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Abstract

Polyethylene glycol (PEG)- and polyethylene glycol-polycaprolactone (PEG-PCL)-
based hydrogels were synthesized with various compositions of prepolymers by
using ROP and click chemistry methods. Relevant prepolymers were character-
ized by "H NMR and FTIR spectroscopy. In order to study the influence of network
parameters on swelling and release kinetics, experimental data were approximated
by several mathematical models including zero order, first order, Higuchi and Kors-
meyer—Peppas to determine the kinetics of swelling and diclofenac sodium release
from hydrogels. The obtained results showed that the swelling and release data were
best fitted to Korsmeyer—Peppas model. The results of the swelling study showed
that the swelling properties of the hydrogels varied with the changes in the PEG
molecular weights, as well as concentration of PCL. All of the hydrogels showed
non-Fickian diffusion, but when PCL concentration increased and PEG molecular
weights decreased, the n values were decreased and reached n=0.5 (Fickian dif-
fusion). The kinetics of diclofenac sodium release from hydrogels showed similar
behavior so that in F hydrogels with the highest PCL concentration, the release
mechanism fully changed from non-Fickian to Fickian diffusion. In other words,
with increasing cross-link density and PCL concentration, the swelling degree and
flexibility of networks decreased. Therefore, the swelling and release mechanism
changed from non-Fickian to Fickian diffusion.
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Introduction

Hydrogels are three-dimensional polymeric networks that can absorb a large
quantity of water and remain mechanically stable without dissolving [1, 2]. In
recent years, hydrogels have found widespread applications in wound dressings
[3-5], superabsorbent [6, 7], sensor units [8—10], tissue engineering [11-13],
self-healing materials [14—16] and drug delivery vectors [17-19]. Swelling and
diffusion behaviors of hydrogels are important parameters for their applications
in biomedical and pharmaceutical areas. The swelling behavior of polymer net-
works can be affected by the nature of the polymer and degree of cross-linking.
Swelling behavior and its relationship with structural parameters of hydrogels
have been studied by many researchers [20, 21]. Tahar Bartil et al. synthesized
pH-sensitive hydrogels based on methacrylic derivatives. Their study revealed
that the mechanism of water transport through the gels was significantly affected
by the pH of the swelling medium and became more relaxation-controlled in a
swelling medium of pH 7.0. The swelling and hydrolytic behaviors of hydro-
gels were dependent on the content of methacrylic acid (MAA) groups [22].
Gonzilez-Alvarez et al. synthesized polyacrylamide-co-itaconic acid/chitosan-
based hydrogels. Their study showed that the swelling properties of the network
varied with the changes in the pH in the swelling solution, as well as concentra-
tion of chitosan. Also, the ascorbic acid diffusion inside the hydrogel follows a
Fickian mechanism [23]. In another interesting work, Chaenyung Cha et al. syn-
thesized poly(N-isopropylacrylamide)-based hydrogels using polyethylene glycol
cross-linkers with varying chain lengths. Their study revealed that the swelling/
deswelling behavior, drug release and lower critical solution temperature (LCST)
of PNIPAm-PEG hydrogels can be affected by the concentration and molecular
weight of the polyethylene glycol (PEG) cross-linker [24]. Recently, Dibyendu S.
Bag et al. synthesized silver nanoparticles-embedded double-network nanocom-
posite hydrogels of poly(acrylamide-co-2-hydroxyethyl methacrylate) as the sec-
ond network and polyvinyl alcohol-borax as the first network by in situ reduction
of silver nitrate using citric acid. Antibacterial properties, degree of swelling and
swelling kinetics of these hydrogels were fully investigated by the authors. The
swelling kinetic study revealed that the diffusion of solvent molecules inside both
virgin and silver nanoparticles-embedded double-network hydrogels followed the
non-Fickian-type behavior. Furthermore, silver nanoparticles-containing hydro-
gels exhibited a significant amount of antibacterial activity toward gram-positive
and gram-negative bacteria [25]. In respect of polymer nature, using of hydropho-
bic polymers in hydrogel structure can regulate the swelling and consequently the
release behavior of hydrophobic and hydrophilic components. Also, incorpora-
tion of hydrophobic segments improves mechanical properties of hydrogels that
these materials are defined as amphiphilic polymer co-networks that have found
versatile application such as contact lenses [26-28], drug delivery matrices [29,
30], membranes [31] and tissue engineering scaffolds [32, 33]. Swelling and
release behaviors of amphiphilic hydrogels have been studied by many research-
ers [34, 35]. For example, Yang et al. synthesized amphiphilic hydrogels based on
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well-defined star-shaped hydrophobic poly(caprolactone) (PCL) and hydrophilic
polyethylene glycol (PEG) using ring-opening polymerization and click chemis-
try. Their studies revealed that the swelling and release behaviors, thermal prop-
erty and good protein absorption resistance property of the amphiphilic hydrogels
are closely related to the composition of hydrophilic and hydrophobic segments
[36]. In another work, Chunju He et al. synthesized novel core-first star polymer-
based co-networks via sequential atom transfer radical polymerization (ATRP).
Their study revealed that synthesized amphiphilic co-networks (APCNs) show a
unique swelling behavior and excellent mechanical properties and the release rate
could be regulated by varying the hydrophilic composition and cross-linking den-
sity [37]. It seems that the network permeability and swelling behavior can be the
two most important characteristics of hydrogels in controlled release applications.
Therefore, knowledge of the swelling kinetics and network permeability of hydro-
gels can be important in biomedical and pharmaceutical applications. In the pre-
vious work, we synthesized multi-component amphiphilic co-networks based on
PCL and PEG prepolymers that the swelling and release rate of these amphiphilic
hydrogels could be regulated by establishment of a balance between hydrophilic/
hydrophobic compositions and the cross-linking density [38]. In continuation of
our previous report, in order to obtain complete information with more details in
respect of swelling and release kinetics, in this study pure PEG- and PEG-PCL-
based hydrogels were synthesized through ring-opening polymerization and click
chemistry methods and the influence of network parameters on swelling and drug
release kinetics was investigated.

