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Ö Z

Bu çalışmada, kerevit Astacus leptodactylus’tan kitosan üretildi ve daha sonra kitosan-graft-β-siklodekstrin (CS-g-β-CD) 
hidrojelinin sentezinde kullanıldı. Üretilen kitosan (CS) ve sentezlenen CS-g-β-CD hidrojeli Fourier Dönüşümlü Kızılötesi 

Spektroskopisi (FTIR), Proton Nükleer Manyetik Rezonans Spektroskopisi (1H-NMR), X-ışını Kırınımı (XRD) ve Taramalı Elekt-
ron Mikroskobu (SEM) kullanılarak karakterize edildi. Tenofovir disoproksil fumarat (TDF), CS-g-β-CD hidrojelinin antiviral 
ilaç salma özelliklerini araştırmak için model ilaç olarak kullanıldı. Sentezlenen hidrojel hemen hemen homojen bir göze-
nek yapısına ve β-Siklodekstrin (β-CD) miktarına bağlı olarak artan yüksek şişme kapasitesine sahipti. İlaç yüklü CS-g-β-CD 
hidrojellerinin yapısı XRD, 1H-NMR ve SEM analizleriyle incelendi. Sentezlenen hidrojellere yüklenen TDF'nin yüzde yetmiş 
üçü 37°C'de fosfat tamponlu tuz (PBS) çözeltisine salındı. Hazırlanan tüm CS-g-β-CD hidrojellerinin ilaç salım davranışı Kors-
meyer-Peppas modeline uyum sağladı. Jel içerisine β-CD eklenmesi CS-g-β-CD hidrojel sisteminin şişme kabiliyetini ve TDF 
salımını arttırdı.

Anahtar Kelimeler
Kerevit kitosanı, deasetilasyon derecesi, antiviral ilaç, ilaç salımı.

A B S T R A C T

In this study, chitosan was produced from crayfish Astacus leptodactylus, and then it was used to synthesize chitosan-graft-
β-cyclodextrin (CS-g-β-CD) hydrogel. The produced chitosan (CS) and the sythesized CS-g-β-CD hydrogel were characte-

rized using a Fourier Transform Infrared Spectroscopy (FTIR), Proton Nuclear Magnetic Resonance Spectroscopy (1H-NMR), 
X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). Tenofovir disoproxil fumarate (TDF) was used as a model 
to investigate the antiviral drug release properties of the CS-g-β-CD hydrogel. The synthesized hydrogel had an almost 
homogeneous pore structure and a high swelling capacity which increases depending on the amount of β-Cyclodextrin 
(β-CD). The drug-loaded CS-g-β-CD hydrogels was examined by XRD, 1H-NMR, and SEM analyses. Seventy-three percent of 
the TDF loaded on the synthesized hydrogels was released into phosphate-buffered saline (PBS) solution at 37°C. The drug 
release behavior of all prepared CS-g-β-CD hydrogels fitted the Korsmeyer-Peppas model. The addition of β-CD into the gel 
improved the swelling ability and TDF release of the CS-g-β-CD hydrogel system.
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INTRODUCTION

Viral infections lead to economic and social losses, es-
pecially to human health, and constitute a global burden 
[1]. HIV virus, which lead to Acquired Immunodeficiency 
Syndrome (AIDS), is a life-threatening infection that im-
pairs the immune system and reduce its resistance to 
infections and diseases [2]. Hepatitis B virus causes both 
acute and chronic disease by attacking the liver, thus 
increasing the risk of death from cirrhosis and liver can-
cer [3]. It is estimated that the people who lived with 
chronic hepatitis B infection were 296 million in 2019 
and 1.5 million people are infected each year [3]. The 
Joint United Nations Programme on HIV/AIDS (UNAIDS) 
[4] reported that there were 37.7 million AIDS patients 
worldwide in 2020, and 1.5 million people were newly 
infected with HIV in that year. Since the HIV cannot be 
expelled from the body once it enters the body, one of 
the main goals of treatment is to prevent the prolifera-
tion of HIV in the body [2]. Likewise, most people who 
start hepatitis B treatment have to continue the treat-
ment for life. Since these viral diseases require long-
term treatment, it is a necessity for drug treatments to 
be effective and safe [5].

Tenofovir disoproxil fumarate (TDF), which is a prodrug 
of Tenofovir [6], was approved for the treatment of HIV 
(2001) and chronic Hepatitis B (2008) by the FDA [2,5]. 
TDF functions as a reverse transcriptase inhibitor for 
HIV-1 and Hepatitis B viruses [6-8]. It is recommended 
by WHO for use to suppress the Hepatitis B virus and in 
the primary treatment of HIV [3]. The oral bioavailability 
of TDF ranges from 25% to 40% [5]. TDF and intraveno-
us Tenofovir cause bone and kidney toxicity when admi-
nistered at high doses in toxicology studies [2,5,6]. Like-
wise, the bioavailability of many of the antiviral drugs in 
the body after being taken by the patient is quite weak 
[9]. For example, the antiviral drug acyclovir, which has 
poor solubility, low oral bioavailability, and short half-
life has to be administered both several times a day and 
at high doses [10]. This situation can be overcome with 
controlled release systems that reduce the dosage fre-
quency, toxicity and side effects of the drug. Research 
has shown that these deficiencies in antiviral drugs can 
be resolved through polymeric drug delivery systems 
[11].

Hydrogels can suck in large amounts of water and physi-
ological fluids thanks to their network structure, and re-
main insoluble in aqueous solutions [12,13]. Hydrogels 

swell by absorbing a huge amount of fluid and, in this 
state, they are rubbery soft and tend to show excellent 
similarity to living tissues [11]. Hydrogels made of poly-
saccharides are used as drug carriers in pharmaceutical 
applications thanks to their biocompatible, biodegra-
dable, and non-toxic properties, and the controlled re-
lease ability [13-15]. In this study, natural polysacchari-
des, chitosan (CS) and β-cyclodextrin (β-CD) were used 
to synthesize the hydrogel.

