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A B S T R A C T

Composite hydrogels capable of controlled drug delivery via ion exchange are an interesting group of materials
for the construction of implantable drug reservoirs for electrically charged drugs. In this study, we synthesized
composite poly(DL-lactide-co-glycolide)/poly(acrylic acid) (PLGA-PAA) hydrogels by sequential application of
UV or gamma irradiation and traditional phase inversion. Physicochemical properties of the composite PLGA-
PAA hydrogels were investigated using Fourier transform infrared spectroscopy with attenuated total reflectance
(FTIR-ATR), scanning electron microscopy (SEM), and differential scanning calorimetry (DSC). We examined the
ion exchange capacity (IEC) and swelling behavior of these materials to determine their potential as drug re-
servoirs.

Composite PLGA-PAA hydrogel synthesized using UV irradiation (UV-PLGA-PAA) exhibited a porous mi-
crostructure with submicron-sized hydrogel-rich aggregates and homogeneous chemical composition. Swelling
behavior and IEC of this material were highly reproducible. Composite PLGA-PAA hydrogels synthesized using
gamma irradiation (G-PLGA-PAAs) had a less uniform microstructure with larger pores and micron-sized hy-
drogel-rich aggregates while exhibiting rather inhomogeneous chemical composition. These materials showed
superior swelling properties, but a more variable IEC, compared to the material fabricated using UV irradiation.
Results of DSC analysis showed a dose-dependent decrease in glass transition temperature for G-PLGA-PAAs
indicating the effects of PLGA chain scission.

Our findings indicate that gamma irradiation is a possible alternative to UV irradiation in the synthesis of
composite PLGA-PAA hydrogels which can modify or control important material properties. However, the
synthesis protocol using gamma irradiation should be further optimized to improve the IEC reproducibility. In
our future research, we will investigate the in vitro release of charged drugs from synthesized composite PLGA-
PAA hydrogels under physiological conditions.

1. Introduction

Biocompatible and biodegradable polymeric materials are im-
portant components of most implantable drug delivery systems. They
are commonly employed in the form of drug reservoirs implanted or
injected into the body which enable the storage and gradual release of
drug molecules through various mechanisms (Kumar and Pillai, 2018).

Hydrogels have many beneficial properties for drug delivery which
can be exploited to design efficient drug delivery systems (Li and
Mooney, 2016). Some hydrogels can provide enhanced regulation of

ion transport through electrostatic interactions, which makes them at-
tractive for controlled release of charged drugs. However, most hy-
drogels typically suffer from poor mechanical properties due to spatial
inhomogeneity (Okay, 2009) coupled with high swelling degrees in
physiological environments. Hence, their use can be improved by in-
troducing a matrix for mechanical support.

Composite materials comprising a biocompatible hydrophobic
polymer matrix and a crosslinked hydrogel capable of ion exchange are
interesting candidates for innovative drug reservoirs. Such materials
can be used for efficient storage and controlled passive or active release
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of cationic drugs, as demonstrated by our previous studies (Janićijević
et al., 2019; Janićijević and Radovanović, 2018).

Drug reservoirs must be sterilized before in vivo implantation to
remove potential biological contamination. Various sterilization tech-
niques can be used for this purpose with different degrees of success
(Dai et al., 2016). Sterilization method of choice is defined by material
properties and its intended application. One of the preferred and most
potent sterilization methods for polymeric materials is gamma irra-
diation with the 60Co source. The recommended sterilization dose for
medical devices and pharmaceuticals is 25 kGy (Silva Aquino, 2012).
For radiation-sensitive polymers with low initial bioburden, it is ben-
eficial to use lower sterilization doses. Adequacy of sterilization dose
can be validated using various methods (Hasanain et al., 2014). Kim
et al. have shown that polypyrrole biomaterials can be effectively
sterilized with a minimum dose of 15 kGy without significant altera-
tions of cytocompatibility and electrical conductivity (Kim et al., 2018).
For radiation-sensitive polymeric drug carriers, deterioration of re-
levant properties during sterilization may also be avoided by combining
aseptic preparation and lower doses of high energy radiation, as pro-
posed by Sintzel and coworkers (Sintzel et al., 1997).

Gamma irradiation is also well-known for its ability to induce
polymerization of monomers in a solution without the use of additives,
such as initiators and crosslinkers (Callinan, 1956). A major con-
venience of this technique is that the produced biomaterial is of high
purity, as no initiator and related impurities remain in the matrix.
Gamma irradiation can induce various effects, such as crosslinking and
scission in polymers and networks, polymerization of pure and blended
monomers, grafting onto synthetic and natural polymers, as well as
chemical activation of organic materials by oxidation. Chain reactions
leading to polymerization can be achieved with medium gamma-ray
absorbed doses, while processes involving single steps or short kinetic
chain length reactions typically require higher doses, as in the case of
radiation crosslinking (Coqueret, 2008; Gupta and Anjum, 2003).
Gamma rays could, therefore, be used for simultaneous synthesis,
modification, and sterilization of polymeric materials or intermediate
synthesis products.

