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Abstract: Glutamic acid-co-poly(acrylic acid) (GAcPAAc) hydrogels were prepared by the free radical
polymerization technique using glutamic acid (GA) as a polymer, acrylic acid (AAc) as a monomer,
ethylene glycol dimethylacrylate (EGDMA) as a cross-linker, and ammonium persulfate (APS) as an
initiator. Increase in gel fraction was observed with the increasing concentration of glutamic acid,
acrylic acid, and ethylene glycol dimethylacrylate. High percent porosity was indicated by developed
hydrogels with the increase in the concentration of glutamic acid and acrylic acid, while a decrease
was seen with the increasing concentration of EGDMA, respectively. Maximum swelling and drug
release was exhibited at high pH 7.4 compared to low pH 1.2 by the newly synthesized hydrogels.
Similarly, both swelling and drug release increased with the increasing concentration of glutamic acid
and acrylic acid and decreased with the increase in ethylene glycol dimethylacrylate concentration.
The drug release was considered as non-Fickian transport and partially controlled by viscoelastic
relaxation of hydrogel. In-vivo study revealed that the AUC0–∞ of fabricated hydrogels significantly
increased compared to the drug solution and commercial product Keten. Hence, the results indicated
that the developed hydrogels could be used as a suitable carrier for controlled drug delivery.

Keywords: hydrogels; swelling study; drug release; in-vivo study

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most commonly used drugs
by patients over 60 years of age, especially those who are on NSAID medication [1].
NSAIDs have minor side effects and greater analgesic potency compared to opioids; hence,
they are commonly used for the management of acute pain, such as headaches, stomach
aches, the flu, etc. Ketorolac tromethamine (KETM) is a NSAID used to relieve severe
pain with low anti-inflammatory and high analgesic activity [2,3]. The available dosage
forms of KETM on the market are tablets, injections, drops, or ophthalmic solutions with
dosage regimens of 10 mg, 15–30 mg/mL, and 0.5%, respectively. Similarly, in the UK, the
available dosage forms of KETM on the market are tablets, injections, ophthalmic drops
(0.5%), and solutions for injection (30 mg/mL). The half-life of KETM is within the range of
2.5–4 h. Administering KETM doses is conducted anywhere from one to multiple times in
a day due to its short half-life, in order to maintain the therapeutic levels for an extended
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period of time, which produce certain complications, such as gastrointestinal ulceration,
gastrointestinal bleeding, perforation and peptic ulceration, and acute renal failure [4].
Patient compliance is also reduced due to frequent administration of KETM. Hence, a
suitable drug carrier system is needed to prolong the release of KETM as a controlled drug
delivery system to overcome the complications concerned with the frequent administration
of KETM [5]. Therefore, different advanced and controlled drug delivery strategies, such as
dendrimers, nanocapsules, liposomes, nanofibers, hydrogels, and hydrogel nanoparticles
are used for the delivery of therapeutic agents to the target sites in order to overcome
the detrimental side effects. Among them, hydrogels are considered the most effective
drug carrier systems due to their unique characteristics, such as high porosity, flexibility,
biocompatibility, biodegradability, and high water intake content [6,7].

Hydrogels are three-dimensional structures, which are prepared by the crosslinking
of hydrophilic polymers, and swelled in water solution without losing their structural
consistency. The desirable water absorption or retention of hydrogels depends on their
porosity, which provides greater surface area and, thus, a greater amount of water is
absorbed [8,9]. Stimuli-responsive hydrogels or smart hydrogels have gained much interest,
particularly in the biomedical field, due to their stimulus sensitive nature compared to
conventional hydrogels. Due to the presence of stimuli responsive or smart polymers [10],
stimuli-responsive polymer based hydrogels can respond to external stimuli, i.e., pH,
temperature, and ionic strength and play an important role in gene delivery, drug delivery,
and tissue regeneration. pH-sensitive hydrogels have been widely studied among stimuli
responsive hydrogels because of their unique properties as they release the drug to the
target site in a controlled way by regulating their swelling behavior at that particular
site [11].

