carotenoid	accumulation,	particularly	in	the	case	of	large-scale	cultures.

13.10	Perspectives	and	conclusions
A	number	of	factors	discussed	in	this	chapter—light,	temperature,	carbon	and	nitrogen	sources,
metal	ions	and	salts,	various	chemical	components,	and	even	pH—affect	the	structure,	content,
and	type	of	carotenoids	in	microbial	cells.	The	combination	of	suitable	stress-inducing	stimuli
considerably	increases	accumulation	of	carotenoids	in	industrial	cultures	of	microbial	cells.
Knowledge	about	the	influence	of	these	factors	is	essential	in	light	of	growing	demands	for
carotenoids	production	(the	predicted	market	value	of	commercially	used	carotenoids	is
estimated	to	be	nearly	$1.4	billion	in	2018	[1])	and	increasing	global	ecological
consciousness	resulting	in	a	need	for	natural	products.

Only	a	few	strains	are	being	used	in	the	current	industrial	production	of	carotenoids	(e.g.,	H.
pluvialis,	D.	salina,	and	chlorophycean	microalgae	for	biosynthesis	of	astaxanthin,	β-carotene,
and	lutein,	respectively).	To	move	forward,	it	is	necessary	to	find	new	strains	that	efficiently
respond	to	stress	factors,	have	a	high	growing	rate	and	low	environmental	demands,	and
produce	a	high	content	of	desired	carotenoids	[3].	For	example,	a	systematic	study	of	15
strains	of	chlorophycean	microalgae	has	been	investigated	with	emphasis	on	their	carotenoid
profiles.	Muriellopsis	sp.,	a	strain	with	the	shortest	doubling	time	and	the	highest	carotenoids
production	yield,	has	been	indicated	as	the	most	prospective	source	for	industrial	biosynthesis



of	lutein	[42].	Further	systematic	searches	for	low-cost	new	strains	of	algae	or	yeasts	capable
of	efficient	carotenogenesis	are,	therefore,	essential.

Optimizing	the	conditions	of	cell	growth	and	carotenogenesis	of	microorganisms	is	another	key
point	in	furthering	the	carotenoid	biotechnology.	As	multiple	factors	control	carotenoids
production	and	their	results	are	frequently	synergistic,	statistical	methods	are	necessary	to	find
the	optimal	combination	of	various	factors.	Previously,	such	statistical	approaches	were	used
to	optimize	a	culture	medium	(carbon	and	nitrogen	sources,	trace	elements,	pH,	and	inorganic
salts	composition)	for	β-carotene	and	total	carotenoid	production	by	B.	trispora	[71]	and	R.
sphaeroids	[75],	respectively.	This	kind	of	algorithm	enables	screening	of	the	parameters	and
further	designing	of	optimal	conditions	for	microbial	carotenoids	production.	Another	strategy
in	the	biosynthesis	of	carotenoids	is	genetic	modification	of	microalgae	cells	[93].	Both	these
approaches	can	be	further	improved	and	used	to	plan	large-scale	cultures.

The	recognized	therapeutic	value	of	carotenoids	for	the	prevention	and	treatment	of	various
diseases	caused	an	enhanced	need	for	these	pigments.	The	carotenoid	market	requires
increased	carotenoids	production	from	biological	sources.	Research	directed	toward
optimizing	the	efficiency	and	selectivity	of	carotenogenesis	in	microbial	organisms,	parallel
with	studies	aimed	at	assessing	bioavailability	and	health	effects	of	these	naturally	produced
pigments,	should	be	undertaken	to	improve	production	of	carotenoids	of	designed	properties.
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14.1	Introduction
Synthesize	carotenoids—do	not	synthesize	with	carotenoids!	This	directive,	established	as	a
result	of	insubstantial	yields	and	merciless	decomposition,	has	been	respected	quite	strictly
[1].	Transgressing	the	rule	is	penalized	by	disregard.	In	a	historical	review	on	the
“Development	of	carotenoid	chemistry	1922–1991,”	reactions	with	N-bromosuccinimide
(NBS),	aniline,	and	thiophenol	to	Br-,	N-,	and	S-carotenoids	remained	ignored	[2,	3].	The
summing-up	speaker	of	a	carotenoid	conference	intentionally	omitted	mentioning	the	authors’
transformations	to	S,	N,	and	Se	carotenoids.	The	raison	d’être	of	carotenoid	chemists	is	still
the	synthesis	of	carotenoids.	Previous	synthetic-like	procedures	with	carotenoids	were
predominantly	carried	out	for	structure	elucidation	[4];	derivatization	was	the	employed	term.

What	exactly	does	the	expression	syntheses	with	carotenoids	specify?

The	implications	become	evident	by	two	examples:	(1)	reaction	of	two	different	carotenoids
with	each	other,	that	is,	the	esterification	of	carotenoid	diacid	bixin	with	carotenoid	diol	lutein
to	luteindibixinate	1;	and	(2)	reaction	of	a	carotenoid	with	a	noncarotenoid	substance:	Wittig
olefination	of	C50:19	carotenedial	with	2	mol	of	C15:3	phosphonium	salt	to	extended
zeaxanthin	C80:27	2	(Scheme	1)	[5,	6].	(The	linking	bonds	are	marked	with	 	in	the	scheme.)
These	“syntheses	with	carotenoids”	result	in	polyene	compounds	of	(1)	28	discontinuous
double	bonds	and	(2)	27	conjugated	double	bonds,	both	1	and	2	offering	a	high	double-bond
density	of	18/nm3	and	20/nm3,	respectively.