In our previous research, we successfully synthesized composite
implantable reservoirs comprising crosslinked poly(acrylic acid) (PAA)
hydrogel and hydrophobic biocompatible polymer poly(DL-lactide-co-ε-
caprolactone) (Janićijević et al., 2019). The synthesis protocol in-
corporated the UV irradiation of the initial solution followed by phase
separation and solidification in the aqueous bath. Our subsequent
preliminary tests suggested that the described approach with minor
modifications can also be applied to the combinations of crosslinked
PAA hydrogel with other hydrophobic polymer matrices.

Two issues arise in this synthesis process, but they can be cir-
cumvented by using gamma irradiation. First, synthesis with UV irra-
diation requires the use of photoinitiator (PI) bis(2,4,6-tri-
methylbenzoyl)-phenylphosphineoxide (Irgacure 819), a known skin
sensitizer which is classified as hazardous under OSHA regulations
(Irgacure 819, 2006). Second, the sterilization efficacy of UV irradiation
is quite limited (Dai et al., 2016). Therefore, all steps in the synthesis of
such implants must be conducted in aseptic conditions to avoid con-
tamination, which increases the fabrication cost. The proposed solution
is to replace UV irradiation with gamma irradiation in the first step of
the synthesis and remove the PI from the initial solution.

PAA hydrogel is the reservoir component suitable for the storage of
cationic drugs since it contains copious carboxyl groups allowing for
ion exchange (Vuorio et al., 2003). It has been shown that gamma ir-
radiation can induce the polymerization of acrylic acid to form PAA
hydrogels with different sizes and properties (Abd El-Rehim et al.,
2013; Sütekin and Güven, 2018). PAA microgels can also be synthe-
sized using gamma irradiation of dilute aqueous solutions of PAA
(Matusiak et al., 2018). Poly(DL-lactide-co-glycolide) (PLGA) is com-
monly used in drug delivery systems as a biodegradable and highly
biocompatible polymer matrix (Makadia and Siegel, 2011). PLGA

degrades via hydrolysis and enzymatic chain scission under physiolo-
gical conditions, and its degradation products are then metabolized
through the Krebs cycle (Kimura and Ogura, 2001). Influence of gamma
irradiation on PLGA is well studied and documented (Carrascosa et al.,
2003; Davison et al., 2018; Jo et al., 2012; Keles et al., 2015; Lee et al.,
2003, 2002; Montanari et al., 1998). N-methyl-2-pyrrolidone (NMP) is
a water-soluble organic solvent approved by the Food and Drug Ad-
ministration and suitable for fast solidification of polymer implants
(Jouyban et al., 2010). NMP was successfully used as a solvent for PLGA
in the preparation of in situ forming polymeric systems using gamma
irradiation of 25 kGy (Rafienia et al., 2009, 2007). Quenching of PLGA
solutions in NMP with aqueous solutions can be used to produce a
porous hydrophobic matrix as demonstrated by previous studies of
PLGA phase inversion dynamics (Brodbeck et al., 1999; Graham et al.,
1999; Parent et al., 2013). The porosity of a PLGA polymer matrix
within the composite drug reservoir could influence material properties
relevant to drug delivery such as degradation rate, release kinetics, and
release mechanism (Keles et al., 2014; Klose et al., 2006).

In this study, we synthesized implantable composite hydrogels
comprising PLGA and crosslinked PAA using UV or gamma irradiation.
Material properties of the obtained composite hydrogels were in-
vestigated and intercompared to preliminary estimate their applic-
ability as reservoirs for cationic drugs.

2. Experimental

2.1. Materials

50:50 PLGA (Mw = (31.3–57.6) kDa, ester-terminated) was sup-
plied by DURECT Corporation. NMP (99%), acrylic acid (AA) (99%),
and trimethylolpropane ethoxylate triacrylate (TMPTA) (average
Mn≈ 912) were purchased from Sigma-Aldrich. PI, Irgacure 819, was
kindly supplied by Ciba SC. Sodium hydroxide (NaOH) (p.a., > 98%)
and potassium dihydrogen phosphate (KH2PO4) (p.a., > 99%) were
obtained from Centrohem, Stara Pazova, Serbia. Hydrochloric acid
(HCl) (37%) and n-heptane (≥99%) were purchased from VWR
Chemicals. Ethanol (p.a.) was obtained from Zorka Pharma, Šabac,
Serbia.

An aqueous solution of KH2PO4 was titrated with the aqueous so-
lution of NaOH to prepare the phosphate-buffered saline (PBS) of
pH=7.4 and ionic strength I=0.154M.

Chemicals were used as supplied, without additional purification.
Aqueous solutions for our experiments were prepared using distilled
water. Teflon rings (PTFE Flat Washer) had a nominal thickness of
1.575mm and an internal diameter of 11.252mm. Fluorinated ethylene
propylene non-stick film of 25 μm thickness was obtained from
Scientific Commodities, Inc.

2.2. Synthesis of composite PLGA-PAA hydrogel using UV irradiation

The composite hydrogel was prepared using the modified liquid
phase inversion process initially devised for membranes (Mulder,
1996), similarly as described in our previous study (Janićijević et al.,
2019). AA monomer and trifunctional crosslinker TMPTA were added
to the polymer base (PLGA) solution and copolymerized before the
immersion in PBS, which completed phase separation and solidification
of the composite hydrogel.