Glutamic acid (GA) is water soluble, biodegradable, edible, and nontoxic in regard to
individuals and the environment. Hence, GA and its derivatives are considered of a great
interest in both pharmaceutical and industrial fields, such as medicine, cosmetics, food,
and water treatment [12]. GA based polymers have been widely investigated, especially
for biomedical and pharmaceutical purposes for many years. The structure and features of
the final polymer are affected directly by the type of linkage between the GA monomers
and by the position of the amino acid group either within the main chain or pendant to it.
Biodegradability and stability of polymers depend on the structural arrangement of the
amino acid units. Polymers will be biodegradable if the amino acid units are exhibited
on their backbone and will be stable, hydrolytically highly, if the amino acid units are
attached as a side chain [13]. Acrylic acid (AAc) is a pH sensitive polymer and plays an
important role in controlled drug delivery systems due to its ionic nature. AAc has a
COOH functional group, which protonates at a lower pH and deprotonates at a higher
pH. Due to deprotonation, AAc swells highly at upper pH values and lower at lower pH
values due to protonation. The bio-compatibility of AAc is because of COOH functional
groups. Due to good bioadhesive nature, AAc is used widely for the enhancement of the
retention time of formulation [14].

Here, we report the development of GAcPAAc hydrogels used for the controlled de-
livery of KETM. Nine formulations with various concentrations of GA, AAc, and EGDMA
were prepared by free radical polymerization. Different characterizations, such as FTIR,
TGA, DSC, PXRD, and SEM were carried out to assess and evaluate the different param-
eters of the fabricated hydrogels. Similarly, studies such as sol–gel analysis, dynamic
swelling, drug loading, in-vitro drug release, and in-vivo experiments were performed to
understand the compatibility and sustainability of the GAcPAAc hydrogels.

2. Materials and Methods
2.1. Materials

Glutamic acid was procured from Across Organic, Janssen Pharmaceuticalaan,
Belgium. Ketorolac tromethamine (KETM) was obtained from Symed Labs Limited (Telan-
gana, India). Acrylic acid (AAc) was purchased from Acros (Carlsbad, CA, USA). Keto-
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profen was obtained from Sigma-Aldrich (St. Louis, MO, USA). Similarly, ammonium
persulfate (APS) and ethylene glycol dimethacrylate (EGDMA) were obtained from Showa
(Tokyo, Japan) and Alfa-Aesar (Tewksbury, MA, USA). Commercial product: keten capsule
was obtained from Everest Pharm. Industrial Co., LTD. (Taiwan).

2.2. Preparation of GAcPAAc Hydrogels

Various formulations of glutamic acid-co-poly(acrylic acid) (GAcPAAc) hydrogels
were synthesized by the free radical polymerization technique with different concentration
of polymer GA, monomer AAc, and cross-linker EGDMA, as shown in Table 1. Initiator
APS was used in a small fixed quantity throughout all formulations. Fixed weighed
quantity of GA was taken and dissolved in a specific amount of deionized distilled water.
Similarly, a fixed quantity of APS was dissolved in distilled water. Accurate amounts
of AAc and EGDMA were taken separately. Initially the APS solution was added into
the GA solution, followed by the dropwise addition of AAc. The mixture was stirred for
25 min on a magnetic stirrer (Corning PC-420D). Finally, EGDMA was added into the
mixture of polymer, monomer, and initiator. The mixture was stirred until a transparent
solution was formed. Then, the transparent solution was purged by nitrogen gas (Jing
Shang, Kaohsiung, Taiwan) in a such a way that the nozzle (through which nitrogen gas
was released) was kept slightly away from the surface of the solution in order to remove
any dissolved oxygen completely if present in the solution. The transparent solution was
transferred into the glass molds and kept in a water bath at 55 ◦C initially for 2 h, and
then the temperature increased to 65 ◦C for the next 22 h. After 22 h, the gel was formed,
cut into 8 mm discs equally, and then washed by the mixture of water and ethanol (50%
v/v) to remove any impurity attached on the surface of the gel. All the discs were placed
in a vacuum oven at 40 ◦C for one week after placing them at room temperature for 24 h
initially. The dried discs were assessed for further studies. The proposed chemical structure
of GAcPAAc hydrogels is given in Figure 1.

