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Abstract:	 In	 this	 work,	 the	 characterization	 and	 drug	 release	 behavior	 of	 5‐
fluorouracil‐loaded	 glutaraldehyde‐crosslinked	 chitosan	 hydrogels	 have	 been	
studied.	 The	 structure	 of	 the	 hydrogels	 were	 investigated	 by	 Fourier	 transform	
infrared	spectroscopy,	differential	scanning	calorimetry,	and	X‐ray	diffraction,	also	
their	properties	were	 compared	with	 those	of	 the	drug‐unloaded	hydrogels.	The	
equilibrium	swelling	studies	and	drug	release	profiles	were	determined	at	37°C	in	
two	 different	 pHs	 (2.1	 and	 7.4).	 The	 results	 indicated	 that	 increased	 chitosan	
concentration	in	the	hydrogel	decreased	the	swelling	and	drug	release	values	and	
the	 hydrogels	 released	 nearly	 the	 same	 amount	 of	 5‐fluorouracil	 in	 both	 acidic	
(~59%)	and	basic	medium	(~50%).	

	 	
	 	
5‐Florourasil	Yüklü	Glutaraldehit	ile	Çapraz	Bağlanmış	Kitosan	Hidrojellerin	Sentezi	ve	

Karakterizasyonu	
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5‐Florourasil	
	

Özet:	Bu	çalışmada,	5‐florourasil	yüklü	glutaraldehit	ile	çapraz	bağlanmış	kitosan	
hidrojellerinin	karakterizasyonu	ve	ilaç	salım	davranışı	incelenmiştir.	Hidrojellerin	
yapısı	Fourier	transform	infrared	spektroskopisi,	diferansiyel	taramalı	kalorimetre	
ve	 X‐ışını	 kırınımı	 ile	 aydınlatılmıştır,	 ayrıca	 bu	 hidrojellerin	 yapıları	 ilaç	 yüklü	
olmayan	 hidrojeller	 ile	 karşılaştırılmıştır.	 Denge	 şişme	 çalışmaları	 ve	 ilaç	 salım	
profilleri	 37°C’de	 ve	 iki	 farklı	 pH’ta	 (2.1	 ve	 7.4)	 tespit	 edilmiştir.	 Sonuçlar,	
hidrojelde	 artan	 kitosan	 konsantrasyonunun	 şişmeyi	 ve	 ilaç	 salım	 miktarını	
azalttığını	 göstermiştir	 ve	 hidrojelin	 asidik	 (~59%)	 ve	 bazik	 (~50%)	 ortamda	
neredeyse	aynı	miktarda	5‐florourasil	salımı	yaptığı	görülmüştür.	

	 	
	
1.	Introduction	
	
Hydrogels	 are	 hydrophilic,	 three‐dimensional	 and	
polymeric	networks	that	can	absorb	large	amount	of	
water	or	biological	fluids	[1,2].	Their	resemblance	to	
living	 tissue	 makes	 them	 suitable	 for	 medical	
applications	 [3,4].	 Especially,	 the	 natural	 polymer,	
chitosan	 (CS)	 is	 a	 good	 candidate	 because	 of	 the	
stimuli	responsive	property	[5].	
	
CS	 is	 a	 deacetylated	 form	of	 the	 natural	 biopolymer	
chitin	and	it	is	a	linear	polysaccharide	consisting	of	D‐
glucosamine	 and	 N‐acetyl‐D‐glucosamine	 units	 [6].	
CS	 can	 be	 chemically	 modified	 through	 highly	
reactive	hydroxyl	and	amino	groups	[7].		
	
CS,	 as	 a	 polycationic	 polymer	 with	 pKa	 around	 6.5,	
shows	 high	 solubility	 in	 acidic	 solutions	 with	 pHs	
below	 pKa	 because	 of	 the	 protonation	 of	 its	 free	

amino	groups,	while	the	amino	groups	in	the	medium	
with	pHs	above	pKa	are	deprotonated	and	it	becomes	
insoluble	[8,9].	Degree	of	deacetylation	(DD,	the	ratio	
of	 N‐acetyl‐D‐glucosamine	 to	 D‐glucosamine	
structural	 units)	 (75‐95%)	 and	 molecular	 weight	
(MW)	(50‐2000	kDa)	are	the	two	main	characteristic	
parameters	 influencing	 its	 properties	 [10].	 Those	
parameters	 can	 be	 adjusted	 according	 to	 the	 source	
and	 preparation	 procedure	 of	 chitosan.	 In	 addition,	
its	 biodegradability,	 antibacterial	 activity,	 non‐
toxicity	 and	 biocompatibility	 properties	 make	 CS	
useful	 in	 different	 applications	 such	 as	 medical,	
pharmaceutical	 and	 environmental	 applications	
[11,12].	
	