For the synthesis experiments, 30 wt% solution of PLGA in NMP was
prepared by stirring overnight, then combined with the solution of
photopolymerizable components (AA, TMPTA, and PI) in NMP by
stirring in an amber vial cooled within an ice bath. The solution ob-
tained after mixing was transparent, viscous, and homogeneous. The
composition of the initial solution is given as 16 wt% of PLGA,
3.41mmol/g of AA, and 10mol% of TMPTA. The concentration of the
PLGA polymer base is expressed in wt% of the initial solution mass. AA
concentration is given in mmol/g of the final dry sample assuming the
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100% yield of reactant conversion. Crosslinker concentration is ex-
pressed as mol% with respect to the AA concentration. A predetermined
amount of the initial solution was placed within the mold comprising
the Teflon ring sealed at the top and bottom with the transparent
nonstick film. The solution in the mold was subjected to UV irradiation
of the wavelength λ=365 nm through the glass plate for 3min to
achieve the irradiation dose of 3.6 J/cm2, as measured by the YK-35UV
light meter. Exposure to UV irradiation initiated the processes of AA
polymerization and crosslinking, which resulted in gel formation. After
UV curing, the gel was dropped into the PBS solution using a non-stick
plunger to finalize phase separation and solidification, which resulted
in the formation of the hydrogel-filled white disk (see Fig. S1 in the
Supplementary material). After the synthesis, composite PLGA-PAA
hydrogel disks were stored for 24 h in the aqueous bath containing an
excessive amount of fresh PBS solution to extract unreacted compo-
nents. After this period, the composite PLGA-PAA hydrogel disks were
either dried or used immediately in the wet state to perform the ex-
periments.

Composite PLGA-PAA hydrogel synthesized using UV irradiation is
designated in the further text as UV-PLGA-PAA.

2.3. Synthesis of composite PLGA-PAA hydrogels using gamma irradiation

An initial solution for the synthesis using gamma irradiation was
prepared using the same formulation as for the synthesis with UV ir-
radiation, but without the PI as a component. Molds filled with the
initial precursor solution and sealed with the transparent non-stick film
were packed into polypropylene ziplock bags and placed horizontally at
the predefined positions in front of the source of gamma radiation.

Irradiation was performed with a 60Co gamma-source at the
Radiation Unit for Industrial Sterilization and Conservation, Vinca
Institute of Nuclear Sciences, at room temperature, in contact with air.
Radiation Unit has operated since 1978, and the services are mainly
provided for industry (sterilization of medical products, irradiation of
food), and scientific research. The current activity of 60Co gamma-
source is around 100 kCi. Samples were treated with three different
doses of gamma radiation: 17 kGy, 25 kGy, and 33 kGy. The dose rate
was 8.1 kGy/h for doses of 17 kGy and 33 kGy, while three different
dose rates were used for the samples irradiated with a dose of 25 kGy:
6.1 kGy/h, 8.1 kGy/h, and 10.1 kGy/h. Dosimetry measurements for
gamma-ray field mapping were performed by the ethanol-chlor-
obenzene solution (ECB) dosimetry (“ISO/ASTM 51538:2017 - Practice
for use of the ethanol-chlorobenzene dosimetry system,” 2017). The
ECB solution is a well-known routine standard dosimeter for evaluating
the absorbed dose of high-energy radiation (Kovács et al., 1987; Razem
and Dvornik, 1972). Measurements were made by oscillotitrator OK-
302/1 supplied by Radeliks Electrochemical Instruments, Budapest,
Hungary. Calibration is performed using EBC dosimeters irradiated at
High Dose Reference Laboratory of Risø National Laboratory, Denmark.

In this synthesis, gamma irradiation initiated the processes of
polymerization and crosslinking of AA leading to the formation of gels
with a cloudy appearance. After gamma irradiation, gels were removed
from the molds using the nonstick plunger, dropped into the PBS so-
lution and further treated in the same manner as the composite hy-
drogel fabricated using UV irradiation. The final products of the
synthesis were hydrogel-filled disks of pale yellowish color (see Fig. S2
in the Supplementary material).

Composite PLGA-PAA hydrogels synthesized using gamma irradia-
tion are designated in the further text as G-PLGA-PAAs.

2.4. Materials characterization

Composite PLGA-PAA hydrogels were characterized using the
techniques of Fourier transform infrared spectroscopy with attenuated
total reflectance (FTIR-ATR), Scanning electron microscopy (SEM), and
Differential scanning calorimetry (DSC).

FTIR-ATR analysis of chemical composition was conducted by
Thermo Scientific Nicolet iS10 FTIR Spectrometer with Smart iTX ATR
Diamond accessory. All spectra were acquired in the range of
400–4000 cm−1 (resolution of 0.5 cm−1). Obtained raw spectra were
then normalized to the highest peak intensity in absorbance mode for
qualitative presentation.

The microstructure of fractured surfaces along the cross section of
composite hydrogels was investigated using the field emission scanning
electron microscope (FE-SEM) (TESCAN MIRA 3 XMU) operated at
20 keV. Before the recording, dry samples were cooled in liquid ni-
trogen, fractured, and sputtered with a thin layer of gold. Analysis of
particle size using the measurement of Feret diameter was performed
with the ImageJ 1.52j image processing program (Schneider et al.,
2012).