Scheme	1

This	chapter	presents	selected	examples	of	“syntheses	with	carotenoids.”	Carotenoids	are
defined	as	polyenes	of	more	double	bonds	(db)	than	retinoids	(db	=	5).	Nevertheless,	many
syntheses	with	compounds	of	double	bonds	≥6	were	omitted,	and	references	restricted	to	a	few
representative	citations	due	to	editorial	reasons.	Supplementary	details	may	be	retrieved	in	the
article	“Key	to	xenobiotic	carotenoids”	[7].	The	authors	hope	that	this	fragmentary	first	survey
on	“syntheses	with	carotenoids”	initiates	more	scientists	to	apply	carotenoids	in	preparative
organic	chemistry.

14.2	Reaction	with	double	bonds
14.2.1	Hydrogenation
Hydrogenation	of	β,β-carotene	with	Raney	nickel	provided	targeted	products	of	2,	4,	and	6
C=C-bonds	for	antioxidant	testing	[8].	Perhydrogenation	of	lycopene-15,15′-3H	and	β,β-
carotene-15,15′-3H	allowed	determining	the	coincidence	of	mass	and	radioactivity	[9].
Hydrogenation	of	C30:9-carotenoic	acid	3	afforded	methyl	branched	C30:0-carotanoic	acid,
whose	Cs	salt	4	was	required	to	ascertain	the	influence	of	unsaturation	on	surface	and
detergent	properties	(Scheme	2)	[10].	Carotanoids	occur	in	ancient	sediments	and	petroleum
[11].	Thus,	β,β-carotane	and	lycopane	are	commercialized	biomarkers	[12].

Scheme	2	Hydrogenation.

14.2.2	Halogenation
ICl	completed	full	halogenation	of	β,β-carotene	C40:11	(6,	C40H56)	to	C40H56Cl22	5	(Scheme
3)	[13].	Prolonged	reaction	of	tomato	juice	(lycopene)	with	bromine–water	displays	the
rainbow	colors	by	intermediary	brominium	ions	until	pale	perbromolycopane	is	observed
[14].	When	all	−C=C−	in	carotenoids	react	with	iodine,	the	acquired	iodine	index	value
indicates	the	number	of	double	bonds	[8,	13].	Colored	iodine	compounds	occur	in	hexane,
benzene,	and	diethyl	ether.	In	chlorinated	solvents,	black	ionic	iodine	complexes	appeared
absorbing	in	the	near	infrared	[15].



Scheme	3	Halogenation.

14.2.3	Oxidation
Oxidation	often	degrades	carotenoids	to	shorter	fragments,	regardless	of	the	employed
oxidation	reagent	[16].	Bubbling	air	(3O2)	through	a	solution	of	β-carotene	6	led	to	5,6-
monoepoxide	7	besides	many	other	products	[17];	in	analogy	to	retinoids	polyepoxides	such	as
8	are	expected,	exposing	carotenoids	to	reactive	singlet	oxygen	1O2	[18].	Transient
polyepoxide	formation	can	be	assumed	when	treating	lycopene,	lutein,	and	bixin	with
perbenzoic	acid	[13].	Industrial	chemists	devised	an	authentic	preparative	oxidation:
zeaxanthin	acetate	9	oxidized	with	sodium	bromate	to	astaxanthin	acetate	10	(Scheme	4)	[19].
Astaxanthin	esters	are	more	stable	and	show	a	better	bioavailability	than	astaxanthin	when
used	in	salmonid	pigmentation.

Scheme	4	Oxidation.

14.2.4	Electron	transfer	from	and	to	carotenoids
Carotenoids	convert	to	radical	cations	(Car+ 	11)	by	transferring	electrons	to	Fe3+,	Ti4+,	Ni2+,
Cu2+,	Ni2+,	I2,	BF3,	and	SnCl3	and	to	sensitizers	(e.g.,	nitronaphthalene,	tocopherol,	and
riboflavin)	[20–24].	Carotenoids	can	also	attract	electrons	(from	radicals	or	from	Na,	K,	Cs,
Al–Hg,	and	BuLi	under	special	experimental	settings	and	from	alkaline	dimethyl	sulfoxide
[DMSO]	at	normal	laboratory	conditions)	developing	radical	anions	Car	– 	12	[25,	26].
Electrons	can	furthermore	be	imposed	electrochemically	on	carotenoids	or	by	ionizing	rays
(pulse	radiolysis)	[27,	28].	The	dual	function	of	dioxocarotenoids	as	electron	donators	and
acceptors	was	quantitatively	assessed	[29].	Reactive	Car+ 	11	or	Car	– 	12	received	no
particular	preparative	interest,	except	Car+ 	11;	generated	from	C30-ester	13	with	FeCl3,
cation	radical	11	proceeded	in	air	to	easily	interchangeable	peroxide	cation	14	(blue)	and



hydroxyl	peroxide	15	(yellow)	(Scheme	5)	[30].

Scheme	5	Electron	transfer	reactions.