CS	 hydrogels	 can	 be	 classified	 as	 chemical	 and	
physical	 hydrogels,	 and	 covalently	 crosslinked	
hydrogels	 are	 named	 chemical	 hydrogels,	 while	
physical	 hydrogels	 are	 formed	 by	 ionic	 interactions	
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[11].	 Glutaraldehyde	 (GA)	 and	 epiclorohydrin	 (ECH)	
can	 be	 used	 as	 chemical	 crosslinkers	 and	 [13‐15],	
anions	 and	 anionic	 molecules	 can	 also	 be	 used	 for	
ionic	 crosslinking	 of	 CS	 [16‐18].	 Amongst	 the	
crosslinkers	 for	 CS,	 glutaraldehyde	 (GA)	 which	 is	 a	
bifunctional	 and	water	 soluble	 crosslinker,	 is	 highly	
efficient	 and	 economical	 [19].	 The	 crosslinking	
reaction	 of	 GA	 with	 CS	 occurs	 through	 Schiff	 base	
reaction	 via	 covalent	 bond	 imine	 bond	 ‐C=N‐	
formation	 between	 the	 amine	 groups	 of	 CS	 and	 the	
aldehyde	 group	 of	 GA	 [20],	 and	 the	 reaction	 is	
accompanied	by	color	formation	[21,22].	The	color	of	
GA‐crosslinked	CS	hydrogel	varies	from	white	to	red‐
brick	and	after	drying	the	hydrogel,	it	turns	to	yellow	
to	dark	red‐brick	[23].	
	
5‐fluorouracil	 (5‐FU)	 is	 an	 anticancer	 drug	 for	 the	
treating	 solid	 tumors	 in	 clinical	 chemotherapy	 [24‐
26]	and	it	is	an	acidic	and	hydrophilic	drug	[27].	This	
drug	 is	a	good	candidate	 for	minimizing	 the	adverse	
effects	by	controlled	release	technology	[28].	
	
Bhat	et	al.	developed	5‐FU‐loaded	and	GA‐crosslinked	
CS	 microspheres	 by	 emulsification	 method	 using	 a	
gelatin	 capsule.	 CS	 microspheres	 showed	 higher	
release	in	acidic	medium	than	basic	medium,	whereas	
the	 capsule	 device	 showed	 higher	 release	 in	 basic	
medium	which	 is	a	potential	 for	 targeted	delivery	 to	
the	 colon	 [29].	 Mirzaei	 et	 al.	 prepared	 freeze‐dried	
and	 GA‐crosslinked	 CS	 hydrogels	 containing	
amoxicillin	 antibiotic.	 The	 hydrogels	 had	 higher	
swelling	at	 the	 lowest	pH	and	the	hydrogels	with	20	
mol%	crosslinker	 showed	 the	best	swelling	 for	drug	
release	 [30].	 Chitosan	microparticles	were	 prepared	
in	 the	 presence	 of	 the	 drug,	 clozapine,	 through	
sieving	techniques	by	Agnihotri	and	Aminabhavi	[31].	
The	 clozapine	 release	 rates	 of	 these	 particles	
increased	with	decreasing	GA	amount	due	to	the	non‐
tightly	 crosslinked	 matrices	 which	 cause	 faster	
diffusion	of	the	drug	at	pH	7.4.	Wet	spinning	method	
was	 used	 to	 synthesize	 implantable	 5‐fluorouracil‐
loaded	 chitosan	 scaffolds	 by	 Denkbaş	 et	 al.	 and	 the	
drug	 loading	 amount	 was	 found	 between	 0.21‐7.55	
mg	 drug	 per	 g	 of	 CS.	 Drug	 release	 properties	 were	
done	 in	 phosphate	 buffer	 solution.	 Initially	 the	 drug	
release	was	fast,	but	it	was	constant	at	the	later	time	
period,	and	they	concluded	that	the	system	was	quite	
suitable	 for	 long‐term	 applications	 [32].	 Kulkarni	 et	
al	 prepared	GA‐crosslinked	CS	 beads	 for	 the	 release	
of	 diclofenac	 sodium	 [33].	 The	 release	medium	was	
acidic	for	the	first	3h,	then	it	was	changed	to	pH	7.4.	
The	drug	release	rate	was	low	for	the	beads	prepared	
at	 high	 temperatures	 compared	 to	 those	 at	 low	
temperatures	 under	 the	 same	 conditions,	 and	 the	
diffusion	 rate	 of	 the	 drug	 decreased	 by	 the	
crosslinking	 of	 polymer	 [33].	 Wang	 et	 al.	 [34]	
synthesized	 magnetic	 GA‐crosslinked	 CS‐5‐FU	
nanoparticles	for	a	targeting	drug	carrier	system,	and	
the	 release	 rate	of	5‐FU	was	68%	 in	30	h	at	pH	7.2.	
The	strong	hydrogen	bonding	between	the	drug	and	
CS	 decreased	 the	 release	 rate	 from	 magnetic	
nanoparticles.	 Gupta	 and	 Kumar	 [35]	 compared	 the	