CS is a biopolysaccharide of interest in the pharmaceu-
tical industry as a polymeric drugs carrier thanks to its 
non-toxicity, low allergenicity, biocompatibility, biodeg-
radability, bioactivity and mucoadhesiveness [11,16-18]. 
CS has a very high water-retention capacity thanks to 
its hydrophilic structure, making it an excellent poly-
mer for drug delivery [17]. It also forms micelles, for-
ming a hydrophobic center for hydrophobic drugs [19]. 
Thus, hydrophobic drugs are preserved in the core and 
gain increased solubility and bioavailability [16]. In ad-
dition, CS helps drugs to cross biological barriers more 
easily [15]. Recent studies have drawn attention to the 
CS nanoparticles in developing a drug delivery system 
that will increase the therapeutic efficacy of antiviral 
agents and reduce the therapeutic dose [20]. Although 
there are many studies on the delivery of various drugs 
through CS hydrogels, there have been few studies on 
the delivery of antiviral drugs with low bioavailability by 
the hydrogel system. Therefore, this study focused on 
the release of the antiviral drug TDF from the CS-based 
hydrogel system.

Cyclodextrins are oligomers of ring-shaped α-(1,4) 
linked-glycopyranosylline synthesized by enzymatic con-
version of starch [21]. Natural cyclodextrins carry 6 (α-
CD), 7 (β-CDs) or 8 (γ-CD) glucose units [22]. Cyclodext-
rins are hydrophilic on the outside and have a hydrop-
hobic inner cavity providing shelter for hydrophobic 
molecules [23]. Cyclodextrins are biological molecules 
that gain importance as drug carriers in the pharma-
ceutical applications thanks to their capability to make 
complexes with hydrophobic molecules [24]. In addition, 
cyclodextrins are biocompatible, have low toxicity, and 
do not elicit an immune response [21,22]. Cyclodextrins 
are preferred in drug applications to improve drug sta-
bility, solubility, and drug absorption, control drug rele-
ase, and diminish systemic toxicity [24]. β-CD is the most 
preferred cyclodextrin derivative due to its potential to 
form inclusion complexes with hydrophobic drugs, the 
appropriate cavity size for hydrophobic drugs, and low 



N. Yaman et al. / Hacettepe J. Biol. & Chem., 2024, 52 (2), 97-115 99

toxicity [23,25,26]. β-cyclodextrin is utilized to improve 
the bioavailability and solubility of hydrophobic drugs 
[27]. In addition, there are some findings that the additi-
on of β-cyclodextrin to the chitosan hydrogel improves 
the pH, gelling, viscosity, and drug release behavior of 
the hydrogel [26]. Several studies have been published 
on the delivery of antiviral, cardiovascular, and antibio-
tic drugs via β-cyclodextrin-based hydrogels [27-29]. 

This study aims to synthesize and characterize the 
chitosan-graft-β-cyclodextrin (CS-g-β-CD) hydrogel 
consisting of biocompatible and biodegradable poly-
mers and to examine TDF release behavior, a model an-
tiviral drug of this hydrogel.

MATERIALS and METHODS

Materials
Chitosan was produced from the crayfish Astacus lep-
todactylus, which was caught by the fishermen in July 
2020 from the Kocahıdır Dam Lake (Edirne/Turkey). 
2-Hydroxypropyl-β-cyclodextrin (HP-β-CD) (mean Mw 
ca. 1460, Pcode: 102363932, Slovakia), Glutaraldehyde 
(50% aqueous solution, Pcode: 1003100323, USA), and 
phosphate-buffered saline (PBS) (Pcode: 1003090549, 
P4417-100 tablets) were purchased from Sigma Aldrich. 

TDF used in the drug release studies was obtained from 
Nobel İlaç San. ve Tic. A.Ş. (Turkey) company (Figure 
1). All chemicals from the analytical reagent class were 
used without any purification.

CS Production
After washing and cleaning the crayfish shells, they 
were dried at 37°C for one week. Later, crayfish shells 
were pulverized in a blender. The isolation of chitin was 
carried out by going through the demineralization and 
deproteinization stages, respectively. Firstly, the gro-
und shells were treated with 2M 450 mL HCl (v/v) by 
stirring in a magnetic stirrer at 80°C and 700 rpm for 
6 hours. Then, it was washed with distilled water until 
reaching pH 7. Next, the filtrate was refluxed with 2M 
400 mL NaOH solution (w/v) at 80°C and 800 rpm of stir-
ring speed for 24 hours. After, it is filtered through filter 
paper by washing with deionized water for reaching the 
neutral pH. Finally, the chitin obtained was dried at 55°C 
for a few days.

CS was obtained from crayfish chitin by deacetylation 
process. The crayfish chitin was treated with 130 mL 
70% NaOH (w/v) at 160°C for 3 hours. Afterwards, it was 
filtered and washed in order to reach pH 7. Then obtai-
ned CS was dried at 50°C for a few days.