14.2.5	Iron	carbonyl
Lycopene	and	β,β-carotene	6	add	iron	tricarbonyl	affording	iron	carbonyl	compounds	with	an
elevated	iron	concentration	(e.g.,	20%	Fe	in	16)	[31].	The	ferrocene	moiety	in	push-pull
polyene	17	(from	ferrocenyl	Wittig	salt	and	C20:7	dialdehyde	21)	acts	as	electron	donator
(Scheme	6)	[32].

Scheme	6	Iron	carbonyl	carotenoids.

14.2.6	Nitration
Peroxynitrite	directed	a	nitro	group	to	the	polyene	chain	of	astaxanthin	18.	Similar	to	CF3−,
NO2−	turns	adjacent	double	bonds	to	cis-configuration	19	(Scheme	7)	[33,	34].

Scheme	7	Nitration.

14.2.7	In-chain	modification
Benzene	selenol	and	ZnCl2	reacted	with	rhodoxanthin	49	(Scheme	12)	to	postulated
diphenylselenide	intermediate	20;	selenium	was	then	expelled,	providing	ε,ε-carotene-3,3’-



dione	[35].	Carotenals	(e.g.,	C20:7	dialdehyde	21)	and	carotenones	subjected	to	Knoevenagel
or	Stobbe	reactions	delivered	carotenoids	with	−COOH	or	−CN	in-chain	substituents	(e.g.,
cyano	carotenoic	ester	22)	(Scheme	8)	[36].	Several	other	in-chain	substituted	carotenoids	are
described	[37].	Apparently,	the	preparative	potential	of	the	CN-group	has	so	far	been	ignored.
Syntheses	with	cross-conjugated	carotenoids	and	an	interesting	diazacarotene	[38]	were
probably	not	yet	executed.

Scheme	8	In-chain	carotenoids.

14.3	Transformation	of	substituents
14.3.1	−C=O	→	−C=C−
The	reaction	of	carbonyl	groups	with	phosphoranes	represents	the	key	sequence	in	polyene
chain	syntheses	[39].	This	classical	procedure	attained	already	in	1951	its	limit	with	19
conjugated	double	bonds	[40].	An	attempt	in	1997	to	surpass	the	traditional	boundary	by
synthesizing	a	vinylogous	β-carotene	with	23	−C=C−	bonds	failed	[41].	The	failure	to	prepare
carotenoic	acid	C50:17	confirmed	additionally	the	customary	threshold	[10].	However,	when
C50:19	dialdehyde	and	C15:3	phosphonium	salt	assembled	under	microwave	radiation,	the
new	polyene	record	stretched	to	27	−C=C−	bonds	in	long	zeaxanthin	2	(Scheme	1)	[6].	Starting
material	C50:19	dialdehyde	became	available	by	successive	elongation	of	carotenedials	[6,
41].	Colored	push-pull	polyenes	such	as	23	were	acquired	from	Wittig	and	Knoevenagel
reactions	of	donor	and	acceptor	moieties	with	dialdehydes,	for	example	C20:7-crocetindial	21
[42];	aldehyde	21	is	the	crucial	compound	to	extended	violerythrin	24	(C48:15)	[43].	C30-
aldehyde	25	and	flavonoid	phosphorane	26	combined	to	create	a	dual	carotenoid–flavonoid
antioxidant	27	[44].	Aldol	condensation	of	C20:7	dialdehyde	21	with	dimethoxybutanone	28
effected	C28:9	tetrone	diacetale	29	exhibiting	fluorescence	(S1–S0)	emission	[45].
Ferrocenylphosphorane	and	C20-aldehyde	21	formed	iron	carotenoid	17	(Scheme	6)	[32].
Trimethylsilyl	alkyne	phosphorane	30	coupled	with	C20-aldehyde	21	to	siliconcarotenoid	31
(Scheme	9)	[46].



Scheme	9	−C=O	→	−C=C−	transformations.

C30-aldehyd	25	and	other	carotenals	add	a	hydroxyl–methyl	pentenone	moiety	when	reacting
with	cyclocarbonate	32	to	hydroxyketone	33	(Scheme	10)	[47].	The	outcome	of	a	synthesis
with	Wittig	salt	C5:1	34	and	C20:7-pyran	carotenoid	35	was	pyran	carotenoid	C30:11	36,
additionally	elongated	with	two	C5	units	to	C40:15	polyene	pyran.	Compound	36	deviates
conjugation	across	the	pyran	ring	[48].	Addition	of	acid	to	pyran	carotenoid	36	afforded
pyranium	compound	37,	whose	delocalized	charge	strongly	increased	absorption.	Pyranium	37
exposes	the	structural	elements	of	carotenoids	and	anthocyanidins	[48].	A	pyran	carotenoid	had
been	previously	devised	by	reacting	a	2H-pyran	carbaldehyde	with	a	C20:5	Wittig	salt	[49].
Conjugation	meandered	analogously	in	tetrafluorinated	azulenodithiophene	38,	which	opens
under	visible	light	(Vis)–near-infrared	(NIR)	irradiation	to	dithiophene	39	[50].	Dipyrrole	40
interfered	with	polyene	benzaldehyde	41	to	conformationally	restricted	carotenoporphyrine	42
(Scheme	10)	[51].	Carotenoid–porphyrins	are	usually	prepared	with	flexible	ether	(75),	ester
(103),	or	amide	(135,	146)	linkages	(Schemes	17,	24,	30,	and	33).