drug	 (diclofenac	 sodium)	 release	 behavior	 of	 GA‐
crosslinked	CS	beads	and	microgranules.	The	release	
rate	 of	 drug	 was	 slower	 for	 beads	 compare	 to	
microgranules.	 The	 drug	 release	 percentages	 were	
found	to	be	higher	 in	acidic	medium	due	to	 the	high	
swelling	of	the	matrix	in	acidic	pH.	
	
As	 reported	 in	 some	 studies,	 different	 crosslinking	
agents	 for	 CS	 except	 GA	 have	 been	 using	 in	 drug	
release	studies.	To	prepare	crosslinked	chitosan	film	
was	 used	 by	 Shu	 et	 al.	 [36].	 At	 pH<3.5,	 the	 film	
swelled,	 and	 brilliant	 blue	 and	 riboflavin	 were	
released	 completely	 within	 120	 min,	 whereas	 the	
swelling	rate	was	lower	under	neutral	conditions	and	
the	 drug	 release	 rate	 was	 lower	 than	 40%	 in	
simulated	 intestinal	 fluid.	They	 suggested	 that	 these	
films	are	suitable	 for	stomach‐specific	drug	delivery.	
Sulfate,	 citrate	 and	 TPP	 crosslinked	 chitosan	 beads	
were	synthesized	by	Shu	and	Zhu	[37].	The	controlled	
drug	 (riboflavin)	 release	 was	 influenced	 by	 pH	 and	
ionic	strength,	which	related	to	the	nature	of	anions.	
The	beads	crosslinked	by	both	tripolyphosphate	and	
citrate	(or	sulfate)	exhibited	excellent	pH‐sensitivity.	
The	drug	release	percentages	were	relatively	high	in	
simulated	 gastric	 fluid	 compared	 to	 those	 in	
simulated	 intestinal	 fluid,	 and	 they	 suggested	 those	
beads	 for	 the	stomach‐	specific	drug	delivery.	Hejazi	
and	 Amiji	 [38]	 developed	 a	 stomach‐specific	 drug	
delivery	 system	 from	 chitosan	 microspheres	 for	 an	
anti‐Helicobacter	 pylori	 agent	 in	 the	 stomach.	 They	
showed	 that	 tetracycline‐loaded	 chitosan	
microspheres	may	be	used	effectively	in	the	stomach	
against	Helicobacter	pylori.	
	
In	 this	 work,	 5‐FU‐loaded	 crosslinked	 CS	 hydrogels	
with	different	CS	concentrations	were	prepared.	The	
structure	of	the	obtained	hydrogels	was	investigated	
by	 FTIR	 (Fourier	 transform	 infrared)	 spectroscopy,	
DSC	 (Differential	 scanning	 calorimetry)	and	XRD	 (X‐
ray	 diffraction).	 For	 the	 comparison,	 crosslinked	 CS	
hydrogels	 without	 5‐FU	 were	 characterized	 as	 well.	
The	equilibrium	swelling	percentages	of	5‐FU‐loaded	
hydrogels	 were	 determined	 at	 pH	 2.1,	 pH	 7.4,	 and	
distilled	water,	and	their	release	characteristics	for	5‐
FU	were	observed	in	pH	2.1	and	7.4	in	this	work.	
	