DSC characterization of glass transitions in composite hydrogels was
performed using the instrument SETARAM DSC 131 Evo programmed
and controlled by CALISTO software. Samples were placed in herme-
tically sealed aluminum pans of 30 μl volume, and the recordings were
carried out in the temperature range from 10 to 140 °C with the heating
rate of 10 °C/min under nitrogen purging. DSC thermograms were
normalized to the unit mass of PLGA in the analyzed sample according
to its mass fraction. Glass transition temperature (Tg) was determined
by using the halfwidth of the enthalpic relaxation peak associated with
the glass transition.

Protocol of drying by solvent exchange was utilized to prepare dry
samples of composite PLGA-PAA hydrogels for FTIR-ATR, SEM and DSC
examinations. Wet as-synthesized samples with absorbed PBS were
soaked for 1 h in ethanol and then transferred for 1 h in heptane. The
samples were then left to dry in air at ambient conditions for at least
72 h.

2.5. Swelling degree measurements

Samples were prepared for mass swelling degree (MSD) measure-
ments by equilibration in PBS for 24 h. Initially, the mass of the wet
sample mw was measured. The sample was then dried in an oven at
100 °C for 2 h under atmospheric pressure. Finally, the mass of the dried
sample md was measured. The experiment was carried out in duplicate.

MSD was determined based on the wet sample mass, mw, and the
dry sample mass, md, using the following formula

=

−

⋅MSD m m
m

( ) 100(%)w d

d (1)

2.6. Swelling kinetics measurements

Kinetics of composite hydrogel swelling in PBS was recorded by
measuring the MSD at predefined time intervals until the MSD value
approached equilibrium. At first, the sample was dried in air at ambient
temperature and pressure for 72 h. Mass of dry sample was determined
before the experiment. Experiments were initiated by immersing the
sample in an excess amount of PBS within a Petri dish. At predefined
times, the sample was taken out of PBS and carefully blotted with filter
paper. The wet mass of the sample was recorded, and the sample was
quickly returned to the PBS solution. This procedure was repeated
several times throughout 60min. Swelling kinetics experiments were
carried out in triplicate.

2.7. Measurements of carboxyl group concentration (ion exchange
capacity)

Carboxyl group concentration was measured by using the con-
ductometric acid-base titration method. One-quarter of the dry disk-
shaped sample (about 15mg) was cut into smaller pieces and placed in
100ml of 0.1 M HCl solution. Carboxyl groups in the sample were
protonated by mild stirring of the sample in the solution for 1 h. The
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sample was then taken out from the solution, rinsed with an excess
amount of distilled water and blotted with tissue paper. The protonated
sample was immersed in 40ml of 0.01M NaOH solution and stirred for
1 h in a closed beaker. The sample was then removed from the re-
maining solution, thoroughly rinsed with distilled water, and dried for
2 h at 100 °C in the oven under atmospheric pressure. Finally, the dry
sample was weighed.

Two 15ml aliquots of residual NaOH solution were titrated with
0.01M HCl, and two 15ml aliquots of 0.01M NaOH solution were ti-
trated with 0.01M HCl as blank probes. The conductometric titration
curves were recorded with a conductometer, and the equivalence point
was determined. The experiment was carried out in duplicate.

The concentration of carboxyl groups (Ccg) was obtained using the
formula:

= −C V V m(mmol/g) 0.4(1 / )/cg d2 1 (2)

where V1 is the 0.01M HCl solution volume consumed for blank probe
titration, V2 the 0.01M HCl solution volume consumed for the titration
of residual solution aliquot, and md dry sample mass.

2.8. Statistical analysis

Presented quantitative data are reported as the mean ± standard
deviation (SD) of the designated sample. Mean value and SD are cal-
culated based on the stated number of measurements. Statistical sig-
nificance between sample groups synthesized using different gamma
irradiation parameters was determined by one-way analysis of variance
(one-way ANOVA); p-values smaller than 0.05 were considered as sta-
tistically significant. The assumption of homoscedasticity was checked
with the Bartlett's or Levene's test; p-value of 0.05 was taken as the
significance level.

3. Results and discussion

3.1. FTIR-ATR characterization

FTIR-ATR spectra of pure PLGA and UV-PLGA-PAA (in the wet and
dry states) are shown in Fig. 1. Representative FTIR-ATR spectra of G-
PLGA-PAAs (in the wet and dry states) are presented in Fig. 2. Band
assignments in the infrared spectra of PLGA were studied in detail and
summarized by Vey and coworkers (Vey et al., 2011). Assignments for
vibration bands in the infrared spectra of pure PAA in the wet and dry
state were thoroughly discussed by Todica et al. (2015).

The spectrum of pure PLGA illustrates the hydrophobic nature of the
polymer and contains multiple vibration bands which indicate the
presence of lactic and glycolic units. Vibration bands at 2947 cm−1 and
2996 cm−1 are assigned to the symmetric and anti-symmetric

stretching of CH3, while the bands at 2853 and 2925 cm−1 are assigned
to the symmetric and anti-symmetric stretching of CH2, respectively.
The strong peak at 1746 cm−1 is assigned to the C]O stretching vi-
bration. Bands at 1364 and 1383 cm−1 correspond to the symmetric
bending, while the band at 1451 cm−1 corresponds to the anti-sym-
metric bending of CH3 in lactic units. Vibration bands at 1394 and
1422 cm−1 represent the wagging and bending modes of CH2 in gly-
colic units, respectively. The band at 1269 cm−1 is assigned to the CH2

twisting vibration. Peaks at 1084 and 1164 cm−1 correspond to the
symmetric and anti-symmetric stretching COC vibrations, respectively.
Vibration bands at 958, 1050, and 1130 cm−1 are assigned to the
rocking of CH3, C–CH3 stretching, and anti-symmetric rocking of CH3 in
lactic units, respectively.