Scheme	10	−C=O	→	−C=C−	transformations.

14.3.2	−CH=O	→	CH=S
Lawesson	reagent	thiolated	two	molecules	of	aldehyde	43	(8	double	bonds)	to	transient	thial
44,	which	cyclized	to	transitory	dithiocyclobutane	45;	elimination	of	sulfur	effected
thiafulvalene	46	(17	−C=C−	bonds)	(Scheme	11)	[52].	Thial	dimerization	would	signify	an
elegant	approach	to	long	polyenes.	Were	the	polyenes	correctly	identified?	Polyene
thiofulvalene	with	9	−C=C−	bonds	(λ	=	471	nm,	λ	=	517	nm)	and	17	−C=C−	bonds	46	(λmax	=
551	nm)	should	appear	intensely	colored.	Yet,	both	compounds	were	black	in	CH2Cl2.	Thial
dimerization	did	not	happen	in	the	authors’	lab:	C30-carotenal	25	(λmax	=	462	nm)	gave	with
Lawesson	reagent	C30-carotenethial	47,	which	immediately	trimerized	to	trithiocyclohexane
48	(λmax	=	396	nm)	[53].



Scheme	11	−CH=O	→	−CH=S	transformations.

14.3.3	−C=O	→	−C=S
Lawesson	reagent	changed	rhodoxanthin	49	(echinenone	and	canthaxanthin	57)	to	stable
monothione	50	and	unstable	dithione	51	[53,	54].	Citranaxanthin	52	reorganized	via	postulated
thione	53	to	thiopyran	54	[53].	Hypothetical	canthaxanthin	selone	55	and	rhodoxanthin	tellone
56	preferentially	operate	as	electron	acceptors	rather	than	electron	donators	(Scheme	12)	[55].

Scheme	12	−C=O	→	−C=S	transformations.

14.3.4	−C=O	→	−C−OH



Carotenones	and	carotenals	are	routinely	reduced	with	LiAlH4	or	NaBH4	to	carotenols;	the
progress	of	reduction	can	be	followed	visually	[4].	Tellurium	hydride	in	the	presence	of
NaBH4	hydrogenated	the	double	bonds	near	the	rings	and	the	carbonyl	groups	in	cantaxanthin
57	to	xenobiotic	diol	58	(Scheme	13)	[56].

Scheme	13	Reduction	of	ketocarotenoids.

14.3.5	Inversion	of	−OH
Zeaxanthin	enantiomer	(R)-60	inverted	to	(S)-60	in	Mitsunobu	reactions	with
diethylazodicarboxylate,	formic	acid,	triphenylphosphine,	followed	by	subsequent	hydrolysis
of	the	formiates	(Scheme	14).	This	technique	allows	also	a	smooth	approach	to	lutein	and
tunaxanthin	diastereoisomers	[57].

Scheme	14	Enantiomer	inversion.

14.3.6	−OH	→	−F,	−Cl,	−Br,	and	−I
F,	Cl,	Br,	and	I	interchanged	the	hydroxyl	groups	in	astaxanthin	18,	leaving	mono	or	dihalogen
compounds	59	(Scheme	15)	[58].	Astaxanthin	bromide	72	operates	as	an	intermediate	in	the
synthesis	of	astaxanthin	ether	73	(Scheme	17)	[59].	Halogenated	astaxanthin	derivates	were
used	in	the	study	of	carotenoproteins.	A	comparable	−OH	replacement	with	CHCl3–HCl	in
zeaxanthin	60	and	isozeaxanthin	70	afforded	mono-	and	dichlorides	[60].	Replacing	−OH	in
benzylcarotenoid	61	with	−I	gave	iodomethylphenyl	carotenoid	62	(Scheme	15),	employed	in
the	construction	of	polyeneporphyrin	ether	75	(Scheme	17)	[61].



Scheme	15	Exchange	of	−OH	with	halogens.

14.3.7	−OH	→	−SR,	−SCN,	−SH,	−N2,	−NH2,	and	−SeR
The	Mitsunobu	reaction	of	(R,R)-zeaxanthin	60	with	benzene	selenol,	propylselenium
phosphate,	hydrazoic	acid,	thioacetic	acid,	and	thiocyanic	acid	yielded	(S)-phenylselenide	63,
(S)-selenium	phosphate	ester	64,	(S)-azide	65,	(S)-thioacetate	66,	and	(S)-thiocyanate	67
(Scheme	16).	Azide	65	upon	reduction	with	NaTeH	formed	zeaxanthin	(S)-mono	and	(S,	S)-
diamine	68.	Both	thioacetate	66	and	thiocyanate	67	gave	(S)-thiol	69	[62–64].	The	optical
active	N-,	S-,	and	Se-carotenoids	allowed	examining	the	impact	of	substituents	on	the
conformation	of	the	cyclohexene	β-end	ring	[65].	Allylic	hydroxyl	in	lutein	or	isozeaxanthin	70
converted	with	thioacetic	acid	and	ZnCl2	to	thioacetates	(similar	to	66),	which	were
hydrolyzed	with	KOH	or	reduced	with	LiAlH4	to	thiolutein	(similar	to	69)	[66].
Acetylcysteine	replaced	the	hydroxyl	group	in	isozeaxanthin	70,	providing	sulfur	carotenoid	71
[67].