Experimental
Materials

Polyethylene glycol (PEG, M, =2000, 4000 and 6000 g/mol) was kindly provided by
Kimiagaran Emrooz Chemical Industries Co. and dried by azeotropic distillation in the
presence of toluene. Propargyl bromide (80% in toluene) was purchased from Acros
Chemical Co. and used as received without further purification. e-Caprolactone (98%),
pentaerythritol, Sn(Oct),, 4-toluenesulfonyl chloride, sodium azide, sodium ascor-
bate and copper(I) sulfate pentahydrate were purchased from Merck Chemical Co.
and were used as received. Diclofenac sodium was supplied by Alborz Darou. Diethyl
ether and THF were dried and distilled from benzophenone—Na. Dimethylformamide
(DMF), dichloromethane (DCM) and dimethyl sulfoxide (DMSO) were dried by distil-
lation under reduced pressure over CaH, and then stored over molecular sieve 4A. All
other chemicals were of analytical grade and were used as received.
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Experimental procedure
Synthesis of four-arm star-shaped polycaprolactone (4sPCL)

Under nitrogen atmosphere, 2.28 g e-CL (20 mmol), pentaerythritol (0.14 g,
1 mmol) and Sn(Oct), (0.1 wt% of e-CL) were added to a three-neck round-bottom
flask equipped with a reflux condenser. The reaction mixture was stirred at 130 °C
for 48 h. After the reaction flask was cooled down to room temperature, the reaction
mixture was dissolved in methylene chloride and then poured into excess diethyl
ether to precipitate the polymerized product. The product was obtained after filter-
ing and drying.