2.	Material	and	Method	
	
2.1.	Material		
	
CS,	GA	(aqueous	solution	of	25	wt	%)	and	5‐FU	were	
obtained	 from	 Sigma‐Aldrich	 (St.	 Louis,	 MO).	 The	
flow	 times	of	different	 concentration	of	CS	 solutions	
(range	0.05‐0.35	g/dL)	were	measured	to	find	out	the	
viscosity	 average	 molecular	 weight	 of	 CS,	 and	 the	
value	 was	 found	 to	 be	 125.600	 g	 mol‐1	 [5,39].	 The	
deacetylation	 degree	 of	 CS	was	 determined	 by	 FTIR	
analysis	 from	absorbance	values	attained	 from	1650	
and	 3450	 cm‐1	 which	 are	 characteristic	 for	 amide	 I	
and	 hydroxyl	 bands,	 respectively.	 The	 value	 was	
found	to	be	77	%	[5,40].	Glacial	acetic	acid	(AAc)	was	
of	 Riedel‐de	 Haen	 (Seelze,	 Germany)	 product.	 All	
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buffer	 chemicals	 were	 purchased	 from	 Merck	
Chemicals	Ltd	(Hohenbrunn,	Germany).		
	
2.2.	Synthesis	of	hydrogel	
	
CS	 solutions	 were	 prepared	 by	 dissolving	 a	 given	
amount	 of	 CS	 (0.25	 and	 0.5	 g)	 in	 15	mL	 of	 aqueous	
acetic	 acid	 (2	 v/v%)	 with	 stirring	 using	 a	 magnetic	
stirrer.	 Then,	 75	 mg	 of	 5‐FU	 was	 added	 to	 the	 CS	
solution	 and	 it	 was	 stirred	 until	 the	 drug	 was	
completely	 dissolved.	 Upon	 dissolution,	 GA	 was	
diluted	1:4	with	distilled	water	 and	added	 to	 the	CS	
solution	 to	 obtain	 a	 1:1	 CS:GA	 ratio	 in	 mol.	 After	
obtaining	a	homogeneous	mixture,	 it	was	casted	in	a	
petri	 dish	 and	held	 there	 at	 room	 temperature	until	
the	 gelation	 was	 completed.	 Then,	 the	 obtained	
hydrogels	 were	 cut	 into	 smaller	 cylindrical	 pieces,	
and	they	were	washed	with	distilled	water	and	dried	
in	 air	 and	 then	 vacuum‐dried	 until	 constant	weight.	
For	 comparison	 purpose,	 the	 hydrogels	 were	 also	
prepared	 without	 adding	 the	 drug	 5‐FU.	 Since	 at	
higher	CS	concentrations,	a	homogeneous	CS	solution	
could	 not	 be	 obtained,	 a	 higher	 concentration	 of	 CS	
than	>	0.02	g/mL	was	not	used	in	this	study.	The	feed	
composition	 of	 the	 hydrogels	 was	 given	 in	 Table	 1.	
The	 polymers	 were	 prepared	 using	 two	 different	
amounts	of	CS,	0.25	and	0.5	g,	and	it	was	presented	in	
polymer	 codes	 as	 CS1	 and	 CS2,	 respectively.	 In	
addition,	 the	 symbol	 F+	 and	 F‐	 denoted	 the	 drug‐
loaded	and	‐unloaded	polymer,	respectively.	
		
Tablo	 1.	 The	 feed	 composition	 of	 the	 GA‐crosslinked	 CS	
hydrogels	with/without	5‐FU.	

Polymer	
Code	

CS	concentration	
(g/ml)	

Mass	
of	GA	
(g)	

Mass	of	
5‐FU	
(mg)	