Scheme	16	Exchange	of	-OH	with	N,	S,	and	Se	substituents.

14.3.8	−OH	→	−OR
A	C24-apocarotenoid	combined	with	ethyl	cellulose	to	a	bixin–ethyl	cellulose	ether	[68].
Astaxanthinbromide	72	and	alcohols	(e.g.,	vitamin	C)	produced	ascorbic	ether	73	[59].
Iodomethylphenyl	carotenoid	62	(Scheme	15)	connected	with	hydroxyphenyl	porphyrin	74	to
porphyrin	carotenoid	ether	75	(Scheme	17)	[61].



Scheme	17	Ether	formation.

14.3.9	−OH	→	glycosides
Carotenols	were	glycosylated	with	the	intention	of	synthesizing	some	of	the	numerous	natural
occurring	carotenoid	glycosides	[69,	70].	Acetylglucopyranosylbromid	77	adds	to	phenol
carotenoid	76,	giving	intermediary	glucopyranosylbromid.	Cleavage	of	the	acetyl	group
progressed	to	hydrophilic	glucose	carotenoid	78,	which	was	then	investigated	for	its
aggregation	properties	(Scheme	18)	[71].	Maltose	was	appended	to	astaxanthin	18,
engendering	hydrophilicity	[72].	Exposing	carotenols	or	β,β-carotene	6	to	boron	trifluoride
etherate	led	to	cationic	structures,	which	reacted	with	thioglucose	79	to	thioglycoside	80
(Scheme	18)	[73].

Scheme	18	Glycosidation	of	carotenoids.

14.3.10	Reactions	with	carotenoid	epoxides



Epoxide	81,	acidified	to	cation	82,	proceeded	to	oxabicyclo	and	furan	compounds	83	and	84,
and	triol	85	(Scheme	19)	[74].	AlCl3,	FeCl3,	and	HgCl2	added	to	epoxides	developed	unstable
colored	complexes	[75].

Scheme	19	Reactions	with	carotenoid	epoxides.

14.3.11	Reactions	with	halogen	carotenoids
C18:7	diiodide	86	and	dienylstannate	87	or	dienylpinacol-boronate	88	delivered	β,β-carotene
6;	other	carotenoids	were	prepared	similarly	[76].	Dibromo-β,β-carotenoid	89,	exposed	to
alcohols,	thiophenol,	and	aniline,	provided	ether	90,	sulfur	carotenoid	91,	and	nitrogen
carotenoid	92	(Scheme	20)	[2].	Halogen	carotenoids	enjoy	no	special	considerations,	although
perhalogenated	β,β-carotane	diicosachloride	C40H56Cl22	5	(Scheme	3)	probably	exhibits
pesticide	and	disinfectant	properties	[13].

Scheme	20	Reactions	with	halogen	carotenoids.

14.3.12	Metal	complexes	with	carotenols,	carotenals,	and
carotenones
Astaxanthin	18	interferes	with	Ca2+,	Zn2+,	and	Fe2+	to	metal	ion–astaxanthin	complexes	93
(Scheme	21)	[77].	Cu2+,	Pb2+,	Zn2+,	Cd2+,	and	Hg2+	complexes	are	likewise	anticipated	with
bathochromic	shifted	absorption	[78].



Scheme	21	Metal	carotenoids.

14.4	Preparative	derivatization
Oxime	94,	prepared	from	canthaxanthin	57,	appeared	as	precursor	in	the	synthesis	of
hydrophilic	oxime	hydrochloride	95	(Scheme	22)	[79].	A	remarkable	combination	was
envisioned	by	condensation	of	crocetin	dialdehyde	C20:7	21	and	tris(2-aminoethyl)-amine	96
to	a	macrocyclic	tris-carotenoid	hexaimine,	which	enclosed	in	a	subsequent	step	two	Cu(I)
ions	in	dinuclear	cryptate	97	[80].	Pyrrolidinium	iodide	98	coupled	with	C30-aldehyde	25,
creating	pyrrolidinium	triiodide	99,	which	is	designed	as	radar-absorbing	paint	on	military
airplanes	(Scheme	22)	[81].

Scheme	22	Imine	syntheses.



14.5	Syntheses	with	carotenoid	acids	and	carotenols
The	majority	of	“syntheses	with	carotenoids”	are	realized	with	carotenols	and	carotenoic
acids.

14.5.1	−COOH	→	−COCl
Changing	COOH	to	−COCl	characterizes	a	genuine	preparative	method	because	carotenoid
acid	chlorides,	such	as	137	(Scheme	30),	are	exclusively	applied	as	intermediates	in	the
synthesis	of	glycosyl	esters,	carotenoid	porphyrins,	carotenoidglycerolipids,	and
diluteinbixinate	1	[5,	82,	83].

14.5.2	−COOH	→	COO−	M+

Na,	K,	and	Cs	salts	100	from	C30-acid	3	homologs	(C22:6–C45:15)	were	required	to
determine	surface	tension	and	other	surface	properties.	The	shorter	polyenes	had	no	antenna
function	for	fluorescence	in	Eu-carotenoates	100	(Scheme	23)	[10,	24].	Ammonium	salts	have
been	obtained	from	crocin	and	amines	[84].	Addition	of	NaOH	to	bixin	results	in	amphiphilic
Na2–bixinate	[85].