The spectrum of dry UV-PLGA-PAA contains additional peaks at
1352 cm−1 corresponding to C–H rocking and 1570 cm−1 assigned to
C–O stretching of carboxyl groups. Minor changes in band shapes are
visible in the 1500-1300 cm−1 and 3000-2800 cm−1 regions due to the
presence of crosslinked PAA backbone. The bands in the 1500-
1300 cm−1 region are also overlapped with other C–O stretching bands
of PAA.

Wet UV-PLGA-PAA exhibits few additional peaks in the spectrum
mainly confirming the presence of PAA hydrogel formation. The peak at
1636 cm−1 arises from the hydrogen bonding of carboxyl groups
forming dimers and oligomers, while the peak at 3357 cm−1 is assigned
to the symmetric H–O–H stretching of hydrogen-bonded water. The
weak band corresponding to C–H stretching at 2881 cm−1 also appears
in the spectrum. Hydrogen bonding in the wet UV-PLGA-PAA causes the
slight shifts of band positions which are more pronounced for the bands
associated with carboxyl and carbonyl groups.

Infrared spectra of UV-PLGA-PAA acquired on different locations
within the sample indicate uniform chemical composition, as shown in
Fig. S3 in the Supplementary material. Conversely, G-PLGA-PAAs
appear to be spatially inhomogeneous regarding chemical composition
for all sets of applied irradiation parameters, as illustrated in Figs. S4-S8
in the Supplementary material. However, representative features of
FTIR-ATR spectra can still be identified for the G-PLGA-PAAs (see
Fig. 2). These features in the examined composite hydrogels depend on
the specific irradiation parameters, but most of them can also appear
locally in all gamma irradiated samples due to the stochastic (i.e.,
spatially discrete) nature of gamma-ray interactions.

Spectra of G-PLGA-PAAs synthesized using the doses of 17 and
25 kGy generally exhibit similar bands as for the UV-PLGA-PAA. Some
subtle pattern differences are observed in the spectral 1500-1300 cm−1

and 3000-2800 cm−1 regions mainly corresponding to the deformation
and stretching vibrations of CH2 and CH3. Pattern differences corre-
sponding to the regions of deformation and stretching vibrations of CH2

and CH3 are more obvious in the case of G-PLGA-PAAs synthesized

Fig. 1. Normalized FTIR-ATR spectra of pure PLGA and UV-PLGA-PAA (dose 3.6 J/cm2; dose rate 1.2 J/cm2min).
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using the dose of 33 kGy.
Minor changes in chemical bonding and composition are hard to

detect and quantify from FTIR-ATR spectra of polyesters such as PLGA
even for much higher applied doses of gamma irradiation (Jo et al.,
2012). Lack of systematic changes within the mentioned regions in
FTIR-ATR spectra can also be ascribed to the random nature of chain
scission process (Oliveira et al., 2012) that can occur during gamma
irradiation of PLGA.

The FTIR-ATR spectrum of G-PLGA-PAA synthesized using the dose

of 33 kGy exhibits additional changes such as peak splitting (see
Fig. 2c). Peak splitting can be observed in the dry state as two strongly
overlapping bands corresponding to the C]O stretching (at 1726 and
1751 cm−1) and CH2 twisting (at 1253 and 1271 cm−1) vibrations.
Such changes in C–H and C]O bonds could be explained by the con-
cept of cage effect. The cage effect occurs when initially formed radicals
stay trapped and recombine locally before diffusing out of the active
cage (Chu and Campbell, 1982; Loo et al., 2005).

Intensity ratios of the C]O stretching peak and major C–O

Fig. 2. Normalized representative FTIR-ATR spectra of G-PLGA-PAAs synthesized using different irradiation parameters (dose (kGy)/dose rate (kGy/h)): 17/8.1 (a),
25/8.1 (b), and 33/8.1 (c).
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stretching peak of crosslinked PAA (at around 1560 cm−1) also vary for
the dry state in all recorded FTIR-ATR spectra of G-PLGA-PAAs. This
variation can be attributed to the formation of more branched struc-
tures of PAA hydrogel (caused by the competition between inter- and
intra-molecular crosslinking (Ghobashy, 2018) as well as random chain
scission) and the possible increase in carboxyl group content of the
composite hydrogels due to gamma irradiation of PLGA (Yoshioka
et al., 1995).

The major C–O stretching peak of crosslinked PAA in the FTIR-ATR
spectrum of wet UV-PLGA-PAA exhibits increased intensity and shifts
towards lower wavenumbers which indicates the participation of C–O
groups in hydrogen bonding of carboxyl groups. The intensity of this
peak in FTIR-ATR spectra of wet G-PLGA-PAAs is much weaker, or the
peak becomes completely overlapped by the peak at 1636 cm−1, while
there is no shift in peak position. Such peak properties indicate sig-
nificantly reduced involvement of C–O groups in hydrogen bonding.
Reduced engagement of C–O groups is possible in PAA hydrogels with a
more branched structure where water molecules primarily become at-
tached to terminal chain carboxyl groups via hydrogen bonding with
C]O group (Todica et al., 2015).

