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Abstract	

Cyclic	anhydrides	are	potent	tools	for	bioconjugation,	therefore	they	are	broadly	

used	 in	 the	 functionalization	 of	 biomolecules	 and	 carriers.	 The	 pH-dependent	

stability	 and	 reactivity,	 as	well	 as	 the	 physical	 properties,	 can	 be	 tuned	 by	 the	

structure	 of	 the	 cyclic	 anhydride	 used,	 thus	 their	 application	 in	 smart	 delivery	

systems	 has	 become	 very	 important.	 This	 review	 intends	 to	 cover	 the	 last	

updates	 in	the	use	of	cyclic	anhydrides	as	pH-sensitive	 linkers,	 their	differences	

in	 reactivity	 and	 the	 latest	 applications	 found	 in	 bioconjugation	 chemistry,	 or	

chemical	biology	and	when	possible,	in	drug	delivery.		
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Introduction	

By	definition,	and	etymologically	speaking	an	anhydride	function	is	obtained	by	

dehydration	of	 two	acids.	 In	other	words,	an	anhydride	 function	can	be	seen	as	

the	 concomitant	 protection	 of	 a	 first	 acid	 and	 the	 activation	 of	 a	 second	 one.	

Cyclic	anhydrides	are	no-end	ring	molecules	and	the	majority	are	those	derived	

from	 carboxylic	 diacids.	 Other	 acids	 can	 be	 involved	 but	 are	 not	 considered	 in	

this	 review	 as	 the	 point	 of	 the	 present	 review	 is	 to	 focus	 on	 cyclic	 carboxylic	

anhydrides.	Due	to	energetic	and	stability	reasons,	commercially	available	cyclic	

anhydrides	are	usually	5-	to	6-member	dehydrated	rings	(Figure	1),	yet	some	of	

them	can	be	slightly	contaminated	by	the	corresponding	hydrated	diacid.	
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Figure	1:	cyclic	anhydrides	predominantly	used	in	bioconjugation,	on	which	the	
present	review	focuses.		

	
	

	
Cyclic	 anhydrides	are	 crucial	molecular	 tools	 in	bioconjugate	 chemistry.1	Above	

all,	 they	 are	 one	 of	 the	 most	 obvious	 homobifunctional	 reagents,	 due	 to	 their	

intrinsic	 reactivity	 in	 mild	 conditions	 as	 electrophilic	 acid	 derivatives	 towards	

nucleophiles,	 especially	 amines	 and	 alcohols,	 which	 are	 the	 most	 common	

functional	groups	 in	biomolecules	(Scheme	1).	As	one	carboxylic	group	is	easily	
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activated	 in	 the	anhydride	bond,	 the	reaction	does	not	need	any	coupling	agent	

such	 as	 deleterious	 carbodiimides,	 thus	 and	 advantageously,	 no	 secondary	

products	 are	 obtained	 after	 conjugation.	 All	 those	 properties	 made	 cyclic	

anhydrides	partners	of	choice	in	what	can	be	defined	as	click	reactions,	although	

an	excess	of	anhydride	is	usually	needed	to	minimize	hydrolysis	of	the	latter.	In	

the	particular	case	of	amino	acids,	recently,	imide	formation	between	anhydrides	

and	guanidine	was	reported	as	an	efficient	 tool	 for	bioconjugation	on	arginine,2	

otherwise	cysteine	sulfhydryl	groups,	tyrosine	phenolate	ions,	and	the	imidazolyl	

ring	of	histidine	are	also	able	to	react	with	anhydrides	as	nucleophiles,	but	their	

acylation	 is	reversible	and	consequently,	 it	 is	not	used	 in	bioconjugation	due	 to	

this	 lability.	Reactions	with	alcohol	 functions	 to	 result	 in	esters	 (for	 instance	 in	

carbohydrates)	 are	 easily	 performed	 in	 organic	 media	 with	 little	 amounts	 of	

water,	 but	 in	 aqueous	 media	 they	 are	 truly	 inhibited	 by	 competition	 with	

hydrolysis.	 For	 this	 reason,	 bioconjugation	 techniques	 involving	 cyclic	

anhydrides	essentially	focus	on	reactions	with	amines.		

	

Scheme	1:	general	reactivity	of	cyclic	anhydrides	with	amines,	alcohols	and	
phenols.	
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Modification	of	biomolecules	by	anhydrides,	though,	does	not	only	provide	direct	

covalent	binding	to	another	molecular	entity.	It	is	also	a	very	efficient	manner	to	

modify	 the	 total	 charge	 of	 the	 corresponding	 biomolecule,	 by	 eliminating	 a	

positive	charge	contribution	and,	at	the	same	time,	adding	the	negative	charge	of	

the	 free	 carboxylate	 generated	 by	 the	 opening	 of	 the	 cycle.	 While	 this	

phenomenon	 must	 be	 carefully	 controlled	 to	 avoid	 denaturation	 or	 loss	 of	

biological	properties,	it	can	also	represent	an	advantage:	this	concept	of	“charge	

reversal”	 (Scheme	 2)	 can	 be	 exploited	 whenever	 a	 dramatic	 variation	 of	 the	

global	charge	of	any	biomolecule	can	trigger	a	specific	biological	phenomenon3 �–	

for	 example,	 it	 can	 lead	 to	 an	 increase	 of	 internalization	 by	 specific	 cell	

compartments	or	tissues,	as	we	will	see	later.	

 

Scheme	2:	charge	reversal	principle.	
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delivering	at	a	slightly	lower	pH	could	afford	a	valuable	selectivity	for	the	above-

mentioned	 tissues.	 Intracellular	 organelles	 so-called	 lysosomes	 also	 show	 an	

acidic	 pH	 of	 4,	 thus	 the	 conception	 of	 pH-sensitive	 systems	 can	 improve	 the	

selectivity	of	the	delivery	in	that	cell	compartment.	

	

As	we	stated	above,	the	principal	side-reaction	of	anhydrides	is	their	hydrolysis	

into	 the	 formation	 of	 the	 corresponding,	 less	 or	 even	 unreactive	 dicarboxylic	

compound.	This	side	reaction	can	be	avoided	using	an	excess	of	anhydride,	acting	

also	as	a	dehydrating	agent,	in	the	medium.	As	at	least	one	carboxylic	acid	will	be	

released	 during	 the	 conjugation	 or	 the	 hydrolysis,	 a	 decrease	 in	 pH	 will	 be	

expected,	which	may	lead	to	amine	protonation	and	subsequent	loss	of	reactivity.	

For	this	reason,	the	use	of	a	buffered	medium	or	the	addition	of	a	base	to	restore	

the	desired	pH	is	recommended.		

	

In	the	following,	the	first	part	is	dedicated	to	the	common	chemical	routes	to	get	

cyclic	 carboxylic	 anhydrides,	 with	 some	 emphasis	 on	 the	 synthesis	 of	 maleic	

anhydride	 and	 derivatives	 thereof.	 A	 second	 part	 describes	 the	 most	 popular	

cyclic	anhydrides	and	for	each	one,	some	examples	of	their	use	in	bioconjugation	

chemistry	-	and	when	available,	in	drug	delivery	-	will	be	given.	The	paragraphs	

dedicated	to	maleic	anhydride	itself	and	its	derivatives	are	deliberately	detailed,	

given	 the	 importance	 of	 such	 compounds	 in	 bioconjugate	 chemistry.	 The	

difference	in	reactivity,	the	input	and	the	value	of	each	anhydride	are	discussed.			

	

Part	1	-	Synthesis	

General	synthesis	of	cyclic	carboxylic	anhydrides	
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Conventionally,	 cyclic	 anhydrides	 are	 obtained	 from	 the	 corresponding	

dicarboxylic	 acid.	 Few	 strategies	 of	 synthesis	 are	 currently	 available	 for	 these	

products,	 and	 they	 often	 make	 use	 of	 toxic	 reagents	 or	 harsh	 conditions.	 One	

popular	 strategy	 is	 the	 dehydration	 of	 dicarboxylic	 acids	 with	 acylating	 or	

dehydrating	 compounds	 (acid	 chlorides,	 phosgene,	 thionyl	 chloride,	

benzenesulfonyl	chloride,	ketene,	phosphorus	pentoxide	or	acetic	anhydride),	but	

yields	tend	to	be	low	when	the	substrate	is	acid	sensitive.4	More	recently,	the	use	

of	Lewis	acids	to	catalyze	that	dehydration	has	proved	to	produce	anhydrides	in	

quantitative	 yields	 in	 short	 times	 and	 milder	 conditions,	 namely	 with	 either	

metal-salen	 complexes5 	or	 with	 MgCl2	 and	 Boc2O.4	 The	 synthesis	 has	 been	

described	 as	 effective	 for	 the	 preparation	 of	 succinic,	 glutaric,	 adipic,	 pimelic,	

methylsuccinic,	itaconic,	diphenic,	camphoric,	phenylsuccinic,	maleic	and	phthalic	

anhydrides.4	

	

Synthesis	of	maleic	anhydride	and	derivatives	thereof	

The	 first	 straightforward	 synthesis	 of	 maleic	 anhydride	 has	 been	 reported	 in	

1930	and	was	performed	by	azeotropic	distillation	of	maleic	acid	with	xylene	or	

tetrachloroethane,6	leading	 to	 the	 desired	 anhydride	 in	 excellent	 yields	 (89%).	