Figure 1. Tenofovir disoproxil fumarate.
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CS-g-β-CD Hydrogel Synthesis

Preliminary experiments were performed using diffe-
rent concentrations of the β-CD (0 g (gel G0), 0.02 g (gel 
G1), 0.03 g (gel G2) and 0.04 g (gel G3)) and glutaral-
dehyde crosslinker (0.4%) until the optimum CS-g-β-CD 
hydrogel system was obtained. Thus, optimum concent-
rations of the β-CD was determined. First, 0.1 g of the 
crayfish CS was dissolved in a 1% acetic acid (CH₃COOH) 
solution of 10 mL by stirring on the magnetic stirrer at 
25°C and 500 rpm, for 10 minutes. Then, 0.04 g of the 
β-CD was dissolved in 1% CH₃COOH and immediately 
added to the gel mixture. Next, a 0.4% glutaraldehyde 
solution of 2.5 mL was added to the obtained CS soluti-
on as a crosslinker and mixed again for 10 minutes. After 
that, the viscous gel mixture was poured into small glass 
tubes with an inner diameter of 5 mm and a length of 
10 cm and kept in a deep freezer at -20°C for 48 hours, 
and freeze gelation technique was applied. Finally, the 
CS-g-β-CD hydrogel was produced as cylindrical rods by 
breaking the glass tube.

Physicochemical Characterization of Crayfish CS and 
Synthesized Hydrogels

Hydrogen (H), Carbon (C), and Nitrogen (N) percentages 
of the CS produced from crayfish shells were measu-
red using Thermo Finnigan elemental analyzer (Flash 
EA 1112 Series). The formula below was applied for the 
calculation of the degree of deacetylation (DD) of the 
crayfish CS [19].

				  
			              

(1)

The viscosity-average molecular weight (Mw) of the 
crayfish CS was measured using a Ubbelohde type 
viscometer. Flow times in the Ubbelohde viscometer 
of CS solutions prepared at 1%, 0.8%, 0.6%, 0.5% and 
0.4% (w/v) concentrations using a solvent containing 
CH₃COOH (0.1 M) and NaCl (0.2 M) (1:1, v/v) were re-
corded. Mw determination was performed at 25°C. The 
recorded values were replaced in the Mark – Houwink 
equation and the Mw of the crayfish CS was calculated 
[30].

			                                
(2)

[η]; represents the intrinsic viscosity

Mv; represents the viscosity-average molecular weight 
of the CS 
k and α; represents Mark – Houwink – Sakurada cons-
tants. k= 1.81 x 10-3 and α = 0.93.

In order to identify the crayfish CS and copolymer 
hydrogels, Fourier Transform Infrared Spectrometry 
(FTIR) was used. The FTIR spectra were generated in 
the Perkin Elmer FTIR device (ATR) in the range of 400-
4000 cm-1.

The morphological and topographical features of the 
produced CS and the synthesized hydrogels were vi-
sualized with a Scanning Electron Microscope (SEM) 
(EVO LS 10) at various magnifications such as 500X and 
1000X. Samples were gold plated prior to analysis.

X-Ray Diffraction (XRD) patterns of the synthesized 
hydrogels were produced using an Bruker Smart Apex II 
Quazar brand X-ray diffractometer and an APEX II CCD 
detector at 2θ, 40 kV, and 40 mA, with a diffraction ang-
le of 5-50°.

Proton Nuclear Magnetic Resonance Spectroscopy 
(1H-NMR) was performed to observe polymer-drug 
complex formation in the drug-loaded hydrogels. Analy-
sis was performed with a Bruker 500 NMR (Avance Neo 
Bruker console) spectrometer. 1H-NMR spectroscopies 
of the hydrogels were recorded at room temperature 
using deuterochloroform (CDCl3) as solvent.
 

Functionality Tests of Synthesized Hydrogels

Gelation Measurements of Hydrogels

The synthesized hydrogels were dried at room tempera-
ture and their initial weights (Wo) were measured. Then, 
the gels were kept in distilled water to remove any un-
gelled parts and impurities. After this process, the gels 
were dried at 37°C. The final weights (Wg) were then 
measured. Gelation (%) was determined by the formula 
given below:

		             
(3)

While the Wg refers to the weight after extraction, Wo 
refers to the weight before extraction.
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Swelling Measurements of Hydrogels
The prepared dry hydrogels were soaked in vials filled 
with distilled water at 25°C. Swelling was allowed to 
continue until an equilibrium swelling state was reac-
hed. The change in mass swelling percentage was gravi-
metrically measured as a function of time using the for-
mula given below by dividing the water retained in the 
hydrogel at any fixed time by the dry hydrogel weight.

	            
(4)

 	            (5)
while the m0 represents the mass of the dry gel, m∞ and 
mt represent the swollen gel mass at equilibrium and 
time t, respectively.

Establishment of Standard Calibration Curves of the 
Antiviral Drug

TDF (1 mg) was dissolved in a solution containing an 
equal amount of distilled water (5 mL) and methanol (5 
mL). The absorbance of the TDF solution was measu-
red using a Shimadzu UV-1900i spectrometer between 
200-400 nm wavelength, and the maximum absorban-
ce value (λmax) was determined as 261 nm. Afterwards, 
the drug solutions at the concentrations of 10, 20, 30, 
40, and 50 ppm were prepared and their absorbance at 
261 nm were determined and a calibration graph was 
drawn.

Drug Release 

Since drug TDF was loaded on the CS-g-β-CD hydrogels 
during gel synthesis (in situ loading), all the amount of 
the drug was entrapped into the cryogel with maximum 
drug loading efficiency [31]. In order to load the model 
drug on the hydrogel, a certain quantity of the drug (20, 
30, 40 mg) was put into the CS-β-CD solution and mixed 
for 15 minutes before the addition of the glutaraldehy-
de solution as mentioned in CS-g-β-CD hydrogel synthe-
sis part. For drug release, the loaded gel was added into 
the PBS buffer solution at 37°C and pH 7.4. At certain 
intervals, 3 mL of the solution that the drug released 
was drawn in order to measure spectroscopically at 261 
nm in a UV-VIS spectrophotometer and again poured 
into the same vial to keep the liquid volume constant. A 
calibration curve was used to calculate the amounts of 
the released drug. 