CS1:GA:F+	 0.017	 0.183	 75	
CS2:GA:F+	 0.033	 0.366	 75	
CS1:GA:F‐	 0.017	 0.183	 ‐	
CS2:GA:F‐	 0.033	 0.366	 ‐	

	
2.3.	Characterization	
	
FTIR	 spectra	 of	 the	 hydrogels	 and	 pure	 5‐FU	 were	
recorded	 on	 a	 Spectrum	 One	 (Perkin–Elmer,	 USA)	
spectrometer	by	potassium	bromide	pellet	technique.	
The	 thermal	 properties	 of	 the	 hydrogels	 and	 5‐FU	
were	determined	using	ca.	15	mg	sample	by	DSC	131	
(Setaram,	France).	The	DSC	was	scanned	between	50	
and	350oC,	in	a	nitrogen	atmosphere	at	heating	rates	
of	 10°C/min.	 XRD	 studies	 were	 done	 for	 pure	 5‐FU	
hydrogels	 by	 using	 a	 DMAX‐2200	 x‐ray	
diffractometer	 (Rigaku	Company,	 Japan)	with	 Cu‐Kα	
tube	at	30	mA	and	40	kV.		
	
The	swelling	experiments	were	performed	at	distilled	
water,	 pH	 2.1	 (HCl‐KCl),	 and	 pH	 7.4	 (KH2PO4‐
Na2HPO4).	According	to	the	table	given	by	Perrin	and	
Dempsey,	 the	 buffer	 solutions	 were	 prepared	 [41].	
The	dry	hydrogels	were	immersed	in	those	mediums	
at	37oC	for	24	hours	long,	and	at	intervals,	they	were	
removed	 from	 the	 swelling	 medium	 until	 the	

equilibrium	 was	 reached.	 The	 equilibrium	 swelling	
percentage	 (Seq	 %)	 was	 determined	 from	 the	
equation	(1):	
	

ܵ௘௤	ሺ%ሻ ൌ 	 ሺ ௦ܹ െ ௗܹሻ ௗܹ⁄ ∗ 100	 (1)	

where	 Ws	 is	 the	 weight	 of	 the	 swollen	 hydrogel	 at	
equilibrium,	 and	 Wd	 is	 the	 weight	 of	 dry	 hydrogel.	
The	buffer	 solutions	were	adjusted	 to	 ionic	 strength	
of	0.09	M	with	sodium	chloride.	
	
2.3.	Drug	loading	and	release	studies	
	
The	 entrapped	 drug	 amount	 in	 the	 hydrogels	 was	
calculated	 by	 the	 determination	 of	 5‐FU	 in	 the	
washing	water	by	UV	spectrophotometer	(λmax	=	266	
nm).	 The	 difference	 in	 drug	 amount	 between	 the	
initial	employed	and	the	washing	water	was	used	as	
the	 amount	 of	 loaded	 drug	 [5].	 5‐FU	 content	 of	
washing	 water	 was	 determined	 by	 using	 the	
calibration	curve	of	5‐FU	dissolved	in	distilled	water.	
The	drug	 loading	capacity	(mg	drug/g	polymer)	was	
determined	from	the	equation	(2):	
	
ݕݐ݅ܿܽ݌ܽܿ	݃݊݅݀ܽ݋ܮ																		 ൌ 	

ெ೔೏ିெೝ೏

ெ೛
,																						(2)	

	
where	ܯ௜ௗ	is	 the	 initial	 amount	 of	 drug,	ܯ௥ௗ	is	 the	
residual	 amount	 of	 drug	 and	ܯ௣	is	 the	 amount	 of	
polymer.	
	
In	vitro	release	studies	of	5‐FU	were	done	under	pH	
of	2.1	and	7.4	at	37oC.	At	various	intervals,	the	buffer	
solution	 (aliquot)	 was	 removed	 and	 replaced	 with	
equal	volume	of	fresh	buffer.	The	amount	of	drug	was	
estimated	spectrophotometrically	at	266	nm	(Perkin‐
Elmer	 Lambda	35	UV‐VIS	 Spectrophotometer).	 Drug	
release	 amount	 was	 estimated	 from	 the	 calibration	
curve	 of	 5‐FU	 dissolved	 in	 pH	 2.1	 and	 7.4.	 All	 the	
measurements	 were	 done	 in	 triplicate,	 and	 the	
average	 values	 were	 considered	 for	 calculation.	
Cumulative	 drug	 release	 (%)	 was	 determined	 from	
the	equation	(3):	
	

%,݁ݏ݈ܽ݁݁ݎ	݁ݒ݅ݐ݈ܽݑ݉ݑܥ ൌ ቂ
൫௏೚஼೙ା௏೐ ∑ ஼೔

೙షభ
భ ൯

௠
ቃ ∗ 100,		(3)		

	
where	Vo	is	the	volume	of	release	medium	(10	ml),	Ve	
is	 the	volume	of	 release	media	 taken	out	every	 time	
(3	ml),	Ci	 is	 the	concentration	of	5‐FU	released	 from	
gel	at	intervals	of	i,	m	is	the	mass	of	5‐FU	loading,	and	
n	is	the	replacement	times.	
	