Synthesis of tosylated 4sPCL

4sPCL (0.5 g, 0.1 mmol) was dissolved in 20 mL of anhydrous DCM, then triethyl-
amine (0.3 mL, 2 mmol) was added, and the reaction mixture was cooled to 0 °C. A
solution of TsClI (0.4 g, 2 mmol) in 5 mL of DCM was slowly added to the reaction
mixture. After stirring for 1 h at 0 °C, the reaction was stirred overnight at room
temperature. Then, the reaction mixture was filtered and washed three times with
distilled water. After drying of organic layer over MgSO,, the tosylated product was
obtained after evaporation of excess amount of DCM and precipitation in the excess
amount of cold diethyl ether.

Synthesis of azide-functionalized 4sPCL

Sodium azide (0.07 g, 1.06 mmol) was added to a solution of tosylated 4sPCL
(0.25 g, 0.05 mmol) in DMF (7 mL). The solution was allowed to stir for 24 h at
45 °C. After reaction completed, insoluble products were filtered. DCM (15 ml)
was added to the reaction mixture and washed three times with distilled water. The
organic layer was dried over MgSO,, and the product was obtained after evaporation
of excess amount of DCM and precipitation in excess amount of cold diethyl ether.

Synthesis of propargylated pentaerythritol

One gram pentaerythritol was dissolved in 15 ml DMSO, and then, 2.5 ml aque-
ous solution of NaOH (40 wt%) was added. The solution was stirred at room tem-
perature for 30 min. Propargyl bromide (80%, 6 ml) was then added, and the reac-
tion mixture was stirred at room temperature for an additional 10 h. Diethyl ether
was added to the reaction mixture and washed three times with distilled water. The
organic layer was dried with MgSO,. After evaporation of diethyl ether, yellow vis-
cose crude product was obtained and used without further purification.

Tosylation of polyethylene glycol

Polyethylene glycols (M,,=2000, 4000 and 6000 g/mol) were tosylated according to
the following procedure.
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Typically, PEG-2000 (3 g, 1.5 mmol) was dissolved in 20 ml dichlorometh-
ane and then triethylamine (2.1 ml, 15 mmol) was added. Tosyl chloride (2.86 g,
15 mmol) in 10 ml dichloromethane was added dropwise to this solution at 0 °C.
The reaction mixture was stirred at room temperature for 24 h. In continue, the reac-
tion mixture was washed with brine and cold water three times. Organic phase was
dried over MgSO,, concentrated under reduced pressure and precipitated in diethyl
ether as a white solid. The same procedure was used for tosylation of PEG-4000 and
6000.

Azide-functionalized polyethylene glycol

Typically, tosylated polyethylene glycol (PEG-2000-OTS, 1 g, 0.43 mmol) was dis-
solved in DMF (10 mL) and sodium azide (0.6 g, 10.7 mmol) was added. The reac-
tion mixture was stirred for 24 h at 70 °C. Dichloromethane (20 mL) was added and
the reaction mixture was washed three times with cold distilled water. The organic
layer was dried with anhydrous magnesium sulfate. After solvent evaporation, the
product was precipitated in diethyl ether as a white solid. The same procedure was
used for the synthesis of PEG-4000-(N5), and PEG-6000-(Ny),.

Preparation of PEG- and PEG-PCL-based hydrogels

Hydrogels have been synthesized by using various combinations of prepolymers as
given in Table 1. A 1:1 molar ratio between the azide and alkyne groups was used
for all of the hydrogels.

PEG-based hydrogels Typically, in a small vial, PEG-bis-azide (0.1 g, 0.05 mmol)
and tri- and tetrafunctional pentaerythritol (0.004 g, 0.032 mmol) were dissolved
in a solution of ethanol/isopropanol (1:1 volume ratio, 0.5 mL). Sodium ascor-
bate (5 mg, 0.025 mmol) in 0.25 mL water was added to this solution, and the
mixture was shaken vigorously until a clear solution was obtained. Copper sulfate
(5 mg, 0.02 mmol) in 0.25 mL water was added to the solution, and the mixture