In order to determine the amount of the tenofovir di-
soproxil fumarate released from the CS-g-β-CD hydro-
gel depending on the concentration, 0.5, 1, 2, 4, 6, 8 and 
10 ppm reference concentrations of the drug solutions 
were prepared, and their absorbances were read at 261 
nm. The regression equation was determined by crea-
ting a calibration curve. 

Equations 6-9 were applied for the antiviral drug relea-
se kinetics of all the prepared hydrogels, and the results 
evaluated by Korsmeyer-Peppas, zero-order, first-order 
and Higuchi models.

For zero-order kinetics [32] 

			                                
(6)

K0 is the zero-order release constant.

For first-order kinetics [33] 

		                              
(7)

K1 is the first-order release constant.

For Higuchi model [34] 

			                              
(8)

K2 is the Higuchi constant.

For Korsmeyer-Peppas model [35] 

				                                (9)

k represents a constant, n represents the diffusional ex-
ponent, M∞ represents the maximum drug amount ab-
sorbed,  Mt represents the amount of absorbed at time 
t. For cylindrical samples, n=0.45 represents a Fickian 
diffusion, 0.45<n<0.89 represents a non-Fickian diffu-
sion, and n<0.45 represents a pseudo-Fickian diffusion 
[36].

RESULTS and DISCUSSION

Characterization Analysis Results of the CS Obtained 
from Crayfish A. leptodactylus
FTIR spectra of the crayfish CS are presented in the sec-
tion FTIR Analysis Result of Hydrogels. The FTIR spectra 
of the crayfish CS exhibit similar absorption peaks to 
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those of commercial CS reported by Kaya et al. [37]. In 
addition, the absorption spectra observed in this study 
are similar to the absorption spectra of crayfish CS re-
ported by Erdoğan [38]. The broad overlapping peak in 
the region of 3000–3600 cm-1 is referred to as the vib-
rations of N–H and O–H groups in CS [39]. Michailidou 
et al. [39] also observed other absorption bands for CS 
at 1651 cm-1 and 1567 cm-1, at 1421 cm-1, at 1154 cm-1 
and at 1077 cm-1 representing the amide I and II, vibrati-
ons of C–H and O–H groups, the symmetrical stretching 
of the anti-C–O–C, and C–O, respectively. The obser-
vation of characteristic amide peaks identifying CS in 
the FTIR spectra of CS produced from A. leptodactylus, 
confirmed that the CS was successfully produced from 
the crayfish shells.

The viscosity average Mw of the CS obtained from 
crayfish A. leptodactylus was determined as 17.82 kDa. 
Gomes et al. [40] obtained highly pure β-CS at molecu-
lar weigths of 206 and 294 kDa from the squid species 
Loligo opalescens. Joseph et al. [41] reported that the 
Mw of CS varies between 200 and 1000 kDa, depending 
on the chitosan source. The authors classified CS with a 
Mw below 300 kDa as low Mw CS, and above 300 kDa 
as high Mw CS. Considering this study, the crayfish CS is 

in the low Mw CS class. Mw is a major component that 
affects the solubility of the polymer, as well as degree 
of acetylation, crystallinity, pH and temperature [42]. 
Low Mw CS is more convenient for the distribution of 
protein-based drugs and it facilitates the absorption of 
bioactive compounds and CS-based drugs from the in-
testine [41].

By elemental analysis, C%, N%, and H% contents of the 
crayfish CS were determined as 40.62%, 7.13% and 
6.74%, respectively. Based on these values, the DD of 
the crayfish CS was determined as 32.3%. The DD is the 
number of D-glucosamine units in the CS polymer and a 
key factor that crucially affects the solubility, biological 
activity and chemical properties of CS [16,43]. Aranaz et 
al. [42] state that the CS sample having a DD of 49% and 
homogeneous deacetylation is water-soluble. While the 
CS with a DD between 70-99% is classified as high DD 
CS, the CS with a DD of 55-70% is classified as low DD 
[41]. The authors noted that a DD higher than 70% is op-
timal for drug delivery applications. The DD affects the 
heat-sensitivity of the CS hydrogel. The optimal DD for 
the heat-sensitive chitosan-ab-glycerophosphate (CS-
ab-GP) hydrogel was found to be 75.4% [44]. According 
to this classification, the crayfish CS is in the class of CS 
with low DD.

Figure 2. Surface morphology of the CS obtained from the crayfish A. leptodactylus.
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The surface properties of the CS obtained from the 
crayfish A. leptodactylus were examined by SEM and 
presented in Figure 2. SEM analysis reveals that the 
crayfish CS exhibits folded and wrinkled structure, and 
also has fibers and homogeneously dispersed pores of 
almost equal size. The surface morphology of the cray-
fish CS is similar to that of CS from blue crab [37].