3.	Results	and	Discussion	
	
As	can	be	seen	in	Figure	1,	the	hydrogels	are	in	white	
and	red‐brick	color	with	increasing	CS	concentration	
(Figure	 1a),	 while	 they	 turned	 from	 yellow	 to	 dark	
red‐brick	 after	 drying	 (Figure	 1b).	 In	 addition,	
although	 the	 drug	 was	 completely	 dissolved	 during	
the	 hydrogel	 preparation,	 the	 drug	 crystals	 were	
observed	after	drying.	
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Figure	1.	 Optical	 appearances	 of	 the	hydrogels	 before	 (a)	
and	after	(b)	drying	
	
The	FTIR	spectrum	of	CS	 in	acetic	acid	(chitosonium	
acetate,	CS‐NH3+COO‐)	[3,42,43]	is	given	in	Figure	2a.	
Carbonyl	stretching	vibrations	(at	1728	and	1657	cm‐

1)	in	the	ester	bond	are	characteristic	for	chitosonium	
acetate	[8].	The	broad	band	appeared	at	3363	cm‐1	is	
originated	 from	 O‐H	 and	 N–H	 group	 stretching	 in	
chitosonium	 acetate,	 and	 the	 overlapped	 band	
presents	the	intermolecular	hydrogen	bonds	between	
chitosonium	 acetate	 chains	 [8,44].	 The	 saccharide	
structure	was	observed	at	1150	cm−1,	and	the	strong	
band	 from	 C–O	 stretching	 vibration	 in	 CS	 was	
observed	 at	 1070	 cm‐1	 [8,45].	 In	 comparison	 to	 the	
FTIR	 spectra	 of	 chitosonium	 acetate,	 there	 are	 two	
main	 changes	 in	 the	 spectra	 of	 crosslinked	 CS	
hydrogels	(CS1:GA:F‐	and	CS2:GA:F‐)(Figure	2a).	The	
first	 one	 is	 the	 presence	 of	 the	 sharp	 band	 at	 1654	
cm−1	 due	 to	 the	 stretching	 vibration	 of	 the	 imine	
(C=N)	 bond	 confirming	 the	 reaction	 between	 –NH2	
groups	of	CS	and	–CHO	groups	of	GA	[29].	The	second	
one	 is	 the	 band	 at	 1568	 cm‐1	 was	 shifted	 to	 higher	
wavenumbers	 with	 the	 decrease	 in	 intensity	 in	 the	
spectrum	 of	 crosslinked	 CS.	 After	 the	 crosslinking	
reaction,	 as	 expected,	 the	 decrease	 in	 the	 primary	
amine	 groups	 caused	 a	 decrease	 in	 the	 intensity	 of	
the	N‐H	band.	
	
The	 FTIR	 spectra	 of	 5‐FU	 and	 5‐FU‐loaded	
crosslinked	CS	hydrogels	(CS1:GA:F+	and	CS2:GA:F+)	
are	given	 in	Figure	2b.	The	main	bands	 for	5‐FU	are	
assigned	as	follows:	1242	cm‐1	(C‐F	stretching	bands),	
1655	cm‐1	(C=O	stretching	vibration),	and	3067	cm‐1	
(N‐H	 stretching	 vibration)	 [10,46].	 The	 spectra	 of	
drug‐loaded	and	unloaded	hydrogels	not	showed	big	
differences	except	the	band	around	1247	cm‐1	 in	the	
spectrum	 of	 CS1:GA:F+	 and	 CS2:GA:F+	 (Figure	 2b)	
which	shows	the	presence	of	the	drug	[5,46]	and	this	
finding	 proves	 any	 strong	 chemical	 interactions	
between	the	drug	and	polymer.		
Figure	 3	 shows	 the	 DSC	 curves	 of	 pure	 5‐FU,	 5‐FU‐
loaded	 (CS1:GA:F+)	 and	 5‐FU‐unloaded	 (CS1:GA:F‐)	
hydrogels.	As	seen	from	the	DSC	thermogram	of	pure	