It should be noted that the dose rate parameter variation in the
investigated range did not produce any significant systematic effects
detected within the FTIR-ATR spectra of G-PLGA-PAAs.

3.2. DSC characterization

DSC thermograms of pure PLGA and synthesized composite PLGA-
PAA hydrogels are shown in Fig. 3, and the calculated values of Tg are
listed in Table 1. Detected glass transitions of PLGA are overlapped with
the enthalpic relaxation peaks commonly caused by mechanical stresses
imposed during the fabrication process or prolonged storage under Tg

(Gabbott, 2008). Two types of Tg shifts can be observed in our samples.
Tg of UV-PLGA-PAA is shifted higher by almost 4 °C compared to pure
PLGA. The Tg shift may be ascribed to the incomplete phase separation
between PLGA and PAA resulting in entangled polymer chains, but also
to the increase in mean molecular weight. Quenching of irradiated
composite hydrogels in PBS solution causes precipitation of PLGA
chains. PLGA chains of higher molecular weight have a stronger ten-
dency to precipitate and solidify in the nonsolvent, while smaller oli-
gomers may diffuse out together with NMP molecules. The net result
would be an increase in the molecular weight of PLGA, which could
explain the observed increase in Tg.

Described causes of Tg increase are countered by the process of main
chain scission in G-PLGA-PAA samples. The process of chain scission
increases the free volume and allows for more intense chain motion.
Additional movement of polymer chains results in a lower Tg re-
presenting the temperature required to diminish chain motion and
transform the polymer into a glassy state (Davison et al., 2018). Chain
scission dominates in the investigated dose range for PLGA as con-
firmed by previous studies and leads to the dose-dependent Tg decrease
(Davison et al., 2018; Jo et al., 2012). As a result of these opposing
effects, Tg of PLGA in samples irradiated with the lowest dose of 17 kGy
has a value between those for pure PLGA and UV-PLGA-PAA samples.
The value of Tg gradually decreases with the irradiation dose to reach
its minimum at the dose of 33 kGy. As Tg declines and approaches body
temperature, degradation time of the implanted material may shorten
due to the premature loss of structural integrity (Yoshioka et al., 1995).

Influence of dose rate appears to be minor in the investigated range
since all Tg values differ less than 1.6 °C. Although the findings are not
conclusive due to limited measurement accuracy, they may indicate a
weak trend of Tg increase for a greater dose rate.

Increase in gamma irradiation dose leads to the reduction in in-
tensity of enthalpic relaxation peaks detected in the corresponding DSC
thermograms. The enthalpic relaxation peak almost disappears in the
sample irradiated with 33 kGy. Hence, chain scission also reduces re-
sidual mechanical stresses which arise as a consequence of the synthesis

process.
The obtained results for Tg of PLGA may be affected by the moisture

content of the composite PLGA-PAA hydrogels after drying by solvent
exchange. Residual water could act as a plasticizer and lower the
measured value of Tg. According to the findings of additional thermal

Fig. 3. DSC thermograms of composite PLGA-PAA hydrogels: (a) UV-PLGA-PAA
(dose 3.6 J/cm2; dose rate 1.2 J/cm2min), (b) G-PLGA-PAAs synthesized using
the applied doses of 17, 25, and 33 kGy (with the constant dose rate of 8.1 kGy/
h), and (c) G-PLGA-PAAs synthesized using the applied dose rates of 6.1, 8.1,
and 10.1 kGy/h (with the constant dose of 25 kGy). DSC thermogram of pure
PLGA is shown as a reference.

Ž. Janićijević, et al. Radiation Physics and Chemistry 166 (2020) 108466

6



analysis, the moisture content is similar between samples and only
accounts for several percent of the sample mass (for details refer to the
section Estimation of moisture content in solvent exchange dried
composite hydrogels in the Supplementary material).

In order to assess the detectability of Tg for PAA in the composite
PLGA-PAA hydrogels and interpret their DSC thermograms above 60 °C,
we also carried out additional DSC characterization. Our findings in-
dicate that minor endothermic events and endothermic peaks appearing
above 60 °C mainly correspond to the elimination of absorbed moisture
and bound water (for details refer to the section Analysis of the poly
(acrylic acid) glass transition within composite hydrogels in the
Supplementary material).

3.3. SEM characterization

SEM images of cross sections shown in Fig. 4 illustrate the micro-
structure of composite PLGA-PAA hydrogels. All samples exhibit a
heterogeneous microstructure comprising dispersed PAA-rich spher-
oidal particles attached to the porous PLGA-rich matrix. Such micro-
structure results from the complex interplay of several phenomena
during the synthesis. Irradiation initiates the crosslinking of AA and the
process of phase separation. UV irradiation is uniformly absorbed due
to the presence of a dissolved PI, and it leads to the formation of
crosslinked PAA. Trifunctional crosslinker TMPTA polymerizes faster
compared to the monofunctional AA monomers, and after crosslinker
depletion, hydrogel-rich regions grow to form many small particle-like
aggregates.