Table 1 Compositions of different hydrogels

Hydrogels  Prepolymers

PEG-2000-(N;), PEG-4000-(N;), PEG-6000-(N3), Propargylated  4sPCL-(N;),

pentaerythritol

A v v

B v v

C v v

D v (75%) v v (25%)
E v (50%) v v (50%)
F v (25%) v v (75%)
G v v
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was shaken for 10 s. The hydrogels began to form immediately after the addition
of copper (II) sulfate. The reaction was allowed to react at room temperature for
another 2 h to obtain a uniform solid structure. After complete gelation, the gel
was immersed into firstly ethylenediaminetetraacetic acid (EDTA) solution (5%)
and then ethanol to remove copper ions and unreacted precursors. At last, the gel
was immersed in deionized water to achieve further purification. The gel fraction
was calculated as the weight percentage of dry gel over the total weight of the
polymer precursors.

PEG-PCL-based hydrogels Typically, the synthesis procedure for E hydrogel is as
follows: PEG diazide (0.03 g, 0.01 mmol), azide-functionalized 4sPCL (0.023 g,
0.005 mmol) and propargylated pentaerythritol (0.0019 g, 0.01 mmol) were dis-
solved in 0.25 mL DCM in a 5-mL vial. Then, DMF (0.5 mL) was added to the
vial. Sodium ascorbate (5 mg, 0.025 mmol) and copper sulfate (3 mg, 0.012 mmol)
were dissolved in 0.25 mL water separately, and then, the mixture was added into
the vial. The solution was shaken vigorously for 10 s. After 1 h, the hydrogel was
formed. The gel was then washed with EDTA solution (5 wt%), DCM and deion-
ized water, respectively, to remove copper ions and unreacted residue.

Characterization

'"H NMR spectra were recorded on a Bruker Advance DPX instrument at
250 MHz using CDCI3 as the solvent. Infrared spectra were obtained on a
Thermo Scientific Nicolet iS10 FTIR spectrophotometer. The samples were
pressed into potassium bromide (KBr) pellets. The morphology of hydrogels was
studied on a scanning electron microscope (SEM). The hydrogels were swelled
in water for 48 h, then removed from solvent, quickly frozen in liquid nitrogen
and then freeze-dried in a Christ alpha 1-4 LD plus freeze drier under vacuum
at —60 °C for 3 days until the samples became completely dry. The freeze-dried
hydrogels were coated with gold and then visualized using a Seron Technologies
ALS2100 SEM. All UV-VIS data are collected with a Heylos spectrophotometer.
Diclofenac sodium concentration was determined by measuring the absorbance of

the solutions at A,,,, =276 nm.

Swelling measurements

After purification of hydrogels, they were dried at 50 °C under reduced pressure
until they reached constant weight prior to swelling measurements. The swelling
of the hydrogels was studied by immersing dry hydrogels in deionized water at
room temperature. At certain time intervals, hydrogels were removed, wiped with
soft tissue to remove excess surface water, and they were weighed at certain time
intervals until the swelling equilibration. The degree of swelling (DS) of hydro-
gels was determined using the following equation:
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where W, and W, are the weights of the dry and swollen gel, respectively.

Load and release study of diclofenac sodium

Entrapping method was applied for loading of diclofenac sodium into hydrogels.
Briefly, during the hydrogel formation process, in addition to prepolymers, solvent
and catalyst, 5 mg of diclofenac sodium was also added to the vial. As hydrogels
formed, the drug was entrapped into hydrogels. Drug-containing hydrogels were
dried at room temperature for 48 h. Release study of diclofenac sodium was done
in phosphate-buffered solution (PBS) at 37 °C. Drug-containing hydrogels were
immersed in 50 ml phosphate-buffered solution. In certain time intervals, 3 ml of
the solution was removed from the release medium and replaced with 3 ml of fresh
phosphate-buffered solution. The concentration of diclofenac sodium was measured
by UV-VIS spectroscopy at 276 nm. Each measurement was repeated at least two
times, and the average values were plotted.