Scheme	23	Metal	carboxylate	formation.

14.5.3	−COOH	→	COOR
Two	dominant	directions	progressed	in	“syntheses	with	carotenoids”:

1.	 Esterification	of	carotenols,	for	example	astaxanthin	18,	and	zeaxanthin	60	with	acids

2.	 Ester	formation	of	carotenoic	acids,	for	example	C30-acid	3,	crocetin,	and	bixin	with
alcohols.

Dilutein	bixinate	1	illustrates	a	carotenol–carotenoic	acid	reaction	(Scheme	1)	[5].	Carotenoid
esters	from	lutein	and	zeaxanthin	60	with	bulky	acids	were	prepared	as	derivatives	facilitating
crystallization	[86].	Benzylcarotenol	101	proceeded	with	porphyrin	acid	102	to	carotenoid–
porphyrin	ester	103	[87,	88].	Succinic	acid	104	served	as	a	linker	in	connecting	two	molecules
of	cryptoxanthin	105	in	succinate	ester	106	[89].	Three	carotenoids	accumulated	in	ester	109
by	reacting	β-8′-apocarotenol	107	with	benzene-1,3,5-tricarboxylic	acid	108;	similarly,
tetraethylene	glycol	(TEG)	delivered	with	C30-monosuccinate	the	TEG	ester	110,	again
esterified	with	benzene-1,3,5-triacetic	acid	chloride	111	to	carotenoid–TEG	ester	112
(Scheme	24)	[90].	Other	carotenoid	combinations	failed,	attesting	that	the	outcome	of



apparently	simple	carotenol–acid	esterifications	cannot	be	predicted	[91].

Scheme	24	Esterification.

Binaphthol	113	and	C30-acid	3	can	be	combined	to	form	binaphtholester	114	(Scheme	25).
Various	conformations	are	expected;	unfortunately,	the	chains	did	not	overlay	to	induce	exciton
coupling	(Figure	14.1,	Color	Supplement)	[92].

Scheme	25	Polyene	binaphtholester.



Figure	14.1	Polyene	chain	arrangement	in	binaphtholester	114	[92,	93].
Reproduced	with	permission	of	Zsolt	Bikadi,	Virtua	Drug	Ltd.

Lipase	esterification	of	rac.	zeaxanthin	60	with	palmitic	acid	proceeded	selectively	to	R,R-
zeaxanthin	dipalmitate	115	with	50%	ee,	validating	the	possibility	of	enzymatic	resolution	of



carotenoid	enantiomers	[95].	3R,3’R-Zeaxanthin	R-60	with	formic	acid	under	Mitsunobu
conditions	provided	formiates	of	reversed	configuration;	hydrolysis	gave	3S,3’S-zeaxanthin	S-
60	(Scheme	14)	[57].	Carotenols	(e.g.,	zeaxanthin	60)	with	chlorosulfonic	acid	converted	to
carotenoid	sulfates	116,	which	were	afterward	isolated	from	a	marine	sponge	[96,	97].
Disodium	diphosphate	ester	117,	synthesized	from	astaxanthin	18,	emerged	as	a	hydrophilic
carotenoid	derivate	(Scheme	26)	[98].

Scheme	26	Esterification.

Monosodium	phosphate	ester	118	converts	with	ascorbic	acid	to	astaxanthin–ascorbate	119
(Scheme	27)	[59].	Esterification	of	astaxanthin	18	with	succinic	acid	anhydride	to	astaxanthin
disodium	succinate	(Cardax)	120	is	probably	the	leading	reaction	with	carotenoids	in	view	of
quantity	[99].	BASF	has	produced	Cardax	120	in	kilogram	amounts.	Cardax	120	exhibits
beneficial	effects	against	oxidative	stress	and	diseases	conditioned	by	inflammation	[100].



Scheme	27	Esterification.

It	was	observed	that	addition	of	NaCl	to	Cardax	nanometer-sized	aggregate	dispersions	slowly
increased	the	aggregate	size	until	precipitation	[101].	This	trend	assigned	the	rationale	for	a
new	resolution	method:	fractional	aggregation.	Rac.	Cardax	120	was	dispersed	in	a	D-lactose
solution;	adding	NaCl	caused	the	clear	dispersion	to	become	gradually	opaque,	successively
forming	a	precipitate.	The	precipitated	aggregates	were	collected	and	dispersed	a	second	time
in	a	diluted	solution	of	D-lactose;	adding	NaCl	caused	precipitation	again	later	on.	A	third
repetition	of	the	process	resulted	in	aggregates	whose	CD	spectra	showed	enrichment	of	the
3S,3′S-Cardax	enantiomer	(Figure	14.2)	[102].



Figure	14.2	Fractional	aggregation.	Sliwka	et	al.	2007.
Reproduced	with	permission	of	John	Wiley	&	Sons.