That	was	an	 impressive	 result	 considering	 that	previously	known	syntheses	by	

dehydration	 of	 the	 same	 diacid	 led	 mostly	 to	 isomerization	 to	 fumaric	 acid.	

Alternatively,	 oxidation	 of	 C4	 hydrocarbons	 as	 1,3-butandiene	 or	 furan	 using	

vanadium	and	molybdenum	oxides	was	reported	with	moderate	yields	 (around	

50%). 7 	More	 recently,	 an	 environmentally	 friendly	 synthesis	 starting	 from	

biomass-derived	levulinic	acid,	also	with	vanadium	oxide	catalysis,	was	described	

to	give	maleic	anhydride	in	71%	yield	(Scheme	3).8		
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Scheme	3:	three	popular	routes	toward	maleic	anhydride.5,6,7		
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Scheme	4:	Wadsworth-Emmons	reaction	to	get	2-(2’-carboxyethyl)	substituted	
maleic	anhydrides.9	
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Disubstituted	 aromatic	 maleic	 anhydrides	 could	 also	 be	 prepared	 from	 α-

halogenohydrazide11	in	 55-85%	 yield	 (Scheme	 5)	 to	 afford	 symmetrically	 or	

asymmetrically	 substituted	molecules	 after	 hydrolysis	 of	 the	 corresponding	 N-

aminomaleimides.	

	

	

Scheme	5:	Routes	to	symmetric	and	asymmetric	arylated	maleic	anhydrides.11		

	

In	situ	anhydride	synthesis		

Strategies	 to	 form	 anhydrides	 directly	 on	 nanoparticles	 are	 available.	 Thereby,	
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Scheme	6:	Formation	of	anhydrides	on	carbon	dots.12	
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To	be	more	precise,	single-ring	anhydrides	are	the	first	to	be	dealt	with	(Sections	

1-12),	then	the	double-ring	ones	(Section	13).	Within	the	single-ring	anhydrides,	

the	most	common	5-	and	6-membered	ones	are	first	presented,	then	the	rigid	and	

unsaturated	ones.		

1- Succinic	anhydride	

The	 simplest	 saturated	 cyclic	 anhydride,	 succinic	 anhydride	 is	 one	 of	 the	most	

popular	 homobifunctional	 reagents	 in	 bioconjugation.	 Consequently,	 countless	

examples	 can	 be	 found	 in	 literature	 of	 its	 use	 as	 a	 linker	 for	 polymer	

functionalization	 or,	 more	 generally,	 in	 organic	 synthesis.	 In	 the	 field	 of	

bioconjugation,	its	use	for	protein	modifications	generally	increases	the	apparent	

protein	 solubility,	 for	 example,	 that	 of	 wheat	 gluten	 at	 pH	 5,	 by	 promoting	

disaggregation	to	smaller	molecular	weight	fractions,	or	that	of	casein	by	shifting	

the	isoelectric	point	to	lower	pH.13	Modification	of	human	serum	albumin	(HSA)	

with	 succinic	 anhydride	 on	 the	 lysine	 residues	 involves	 a	 modification	 of	 the	

charge	 from	+1	to	 -1	per	residue	(Scheme	2),	and	this	 inhibits	HSA	cell	binding	

and	 fusion	of	 the	HIV-1	virus.14,15	Inhibition	of	 the	 influenza	virus	 fusion	by	 the	

same	modified	HSA	and	β-lactoglobulin	A	was	also	observed.16		

In	 the	 above-mentioned	 examples,	 the	 function	 that	 reacts	 principally	 is	 the	 ε-

amine	of	the	lysine.	Succinic	anhydride	was	also	reported	to	react	with	hydroxyl	

groups	 of	 tyrosine,	 serine	 and	 threonine	 in	 proteins.	 While	 phenolate	 ester	

derivatives	with	tyrosine	are	unstable	at	pH>5.0,	aliphatic	hydroxylic	derivatives	

are	 relatively	 stable	 until	 cleavage	 by	 hydroxylamine	 under	 basic	 conditions.17	

Interestingly,	 succinic	 anhydride	 can	 easily	 react	 with	 hydroxyl	 groups	

encountered	 in	 nucleic	 acids,	 which	 can	 represent	 an	 advantage	 in	 their	

synthesis18	and	in	the	modification	of	their	analogs.19	
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In	supramolecular	systems,	succinic	anhydride	has	been	used	to	link	doxorubicin	

to	polyethylene	imine	(PEI)	with	robust	amide	bonds20	and	also	indomethacin	to	

a	 pH	 and	 temperature-sensitive	 poly(3-ethyl-3-(hydroxymethyl)oxetane-star-

poly(2-(dimethylamino)	 ethyl	 methacrylate	 copolymer. 21 	Recombinant	

streptavidin	 conjugates	 were	 functionalized	 with	 succinic	 anhydride	 or	 1,2-

cyclohexanedione,	 with	 a	 better	 biotin	 affinity	 for	 the	 former.22	In	 addition,	

zwitterionic	 chitosan	modified	with	 succinic	 anhydride	 for	 stealth	 coating	was	

reported,23	for	which	the	isoelectric	point	could	be	tuned	from	pH	4.9	to	7.1	and	

could	avoid	deleterious	protein	absorption	at	physiological	pH.	

It	 is	 worth	 to	 highlight	 that	 such	 modifications	 do	 not	 need	 any	 activating	 or	

leaving	group,	which	is	instead	generally	needed	when	crosslinking	between	two	

molecules.	In	this	case,	the	use	of	classical	coupling	reagents,	such	as	the	couple	

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide	

(EDCI/NHS),	or	the	presence	of	a	suitable	leaving	group	is	needed	to	activate	the	

free	carboxylic	acid.	

	

Polyamidoamine	 (PMAM)	 dendrimers	 have	 been	 modified	 with	 succinic,	

cyclohexanedicarboxylic	 and	 phthalic	 anhydrides	 prior	 to	 conjugation	 to	

phenylalanine.	 In	 this	 case,	 the	 carboxyl-terminal	 dendrimer	 obtained	 via	

crosslinking	 of	 phenylalanine	 with	 anhydrides	 showed	 upper	 critical	 solution	

temperature-type	 sensitivity	 in	 acidic	 solutions,	 while	 amino-terminal	

dendrimers,	modified	 directly	with	 phenylalanine	without	 use	 of	 a	 crosslinker,	

showed	lower	critical	solution	temperature-type	sensitivity	at	neutral	pH.24		

Hydrogel	composed	of	dextran	methacrylate	modified	with,	not	only	succinic,	but	

also	 glutaric	 and	 phthalic	 anhydrides	 were	 reported 25 	for	 the	 delivery	 of	
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ibuprofen.	 The	 anhydride	 linker	 has	 an	 influence	 on	 the	 hydrogel	 swelling	 at	

different	 pH,	 being	 greater	 for	 succinic	 and	 smaller	 for	 phthalic	 anhydride,	

probably	related	to	the	chain	hydrophilicity.	Swelling	was	also	greater	at	pH	7.4	

than	 in	 double-distilled	 water,	 due	 to	 the	 more	 complete	 ionization	 of	 the	

carboxylic	groups,	while	 it	 is	reduced	when	the	 ionic	strength	of	 the	medium	is	

increased26.	