Results and discussion
Synthesis of prepolymers and cross-linkers

Prepolymers and cross-linkers were synthesized and characterized according to our
previous work [37].

Azide-functionalized four-arm star-shaped polycaprolactone was synthesized in
three steps which are presented in Scheme 1.

The FTIR spectrum of four-arm sPCL is shown in Fig. 1a(I). The main absorp-
tion bands at 1200 and 1725 cm™ are related to ether and carbonyl bonds, respec-
tively. In addition, the appearance of absorption bands of C—H (2945 cm™') and OH
(3435 cm™") confirms the ring-opening polymerization of CL by the initiator. The
"H NMR spectrum of four-arm sPCL is shown in Fig. 2a. The main resonance peaks
(Ha, Hb, Hc, Hd, He) are attributed to methylene protons of PCL repeating units
while the terminal methylene protons (Hf) were observed in 3.65 ppm. The 'H NMR
spectrum of tosylated sPCL is shown in Fig. 2b. The characteristic signals related
to tosyl groups were appeared at 7.3, 7.8 ppm (aromatic protons) and 2.4 ppm (ben-
zylic protons). Tosylate groups were replaced by azide groups via reaction with
NaNj; in dry DMF. This substitution was confirmed by fully disappearance of sig-
nals related to tosyl groups and appearance of a new peak at 3.30 ppm that can be
attributed to protons of -CH,—Nj; group (Fig. 2c). This result was also confirmed by
FTIR analyses. The absorption peak of azide groups appeared in 2096 cm™' which
indicates successful preparation of azide-functionalized sPCL (Fig. 1a (II)).

'"H NMR spectra of tosyl and azide-terminated PEG are shown in Fig. 2e, f,
respectively. The appearance of aromatic protons (7.31 and 7.74 ppm) and benzylic
protons (2.40 ppm) in the spectrum of tosylated PEG indicates that the esterification
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Scheme 1 End azide function- (o)
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Azide Functionalized S-PCL

reaction happened successfully. Furthermore, the signals of tosylated PEG at 7.74,
7.31 and 2.3 ppm disappeared fully after reacting with NaN; which indicated that
sulfonate groups were replaced by azido groups completely.

Figure 2d shows 'H NMR spectrum of propargylated pentaerythritol. (Only tri-
functional product was shown with spectrum.) With the appearance of peaks at
4.15 ppm (-OCH,CCH), 3.45 ppm (-CH,OCH,CCH) and 2.35 ppm (-CCH) in the
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Fig.1 FTIR spectra of a (I)) four-arm sPCL, a (II)) four-arm sPCL-Nj3, b propargylated pentaerythritol, ¢
ATR-FTIR spectrum of PEG-PCL hydrogel

"H NMR spectrum, the functionalization of pentaerythritol with propargyl groups
was confirmed. The presence of peak at 3.60 ppm (CH,OH) indicates that the mix-
ture of products (tetra-, tri-, bi- and monofunctional products) was obtained in this
reaction. Additionally, the FTIR spectrum is shown in Fig. 1b. The absorption bands
at 3290 and 2115 cm™' are attributed to H-C (-C=C-H) and carbon—carbon triple
bond (—-C=C-) stretching vibration, respectively. These results confirm that alkyne
functionalization of pentaerythritol was achieved successfully.

Synthesis of PEG- and PEG-PCL-based hydrogels

Seven types of PEG- and PEG-PCL-based hydrogels were synthesized as given in
Table 1. All of the hydrogels were synthesized in the presence of CuSO,.5H,0 and
sodium ascorbate as a click reaction catalyst. In PEG-based hydrogels (A, B and
C), the polyethylene glycols with different molecular weights are incorporated in
hydrogel networks, while in PEG-PCL-based hydrogels (D, E, F and G), the PEG/
PCL ratios are different. It is noticeable that in all of the combinations, the stoichio-
metric ratio of azide and alkyne is considered. Formation of integrated gels based on
PEG and PEG-PCL after click reaction between azide and alkyne groups is shown
in Fig. 3a, d, respectively. Dry and swollen states of hydrogels also are presented in
these figures.