5‐FU,	 the	 endothermic	 peak	 at	 285oC	 indicates	 the	
melting	 temperature	 of	 the	 drug.	 However,	 this	
characteristic	 peak	 is	 not	 seen	 in	 the	 drug‐loaded	
hydrogel,	 which	 indicates	 that	 the	 drug	 may	 have	
been	molecularly	dispersed	in	the	hydrogel	matrix	or	
converted	 into	amorphous	form	during	heating	[47].	
In	 addition,	 the	 exothermic	 peak	 around	 250‐260°C	
in	 DSC	 curve	 of	 CS1:GA:F‐	 and	 CS1:GA:F+	 can	 be	
attributed	 to	 the	 decomposition	 of	 crosslinked	
chitosan	[48,49].	
	
To	examine	the	crystallinity	of	5‐FU	in	the	hydrogels,	
XRD	 studies	 have	 been	 performed.	 Figure	 4	 shows	
the	XRD	diffraction	patterns	of	pure	5‐FU	and,	5‐FU‐
loaded	 (CS2:GA:F+)	 and	 5‐FU‐unloaded	 (CS2:GA:F‐)	
hydrogels.	 The	 crystalline	 nature	 of	 pure	 5‐FU	 is	
confirmed	by	the	intensive	peaks	at	2θ	of	16o,	29o	and	
31o.	 The	 drug	 crystals	 which	 formed	 after	 drying	
were	observed	at	2θ	of	29o	with	a	considerably	weak	
intensity	 in	 the	 drug‐loaded	 hydrogel	 which	 means	
that	there	is	no	any	interaction	between	the	polymer	
and	the	drug	[47].	
	

	
Figure	 2.	 (a)	 FTIR	 spectra	 of	 chitosonium	 acetate,	
CS1:GA:F‐	 and	 CS2:GA:F‐,	 (b)  FTIR	 spectra	 of	 5‐FU,	
CS1:GA:F+	and	CS2:GA:F+	
The	 equilibrium	 swelling	 values	 of	 drug‐loaded	
crosslinked	CS	in	distilled	water,	pH’s	2.1	and	7.4	are	
given	 in	Figure	5.	As	 seen	 in	Figure	5,	 at	 pH	2.1	 the	
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crosslinked	 CS	 hydrogels	 exhibited	 more	 swelling	
than	at	 pH	7.4.	 In	 acidic	 solutions,	 CS	has	 a	 positive	
charge	 consisting	 of	 the	protonated	amino	 groups:	 ‐
NH3+	leading	 to	 the	 creation	 of	 the	 repulsion	 forces	
between	 the	 same	 charged	 polymer	 chains	 allowing	
the	diffusion	of	water	into	the	hydrogel.	On	the	other	
hand,	 with	 the	 increase	 in	 pH	 from	 2.1	 to	 7.4,	 the	
protonation	 degree	 of	 amino	 groups	 decreases	 and	
repulsion	 forces	 between	 the	 polymer	 chains	
disappears.	 It	 is	 due	 to	 the	 reason	 that	 the	 swelling	
capacities	of	crosslinked	CS	hydrogels	decrease	with	
the	 increase	 in	 pH.	 In	 distilled	 water	 (at	 pH~6.5),	
since	the	degree	of	protonation	of	CS	is	very	low,	the	
Seq	%	values	are	lower	than	that	in	acidic	medium.		
	
Molar	 ratios	 of	 CS/GA	 in	 CS1	 and	 CS2	 gels	 are	 the	
same.	Namely,	 in	CS1	gel,	0.25	g	CS	was	dissolved	 in	
15	mL	2	v/v	%	aqueous	acetic	acid	 solution	and	GA	
was	 used	 in	 the	 twice	 of	 molar	 amount	 of	 –NH2	
groups	in	0.25	g	CS.	In	CS2	gel,	0.5	g	CS	was	dissolved	
in	15	mL	2	v/v	%	aqueous	acetic	acid	solution	and	GA	
amount	in	mole	was	twice	that	of	–NH2	groups	in	0.5	
g	 CS.	 So,	 molar	 ratio	 of	 CS/GA	 in	 both	 gel	 and	 the	
theoretical	 crosslinking	 density	 are	 the	 same.	 Thus,	
the	 equilibrium	 swelling	 values	 given	 in	 Figure	 5	
confirms	that	the	crosslink	densities	of	CS1:GA:F+	ve	
CS2:GA:F+	gels	are	 the	same.	On	 the	other	hand,	 the	
difference	 between	 the	 two	 gels	 is	 that	 CS	 and	 GA	
concentrations	 in	 solution	 in	 case	 2	 are	 two	 times	
more	concentrated	that	those	of	case	1.	
	