	

2- Octenylsuccinic	anhydride	

The	amphiphilic	structure	of	octenylsuccinic	anhydride,	containing	a	pH-sensitive	

hydrophilic	anhydride	group	and	a	lipophilic	chain,	has	been	used	to	improve	the	

properties	of	several	polymers,	such	as	starch,	konjac	glucomannan,	Arabic	gum,	

agarose	and	chitosan	to	obtain	food	additives.	The	benefits	given	by	addition	of	

this	compound	are	various:	1)	reactivity	with	amines	and	alcohols	is	higher	than	

with	 other	 crosslinkers,	without	 use	 of	 toxic	 coupling	 agents;	 2)	 pH-sensitivity	

can	be	exploited;	3)	 the	octenyl	 chain	allows	 the	 formation	of	micelles	 that	 can	

trap	 hydrophobic	 compounds,	 thus	 increasing	 loading	 capacity	 of	 hydrophobic	

drugs.	 Studies	 on	 loading	 of	 curcumin	 and	 quercetin	 in	 chitosan-modified	

nanoparticles	 have	 showed	 a	 very	 good	 biocompatibility	 and	 a	 high	 release	

profile.27	

	

3- S-acetyl	mercaptosuccinic	anhydride	(SAMSA)	

Thanks	to	its	thiolated	group,	S-acetyl	mercaptosuccinic	anhydride	can	be	used	to	

introduce	a	thiol	on	a	molecule	with	free	amino	groups28	at	room	temperature	or	

lower	 and	 in	 physiological	 conditions	 (scheme	 7).	 The	 S-acetyl	 group	 can	 be	
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easily	 deacetylated	 by	 a	 nucleophilic	 reagent,	 like	 imidazole	 or	 hydroxylamine,	

but	is	otherwise	stable	for	days	at	pH	9.5	or	lower.29	

	

Scheme	7:	S-acetyl	mercaptosuccinic	acid	reactivity29		
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(PG)	was	achieved,	and	 the	 influence	of	 the	anhydride	 linker	was	studied	using	

glutaric	(Glut),	3-methylglutaric	(MGlut)	and	1,2-cyclohexanedicarboxylic	(Chex)	

anhydrides. 34 	The	 resulting	 polymers	 were	 soluble	 at	 physiological	 pH	 but	

precipitated	at	acidic	pH	values,	with	values	of	pH	of	precipitation	following	the	

order	 SucPG<GlutPG<MGlutPG<CHexPG,	 consistent	 with	 the	 number	 of	 carbon	

atoms	in	the	chain,	where	SucPG	precipitated	at	pH	4.0	and	CHexPG	precipitated	

at	 5.4.	 MGlutPG	 proved	 to	 be	 the	 conjugate	 displaying	 the	 best	 properties	 in	

terms	of	hydrophobicity	and	pH-sensitivity.	

	

5- Adipic	anhydride	

The	seven	membered	cyclic	adipic	anhydride	 is	prone	 to	polymerize	easily	 into	

polyadipic	acid	(PAA),	even	at	0°C,	but	can	also	be	efficiently	used	as	a	crosslinker	

between	 polymers,	 like	 cellulose, 35 	to	 formulate	 drugs	 as	 amorphous	 solid	

dispersions	so	as	to	overcome	their	scarce	solubility	 in	water.	The	advantage	of	

adipic	 anhydride	 in	 this	 case	 is	 its	 aliphatic	 chain,	 long	 enough	 to	 avoid	 back	

cyclization	 to	 the	 seven-membered	 ring,	 stabilizing	greatly	 the	ester	 group.	 	To	

avoid	 homopolymerization	 side-products,	 double	 distillation	 of	 the	 anhydride	

seems	 the	 easiest	 and	 most	 effective	 strategy	 to	 date.35	 The	 rate	 of	

polymerization	can	be	quantified	by	1H	NMR:	in	the	polymer	PAA	-CH2CH2-	and	-

CH2-CO-O-CO-CH2	signals	are	respectively	observed	at	1.75	and	2.5	ppm,	while	in	

the	monomer	 the	corresponding	signals	are	 found	at	2.0	and	2.8	ppm.	PAA	can	

effectively	 be	 removed	 from	 the	 crude	 by	 washing	 with	 hot	 water.35	Cellulose	

derivatives	were	soluble	in	a	wide	range	of	organic	solvents,	like	acetone,	DMSO	

and	THF.35	
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6- Diglycolic	anhydride	

In	 the	 family	 of	 aliphatic	 cyclic	 anhydrides,	 diglycolic	 anhydride	 is	 the	 most	

hydrophilic.	It	can	be	seen	as	the	O-analog	of	glutaric	anhydride.	The	replacement	

of	the	central	methylene	link	-CH2-	by	its	isostere	oxygen	-O-	introduces	a	H-bond	

acceptor	 site	 into	 the	 spacer,	 like	 those	 conveyed	 by	 ethylene	 glycol	 moieties.	

Very	recently,	this	anhydride	was	used	in	the	one-pot	synthesis	of	a	stable	linker	

for	an	antibody-drug	conjugate,36	the	free	carboxylate	being	able	to	further	react	

with	the	lysine	of	an	anti-CD4	antibody.	Another	application	is	the	preparation	of	

hydrophilic	 Fe3O4	nanoparticles	 to	 trap	glycopeptides	 in	human	 saliva.37	In	 this	

case,	 diglycolic	 anhydride	 reacts	with	1,3,5-triformylphloroglucinol	 on	one	 side	

and	 amines	 on	 the	 particle	 surface	 on	 the	 other	 side,	 to	 afford	 a	 hydrophilic	

coating	for	the	nanoparticles.	

	

7- Itaconic	anhydride	–	monomer	and	corresponding	copolymers	

Obtained	by	pyrolysis	of	citric	acid,	itaconic	anhydride	has	an	extra-cycle	double	

bond	 that	allows	polymerization,	but	also	 reacts	as	a	dienophile	 in	Diels-Alder-

type	 reactions.	 In	basic	 conditions,	 or	 at	high	 temperatures,	 it	 can	 isomerize	 to	

citraconic	 anhydride,	 thus	 contamination	 with	 the	 latter	 cannot	 be	 avoided.38	

Itaconic	 anhydride	 has	 been	 used	 to	 get	 a	 linker	 in	 conjugation	 of	 poly-N-

isopropylacrylamide	 with	 β-galactosidase. 39 	The	 bioconjugate	 shows	 better	

thermal	 and	 storage	 stabilities	 than	 the	 native	 enzyme,	 as	 well	 as	 a	 lower	

Michaelis-Menten	 constant,	 and	 was	 successfully	 used	 for	 the	 synthesis	 of	

galacto-oligosaccharides	from	lactose.	

As	 previously	 stated,	 itaconic	 anhydride	 can	 form	 polymeric	 structures	 via	

radical	 polymerization	 or	 by	 condensation	 with	 other	 monomers	 like	
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methacrylate-terminated	 poly-(L-lactic	 acid)	 (PLLA)	 and	 others.40	Compared	 to	

maleic	 anhydride,	 poly(itaconic	 anhydride)	 copolymers	 are	 more	 reactive	 and	

can	 be	 manufactured	 by	 cost	 effective	 and	 more	 environmentally	 benign	

procedures,	 starting	 from	 renewable	 sources	 instead	 of	 the	 petrochemical	

industry,	 with	 a	 molecular	 weight	 ranging	 from	 31.95	 kDa	 to	 69.60	 kDa	

depending	 on	 the	 original	 composition.41	Such	 polymers	 can	 be	 conjugated	 to	

hyaluronic	 acid	 to	 yield	 biocompatible	 gels	 with	 properties	 (thermal	 stability,	

swelling	 behavior,	 drug	 loading)	 differing	 according	 to	 the	 ratio	 of	 the	

comonomers.42		

	

8- Maleic	anhydride,	itself,	its	derivatives	and	(co)polymers	derivated	thereof	

Maleic	 anhydride	 differs	 from	 succinic	 anhydride	 by	 the	 presence	 of	 a	 double	

bond	in	cis-configuration,	so	while	reactivity	towards	nucleophiles	is	the	same	for	

the	 two	compounds,	maleic	derivatives	are	also	prone	 to	Michael-like	additions	

on	 the	 double	 bond	 or	 oxidation	 of	 the	 latter.	 In	 addition,	 modification	 of	 a	

biomolecule	 with	 maleic	 anhydride	 can	 be	 easily	 quantified	 by	 absorbance	

measurements	 below	 280	 nm,	 since	 the	 presence	 of	 the	 newly	 added	 double	

bond	increases	absorbance	at	those	wavelengths.	

	

8-1-	pH	sensitivity	

Between	 the	 various	 pH-sensitive	 bonds	 discovered	 up	 to	 now,43	maleic	 acid	

amides	have	become	very	popular	in	drug	delivery	because	they	are	stable	at	pH	

7.4	but	can	rapidly	be	hydrolyzed	as	the	pH	decreases.	The	reason	for	this	lability	

has	 been	 identified	 in	 the	 cis	 configuration	 of	 the	 two	 carbonyle	 functions.	 At	

mildly	low	pH,	the	free	carboxylate	in	the	β	position	can	attack	the	amide,	leading	
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to	the	(re)formation	of	the	corresponding	anhydride	and	the	release	of	the	amine	

counterpart	 (Scheme	8).	The	structure	of	maleic	anhydride	has	been	studied	 to	

document	the	influence	of	substituents	on	the	double	bond	so	as	to	fine-tune	its	

response	 to	 pH	 change.	 In	 particular,	maleamides	 are	 stable	 at	 neutral	 pH,	 but	

cleave	at	pH	3.5,44	which	increases	the	importance	of	using	a	buffered	or	alkaline	

medium	 for	 the	 acylation	 reaction.	 So	 far,	maleic,	 citraconic,	 cis-aconitic,	 2-(2’-

carboxyethyl)maleic	 and	 1-methyl-2-(2’-carboxyethyl)	 maleic	 anhydrides	 have	

been	 compared.9		While	 all	 five	 anhydrides	 show	pH-sensibility	 to	 some	 extent,	

the	 last	 three	compounds	possess	an	extra	 carboxylic	acid	 function	 that	 is	very	

useful	to	link	another	reactive	group	like	an	amine.	They	are	therefore	interesting	

linkers	for	polymodal	drug	delivery	systems	or	modified	polymers.	