Characterization Analysis Results of the Synthesized 
CS-g-β-CD Hydrogels	

FTIR Analysis Results of Hydrogels
The FTIR spectra of the β-CD, CS, and the synthesized 
CS-g-β-CD hydrogel are shown in Figure 3. The FTIR 
spectra of the crayfish CS was discussed above. The 
presence of distinctive bands at 1647 cm-1 and 1584 
cm-1 corresponding to the amide I and amide II speci-
fic to CS were observed in the FTIR spectra (Figure 3a). 
Typical bands of saccharides were observed at 3329 cm-1 
(stretching of O-H), 2924 cm-1 (stretching of C-H), 1647 
cm-1 (bending of O-H), 1152 cm-1 (vibration of C-O),and 
1023 cm-1 (stretching of C-O-C) in the absorption spect-
ra of β-CD (Figure 3b). In another study, prominent 
absorption peaks of β-CD were observed at 2929 cm-1 
(stretching of C-H), 1645 cm-1 (bending of H-O-H), 1157 
cm-1 (stretching of C-O), and 1031 cm-1 (stretching of 
C-O-C) [45]. The CS and the β-CD both exhibited similar 
absorption bands in the FTIR spectra since they are 
both in carbohydrate structure. Paun et al. [46] stated 
that the IR spectra of the composite CS-g-β-CD memb-
rane were almost identical to that of the CS membrane 
due to the low contents of β-CD. Similar results were 
observed in this study as well. The FTIR spectra of the 
synthesized hydrogel revealed the interaction between 
the raw polymers (Figure 3c). The intensity of the pe-
aks observed at 1647 cm-1 in the spectra of CS decre-
ased and this band shifted to 1636 cm-1 in the spectra 
of the hydrogel. Another absorption peak observed at 
1584 cm-1 in the CS spectra shifted to 1549 cm-1 in the 
IR spectra of the hydrogel. The intensity of the band 
responsible for the NH bending of the uncrosslinked CS 
was reported to decrease to 1636 cm-1 in the absorpti-
on spectra of the CS hydrogel developed for the deli-
very of antiviral drug megosine [47]. The authors noted 
that the movement of this absorption band to a lower 
wavelength indicates crosslinking in the gel. In addition 
to these, the intensity of the peaks observed at around 

1417 cm-1 and 1456 cm-1 in the spectra of the crayfish CS 
and the β-CD, respectively decreased. An intense peak 
around 1405 cm-1 was recorded in the FTIR spectra of 
the synthesized hydrogel. The peaks at 1380 cm-1 and 
1257 cm-1 in the spectra of the synthesized hydrogel are 
due to the peak shifts that occurred depending on the 
intensity increase of the peaks belonging to the CS and 
β-CD. These changes indicating the chemical interacti-
on of the β-CD and the CS confirm the synthesis of the 
CS-g-β-CD hydrogel. The peaks at 752 and 705 cm-1 be-
longing to the β-CD are not seen in the region of peaks 
between 850 - 700 cm-1 of FTIR spectra of the CS-g-β-
CD hydrogel. These changes also show and confirm the 
synthesis of the CS-g-β-CD hydrogel.

An increase in the number and intensity of the peaks in 
the IR spectra of the Tenofovir disoproxil fumarate-loa-
ded hydrogel was observed (Figure 3d). The absorption 
peak, which belong to the CS, observed around 1636 
cm-1 in the empty hydrogel, increased to 1641 cm-1 in 
the spectra of the drug-loaded hydrogel, while the peak 
observed at 1549 cm-1 was reduced to 1545 cm-1. The 
intensity of the absorption band appeared at 1257 cm-1 
in the FTIR spectra of the empty hydrogel increased to 
1261 cm-1 in the antiviral drug-loaded hydrogel. The in-
teraction between the hydrogels and drug molecules 
was confirmed by the peak shifts observed in the IR 
spectra of the drug-loaded hydrogel. Malik et al. [48] 
observed slight shifts in the peaks of pure compounds 
forming the polymeric structure and some new peaks in 
the polymeric structure in the FTIR spectra of CS hydro-
gels loaded with the antiviral drug acyclovir. The aut-
hors noted that these changes represent the presence 
of acyclovir in the synthesized hydrogel and indicate the 
compatibility of the polymeric network with the antivi-
ral drug acyclovir. The new absorption peak emerged at 
1755 cm-1 in the IR spectra of the tenofovir disoproxil fu-
marate loaded hydrogel is due to the ester bonds in the 
structure of the drug molecules. Additionally, the peaks 
between 651 cm-1 and 1024 cm-1, which are not seen in 
the empty hydrogel, in the spectrum of the drug-loaded 
hydrogel, are thought to belong to drug molecules that 
did not interact with the hydrogel.
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Figure 3. FTIR spectra of the synthesized hydrogel and its raw materials a) Crayfish CS, b) β-CD, c) CS-g-β-CD hydrogel d) Drug (0.04 g) 
loaded CS-g-β-CD hydrogel.
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SEM Analysis Results of Hydrogels
The empty hydrogel exhibited a porous and reticulated 
structure with a nearly homogeneous mesh size (Figure 
4a). TDF loaded hydrogel, on the other hand, exhibits 
more like lamellar structure (Figure 4b). Zhou et al. [26] 
reported that loading drug in the CS-β-cyclodextrin 
(CS-β-CD) hydrogel changed the morphology of the 
empty hydrogel having regular structure, making it ir-
regular and the hydrogel exhibited a distinct lamellar 
structure. In this study, the CS-g-β-CD hydrogel became 
more irregular, compact, and fractured after loading 
with TDF. Paun et al. [46] have observed aggregation 
in the SEM image of the CS/β-CD composite membrane, 
which they developed to encapsulate the gallic acid and 
ensure its controlled release, due to the poor distribu-
tion of the gallic acid in the chitosan solution. Malik et 
al. [48] observed the drug crystals on the surface of the 
β-cyclodextrin-CS-based hydrogels due to the migrati-
on of drug particles to the surface with water during 
drying. In this study, however, in the SEM image of the 
antiviral drug-loaded hydrogel, no drug molecules mig-
rating to the surface or any aggregation of the drug mo-
lecules were observed.