The	increased	CS	concentration	led	to	decrease	in	the	
drug	 loading	capacity	of	 the	hydrogels	as	given	62.4	
and	 16.0	 mg	 drug/g	 polymer	 for	 CS1:GA:F+	 and	
CS2:GA:F+	 hydrogels,	 respectively.	 As	 given	 in	 the	
literature,	 GA	 crosslinked	 CS	 network	 has	 a	 fast	
gelation	rate	[50],	most	probably,	the	increase	in	the	
CS	 and	GA	 concentration	 caused	 a	 fast	 solidification	
of	 the	 hydrogel,	 and	 this	 situation	 prevents	 the	
movement	 of	 the	 drug	 around	 the	 polymer	 chain	 to	
entrap	 5‐FU	 into	 the	 network	 [51].	 As	 a	 result,	 the	
drug	loading	capacity	decreased	with	the	increase	in	
GA	content.	
	
The	 pH‐dependent	 5‐FU	 release	 trend	 of	 the	
hydrogels	 in	 pH	 2.1	 and	 pH	 7.4	 was	 given	 as	 a	
function	 of	 time	 at	 37oC	 in	 Figure	 6.	 As	 seen	 in	 the	
figure,	 the	 5‐FU	 release	 percentages	 from	 the	
hydrogels	at	pH	2.1	are	higher	 than	 those	at	pH	7.4.	
At	pH	2.1,	the	protonation	of	the	amino	groups	of	CS	
led	to	high	swelling	and	accordingly	high	drug	release	
(58.8	 %	 and	 14.3	 %	 for	 CS1:GA:F+	 and	 CS2:GA:F+,	
respectively),	 whereas,	 at	 pH	 7.4,	 the	 low	 swelling	
value	led	to	low	drug	release	percentage	(50.1	%	and	
8.6	%	for	CS1:GA:F+	and	CS2:GA:F+,	respectively).	As	
expected,	 the	 release	 rate	 increased	 in	 the	 case	 of	
high	 drug	 loading.	 In	 addition,	 the	 release	
percentages	 of	 5‐FU	 of	 the	 hydrogels	 with	 high	 CS	
content	are	lower	and	slower	than	those	with	low	CS	
content	in	both	buffer	solutions.		
	

	
Figure	3.	The	DSC	curves	of	5‐FU,	CS1:GA:F‐	and	CS1:GA:F+	
	

	
Figure	 4.	 XRD	 pattern	 of	 pure	 5‐FU,	 CS2:GA:F‐	 and	
CS2:GA:F+		
	

	
Figure	5.	Seq	%	values	of	5‐FU‐loaded	hydrogels	in	different	
media	at	37oC	
	

	
Figure	6.	Drug	 release	 trend	of	 the	hydrogels	 at	pH	
2.1	(closed	symbol)	and	pH	7.4	(open	symbol)	
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4.	Conclusion	
	
5‐FU‐loaded	 GA‐crosslinked	 CS	 hydrogels	 were	
synthesized	and	characterized	by	FTIR,	DSC	and	XRD	
analyses.	 The	 absence	 of	 chemical	 interactions	
between	 the	 drug	 and	 polymer	 was	 confirmed	 by	
FTIR,	 XRD	 and	 DSC	 analysis.	 The	 hydrogels	 showed	
maximum	swelling	and	high	cumulative	drug	releases	
at	 pH	 2.1.	 Higher	 drug	 loading	 in	 the	 hydrogel	
showed	 higher	 release	 percentages	 of	 the	 drug.	 The	
hydrogel	 with	 high	 CS	 content	 had	 a	 slower	 and	
lower	 drug	 release	 rate	 compared	 to	 the	 hydrogel	
with	 low	 CS	 content.	 The	 findings	 of	 this	 study	
showed	that	GA‐crosslinked	CS	hydrogel	can	be	used	
in	the	stomach	specific	drug	delivery	applications.	
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