	

Scheme	8:	hydrolysis	of	maleamides	at	acidic	pH44	

	

Maleic	 and	 cis-aconitic	 anhydrides	 have	 been	 used	 as	 pH-sensitive	 linkers	 to	

functionalize	glass	surfaces	for	repairing	bone	defects.45	In	that	study,	efficiency	

of	 the	 drug-releasing	 biomaterial	 was	 determined	 by	 using	 cysteamine	 and	 5-

aminofluorescein	 as	 probes.	 Conjugation	of	 anhydrides	 to	 the	 glass	 surface	has	

been	 detected	 by	 Raman	 spectroscopy.	 Using	 this	 technique	 it	 is	 possible	 to	

distinguish	the	compounds	from	each	other	by	observing	the	characteristic	bands	

for	this	 family	of	compounds:	at	≈1850	cm-1	are	the	stretching	vibrations	of	the	

carbonyl	 groups	 in	 the	 cyclic	 state,	 this	 distinctive	 band	 is	 no	 longer	 observed	

when	the	anhydride	has	reacted	and	the	ring	has	opened;	instead,	bands	at	1650	
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and	 1600	 cm-1	 are	 found	 for	 the	 carbonyl	 group	 stretching	 vibrations	 of,	

respectively,	 the	 carboxylic	 acid	 and	 amide.	 In	 this	work,	 a	 total	 release	 of	 the	

amine	was	observed	at	pH	4.5,	while	a	slow	release	could	be	detected	at	pH	7.4,	

opening	the	way	to	smart	materials	able	to	release	doxorubicin	for	the	therapy	of	

osteosarcoma.		

Polylysine	 polymers	 could	 also	 benefit	 from	protection	 by	maleic	 anhydride	 to	

obtain	a	charge	reversal.46	In	that	case,	side	amines	were	selectively	deprotected	

at	pH	6.5,	leading	to	the	cell	internalization	in	tumor	tissue	of	the	liposomes	they	

cover,	and	thus	the	selective	liberation	of	some	active	NO	by	a	donor.	

Poly(vinyl	 alcohol)	 can	 be	 crosslinked	 by	 maleic	 anhydride	 to	 afford	 water-

insoluble	hydrogel	 films,	with	 the	 ability	 to	 change	 the	3-D	 structure	when	 the	

surrounding	pH	is	modified.47	The	most	dramatic	changes	occur	at	pH	range	2-7,	

and	 permeability	 of	 the	 gel	 to	 hydrophilic	molecules	 such	 as	 glucose	 increases	

concomitantly.	

	

8-2-Fumaric	acid	toward	maleamic	acid	

Isomerisation	of	fumaramic	acid	derivatives	to	maleamic	acid	ones	can	be	easily	

achieved	by	UV	irradiation.48	Fumaric	acid,	the	trans	isomer	of	maleic	acid,	forms	

amides	that	are	not	pH-sensitive,	because	the	α,β-unsaturated	carboxylate	in	this	

case	is	not	able	to	attack	the	amide	due	to	the	blocked	configuration.	The	amide	is	

then	 “locked”	 and	 stable	 at	 the	 physiological	 range	 of	 pH.	 After	

photoisomerisation	at	365	nm,	however,	maleamic	acid	derivatives	are	obtained,	

and	 the	 resulting	adduct	 is	 “unlocked”	and	 the	amine	can	be	delivered	again	at	

low	pH.	This	cis-trans	 isomerization	is	irreversible;	the	two	species	do	not	seem	

to	reach	equilibrium	during	exposition	at	365	nm.	The	kinetics	of	the	reaction	is	
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of	first	order	and	is	faster	at	pH	3	than	at	pH	7.4	for	fumaramic	acid,	but	can	be	

accelerated	and	shifted	to	higher	pH	(up	to	4.5)	when	bulky	substituents	on	C-3	

are	present,	such	as	phenyl	groups.	A	drug	containing	an	amino	group	can	thus	be	

effectively	 uncaged	 in	 two	 steps,	 first	 by	 irradiation,	 then	 by	 exposition	 to	 a	

relatively	low	pH.		

	

8-3-	The	formation	of	maleimides	and	their	interest	

Reaction	 of	 maleic	 anhydride	 with	 ammonia	 and	 primary	 amines	 can	 lead	 to	

maleimides,	 which	 are	 widely	 used	 for	 Michael	 addition	 of	 thiols	 or	 other	

nucleophiles	onto	the	double	bond.	In	principle,	maleic	anhydride	can	also	act	as	

substrate	for	this	type	of	addition.49	

	

8-4-Maleic	anhydride-derived	copolymers	

Another	 important	 characteristic	 of	maleic	 anhydride	 and	 its	 derivatives	 is	 the	

reactivity	of	the	double	bond,	which	easily	leads	to	copolymerization.	Copolymers	

able	to	link	amines	in	a	pH-dependent	way	are	thus	conveniently	prepared.		

In	 this	 context,	 low	 molecular	 weight	 (Mw,	 5500	 Da)	 poly(styrene-alt-maleic	

anhydride)	 (Figure	 2)	 has	 been	 extensively	 studied	 as	 promising	 intracellular	

delivery	 carrier	 (such	 copolymers	 are	 often	 indicated	 under	 the	 generic	 PSMA	

acronym,	 for	 the	 random	 and	 alternate	 forms).50	The	 main	 advantage	 of	 this	

polymer	is	its	easy,	metal	free	synthesis,	which	is	also	cost	effective	and	suitable	

to	 large-scale	 manufacturing.	 Moreover,	 additional	 advantages	 are	 1)	 the	 easy	

derivatization	of	 the	 anhydride	blocks,	 2)	 its	 good	 solubility	 in	 slightly	 alkaline	

solution,	that	may	accelerate	its	elimination	from	the	body	and	3)	its	amphiphilic	

character,	 with	 the	 aromatic	 moiety	 that	 can	 interconnect	 with	 hydrophobic	
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compounds	 via	 π-stacking	 interactions.	 In	 addition	 with	 their	 ability	 to	 self-

assemble,	 these	 numerous	 advantages	 make	 polystyrene-maleic	 anhydride	

copolymers	 a	material	 of	 choice	 for	 the	 formulation	 of	 surfactant-free	micelles.	

Those	are	often	as	dual	responsive	systems	in	which	co-delivery	of	a	hydrophobic	

drug	and	a	second	therapeutic	element,	such	as	siRNA,	is	made	possible	by	both	

the	hydrophobic	interactions	and	the	pH-responsive	binding	with	the	anhydride	

moiety.	 	To	bind	an	active	substance	 to	a	supramolecular	drug	delivery	system,	

nanoparticles	based	on	poly(styrene-co-maleic	anhydride)	have	for	example	been	

used	to	release	paclitaxel	at	low	pH.51	This	time,	maleic	anhydride	forms	an	ester	

bond	 with	 paclitaxel	 using	 EDCI	 after	 anhydride	 hydrolysis,	 and	 the	 resulting	

conjugate	 shows	 a	 pH-sensitive	 behavior	 and	 sustained	 release	 over	 12	 days.	

Poly(styrene-co-maleic	 anhydride)	 has	 also	 been	 used	 to	 link	 multicolored	

polymeric	dots	to	antibodies	 for	a	specific	subcellular	 labeling,52	and	to	prepare	

dye-doped	nanoparticles	for	bioimaging.53		

Styrene	 and	 maleic	 anhydride	 were	 also	 at	 the	 core	 of	 polyampholites	 or	

dendrimers	 in	 which	 they	 were	 linked	 to	 80%	 butylamide	 terminated	

poly(amidoamine)	 and	 which	 behaved	 as	 protein	 mimics. 54 	Another	 useful	

application	 of	 this	 type	 of	 polymer	 is	 found	 in	 analytical	 chemistry,	 giving	 a	

method	 of	 microextraction	 and	 preconcentration	 of	 analytes	 prior	 to	 their	

analysis	by	HPLC.55	
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Figure	2:	maleic	anhydride-based	copolymers.	