XRD Analysis Result of Hydrogels
XRD motifs of the empty and the drug-loaded CS-g-β-
CD hydrogels are seen in the Figure 5. A single broad 
amorphous peak around 2θ=20° was observed in the 
XRD spectra of the blank CS-g-β-CD hydrogel (Figure 5a). 
The XRD spectra of the TDF-loaded CS-g-β-CD hydro-
gel indicated two amorphous peaks, one small and one 
large, around 11° and 21° (Figure 5b). However, when 
the chitosan is cross-linked with the glutaraldehyde to 
form a hydrogel, the ability of the chitosan to form int-
ra- and inter-molecular hydrogen bonds decreases, and 
the crystal structure of the polymer changes [49]. Mo-
reover, the haphazard occurrence of the grafting pro-
cess along the polymeric backbone causes the destruc-
tion of intermolecular hydrogen bonds [50]. Therefore, 
the CS-g-β-CD hydrogel exhibits a more amorphous 
structure with weak and low-intensity peaks. A study 
has reported that the XRD spectra of CS nanoparticles 
obtained from shrimp shells showed two peaks at 10° 
and 20° [51]. These peaks have disappeared after cross-
linking of CS nanoparticles with tripolyphosphate (TPP) 
and the XRD spectra exhibited an amorphous structure. 
In this study, the XRD spectra of CS-g-β-CD hydrogels 
cross-linked with glutaraldehyde showed an amorpho-
us structure. 

The XRD spectrum of the antiviral drug TDF, on the ot-
her hand, exhibits a highly crystalline structure due to 
the molecules it contains (Figure 5c). It shows multiple 
and sharp peaks representing the crystalline structure. 
These observations confirming the crystalline nature of 
the TDF were also reported by Elionai et al. [52] for the 
TDF (two intense peaks at 2θ = 20° and 25° and other 
various peaks at 10°, 18°, 22°, 28°, and 30°). The model 
antiviral drug acyclovir also exhibited sharp, intense and 
characteristic peaks at 18.50°, 21.50° and 30.50° in the 
XRD spectrum [48], similar to those in this study.

However, the TDF showed no peaks after loading onto 
the CS-g-β-CD hydrogel. The X-ray spectrum of the TDF-
loaded CS-g-β-CD hydrogel showed two broad bands 
around 2θ = 11° and 21°. This reveals the amorphous 
profile of the hydrogel. The disappearance of the TDF 
characteristic peaks in the XRD spectrum of the CS-
g-β-CD hydrogel indicates that the drug cannot form 
crystals and its molecular distribution within the for-
med polymeric network during hydrogel synthesis [53]. 

In a previous study, the XRD spectrum of the β-CD was 
reported to exhibit an amorphous structure with 2 
broad peaks around 10° and 20° [54]. The authors no-
ted that while the scutellarin/β-CD complex shows an 
amorphous XRD spectrum, it exhibits a halo pattern 
that is quite different due to the superimposition of the 
physical mixture of these two substances. This was due 
to the inclusion complex forming between scutellarin 
and β-CD. Another study reported that β-CD showed an 
amorphous structure with only one broad peak cente-
red at 19.5°, while XRD patterns of myricetin exhibited 
some sharp peaks and the compound showed crystalli-
ne structure [45]. However, the authors stated that the 
XRD motifs of the β-CD/myricetin complex exhibit an 
amorphous structure, displaying typical halo patterns, 
which is an indication that myricetin is fully incorpo-
rated into the β-CD space. The XRD model of the TDF 
loaded CS-g-β-CD hydrogel in this study is similar to the 
findings in the above references.
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Figure 4. SEM images of the CS-g-β-CD hydrogel (a), and the drug (0.04 g) loaded CS-g-β-CD hydrogel (b). 

Figure 5. XRD graphs of the blank CS-g-β-CD hydrogel (a), the antiviral drug TDF (0.04g) loaded hydrogel (b), and the Tenofovir 
disoproxil fumarate (c).
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1H-NMR Analysis Result of Hydrogels

1H-NMR spectroscopy analysis was employed to reve-
al the composition of the synthesized hydrogel and to 
confirm the interaction of the hydrogel with the antivi-
ral drug (Figure 6 and Figure 7). In the NMR spectrum of 
the CS-g-β-CD hydrogel, the long peak observed around 
7.27 ppm belongs to CDCl3 (Deuterochloroform) used as 
solvent (Figure 6a). Deuterochloroform used as solvent 
in 1H-NMR analysis gave a signal at 7.26 ppm [55]. The 
decreased signal observed around 10 ppm is due to glu-
taraldehyde. Lopez-Cervantes et al. [56] observed the 
proton signals of the aldehyde group of the glutaral-
dehyde at 9.6 ppm in the 1H-NMR spectrum of chitosan 
glutaraldehyde biosorbent, in which they used deuteri-
um hydrochloride as a solvent. In addition, hydrogens 
belonging to the N-acetyl group of the CS gave signals 
around 2 ppm. The signals of protons belonging to the 
glucosamine and N-acetylglucosamine groups of the CS 
showed a shift of around 3 ppm and gave weak signals 
between 3 ppm and 4 ppm. It was reported by Lopez-
Cervantes et al. [56] that the acetyl group of the CS gave 
signals around 1.8 ppm, while the H-3–H-6 protons of 
the D-glucosamine and N-acetylglucosamine groups 
gave split signals around 3.4 and 3.8 ppm. The authors 
also observed a visible signal at 3 ppm and a single sig-
nal at 1.8 ppm for the H-2 proton of the D-glucosamine 
fraction. They also pointed out that the intensity of the 
peaks at 3.0-3.8 ppm decreased indicating the cross-
linking of the glucosamine groups of the CS with glu-
taraldehyde. The H-2 proton gave signals at 2.68 ppm 
in the NMR spectra of the CS, while the H-3 to H-6 
protons gave multiple signals in the range of 3.85-3.55 
ppm [57]. The NMR signal around 1 ppm belonging to 
the β-CD belongs to the CH3 protons (Figure 6a). In ad-
dition, the peaks between 3 ppm and 4 ppm indicate 
the signals belonging to the β-CD, and the glucosamine 

and N-acetylglucosamine groups of the CS. Since the 
CS and the β-CD are both carbohydrate derivatives, it 
is possible that the signals of their protons may be close 
to each other or overlap. The proton signal of the β-CD 
at 1 ppm originates from the CH3 group [58]. In addition, 
the authors reported that H-2, H-4 protons of the β-CD 
signaled around 3.5 ppm, while H-1, H-3, H-5, and H-6 
protons gave weak signals between 4.5-5 ppm. Evange-
lista et al. [28] observed that the 1H-NMR spectrum of 
the CS/β-CD complex give signals belonging to both CS 
and β-CD between 2 ppm and 5.5 ppm.