60Co gamma rays have sufficient energy (on average 1.25MeV per
photon) to form free radicals from AA, TMPTA, and PLGA molecules.
They interact at random locations within the initial solution volume
and can lead to various interactions with different probabilities, such as
chain scission and crosslinking of intermolecular or intramolecular
nature (Ferry et al., 2016). Gamma-ray-induced polymerization rate is
commonly significantly lower than the UV induced polymerization rate
due to the less efficient and non-selective radical formation. Slow
polymerization and stochastic nature of material interactions with
gamma rays allow for more significant contributions of free radical
propagation and diffusion. The onset of AA polymerization occurs in
randomly distributed centers in the initial solution volume. Poly-
merization then proceeds in the vicinity of these centers mainly via
diffusion and propagation of free radicals. As in the case of UV irra-
diation, polymerization proceeds more rapidly for the trifunctional
crosslinker TMPTA compared to the monofunctional AA monomers.
Hence, a reduced number of larger particle-like PAA-rich aggregates is
formed in comparison with UV-PLGA-PAA. Completion of phase se-
paration and solidification for both composite hydrogel types take place
under unstable thermodynamic conditions in the PBS solution, which
acts as nonsolvent during phase inversion.

The porous structure of the PLGA support can be explained by the
specific phase inversion dynamics of PLGA solutions in NMP when
quenched with aqueous solutions, as shown in previous studies
(Brodbeck et al., 1999; Graham et al., 1999). The high rate of solvent
diffusion to the surrounding aqueous medium leads to the rapid

precipitation of PLGA. As a result of this process, the solidified porous
polymer matrix is formed.

Hydrophilic PAA-rich aggregates remain attached to the hydro-
phobic PLGA support due to the residual common chains. Such chains
result from incomplete polymer/polymer demixing during phase se-
paration as was also the case with the porous hydrophobic poly-
ethersulfone matrix and PAA in our previous study (Janićijević and
Radovanović, 2018).

The overall morphology of the composite PLGA-PAA hydrogels is
similar, but the clear difference can be observed between the UV-PLGA-
PAA and G-PLGA-PAA samples. Size of PAA-rich aggregates in UV-
PLGA-PAA samples is (0.62 ± 0.10) μm (n=40 particles), while the
size of the PAA-rich aggregates in G-PLGA-PAA samples is
(1.24 ± 0.17) μm (pooled statistics of n=200 particles). The larger
size of PAA-rich aggregates in G-PLGA-PAA samples compared to those
in UV-PLGA-PAA samples may be a result of slower kinetics, which
would allow more time for the aggregate growth before depletion of
monomers. However, more research is needed to validate this hypoth-
esis. Spatial nonuniformity of microstructural features is more pro-
nounced in G-PLGA-PAAs compared to UV-PLGA-PAA. SEM analysis
indicates that G-PLGA-PAAs synthesized with the dose of 25 kGy and
the dose rate of 6.1 kGy/h exhibit an even higher degree of micro-
structural nonuniformity and greater porosity compared to other G-
PLGA-PAAs. This finding can potentially be explained by the lowest
dose rate which allows sufficient time for more complex interactions of
free radicals leading to greater structural and compositional in-
homogeneity.

3.4. Ion exchange capacity

As determined from the measurements of Ccg, ion exchange capacity
(IEC) of all samples is approximately 2mmol/g of the dry mass (see
Fig. 5). This value is smaller than IEC of commercial pharmaceutical
grade ion exchange resins, such as Smopex®-102 (6.4 mmol/g)
(Malinovskaja et al., 2013), but similar to the values obtained in our
previous study (Janićijević et al., 2019). IEC of UV-PLGA-PAA is more
reproducible and exhibits only a slight variation among samples. On the
other hand, the IEC of G-PLGA-PAAs is highly variable. Statistical
analysis showed no significant difference in IEC among G-PLGA-PAA
samples synthesized with different irradiation parameters. The varia-
bility can be attributed to the inhomogeneous microstructure (see
Fig. 4c–l) of the samples and macroscopic inhomogeneities in chemical
composition (see Figs. S4-S8 in the Supplementary material).

3.5. Swelling degree

MSD of composite PLGA-PAA hydrogels is presented in Fig. 6. Re-
sults suggest that UV-PLGA-PAA samples exhibit about 14% lower MSD
compared to that of G-PLGA-PAA samples. All G-PLGA-PAAs show si-
milar MSDs, which are practically independent of the irradiation
parameters in the investigated range.

The differences in MSD can be ascribed to the different micro-
structure, the spatial structure of the PAA hydrogel network, and hy-
drophilicity of UV-PLGA-PAA and G-PLGA-PAAs. G-PLGA-PAA samples
show inhomogeneous microstructure with larger pores which allows
easier penetration of the aqueous electrolyte. Due to the crosslinking
mechanisms characteristic for gamma irradiation, hydrogel with the
more branched network is formed, which exposes more hydrophilic
groups on its surface. Gamma irradiation in the dose range up to 25 kGy
could also lead to the increased content of polar carboxyl groups in
PLGA (Yoshioka et al., 1995), which increases the overall hydro-
philicity of the composite PLGA-PAA hydrogel.

Swelling degree of PAA hydrogel in all composite PLGA-PAA hy-
drogels is limited by the PLGA matrix which provides mechanical
support. Similar MSDs for all gamma irradiated samples indicate that
the mechanical integrity of the PLGA matrix is not significantly affected

Table 1
Glass transition temperature (Tg) of composite PLGA-PAA hydrogels synthe-
sized under different conditions.