The proposed click coupling between components of PEG- and PEG-PCL-based
hydrogels was presented in Schemes 2 and 3, respectively. Typical FTIR spectrum
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Fig.2 'H NMR spectra of a 4sPCL, b 4sPCL-OTs, ¢ 4sPCL-N 3, d propargylated pentaerythritol, e tosyl-

terminated PEG, f azide-terminated PEG

of PEG-PCL hydrogel is shown in Fig. 1c. The disappearance of the absorbance
peak at about 3270 cm~! and 2100 cm™ (related to alkyne groups) and 2096 cm™!
(related to azide group) after gelation indicated that the click reaction happened suc-
cessfully between the azide and alkyne groups.

The morphology of hydrogels was also investigated by scanning electron micros-
copy (SEM). Figure 4a—d shows the surface and cross-sectional scanning electron
microscopy (SEM) images of the typical freeze-dried pure PEG gel. Surface and
cross-sectional SEM images of the typical freeze-dried PEG-PCL sample are also
shown in Fig. 4e, f, respectively. The morphology of PEG-PCL network is simi-
lar to that of the PEG-based network, while the pure PEG gel shows highly porous
structure with larger pore sizes. Incorporation of the PCL segments in network leads
to a denser morphology of PEG-PCL-based hydrogels (Fig. 4f).
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Click reaction

Click reaction
—_—

Fig.3 a Formation of pure PEG-based hydrogel by click reaction, b hydrogel in dry state, ¢ swollen in
water, d formation of PEG-PCL-based hydrogel by click reaction, e hydrogel in dry state, f swollen in

water
= _/=
N3 N 3 + +
H — = =

~wneon PEG .
CuSOQ, , Sodium ascorbate

Scheme 2 Click coupling between azide and alkyne groups in pure PEG hydrogels

Swelling behavior

The swelling behavior of pure PEG hydrogels is shown in Fig. 5. It can be
clearly seen that the swelling degree of hydrogels was increased with increas-
ing PEG molecular weight but the time taken to achieve equilibrium swelling
was decreased. It can be attributed to the cross-link density. In the case of PEG-
2000 (A hydrogel), cross-link density in network is higher than in PEG-4000 (B
hydrogel) and PEG-6000 (C hydrogel). Therefore, the time reaching equilibrium
swelling in A hydrogel is longer than in B and C hydrogels. Figure 6 shows the
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Scheme 3 Click coupling between azide and alkyne groups in PEG-PCL hydrogels

swelling curves of PEG-PCL hydrogels. As shown in Fig. 6, swelling degree
of these hydrogels is lower than that of pure PEG hydrogels. These results are
expected because with incorporation of PCL segments, the hydrophilicity of net-
works was decreased. When the contribution of PCL segments was increased in
networks (from D to F hydrogels), the swelling degree was decreased in which the
G hydrogel does not swell in water. The numerical values of equilibrium swelling
of the hydrogels are presented in Table 2. As given in Table 2, the degree of equi-
librium swelling was decreased from A to F hydrogels.

Kinetic swelling studies were investigated to explain the mechanism of water
diffusion into the hydrogel samples. According to the good adaptation of swelling
data with Korsmeyer—Peppas model, Eq. (1) was used to process the kinetic data
of the swelling process, in order to obtain information related to the mechanism
of water transport through the hydrogels.

M,/M =kt (1)
where M, is the mass of water absorbed at time ¢, M is the mass of water absorbed
at equilibrium, k& (min™) is the kinetic constant of the hydrogel and 7 is the swell-
ing exponent describing the mechanism of transport. Fickian diffusion and Case II
(relaxation-controlled) transport are defined by n values of 0.5 and 1, respectively.
Non-Fickian or anomalous transport is between Fickian and Case II (0.5<n<1).