As the antiviral drug had a complex chemical compo-
sition, numerous and diverse signals stand out in the 
NMR spectra (Figure 6b). The NMR spectrum of the TDF 
showed strong and split peaks around 1.4 ppm, multip-
le multi-proton signals between 3.8 and 6 ppm, strong 
single proton signals at 7.2 ppm, and weak double and 
triple signals at 8.4 ppm. In the 1H-NMR spectra of the 
TDF, Sichilongo et al. [59] recorded doublet signals at 1 
ppm, 1.2 ppm, 3.9 ppm, 4 ppm, and 4.2 ppm, multiple 
signals at 4.8 ppm, and singlet signals at 5.5 ppm, 6.6 
ppm, 7.2 ppm, 8 ppm and 8.1 ppm.

The 1H-NMR spectra of the CS-g-β-CD hydrogel loaded 
with the TDF (0.04 g) is shown in Figure 7. In this study, 
1H-NMR spectra of TDF and CS-g-β-CD hydrogels loa-
ded with this drug showed almost identical signals. The 
NMR spectrum of the TDF-loaded hydrogel reveals that 
the drug is stored in the CS-g-β-CD hydrogel and the 
interactions between the hydrogel and drug molecules 
are physical. It probably indicates inclusion complexes 
that the β-CD may have formed with the antiviral drug. 
A significant upshift in the signals of H-3 proton (3.7396 
ppm) and H-5 proton (3.6145 ppm) located in the in-
terior cavity of the β-CD is attributed to the inclusion 
complexing of the β-CD with drug molecules [60].
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Figure 6. NMR spectra of a) CS-g-β-CD hydrogel, and b) Tenofovir disoproxil fumarate. 
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Figure 7. NMR spectra of the Tenofovir disoproxil fumarate (0.04 g) loaded CS-g-β-CD hydrogel.
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Functionality Test Results of the Synthesized 
CS-g-β-CD Hydrogels

Gelation and Swelling Percentage of the CS-g-β-CD 
Hydrogels

The percentage gelation of the synthesized hydrogels 
are presented in Table 1. The gelation percentages of 
the synthesized hydrogels varied between 52.49% and 
90.38%. The increase in the amount of the β-CD results 
in a decrease in the gelation function from monomer 
to gel [61].

The CS-g-β-CD hydrogel containing 0.04 g of the β-CD 
swelled 18.9-21.74 times its dry weight in distilled water. 
The swelling capacity of the CS-g-β-CD hydrogels incre-
ased depending on the amount of β-CD. The equilibrim 
swelling percentages were found to be 728.1%, 937.9%, 

1441.5% and 2074.1% for G0, G1, G2 and G3, respecti-
vely. The β-CD has a lot of –OH and –CH2OH groups and 
these groups enable the hydrophilicity to the hydro-
gels. These functional groups are ionized at pH 7.4, and 
lead to an increase in electrostatic repulsive forces and 
provide a more expanded configuration. This enlarged 
configuration with the higher amount of β-CD in the 
prepared hydrogel causes an increase in water uptake 
and swelling [61,62].  

Standard Calibration Curve of the Antiviral Drug

The maximum absorbance value (λmax) for the TDF solu-
tion was determined as 261 nm. The calibration curve 
of the drug was prepared using the values obtained by 
reading the drug solutions at various concentrations 
(ppm) at a wavelength of 261 nm in a UV spectropho-
tometer (Figure 8).

Hydrogel Gelation (% )

G0 90.38%

G1 78.99%

G2 72.72%

G3 52.49%

Table 1. Gelation percentage of the CS-g-β-CD hydrogels. 

Figure 8. Calibration curve of the Tenofovir diproxil fumarate.
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TDF release from the CS-g-β-CD hydrogel

TDF release behaviors of the synthesized hydrogels in 
PBS solution (pH 7.4) are given in Figure 9. In the TDF-
loaded CS-g-β-CD hydrogels, drug release occurred 
from the first minutes as the gel started to swell, and 
the drug release amount gradually increased depen-
ding on time and reached equilibrium at 24 hours. In 
Figure 9, the TDF release from the G3 hydrogel conta-
ining the highest amount of β-CD started with a burst 
rapid of 58.75% drug release within the first 15 minu-
tes and then continued a steady slower release up to 
63% within 60 minutes.  After 24 hours, %73 of the TDF 
loaded to the CS-g-β-CD hydrogel could be released in 
PBS solution at equilibrium. On the contrary, Figure 9 
indicates that the drug release of pure CS (G0) is hig-
her than that of CS-g-β-CD (G3) hydrogels. This can be 
due to the increase in the diffusional path depending on 
the high swelling capacity of the CS-g-β-CD hydrogels. 
Hydrophobic drug TDF was found to be retained within 
the hydrogel structure despite extensive washing with 
DMSO or methanol. Hydrogels are suitable candidates 
as carriers for poorly water-soluble drugs to improve 
their solubility [27,62].  