	
Poly(styrene-co-maleic	 anhydride-acrylic	 acid)	 (Figure	 2)	 has	 been	 used	 to	

prepare	 porous	 membranes	 that	 can	 bind	 to	 an	 enzyme	 and	 act	 as	 enzyme	

reactor.56	A	copolymer	with	pluronic	 (also	known	as	poloxamers,	 triblock	PEO–

PPO–PEO	 copolymers	 of	 hydrophilic	 poly(ethylene	 oxide)	 (PEO)	 and	

hydrophobic	 poly(propylene	 oxide	 (PPO))	 has	 been	 synthetized	 and	

characterized	 to	 obtain	 temperature-sensitive	 hydrogels. 57 	PSMA	 copolymer	

could	 also	 be	 blended	 with	 polyethersulfone	 to	 prepare	 hollow	 fiber	

membranes.58	The	 same	 concept	 was	 used	 with	 a	 poly(acrylonitrile-co-maleic	

anhydride)59	and	 poly(methylmethacrylate-co-maleic	 anhydride).60	Polystyrene	

and	 4-tert-butylstyrene	 alternating	 polymers	 with	 maleic	 anhydride	 were	

conjugated	 with	 methoxy	 polyethyleneglycol	 of	 different	 molecular	 weight,	

resulting	 in	 amphiphilic	 copolymers	 that	 exhibit	 lower	 critical	 solution	

temperatures,	 sensitive	 to	 pH	 and	 salinity	 variations	 and	 to	 the	 presence	 of	

hydrophobic	 or	 hydrogen-bonding	 interactions.61	The	 use	 of	maleic	 anhydride-

alt-methyl	 vinyl	 ether	 (MAMVE)	 copolymer	 has	 been	 described	 for	 grafting	

proteins	bearing	a	lysine	tag.62	Divinylether	and	maleic	anhydride	copolymer	was	

also	studied	for	bioconjugation	of	tumor	necrosis	factor-α.	63	
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In	 addition,	 a	 new	 copolymer	 composed	 by	 maleic	 anhydride	 and	 3,9-divinyl-

2,4,8,10-tetraoxaspiro(5.5)undecane	was	used	 as	 a	 drug	 carrier	 system.	 Part	 of	

the	 maleic	 anhydride	 groups	 were	 linked	 to	 erythritol,	 used	 both	 as	 a	

multifunction	building	block	and	for	its	antioxidant	properties.64	

	

In	carbohydrates,	modification	of	curdlan	with	maleic	anhydride	was	performed	

to	 make	 this	 polymer	 pH-sensitive	 and	 to	 exploit	 maleimide	 double	 bond	 for	

polymerization	with	N-isopropylacrylamide.65	The	resulting	material	was	used	to	

form	 microparticles	 displaying	 a	 temperature-	 and	 pH-sensitive	 behavior.	

Chitosan-maleic	 anhydride	 copolymers	 have	 also	 been	 studied.	 Comb-shaped	

copolymers	containing	also	polyethylene	glycol	were	used	to	release	coenzyme	A	

in	a	controlled	manner.66		

Maleic	and	succinic	anhydrides	have	been	used	to	functionalize	several	polymers	

in	 order	 to	 form	 hydrogels.	 For	 example,	 a	 chitosan-based	 copolymer	 was	

modified	 using	 dimethylmaleic	 anhydride	 as	 a	 crosslinker	 for	 conjugation	 of	

doxorubicin	and	its	controlled	release	at	mildly	acidic	pH.	67	Another	example	 is	

the	 derivatization	 of	 inulin 68 	to	 produce	 a	 pH-sensitive	 hydrogel	 after	 UV	

irradiation,	which	was	 stable	 at	 gastric	 pH	but	 could	be	degraded	 in	 the	 colon.	

Interestingly,	inulin	and	succinic	anhydride	were	also	used	to	link	to	vitamin	E.69		

Another	 hydrogel	 composed	 by	 dextran-maleic	 anhydride	 and	 N-

isopropylarylamide	was	 formed	 in	 a	 DMF/water	mixture.	 The	 ratio	 of	 the	 two	

solvents	has	an	influence	on	this	porous	network	system,	on	the	temperature	and	

pH-response	and	on	the	swelling	behavior.70	
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More	 recently,	 the	 use	 of	 hydrogels	 based	 on	 poly(glycidyl	 methacrylate-co-

maleic	 anhydride)	 has	 been	 reported	 as	 a	 pH-sensitive	 swelling	 drug	 delivery	

system,	in	this	case	cefotaxime	was	used	as	model	drug.71	

A	 combined	 chemo	 and	 phototherapy	was	 achieved	with	 systems	 composed	 of	

both	 PEG-PLL-(-g-Ce6)	 and	 PEG-PLL-(g-DMA)-PLA 72 	(a	 dimethylmaleic	

anhydride	copolymer)	and	with	gold	nanoclusters.73	These	particles	delivered	at	

the	same	time	photosensitizer	chlorin	e6	(Ce6)	and	doxorubicin.	

Attractively,	 cyclodextrins	 (CD)	 could	 also	 be	modified	 by	maleic	 anhydride	 to	

form	 a	 copolymer	with	N-isopropylacrylamide74	by	 radical	 polymerization.	 The	

resulting	 hydrogel	 is	 both	 pH-	 and	 temperature-sensitive.	 This	 system	 was	

effective	in	the	controlled	release	of	naproxen	in	simulated	stomach	conditions.75	

In	 another	 example,76	CD	 modified	 with	 maleic	 anhydride	 copolymerized	 with	

acrylic	acid,	leading	to	the	formation	of	a	hydrogel	with	an	inclusion	potential	and	

a	pH-sensitivity.	

	

9- Citraconic	anhydride	

2-methylmaleic	 anhydride,	 most	 commonly	 known	 as	 citraconic	 anhydride,	

shows	 a	 higher	 sensibility	 to	 pH	 than	 maleic	 anhydride,	 its	 amide	 derivatives	

being	already	hydrolyzed	at	pH	3-4.	 It	 is	often	used	 for	 the	protection	of	amine	

groups	during	derivatization	of	proteins	with	other	reagents.	The	main	drawback	

is	its	toxicity.1		

An	aspect	which	 is	often	underestimated	with	 this	anhydride	 is	 the	 fact	 that	 its	

reaction	 with	 an	 amine	 can	 lead	 to	 two	 regioisomers	 that	 may	 have	 different	

hydrolysis	 profiles,77,78	without	 the	 possibility	 of	 controlling	 the	 selectivity.	 In	

reality,	 α-CH3	 isomer	 is	 the	 thermodynamic	 product,	 favored	 at	 high	



	 24	

temperatures	and	long	reaction	times,	while	β-CH3	is	the	kinetic	product,	favored	

by	 low	 temperatures,	but	 isomerizing	 to	 the	α-CH3	when	 the	 temperature	 rises	

(Scheme	 9).	 More	 tellingly,	 studies	 of	 the	 addition	 of	 n-butyl	 amine	 with	

citraconic	anhydride	at	different	temperatures	(0°C,	15°C	and	30°C)	showed	that	

a	complete	conversion	is	reached	within	10	min	at	every	temperature,	yielding	a	

majority	 of	 the	 kinetic	 product	 (58-69%)	 regardless	 of	 the	 temperature.	 This	

percentage	 lowers	 after	 48h	 and	 becomes	 very	 slow	 at	 0°C,	where	 64%	of	 the	

resulting	product	is	still	the	β-CH3	isomer,	but	dramatically	decreases	at	15	and	

30°C,	 where	 only	 20%	 and	 7%	 of	 the	 kinetic	 adduct	 are	 respectively	 detected	

after	48h.	No	Michael	addition	side-products	were	found	in	the	crude	mixture.79		

	

Scheme	9:	the	two	amides	obtained	when	opening	citraconic	anhydride	ring	
with	a	primary	amine.77,78	

	