Sample type Irradiation parameters (dose, dose rate) Tg (°C)

PLGA None 46.18
UV-PLGA-PAA 3.6 J/cm2, 1.2 J/cm2min 50.11
G-PLGA-PAA 17 kGy, 8.1 kGy/h 48.18
G-PLGA-PAA 25 kGy, 6.1 kGy/h 44.42
G-PLGA-PAA 25 kGy, 8.1 kGy/h 45.30
G-PLGA-PAA 25 kGy, 10.1 kGy/h 46.00
G-PLGA-PAA 33 kGy, 8.1 kGy/h 42.32
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by differences in irradiation parameters.

3.6. Swelling kinetics

Recorded swelling kinetics for composite PLGA-PAA hydrogels is
shown in Fig. 7. Swelling kinetics of composite PLGA-PAA hydrogels
approaches equilibrium after about 30min for UV-PLGA-PAA (see
Fig. 7a) and around 20min for G-PLGA-PAAs (see Fig. 7b and c). No lag
is observed during swelling. The absence of swelling lag for all

composite PLGA-PAA hydrogels can be explained by their porous
nature in a dry state, which allows for the initial capillary action in
addition to diffusion.

As in the case of equilibrium MSD, there is almost no difference in
swelling dynamics among G-PLGA-PAAs. Swelling proceeds faster for
G-PLGA-PAAs during the entire process. Faster swelling kinetics of G-
PLGA-PAAs can be mainly attributed to the presence of larger pores

Fig. 4. SEM images of composite PLGA-PAA hydrogels: UV-PLGA-PAA (dose 3.6 J/cm2; dose rate 1.2 J/cm2min) ((a)–(b)) and G-PLGA-PAAs synthesized with
different irradiation parameters (dose (kGy)/dose rate (kGy/h)): 17/8.1 ((c)–(d)), 25/6.1 ((e)–(f)), 25/8.1 ((g)–(h)), 25/10.1 ((i)–(j)), 33/8.1 ((k)–(l)).

Fig. 5. Ion exchange capacity (IEC) of UV-PLGA-PAA and G-PLGA-PAAs. Fig. 6. Mass swelling degrees (MSDs) of UV-PLGA-PAA (dose 3.6 J/cm2; dose
rate 1.2 J/cm2min) and G-PLGA-PAAs synthesized using different irradiation
parameters (dose (kGy)/dose rate (kGy/h)).
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within the structure. G-PLGA-PAAs are also expected to be more hy-
drophilic due to the formation of additional polar carboxyl groups
(Yoshioka et al., 1995).

MSD achieved after initial drying of composite PLGA-PAA hydrogels
in the air at ambient conditions decreases for both types (approximately
8% for UV-PLGA-PAA and about 20% for G-PLGA-PAAs). Such findings

indicate the lack of reversible swelling which is more pronounced for G-
PLGA-PAAs. The decrease in MSD can be attributed to the occurrence of
pore collapse during drying, which is more probable for G-PLGA-PAAs
due to the less homogeneous microstructure.

4. Conclusions

We have successfully synthesized composite PLGA-PAA hydrogels
using a protocol which combines UV or gamma irradiation with the
liquid phase inversion process. UV-PLGA-PAA and G-PLGA-PAAs were
compared regarding microstructure, chemical composition, glass tran-
sition, swelling properties and capacity for storage of cationic drugs.
Significant differences were observed between the two composite
PLGA-PAA hydrogel types. Regarding gamma irradiation parameters,
obtained material properties mainly depended on the absorbed dose,
while no conclusive and systematic effects of dose rate were detected.
All obtained composite PLGA-PAA hydrogels had a characteristic mi-
crostructure comprising porous PLGA-rich matrix with attached PAA-
rich particle-like aggregates. G-PLGA-PAAs had a less uniform micro-
structure, larger pores, and greater PAA-rich aggregates. The chemical
composition of UV-PLGA-PAA was quite homogeneous as opposed to
the chemical composition of G-PLGA-PAAs. Tg of UV-PLGA-PAA in-
creased, while the Tg of G-PLGA-PAAs decreased in a dose-dependent
manner. Swelling degree and swelling kinetics of G-PLGA-PAAs were
improved compared to UV-PLGA-PAA and practically independent from
the gamma irradiation parameters in the investigated range. None of
the synthesized composite PLGA-PAA hydrogels were capable of fully
reversible swelling. IEC of all composite PLGA-PAA hydrogels was quite
similar. However, the IEC of G-PLGA-PAAs exhibited a significantly
higher degree of variability.

UV-PLGA-PAA exhibits more reliable and robust material proper-
ties. G-PLGA-PAAs have some favorable swelling properties, their glass
transition can be adjusted by changing the irradiation dose, and can be
efficiently produced without the use of potentially hazardous PI.
However, G-PLGA-PAAs suffer from structural and compositional in-
homogeneities.

Our future research will be directed towards investigating the re-
lease of model cationic drugs from both types of composite PLGA-PAA
hydrogels in vitro to evaluate the most important material properties
which should be controlled and optimized. According to these results,
further optimizations of gamma irradiation parameters and initial so-
lution composition can be performed to obtain improved cationic drug
reservoirs.
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