The TDF release mechanism of the synthesized CS-g-β-
CD hydrogels was examined by fitting the data obtai-
ned from the first 60% drug release to the Korsmeyer-
Peppas model [63]. The drug release kinetics of all the 
synthesized CS-g-β-CD hydrogels were examined by 
Korsmeyer-Peppas, zero-order, Higuchi, and first-order 
models. All the models showed a similar trend with the 
TDF release data. The regression coefficient (R2) is fre-
quently used to discover whether a kinetic model fits 
the drug release data and the strength of the tested 
models. Therefore, the model that best fits the relea-
se data was selected based on the R2 value being close 
to 1. Table 2 illustrates that Korsmeyer-Peppas model 
better fitted the release of TDF (R2>0.99) than the ot-
her models. The Korsmeyer-Peppas kinetic model is a 
semi-empirical model that can describe the drug rele-
ase behaviors through diffusion or swelling [64]. In this 
model, in order to evaluate the release mechanism, the 
diffusion constant (n) value, which indicates the type 
of release mechanism, is calculated. For cylindrical 
samples, n<0.45 indicates pseudo-Fickian diffusion (dif-
fusion-controlled), 0.45<n<0.89 indicates non-Fickian 
diffusion (abnormal drug release/diffusion and erosion 
controlled), n=0.89 indicates Case II (polymer relaxati-
on-controlled), and n>0.89 indicates supercase II [63]. 

In this study, the n value was found to be between 
0.2712-0.2956, indicating a pseudo-Fickian diffusion. 
This shows a rapid diffusion of water into the hydrogel 
but the equilibrium is reached very slowly [36]. 

A study reported that considering R2, k, and n values, 
drug release from the chitosan films best fit the zero-
order kinetic model, indicating a sustained drug relea-
se [65]. Another study has reported that the acyclovir 
(ACV) release kinetics of the chitosan-β-cyclodextrin-
based hydrogel best fit the Peppas model (R2=0.9651 
and n value: 0.2681) [66]. In the study, it has been sug-
gested that the drug release mechanism may be due to 
drug diffusion from pores in the hydrogel through the 
partially swollen hydrogel matrix. Suhail et al. [67] sta-
ted that all formulations of the chitosan-β-cyclodextrin 
polyacrylamide (CS/β-CDcPAa) hydrogel they develo-
ped, followed the first-order model and the n values 
were between 0.5228 and 0.6310, representing a non-
Fickian diffusion. The authors pointed out that for the 
CS/β-CDcPAa hydrogel, the key factor affecting the loa-
ding and release of drugs is the swelling index. Malik et 
al. [48] found that the release of Acyclovir (ACV) from 
β-cyclodextrin/chitosan/methacrylic acid (β-CD/CS-co-
poly(MAA)) hydrogels followed zero-order kinetics. The 
authors observed that the n values determined from 
the drug release data of the ACV-containing hydrogels 
followed the Fickian mechanism in the release into the 
simulated gastric fluid and the non-Fickian mechanisms 
in the release into the simulated intestinal fluid, and 
they emphasized that the drug release rate from the 
hydrogels shows the swelling behavior of the gel.

The zero-order drug release is continuous and time-de-
pendent and describes single-phase drug release from 
a hydrogel system that releases its content at a cons-
tant rate not related to the concentration [64]. It can be 
observed in materials with swelling ability [68]. In the 
first-order model, the release kinetics depend on the 
initial concentration and show a much slower and diffe-
rent release rate over time depending on the remaining 
drug concentration [69]. The amount of the released 
drug is proportional to the square root of time in the Hi-
guchi model [63]. In this study, considering the R2 and n 
values, all formulations of the CS-g-β-CD hydrogel best 
fit the Korsmeyer-Peppas model, which describes diffe-
rent release events including diffusion or swelling, and 
were not compatible with the models mentioned above 
(Table 2, Figure 9).
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Kinetik models Parameters (% ) G0 G2 G3

Zero order kinetics
Ko (min-1) 0.0072 0.0075 0.0021

R2 0.9502 0.9497 0.9765

First-order kinetics
K1 (min-1) 0.0802 0.0102 0.0066

R2 0.9565 0.9757 0.9878

Higuchi model
K2 (min-1) 0.0826 0.0553 0.0244

R2 0.9449 0.9632 0.9979

Korsmeyer- Peppas model

n 0.2712 0.2860 0.2956

k 0.196 0.321 0.483

R2 0.9504 0.9920 0.9906

Table 2. TDF release characteristics of the prepared hydrogelst.

CONCLUSION

In this study, the CS-g-β-CD hydrogels were synthesi-
zed in a single step for the controlled release of the TDF 
using the crayfish chitosan and β-Cyclodextrin which 
are natural biomaterials. The addition of β-CD to the CS 
hydrogel improved the swelling behavior of the hydro-
gel and the controlled release of TDF from the hydrogel 
due to the formation of the host–guest complex. The 
hydrophobic drug TDF was found to be retained within 
the hydrogel structure although extensive washing with 
DMSO was carried out. This shows the suitability of the 
CS-g-β-CD hydrogels for the delivery of the hydropho-
bic drug TDF having low bioavailability. The TDF release 

kinetics of the CS-g-β-CD hydrogels are better fitted to 
the Korsmeyer-Peppas model (r2>0.99) suggesting a dif-
fusion-controlled release mechanism through the parti-
ally swollen hydrogel matrix and pores in the hydrogel. 

CS-g-β-CD hydrogel has the potential to be a suitable 
drug delivery system for other hydrophobic antiviral 
drugs as well as TDF used in the treatment of diseases 
that require lifelong drug use, such as HIV and Hepatitis 
B. Moreover, the synthesized CS-g-β-CD hydrogel may 
offer an opportunity to develop a new drug delivery 
system as a temporary wound dressing and as a mu-
coadhesive hydrogel for transdermal drug delivery and 
cosmetic applications.

Figure 9. Drug release profile of the G0-G3 hydrogels at pH 7.4, and 37°C.
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