When	 citraconic	 anhydride	 is	 added	 to	 a	 positively	 charged	 polymer	 such	 as	

poly(2-(3-aminopropyl-N,N-dimethylammonium)	 ethyl	 methacrylate),	 the	

resulting	material	 is	 zwitterionic	 at	 pH	7.4,	 granting	 a	 good	biocompatility	 and	

low	 hemotoxicity,	 but	 a	 lower	 pH	 reverses	 its	 overall	 charge	 to	 positive.	 The	

switch	 increases	 the	 capability	 of	 the	 polymer	 to	 bind	 to	 bacteria	 and	 thus	 to	

inhibit	their	growth,	particularly	in	the	case	of	Escherichia	coli	and	Staphylococcus	

aureus.80	Another	 application	 is	 the	 pH-sensitive	 coating	 on	quantum	dots	with	

charge	reversal81	and	in	a	PEI	siRNA	vector,82	as	well	as	in	a	PEG	nanoparticle.83		
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A	nanomicelle	based	on	chitosan,	citraconic	anhydride	and	quercetin	showed	P-

gp	 inhibition	 and	 pH	 responsiveness.84	Another	 example	 of	 a	 nanogel	 in	which	

chitosan	 and	 citraconic	 anhydride-modified	 chitosan	 were	 chosen	 as	

polyelectrolytes	 of	 opposite	 charges	 and	 of	 different	 sizes	 has	 been	

reported. 85 Polyamidoamine	 dendrimers	 have	 also	 been	 functionalized	 by	

citraconic	 anhydride, 86 	as	 well	 as	 polymeric	 nanoparticles	 based	 on	

poly(allylamine)-citraconic	anhydride-doxorubicin	which	were	used	as	models	of	

release	at	lower	pH.87		

Caged	 phospholipids	 have	 been	 prepared	 by	 N-acylation	 of	 phosphatidylserine	

and	phosphatidylethanolamine	with	maleic,	 citraconic,	 dimethylmaleic,	 phthalic	

and	 3,4,5,6-tetrahydrophthalic	 anhydrides.88	The	 compounds	 that	 proved	 to	 be	

more	 sensitive	 to	 pH	 variations	 were	 citraconic	 derivatives,	 especially	 for	 the	

dioleoyl	 lipids:	 in	 that	case,	after	 incubation	at	pH	between	5.5	and	6.5,	50%	of	

hydrolysis	 were	 observed	 within	 60	 min,	 with	 phosphatidylethanolamine	

derivative	being	more	stable	than	its	serine	analogue	(110	min	half-life	versus	85	

min	 respectively).	 Phthalic	 and	 maleic	 anhydride	 derivatives	 did	 not	 show	

significant	 cleavage	 at	 pH	 5.5-8,	 and	 tetrahydrophthalic	 and	 dimethylmaleic	

anhydride	derivatives	were	not	isolated,	as	result	of	their	strong	instability	even	

at	 pH	 7.4.	 Caged	 lipids	 are	 interesting	 for	 their	 use	 as	 probes	 in	 the	 study	 of	

transmembrane	 phenomena	 like	 aminophospholipid	 transport,	 protein-lipid	

interactions	and	membrane	fusion.89	

Finally,	citraconic	and	dimethylmaleic	anhydrides	were	used	to	modify	collagen,	

conferring	 an	 increased	 thermal	 stability	 and	 improved	 adhesion	 to	 tissues,	

giving	 the	 opportunity	 to	 use	 these	 adducts	 as	 wound	 dressings	 in	 tissue	

engineering.90	
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10- Dimethylmaleic	anhydride	(DMMA	or	DMA)	

With	its	double	substitution	at	the	double	bond,	dimethyl	maleic	anhydride	does	

not	display	regioselectivity	issues,	but	a	reaction	with	an	amine	usually	results	in	

a	mixture	of	maleamic	acid	and	maleimide.	In	the	latter	case,	the	cyclisation	may	

be	due	to	the	steric	hindrance	and	the	mutual	repulsion	of	the	two	methyl	groups.	

The	tendency	to	cyclization	is	a	serious	obstacle	for	purification	of	the	maleamic	

acid.91,92	A	 systematic	 study	 of	 the	 reaction	 between	 dimethylmaleic	 anhydride	

and	 n-butylamine	 with	 different	 parameters	 such	 as	 solvents,	 catalyst	 and	

temperature	 showed	 that	 maleamic	 acid	 is	 favored	 in	 polar	 solvents,	 likewise	

DMF,	more	basic	catalysts,	as	TEA,	and	low	temperature	(0°C).	The	molar	ratio	of	

TEA/anhydride	has	to	be	2	or	more	in	order	to	have	a	100%	conversion	in	4h.79		

Various	smart	delivery	systems	based	on	the	lability	of	the	amide	at	tumoral	pH	

have	been	developed.93	Thus,	micelles	based	on	self-assembly	of	poly(lysine-co-

N,N-bis(acryloyl)	cystamine-co-dimethylmaleic	anhydride	have	been	prepared.94	

Their	 surface	 has	 an	 overall	 negative	 charge	 under	 physiological	 pH,	 and	

undergoes	 a	 charge	 switch	 to	 positive	 values	 when	 exposed	 to	 the	 tumor	

environment.	After	internalization	into	the	cell,	endosomal	escape	is	facilitated	by	

a	proton-sponge	effect,	and	delivery	of	the	cargo	is	triggered	by	reduction	of	the	

disulfide	bridges	of	the	polymer	chains.	

Methoxy	 poly(ethylene	 glycol)-block-poly(L-lysine)	was	modified	with	 different	

anhydrides	to	modulate	its	response	to	pH	variations	in	micellar	formulations.95	

The	anhydrides	used	were	succinic,	cis-cyclohexene-1,2-dicarboxylic,	cis-aconitic,	

and,	 more	 importantly,	 dimethylmaleic	 anhydride.	 Gradient	 pH	 sensitivity	 was	

greater	for	dimethylmaleic	anhydride	and	lesser	for	succinic	anhydride.	
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2,3-dimethylmaleic	 anhydride	was	 used	 as	 linker	 to	 a	 cell	 penetrating	 peptide-

based	nanoparticle.96	A	tat	peptide	enriched	with	two	lysine	residues	was	linked	

to	the	anhydride,	blocking	its	entry	into	cells	by	masking	the	positive	charges.	At	

acidic	 pH,	 charge	 reversal	 could	 enhance	 cell	 penetration	 and	 release	 of	 the	

cargo.	 The	 same	 strategy	was	 used	 for	 chitosan,97	and	modified	 chitosan	 could	

also	be	used	as	coating	to	graphene	oxide	nanoparticles.98		

DMMA	 was	 also	 used	 to	 functionalize	 a	 poly(2-diisopropylaminoethyl	

methacrylate)-block-poly(2-aminomethyl	 hydrochloride)	 to	 form	 nanomicelles	

with	 dual	 pH-sensitivity.99 	In	 addition,	 polyethyleneimine	 was	 coupled	 with	

dimethylmaleic	anhydride	 to	obtain	a	 zwitterionic	polymer	at	physiological	pH,	

thus	 avoiding	 cytotoxicity,	 which	 is	 normally	 due	 to	 the	 positive	 charge.100	A	

similar	 strategy	 was	 reported	 by	 protecting	 polylysine	 with	 dimethylmaleic	

anhydride.101	Interestingly,	 poly(vinylpyrrolidone-co-dimethylmaleic	 anhydride)	

was	developed	 to	 link	 adriamycine	 at	pH	8.5	 then	 release	 it	 gradually	 at	 lower	

pH,	such	as	7.0	and	6.0.	102	

	

11- Cis-aconitic	anhydride	

The	 pH	 sensitivity	 of	 cis-aconitic	 anhydride	 renders	 this	 compound	 especially	

useful	 as	 a	 cleavable	 ligand	 for	 passive	 targeting	 purposes,	 and,	 more	

importantly,	 it	 is	 the	 simplest	 anhydride	 bearing	 an	 extra	 carboxylate	 function	

that	 can	 be	 used	 to	 anchor	 amines	 and	 keep	 the	 anhydride	 group	 free.	 On	 the	

other	hand,	side-reactions	are	often	observed	during	amide	 formation	with	 this	

anhydride,	 principally	 by	 formation	 of	 allyl-shifted	 isomers	 or	 itaconic	 acid	

derivatives	(Scheme	10).103	These	side-products	do	not	show	any	pH-sensitivity,	

thus	 homologous	 carboxylated	 anhydrides	 i.e.	 with	 one	 or	 two	 additional	
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methylene	link(s)	 in	the	side	chain	(like	2-(2’-carboxyethyl)maleic	anhydride	or	

1-methyl-2-(2’-carboxyethyl)	 maleic	 anhydride,	 Figure	 1)	 are	 currently	

preferred.	

	

Scheme	10:	formation	of	allyl-shifted	isomers	or	itaconic	acid	derivatives	when	
opening	cis-aconitic	anhydride	with	a	primary	amine.103	

Numerous	 examples	 of	 use	 of	 cis-aconitic	 anhydride	 are	 nonetheless	 reported.	