Table 1. Feed ratio scheme for formulations, gel fraction, and polymer volume fraction of GAcPAAc hydrogels.

F.
Code

GA
g/100 g

AAc
g/100 g

EGDMA
g/100 g

Gel Fraction
(%)

Polymer Volume Fraction

pH 1.2 pH 7.4

GAF-1 0.50 25 1.0 91.62 0.298 0.107
GAF-2 1.00 25 1.0 93.23 0.294 0.104
GAF-3 1.50 25 1.0 95.01 0.287 0.102
GAF-4 0.50 20 1.0 90.84 0.310 0.113
GAF-5 0.50 25 1.0 91.62 0.298 0.107
GAF-6 0.50 30 1.0 92.90 0.260 0.102
GAF-7 0.50 25 1.0 91.62 0.298 0.107
GAF-8 0.50 25 1.5 93.16 0.304 0.115
GAF-9 0.50 25 2.0 94.07 0.330 0.124

A fixed quantity of 0.5 g of ammonium persulfate (APS) was used for all formulations.

2.3. Sol–Gel Analysis

Sol–gel analysis was carried out for all developed formulations to know the soluble
un-crosslinked and insoluble crosslinked portions of the fabricated hydrogels. Gel is the
insoluble while sol is the soluble fraction of the hydrogels. Hence, the Soxhlet extraction
technique was conducted for the sol–gel analysis. The accurate amount of hydrogel disc
was taken and placed in a round bottom flask containing a specific volume of deionized
distilled water. A condenser was connected to the round bottom flask. The extraction
process continued for 13 h at 85 ◦C. Afterward, the hydrogel disc was extracted, placed in
the vacuum oven until completely dehydrated, and weighed again [15]. Sol–gel analysis
was determined by the given equations:
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Sol fraction % =
Z1 − Z2

Z2
× 100 (1)

Gel fraction = 100 − Sol fraction (2)

Z1 indicates the initial weight of hydrogels (before extraction), and Z2 shows the final
weight of dried hydrogels (after extraction).

Figure 1. Proposed chemical structure of GAcPAAc hydrogels.

2.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectra for GA, AAc, unloaded GAcPAAc hydrogels, KETM, and drug loaded
GAcPAAc hydrogels were carried out to determine the structural arrangement of the
components used in the development of hydrogels. All samples were crushed and then
evaluated by using NICOLET 380 FTIR (Thermo Fisher Scientific, Ishioka, Japan) within
the spectra range of 4000–500 cm−1 [16].

2.5. Thermal Analysis

Thermal analysis was performed for GA and GAcPAAc hydrogels by thermogravimet-
ric analysis (TGA) (PerkinElmer Simultaneous Thermal Analyzer STA 8000) and differential
scanning calorimetry (DSC) (PerkinElmer DSC 4000) to evaluate and compare the ther-
mal stabilities of GA and fabricated hydrogels. Hence, the hydrogel discs were crushed
and the desired sizes of particles were obtained after passing through mesh 40. Thus,
0.3–7 mg of particles were taken for TGA analysis and placed in an open pan connected to
a microbalance. The samples were heated within temperature range of 40–600 ◦C under
dry nitrogen flow. Similarly, 0.3–5 mg of particles was taken in an aluminum pan for
DSC analysis of GA and GAcPAAc hydrogels. The samples were heated at a temperature
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range of 50–400 ◦C while the nitrogen flow and heating rate was kept at 20 mL/min and
20 ◦C/min throughout sample analysis [17].