Astaxanthin	disuccinate	is	the	basis	for	a	multitude	of	esters	(e.g.,	with	tartaric	acid	and
resveratrol)	[98,	103].	Astaxanthin	18	and	lysine	121	delivered	astaxanthin–lysine
tetrachloride	122,	a	true	water-soluble	competitor	of	crocin	(Scheme	27)	[104,	105].	The
former	Hawaii	Biotech	company,	producer	of	Cardax	120	and	many	other	astaxanhin	esters,
certainly	merits	the	distinction	“most	prolific	synthesizer	with	carotenoids.”	Fucoxanthin	and
fucoxanthinol	were	as	well	esterified	directly	or	via	succinates	[106].	Zeaxanthin	60	and
lutein,	joined	by	ester	bonds	to	pharmacophoric	molecules	(e.g.,	etoposide	and	vincristine),
cure	macular	and	retinal	diseases	[107].	Alkanols	(C3:0–C16:0),	alkenols	(C3:1–C16:1),	and
cycloalcohols	(C5–C8)	with	C30-acid	3	formed	esters	that	are	used	advantageously	as	food
colors	[108].	Astaxanthin,	when	esterified	with	ferulic	acid,	is	a	better	1O2-quencher	[109].
Astaxanthin	alkanoates	with	mono	acids	C1:0–C32:0	or	diacids	C2:0–C4:0	serve	as	fuel
additives	[110].	Carotenoids	for	gasoline	or	military	aircraft	paints	(e.g.,	99)	(Scheme	22)
definitely	represent	very	atypical	carotenoid	applications.	In	contrast,	carotenoids	are
archetypical	membrane	stabilizers,	and,	consequently,	carotenoids	were	enclosed	in	liposomes
[111,	112].	Instead	of	confining	carotenoids	in	liposomes,	genuine	carotenoid	liposomes	can	be
formulated	from	carotenoid	lipids.	Enzymatic	esterification	of	C30-acid	3	with	glycerol	123
resulted	in	the	most	unsaturated	glycerolipid	124	[113].

Unsaturated	acids	starting	from	C10:1	(β-cyclogeranic	acid)	crossing	C20:5	(retinoic	acid)
and	C40:13	acid	(torularhodin)	to	C45:15	are	available	naturally,	commercially,	or
synthetically	[24]	for	the	preparation	of	polyene	lipids,	polyene	aggregates,	and	polyene
liposomes	[114].	The	manufacture	of	low	conjugated	polyenoic	fatty	compounds	from
nonconjugated	fats	by	isomerization	with	iridium	or	rhodium	catalysts	results	in	a	mixture	of
fats	that	are	difficult	to	purify	[115].	Well-defined	polyene	lipids	become	accessible	with	the
mentioned	carotenoic	acids	[101,	116].	Thus,	C30-acid	3	and	(R)-glycerophospho-choline	125
delivered	polyene	(R)-phospholipid	126,	consisting	of	optical	active	P-octamer	aggregation



units	(Scheme	28	and	Figure	14.3)	[94].

Scheme	28	Esterification.



Figure	14.3	(P)-Aggregation	unit	of	(R)-polyene	phospholipid	126	[93].

A	series	of	cationic	polyene	glycol	phospholipids	(e.g.,	127)	revealed	gene	carrier	properties
[117–120].	C30-carotenoic	acid	choline	esters	(e.g.,	128)	are	equally	effective	gene	carriers
[121].	Dual	antioxidant	combinations	are	derived	from	glycerol	123,	C30-acid	3,	trolox	130,
or	BHT	[122,	123].	Triantioxidant	molecule	131	was	created	by	esterification	of	glycerol	123
with	C30-acid	3,	7-selenacaprylic	acid	129,	and	trolox	130	[83].

14.5.4	−COOR	→	−COOH
The	apparent	simple	hydrolysis	of	carotenoid	esters	can,	at	times,	fail;	as	a	result,	alternative
means	are	indicated	(enzymatic	hydrolysis,	and	KOH	in	isobutanol	at	85 °C)	[122].	Ineffective
hydrolysis	of	C30-ester	13T	to	radioactive	[10′-3H]-C30-acid	3T	under	standard	conditions



[4]	became	especially	irritating	(Scheme	29)	[124].	Disaccharide	ester	crocin	was
unintentionally	“fungilized”	in	the	laboratory	of	the	authors	to	diacid	crocetin	(C20:7)	by	the
airborne	fungus	Cladosporium	cladosporioides	[125].

Scheme	29	Ester	hydrolysis.

14.5.5	−COOH	→	−CONH2
Carotenoid	acids	(e.g.,	C30-acid	3)	easily	react	with	amines,	and	several	types	of	carotenoid
amides	132	have	been	reported	(Scheme	30)	[126,	127].	Astaxanthin	disuccinate	also	formed
amides	with	amines	and	amino	acids	[98,	128].	Aminophenylcarotenoid	133	connects	to
porphyrin	acid	134,	mimicking	a	photosynthetic	center	135	[129].	Inversely,	porphyrin	amine
136	did	not	react	with	carotenoic	acid	chloride	137	to	carotenoid	porphyrins	similar	to	135
[130].

Scheme	30	Amide	formation.

14.5.6	−COOH	→	−CO−O−OC−	(carotenoid	anhydrides)
Acid	anhydride	138	inadvertently	appeared	as	the	main	product	in	esterification	reactions	of
C30-acid	3	with	dicylohexylcarbodiimide	(DCC)	and	dimethylaminopyridine	(DMAP)
(Scheme	31)	[92].



Scheme	31	Carotenoid	acid	anhydride.