The	 first	 report	 of	 the	 use	 of	 this	 anhydride	 to	 build	 a	 linker	 between	 an	

anthracycline,	 like	 daunomycin,	 and	 a	 macromolecule	 has	 been	 published	 by	

Shen	 et	al.104	and	 is	 still	 the	method	 of	 choice	 for	 this	 type	 of	 coupling.	 In	 this	

case,	 the	 amino	 group	 of	 the	 drug	 reacts	 with	 the	 anhydride,	 then	 one	 of	 the	

available	carboxylic	groups	can	react	with	the	macromolecule	with	the	help	of	a	

coupling	 agent,	 like	 a	 carbodiimide.	 Further	 studies	 showed	 that	 the	 reaction	

between	 cis-aconitic	 anhydride	 and	 daunomycin	 yielded	 both	E	 and	Z	 isomers,	

which	 are	 easily	 assigned	 by	 1H-NMR	 and	 HPLC.105	The	 two	 isomers	 differ	 in	

stability	 at	 low	pH,	 the	Z	 compound	 releasing	 the	 drug	much	 faster	 than	 the	E	

counterpart.	
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Human	serum	albumin	linked	to	cis-aconitic	anhydride	was	coupled	to	liposomes	

to	give	a	targeting	effect	 toward	hepatic	endothelial	cells.106	Another	example	 is	

the	binding	of	doxorubicin	 to	bovine	serum	albumin	 (BSA)	bearing	 folate	as	an	

active	targeting	moiety	 for	cancer	cells.107	The	same	anhydride	was	successfully	

used	 to	 link	 curcumin	 to	 pluronic	 F68	 micelles.108	It	 was	 also	 used	 to	 link	

doxorubicin	 to	 target	 alpha-fetoprotein	 receptor 109 	and	 to	 chitosan	

nanoparticles,110	as	well	as	to	PEI	nanoparticles	for	the	codelivery	of	siRNA,111	or	

even	 for	 the	 formation	 of	 multilayer	 films	 with	 oxidized	 alginate	 as	 a	 non-

vascular	stent	coating	to	ensure	bactericidal	and	long-term	release	properties.112	

A	 magnetic	 version	 of	 chitosan	 nanoparticles	 was	 also	 studied.113	Finally,	 cis-

aconitic	 anhydride	 was	 also	 used	 for	 the	 ligation	 of	 antibodies	 to	 gold	

nanoparticles114	or	to	cytotoxic	drugs,	such	as	doxorubicin.115	

	

Protection	of	amine	groups	by	cis-aconitic	anhydride	in	peptides,	for	example	by	

reaction	of	the	ε-NH2	in	lysine,	leads	to	a	greater	hydrophilicity	at	pH	7.4,	which	

turns	to	a	greater	hydrophobicity	at	pH	6.5,	and	thus	to	a	valuable	peptide	self-

assembly	in	that	case.116	Poly(aspartate-diethanolamine)	was	also	functionalized	

with	 both	 succinic	 and	 cis-aconitic	 anhydrides	 to	 get	 a	 finely	 tuned	 charge-

conversion	at	lower	pH.117		

Photosensitizer	 chlorin	 e6	 was	 encapsulated	 into	 theranostic	 nanoparticles	

composed	 by	 D-α-tocopheryl	 polyethylene	 glycol	 1000	 succinate	 linked	 to	 cis-

aconitic	 anhydride	 modified	 doxorubicin.118	Advantageously,	 these	 bifunctional	

nanoparticles	allowed	chemo-	and	photodynamic	therapy	simultaneously.		

Reversible	PEGylation	is	a	way	to	ensure	prolonged	circulation	time	of	a	drug	in	

the	blood	and	greater	accumulation	in	tumor	tissue.	Doxorubicin	could	be	linked	
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to	PEG	by	succinic	anhydride	(to	have	a	stable	micelle	at	any	pH	value)	or	here	

also	 by	 cis-aconitic	 anhydride,	 endowing	 pH-sensitivity.	 The	 latter	 micelle	

displays	 the	 desired	 behavior	 of	 being	 stable	 at	 pH	 7.4,	 while	 dissociating	 at	

lower	pH	starting	from	6.8	and	completely	at	pH	5.5,	with	a	successful	release	of	

the	anticancer	drug.119	In	parallel,	micelles	of	a	di-block	copolymer	composed	of	

PEG	 and	 poly(lactic	 acid)	 with	 hydrazone	 and	 a	 cis-aconityl	 bond	 with	 the	

doxorubicin	 were	 compared	 as	 pH-sensitive	 systems.120	While	 the	 cis-aconityl	

bond	seemed	more	effective	in	terms	of	speed	of	release	of	doxorubicin	at	pH	3	

and	stability	at	pH	7	than	the	hydrazone	bond,	according	to	the	authors,	the	drug	

did	not	seem	to	be	fully	released	in	its	intact	form.	

In	PEGylated	polyamidoamine	dendrimers,	linkage	of	doxorubicin	by	cis-aconitic	

anhydride	provided	better	release	of	the	drug	in	tumor	tissues	and	an	increased	

activity,	even	if	dendrimers	bearing	a	succinic	anhydride	linker	accumulate	even	

more	into	the	tumor.121		

Adriamycin	previously	 linked	 to	cis-aconitic	 anhydride	was	 conjugated	 to	N-(2-

hydroxypropyl)methacrylamide	copolymer	via	EDCI	as	a	coupling	reagent.	Drug	

released	 after	 48h	 incubation	 at	 pH	 5,	 6	 and	 7	was	 estimated	 as	 63.4,	 9.2	 and	

2.8%	respectively.	In	vitro,	release	in	pre-lysosome	and	lysosome	was	faster	than	

with	an	enzyme-sensitive	conjugate	specific	for	lysosome	enzymes.122	

	

12- 2-propionic-3-methylmaleic	 anhydride	 or	 carboxylate-dimethylmaleic	

anhydride	(CDA)	

In	 comparison	 with	 cis-aconitic	 anhydride,	 2-propionic-3-methylmaleic	

anhydride	amides	degrade	faster	at	pH	5.5,	and	do	not	show	side-reactions	when	

they	react	with	amines.	Thus,	 this	anhydride	has	rapidly	become	the	most	used	
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anhydride	 in	the	 field	of	smart	delivery	systems,	and	has	been	chosen	for	some	

examples	of	charge-reversal.123		

A	 carrier	 composed	 of	 β-cyclodextrin	 coupled	 to	 1-methyl-2-(2’-

carboxyethyl)maleic	anhydrides	was	described.124	Anhydrides	were	linked	to	the	

outer	primary	hydroxyl	groups,	while	the	inner	part	of	the	CD	was	used	to	form	

host-guest	interactions	with	hydrophobic	molecules.		

A	 nanoparticular	 system	 called	 iCluster125 	prepared	 by	 assembling	 platinum	

prodrug-conjugated	 poly(amidoamine)-graft-PCL	 and	 PEG-b-PCL,	 is	 effective	 in	

tumor	targeting	due	to	its	reduced	size:	in	blood	circulation,	the	nanoparticle	has	

a	diameter	of	100nm,	which	is	ideal	for	long	circulation	times	and	extravasation	

by	 enhanced	 permeability	 and	 retention	 (EPR)	 effect.	 Once	 in	 the	 tumor	

environment,	 the	 amide	 bond	 is	 cleaved,	 releasing	 a	 5nm	 Pt-coupled	

nanoparticle,	which	penetrates	more	easily	in	poorly	accessible	tumor	interstices.	

This	system	proved	to	be	very	effective	in	pancreatic	cancer	treatment.	

Carboxylate	dimethylmaleic	anhydride	was	used	to	functionalize	silica	in	order	to	

obtain	 an	 amine-selective	 affinity	 resin,	 which	 can	 selectively	 bind	 to	 amine-

bearing	 molecules	 and	 easily	 release	 them	 from	 the	 support,	 providing	 an	

effective	separation	from	other	compounds.126		

With	the	same	anhydride,	crosslinkers	based	on	8-arm-PEG	chains	can	be	used	to	

bind	 protein	 particles.127	Disassembly	 at	 pH	 <	 6.5	 leads	 to	 the	 release	 of	 intact	

proteins,	which	keep	their	functionality,	as	shown	in	the	case	of	glucose	oxidase.	

Polymeric	particles	linking	siRNA	have	been	reported,	in	which	CDA	was	used	to	

link	polylysine	to	a	cyclooctyne	moiety	that	has	been	clicked	to	an	azide-modified	

RNA.128	
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Also,	 this	anhydride	has	been	used	to	create	a	water-soluble	solid	support	used	

for	synthesis	of	polysaccharides.129	While	the	supporting	polymer	is	insoluble	in	

water	when	the	anhydride	ring	is	closed,	it	becomes	soluble	as	soon	as	it	reacts	

with	 the	substrate	and	the	ring	opens.	During	 the	reaction	 it	 is	 thus	possible	 to	

have	the	advantageous	kinetics	of	homogeneous	phase	reactions,	while	a	simple	

pH	 modification	 can	 cleave	 the	 final	 product	 and	 separate	 it	 easily	 from	 the	

support.	The	same	anhydride	has	been	reported	in	the	formation	of	a	doxorubicin	

pro-drug	for	charge	reversal.130		

	

	

13- Bicyclic	anhydrides		

Bicyclic	 anhydrides	 are	 generally	 less	 used	 for	 bioconjugation	 purposes,	

nonetheless	 some	 interesting	 examples	 can	 be	 found	 in	 recent	 literature.	 We	

chose	to	discuss	in	detail	those	shown	in	Figure	3	as	they	are	the	most	significant	

ones	in	terms	of	application	in	this	field.		