2.6. Porosity Study

A solvent replacement technique was used for evaluation and analysis of porosity
of all formulations of GAcPAAc hydrogels. Accurate weight of hydrogel discs (Q1) of all
formulations were immersed in absolute ethanol (purity > 99.9%) for 4 days. After 4 days,
hydrogel discs were taken out, blotted with filter paper to eliminate excess of solvent, and
weighed again (Q2). Similarly, thickness and diameter of the discs were measured. The
given equation was used for the determination of porosity [18].

Porosity percentage (%) =
Q2 − Q1

ρV
×100 (3)

ρ indicates the density of absolute ethanol, while V shows the volume of hydrogel after
swelling.

2.7. Dynamic Swelling Study

A swelling study was performed for all formulations of the fabricated hydrogels
to know the swelling degree at two different pH values i.e., pH 1.2 and 7.4, at 37 ◦C.
Therefore, a weighed amount of a hydrogels disc was placed in the respective pH medium.
After a regular interval of time, the hydrogels disc was taken out, blotted with filter
paper to remove excess of water, and weighed again on weighing balance. This process
was continued until an equilibrium weight was obtained [19]. This experiment was
performed in triplicate. The given equations were used to calculate the dynamic swelling
and equilibrium swelling, respectively:

q =
D2

D1
(4)

where q represents dynamic swelling, D1 is the initial weight of the dried hydrogel discs
before swelling, and D2 is the final weight of the swelled hydrogel discs at time t.

SR% =
P1 − P2

P2
× 100 (5)

where P1 is the weight of the swollen hydrogel discs at specific times, while P2 is the weight
of the dry hydrogel discs before swelling.

2.8. Polymer Volume Fraction Study

Polymer volume fraction study was conducted for all formulations of GAcPAAc
hydrogels to determine the fraction of the polymer in the swelled states at both pH 1.2
and 7.4, respectively. It is denoted by V2. Equilibrium volume swelling (Veq) data were
employed for the determination of polymer volume fraction [20]. Therefore, the given
equation was used;

V2, s =
1

Veq
(6)

2.9. Scanning Electron Microscopy (SEM)

Surface morphology of GAcPAAc hydrogels was determined by SEM (JSM-5300 model
(JEOL, Tokyo, Japan). Surface morphology of developed hydrogels was scanned by various
magnifications [21].

2.10. Powder X-ray Diffractometry (PXRD) Analysis

PXRD (XRD-6000 Shimadzu, Tokyo, Japan) analysis was carried out for GA and
GAcPAAc hydrogels to evaluate the crystallinity of pure GA and developed hydrogels at
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room temperature. Samples were placed in a plastic sample holder and their surfaces were
leveled by a glass slide. Theta (θ) was kept within the range of 10

◦
–60

◦
with a rate of 2

◦

2θ/min at 25 ◦C throughout the samples analysis [22].

2.11. Drug Loading

Loading of KETM was carried out for all formulations of GAcPAAc hydrogels by
absorption and diffusion method. Therefore, weighed hydrogel discs were placed in 1%
drug solution of phosphate buffer pH 7.4 for four days. After equilibrium swelling and
loading, hydrogel discs were removed and washed by distilled water to remove the excess
drug attached with the surface of the hydrogel discs. Afterward, the hydrogel discs were
placed in a vacuum oven for dehydration at 40 ◦C [23].

Quantification of the loaded drug by fabricated hydrogels was conducted by two
methods: 1) extraction method, and ii) weight method. In the extraction method, accurate
weight-loaded hydrogel discs were immersed in 25 ml of phosphate buffer of pH 7.4. After
predetermined intervals, phosphate buffer solution was replaced by fresh buffer solution
of the same pH (7.4) and samples were collected. This process continued until the entire
drug was eliminated from the loaded hydrogel discs. The collected samples were then
analyzed on UV–vis-spectrophotometer (U-5100, 3J2-0014, Tokyo, Japan) at λmax 280 nm
in triplicate [19].