The portion of the water absorption curve with fractional water uptake
(M /M) less than 0.60 was analyzed using Eq. (1). The constants n and k were
calculated from the slopes and intercepts of the plots of In (M,/M ) versus In ¢
from the experimental data. The graphs of In (M,/M_) versus In ¢ for swelling
behavior of hydrogels are presented in Fig. 7. According to these graphs, there is
a good adaptation of swelling data with Korsmeyer—Peppas model.
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Fig.4 a SEM of pure PEG-based hydrogel surface, b, ¢, d SEM of pure PEG-based hydrogel cross sec-
tion, e SEM of PEG-PCL-based hydrogel surface, f SEM of PEG-PCL-based hydrogel cross section
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Fig.5 Swelling degree of A, B and C hydrogels in water
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Table 2 Swelling equilibrium and kinetic parameters of swelling with the Korsmeyer—Peppas model

Hydrogels Swelling equi-  R? k n Swelling mechanism
librium

A 20 0.9995 0.0210 0.5739 Anomalous (non-Fickian)
B 14.5 0.9844 0.0250 0.6087 Anomalous (non-Fickian)
C 9 0.9954 0.0223 0.6351 Anomalous (non-Fickian)
D 8 0.9936 0.0438 0.6991 Anomalous (non-Fickian)
E 2 0.9785 0.0204 0.6316 Anomalous (non-Fickian)
F 1.5 0.9717 0.0509 0.5196 Anomalous (non-Fickian)
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Fig.7 Swelling kinetic plots [In (M,/M ) versus In 7] of the hydrogels

It is well known that swelling property is related to the structural parameters of
the cross-linked polymers.

Table 2 shows swelling mechanism and related kinetic data for various hydro-
gels. According to the diffusion exponent parameter (n) values, the diffusion of
water was found to be anomalous (non-Fickian) for PEG and PEG-PCL hydro-
gels. The dynamic swelling behavior of cross-linked polymers is dependent on the
relative contribution of penetrant diffusion and polymer relaxation. As given in
Table 2, for pure PEG hydrogels, the n values were decreased from C to A hydro-
gel and these values approach to Fickian (diffusion-controlled) behavior. The simi-
lar behavior was observed for PEG-PCL hydrogels when the contribution of PCL
segments was increased in networks (from D to F hydrogel). It can be attributed to
the flexibility of the networks. When a dry hydrogel is placed in water, the poly-
mer chains interact with the solvent molecules, leading to chain expansion, which,
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in turn, affects macromolecular chain relaxation. As a result, the extent of separa-
tion between the polymer chains depends on the rate of water diffusion into the net-
work. In PEG-PCL hydrogels, with increasing PCL segments, the hydrophobicity
of networks is increased. Therefore, the swelling and expansion of polymer chains
are restricted and the structure of networks could be more rigid or less flexible. Con-
sequently, with increasing PCL segments in PEG-PCL hydrogels, the mechanism
of water transport in the hydrogels changes from non-Fickian to Fickian behavior.
This behavior also was observed in pure PEG hydrogels. With decreasing molecular
weight of PEG, the cross-link density was increased and consequently the flexibility
of networks was decreased.

Drug release studies

The capability of hydrogels as drug carriers was evaluated by determination of their
release behavior in phosphate-buffered solution (PBS) at 37 °C. Diclofenac sodium
was our model compound to study the release characteristics of water-soluble drugs.
The release behavior of diclofenac sodium from A, B and C hydrogels is shown in
Fig. 8. As shown in Fig. 8, the rate of release increases as the molecular weight of
PEG increases and the release time decreases inversely. With increasing cross-link
density, the swelling of networks decreases so the release rate is also reduced. Fig-
ure 9 shows the release profiles of PEG-PCL (D, E and F) hydrogels. As shown in
Fig. 9, D hydrogel released about 78% of diclofenac sodium within 57 h, while E
and F hydrogels released only about 38% and 14% of diclofenac sodium, respec-
tively, at the same time. It seems that the rate of release could be affected by the rela-
tive hydrophobic/hydrophilic composition and cross-link density. It can be attributed
to PCL amount in D, E and F hydrogels. Drug release is slowest when the hydropho-
bic content is highest (75 wt%) in the F hydrogel. In other words, the rate of release
increases as the amount of the hydrophilic component increases. The release times