	

Figure	3:	principal	bicyclic	anhydrides.	
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Apart	from	the	anhydrides	cited	in	Figure	3,	bicyclic	α,β-unsaturated	anhydrides	

are	 also	 known	 and	 can	 be	 used	 in	 further	 reactions.	 Their	 synthesis	 can	 be	

realized	by	Diels-Alder	cycloaddition	followed	by	reaction	with	acetic	anhydride	

(Scheme	 11).	 The	 anhydride	 obtained	 with	 cyclopentadiene	 can	 undergo	

ethylene	extrusion	at	110°C	by	Alder-Rickert	reaction.131	Polymers	from	bicyclic	

α,β-unsaturated	 anhydrides	 could	 be	 obtained	 by	 ring	 opening	 metathesis	

polymerization	(ROMP),	and	the	furan	ring	could	be	cleaved	by	FeCl3,	as	it	has	an	

allyl	ether	structure.132		

	

Scheme	11:	synthesis	of	bicyclic	α,β-unsaturated	anhydrides	by	Diels-Alder	
cycloaddition.132	

	

14- 1,2-cis-cyclohexanedicarboxylic	 anhydride	 (3,4,5,6-tetrahydrophthalic	

anhydride,	THPA)	

This	 hydrophobic	 anhydride	 has	 been	 used	 for	 the	 formation	 of	 pH-sensitive	

micelles	with	PEG,133	as	well	 as	 for	 functionalization	of	 silica	 shells	of	magnetic	

nanoparticles	 for	 the	 delivery	 of	 peptides.134 , 135 	Poly(glycerol	 methacrylate)	

could	 also	 be	 modified	 by	 both	 succinic	 and	 1,2-cyclohexanedicarboxylic	

anhydride,	 the	 latter	 showing	 a	 good	 response	 to	 pH	 variations.136 	3,4,5,6-

tetrahydrophthalic	 anhydride	 was	 coupled	 to	 polyamidoamine	 (PAMAM)	

dendrimers	 to	 get	 pH-sensitive	 nanoparticles,	 allowing	 the	 dissociation	 of	 the	
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particles	 and	 the	 subsequent	 release	 of	 all-trans	 retinoic	 acid	 selectively	 at	 pH	

6.0.137		

	

15- Phthalic	anhydride	

Phthalic	anhydride	is	commonly	used	as	a	starting	material	for	the	protection	of	

primary	 amines	 and	 the	 temporary	 N-phthalimide	 can	 be	 cleaved	 by	 many	

compounds	 like	 hydrazine,	 hydroxylamine	 or	 sodium	 borohydride138.	 Phthalic	

anhydride	 is	 also	 a	 starting	 compound	 for	 the	 synthesis	 of	Rhodamines,	 one	of	

the	most	used	families	of	dyes	in	chemical	biology.	Another	interesting	use	of	this	

anhydride	 is	 the	 modification	 of	 horseradish	 peroxidase,	 which	 led	 to	 the	

increase	 of	 its	 stability	 in	 some	 organic	 solvents	 (DMF,	 methanol,	 THF	 and	

acetonitrile)	without	dramatic	decrease	of	 its	 catalytic	 activity.139	It	 can	also	be	

used	in	the	formation	of	polymers.	It	has	a	 limited	use	as	linker	in	bioconjugate	

chemistry.		

	

16- Homophthalic	anhydride	

A	 very	 recent	 example	 of	 conjugation	 of	 homophthalic	 anhydride	 on	 imine-

modified	DNA	was	reported	by	Yuen	et	al.140	The	aim	of	their	work	was	to	obtain	

isoquinolone-modified	 DNA	 that	 still	 beared	 a	 carboxylic	 moiety	 able	 to	 link	

different	 amines.	 Further	 functionalization	 by	 benzylamine,	 aniline,	 butylamine	

and	piperidine	afforded	 the	corresponding	amides	 in	45-85%	yields,	allowing	a	

simple	preparation	of	DNA	libraries.		

	

17- Isatoic	anhydrides	
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Ring-fused	 oxazine-2,4-diones	 are	 of	 interest	 for	 synthetic	 purposes, 141 	but	

recently,	 so-called	 isatoic	 anhydrides	 have	 also	 been	 used	 as	 tools	 for	

bioconjugation.	Their	water-solubility	and	 the	 intrinsic	 chromophore	absorbing	

at	 wavelengths	 outside	 the	 biological	 window,	 thus	 facilitating	 their	

quantification,	render	them	particularly	suitable	for	this	type	of	chemistry.142	One	

of	the	first	platforms	was	constituted	by	N-(N,N-dimethylaminoethylene)	 isatoic	

anhydride	 (DMIA),	which	possesses	 the	advantages	 listed	above,	 combining	 the	

electrophilic	 reactivity	 of	 the	 anhydride	with	 the	 nucleophilicity	 of	 the	 tertiary	

amine	on	the	side	chain.	This	last	functional	group	has	a	limited	reactivity,	so	to	

broaden	the	scope	of	 the	 ligation,	other	derivatives	with	a	halide,	 such	as	N-(3-

iodopropyl)isatoic	anhydride	(IPIA),	have	been	developed	and	successfully	used	

for	 ligation	with	 lysine	 side	 chains	 of	BSA	with	 a	 controlled	degree	 of	 labeling,	

and	 further	 for	 binding	 RNA	 for	 selective	 2’-hydroxyl	 acylation	 analyzed	 by	

primer	extension.	A	green	synthesis	of	this	type	of	anhydrides	is	also	available.143		

	

18- Trimellitic	anhydride	

Trimellitic	 anhydride	 is	 a	 tricarboxylic	 anhydride	 that	 can	 be	 used	 to	 obtain	

polymers	 with	 low	 coefficients	 of	 thermal	 expansion	 and	 low	 water	

absorption.144	Its	use	is	limited	in	bioconjugation	applications.	

	

19- Pyromellitic	dianhydride	

Pyromellitic	 anhydride	 (PMDA)	 is	 a	 double	 anhydride,	 mostly	 used	 in	 the	

synthesis	 of	 polymers	 such	 as	Kapton,	 a	 polyimide	with	 a	wide	 stability	 range.	

Due	 to	 its	rigidity,	 this	 linker	 is	suitable	 for	 the	construction	of	 two-	and	 three-

dimensional	scaffolds.	Covalent	organic	frameworks	of	macromolecules	could	be	
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organized	 in	 the	 form	 of	 ribbons	 and	 reticulated	 in	 2D	 structures	 with	 this	

molecule. 145 	The	 use	 of	 pyromellitic	 anhydride	 was	 also	 reported	 in	 the	

assemblage	 of	 β-cyclodextrins-based	 nanosponges	 for	 nitric	 oxide	 delivery.146	

Pyromellitic	anhydride	can	also	give	dynamic	covalent	bonds	in	polyesters.147	

	

Conclusion		

This	 overview	 of	 the	 principal	 cyclic	 anhydrides	 used	 in	 bioconjugation	 shows	

the	 numerous	 advantages	 of	 using	 this	 class	 of	 compounds	 in	 a	 large	 scope	 of	

applications.	A	good	number	of	 synthetic	 strategies	are	now	available	 to	obtain	

these	 compounds	 easily	 and	 in	bulk	 scale,	most	 of	 them	are	 thus	 commercially	

available	 at	 low	 costs.	 Their	 use	 in	 synthesis,	 bioconjugate	 chemistry	 and	

chemical	 biology	 is	 simple	 and	 requires	 fewer	 activators	 than	 their	 diacid	

counterparts.	 Most	 importantly,	 their	 use	 is	 not	 limited	 to	 the	 crosslinking	

between	 two	 molecules,	 thus	 cyclic	 anhydrides	 are	 also	 valuable	 protecting	

groups	for	amines.	In	addition,	in	large	macromolecules	or	nanoparticles	they	can	

be	used	for	charge	reversal,	allowing	their	behavior	to	be	tuned	to	entity	to	which	

they	are	 targeted	according	 to	 the	pH	of	 the	milieu.	Last	but	not	 least,	many	of	

these	anhydrides	and	mostly	their	amide/imide	derivatives	are	pH-sensitive,	and	

the	 range	 of	 pH	 is	 principally	 dependent	 on	 the	 substituents	 on	 the	 ring.	 This	

paves	the	way	to	smart	delivery	systems	able	to	target	low	pH	tissues	selectively.	

Truly,	cyclic	anhydrides	are	compounds	of	choice	in	bioconjugation.		
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