14.6	Carotenoid	reactions	with	Au
Benzylthiol	carotenoid	139	self-attached	on	gold	electrodes	via	an	Au-thiolate	bond	140.	The
device	convincingly	confirmed	the	relevance	of	carotenoids	as	molecular	wires	[131].	In	the
same	way,	benzylthiol	carotenoid	141	with	two	substituted	in-chain	benzene	rings	assembled
on	gold.	The	choice	of	the	substituents	allowed	tuning	conductivity	[132].	Nonetheless,	the
occurrence	of	an	isolating	CH2−	group	between	the	polyene	chain,	sulfur,	and	gold	counteracts
conductance.	Applying	carotenoid	thiones	(e.g.,	142)	could	increase	conductivity	by	a
conjugated	polyene	chain	connection	to	the	gold	electrode	(Au	enthiolate	143;	Scheme	32)	[53,
133].	Carotenoid	thiones	could	possibly	facilitate	wire	studies	with	even	more	isolating	CH2-
units	[134].	Nonetheless,	the	projected	wire	property	of	carotenoids	is	limited.	Linear
extension	of	carotenoid	cables	is	precluded	by	considerable	distortion,	exemplified	with	long
zeaxanthin	2	(Figure	14.4)	[6].

Scheme	32	Reaction	of	S	and	Se	carotenoids	with	gold.



Figure	14.4	Distortion	of	elongated	zeaxanthin	2	(C80:27;	Scheme	1)	[6].

Carotenoid	lipids	144	and	145	assemble	on	gold	surfaces	and	gold	nanoparticles	of	a
predefined	size	via	a	7-selenaoctanoic	group	[135,	136].	The	linking	to	gold	occurs	with	a
selenoate	bond	by	dissociative	absorption,	expelling	−CH3	adjacent	to	Se	[137].

Carotenoids	converted	to	conductive	materials	by	treatment	with	Lewis	acids	or	alkali	metals
(e.g.,	rhodoxanthin	49	with	FSO3H,	and	canthaxanthin	57	with	K	in	naphthalene)	[138].

14.7	Valuation	and	conclusion
Several	syntheses	with	carotenoids	merit	veritable	admiration,	such	as	the	manufacture	of
molecular	wires	and	of	light-harvesting	molecules.	Carotenoid–porphyrin–fullerene
derivatives	represent	definitely	the	most	imaginative	compounds	synthesized	with	carotenoids
[129].	The	numerous	efforts	in	increasing	the	hydrophilicity	of	carotenoids	are	valued	for
bioavailability	and	food	color	applications	[90,	114].	The	demand	for	modified	carotenoids
may	rise	in	photochemistry,	medicine,	and	light-harvesting	research.	Large-scale	syntheses
with	carotenoids	to	pharmaceuticals	are	in	negotiation.	The	physiological	role	of	lipid
enantiomers	is	generally	ignored	because	glycerolipids	lack	optical	activity.	Consequently,	the
occurrence	of	a	prevalent	lipid	enantiomer	is	so	far	not	ascertained,	in	contrast	to	L-amino
acids	and	D-sugars.	Polyene	glycerophospholipids	(e.g.,	126)	(Scheme	28)	are	likewise
optically	inactive	in	monomolecular	solutions;	however,	in	water,	enantiomeric	aggregation
generates	detectable	optical	activity	(Figure	14.3)	[94].	Gene-carrier	phospholipids	based	on
C30-acid	3	enable	direct	visual	tracking	of	cellular	localization;	xenobiotic	fluorescence	tags
become	obsolete	(Figures	14.5	and	14.6,	Color	Supplement)	[117,	139].	The	visual	tracing
ability	of	carotenoid	derivatives	is	definitely	underestimated.



Figure	14.5	Vesicles	(1–1.5	mm)	of	phospholipid	127	[117].
Reproduced	with	permission	from	Elsevier.



Figure	14.6	Visual	tracking	of	127	in	cancer	cells	[139].

The	practical	limitations	of	“syntheses	with	carotenoids”	are	evident.	Syntheses	with
carotenoids	require	sufficient	supply.	Eleven	carotenoids	are	marketed	in	kilograms	or	tonnes:
β-carotene	6,	C30-ester	13,	astaxanthin	18,	C30-aldehyde	25,	citranaxanthin	52,	canthaxanthin
57,	zeaxanthin	60,	lutein,	and	lycopene	[140],	as	well	as	bixin	and	crocetin	(which	are
accessible	after	purification	of	commercial	raw	products)	[85,	141].	Likewise	available	are
mixed	esters	of	astaxanthin	and	lutein.	Carotenoid	manufacturers	offer	in	addition	small,
relevant	building	blocks	[140].	Considering	supply	and	demand,	the	synthetic	potential	of
commercial	carotenoids	is	not	fully	recognized.

Is	there	a	predictable	perspective	in	“syntheses	with	carotenoids”?

A	green	light	focused	on	the	carotenoid–porphyrin–fullerene	triad	(Car-P-F)	146	(Scheme	33)
initiates	an	intramolecular	electron	transfer	generating	Car+ -P-F– 	[142].	The	biradical	is
sensitive	to	the	earth’s	weak	magnetic	field	and	may	set	the	waypoints	toward	pioneering
directions	in	“syntheses	with	carotenoids.”



Scheme	33	Carotenoid	compass	for	avian	magnetoreception.
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