100
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8
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o
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Fig. 8 Release profiles of diclofenac sodium from A, B and C hydrogels
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Fig. 9 Release profiles of diclofenac sodium from D, E and F hydrogels

of PEG-PCL hydrogel are longer than those of pure PEG hydrogels, because of the
combined effects of increasing PCL contents and cross-link densities.

Drug release kinetics

In order to determine the kinetics of diclofenac sodium release from the hydrogels,
various kinetic models were used to analyze release data. Mathematical equations
of each model are listed in Table 3. The release data were fitted to kinetic models
in order to select the best model based on the correlation coefficient (R%). Table 4
shows the correlation coefficient of each model for diclofenac sodium release from
hydrogels. The obtained coefficient correlation values showed the data were best fit-
ted to Korsmeyer—Peppas model for all of the hydrogels. The graphs of In (M,/M_.)
versus In ¢ for release behavior of hydrogels are presented in Fig. 10. According
to these graphs, there is a good adaptation of release data with Korsmeyer—Peppas
model.

The mechanism of release can be analyzed by the release exponent n. In
Fickian diffusion (n=0.5), the diffusion of penetrant is slower than polymer
relaxation and transport is controlled by the diffusion rate. When n=1, poly-
mer relaxation is slower than the diffusion and transport is controlled by the
rate of polymer relaxation (Case II transport). The rates of polymer relaxation
and diffusion are comparable for non-Fickian diffusion (0.5 <n < 1). According

Table 3 M'flthemgtlcal Model Mathematical equation

representations of models used

tq describe the' release profile of Zero order 0,=K,1+0,

diclofenac sodium .
First order Ln Q,=Ln Qy+K; ¢
Korsmeyer—Peppas Ln M /M )=LnK+nLnt
Higuchi Q,=Kky 12
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Fig. 10 Release kinetic plots of diclofenac sodium [In (M/M ) versus In ¢] from hydrogels

to n values presented in Table 4, pure PEG hydrogels show non-Fickian diffu-
sion; however, with decreasing PEG molecular weight, n values were decreased.
Interestingly, in the case of PEG-PCL hydrogels, with increasing PCL con-
tent, the n values decrease from D to F hydrogel so that in F hydrogel it reaches
0.44. It seems that the polymer relaxation is significantly affected by flexibility
of the networks. In PEG-PCL hydrogels, due to incorporation of hydrophobic
PCL segments and increasing cross-link density, the flexibility of networks was
decreased. Therefore, the rate of polymer relaxation overcomes to rate of pene-
trant diffusion and release mechanism is controlled through the rate of diffusion.
According to n values presented in Table 4, the release mechanism changes from
non-Fickian to Fickian diffusion in F hydrogel. In pure PEG hydrogels, with
decreasing PEG molecular weight, the flexibility of networks was decreased and
the n values were decreased. These results have good adaptation with swelling
results (Table 2).
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Conclusion

In this study, pure PEG- and PEG-PCL-based hydrogels have been synthesized
through a combination of ROP and click chemistry in order to determine the influ-
ence of structural parameter on their swelling kinetic and diclofenac sodium release.
It was found that the PEG molecular weight and the relative hydrophobic/hydro-
philic composition have a significant effect on swelling and release mechanism.
The swelling and release data were best fitted to Korsmeyer—Peppas model. With
increasing cross-link density and PCL concentration, the swelling degree and flex-
ibility of networks decrease. Therefore, the swelling and release mechanism changes
from non-Fickian to Fickian diffusion.
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