In the weight method, the weight difference between the loaded and unloaded hy-
drogel discs was determined; hence, the weight of the unloaded dried hydrogel discs was
subtracted from the weight of the loaded dried hydrogel discs [24] as indicated in the
given equation:

Amount of drug loaded = ML − MUL (7)

where ML = weight of loaded disc of hydrogels, and MUL = weight of unloaded disc
of hydrogels.

2.12. In-Vitro Drug Release Study

In-vitro drug release studies were performed for commercial product Keten and
GAcPAAc hydrogels at both acidic and basic media i.e., pH 1.2, and 7.4 to analyze the
pH sensitive nature of the fabricated hydrogels. Keten and loaded hydrogel discs of all
formulations with a height and diameter of 8 and 10 mm were immersed in buffer solution
of 900 mL of both pH 1.2 and 7.4 using USP dissolution apparatus II (Sr8plus Dissolution
Test Station, Hanson Research, Chatsworth, CA, USA) at 37 ± 0.5 ◦C. A sample of 5 mL was
taken after a specific interval of time, and fresh medium of the same quantity was added
back to keep the sink condition constant. UV–vis-spectrophotometer (U-5100, 3J2-0014,
Tokyo, Japan) was used for the analysis of drug contents in the collected samples at a
wavelength (λmax) of 280 nm in triplicate [25].

2.13. Kinetic Modeling

The release data fit in different kinetic models, such as zero order, first order, Higuchi
and Korsmeyer–Peppas models, to deduce the release mechanism of KETM from GAcPAAc
hydrogels [26].

2.14. In-Vivo Study

Livestock Research Institute, council of Agriculture Executive Yuan, Taiwan provided
the female/male New Zealand rabbits weighed of 2.5–3.0 kg. This study was approved
(no. 109008) by the Committee on Animal Use of Kaohsiung Medical University. The
experiment was carried out according to the guidelines of Kaohsiung Medical University
for the welfare and ethics of the experimental animals. A good healthy environment was
provided to the rabbits. Nine rabbits were chosen for the experiment and divided into
three groups, i.e., group I (drug solution group), group II (commercial product, Keten), and
group III (test hydrogel group). Standard food was given to all of the rabbits before the
start of the study. Before the dose administration, food was stopped and made fast for 12 h
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over-night. The rabbits were stained and placed in the boxes. By the help of a feeding tube,
drug solution (10 mg/kg) was given to group I, followed by rinsing with 1 mL of water.
Similarly, commercial product keten (10 mg/kg) and loaded GAcPAAc (25.57 mg/kg) were
given orally to group II and group III, respectively. Moreover, 0.6 mL blood samples were
taken from the ear vein of all three groups at specific time intervals and stored in a hep-
arinized polypropylene tube. Then, centrifugation for samples was carried out for 10 min
at 4000 rpm to obtain plasma [27]. KETM contents in plasma were determined by high
performance liquid chromatography (HPLC, HITACHI). Column (LiChrospher®100 RP-18
endcapped 250 × 4 mm, 5 µm (Merck, Darmstadt, Germany) was used for the detection
of KETM (RT: KETM = 5.1 min, internal standard of ketoprofen = 7.7 min (400 µg/mL
methanol)). The mixture of phosphoric acid (pH 3.0)/acetonitrile (55:45, v/v), respectively,
was used as a mobile phase at a flow rate of 1.2 mL/min. A mixture ( plasma = 100 uL
and internal standard = 100 uL) was taken, and kept on vortex mixing for 1 min. Cen-
trifugation was carried out at 8000 rpm for 5 min at 25 ◦C. KETM was detected at λmax
313 nm [28]. Pharmacokinetic parameters: the maximum concentration (Cmax), time to
achieve Cmax (Tmax), elimination rate constant (K), elimination half-life (t1/2), and area
under the curve after extrapolation from time x to infinit (AUC0–∞) were taken directly
from the concentration course or calculated by Excell software.

2.15. Statistical Analysis

Statistical analysis was performed by using a computer program, SPSS Statistic soft-
ware 22.0 (IBM Corp, Armonk, NY, USA). By using Student’s t-Test, differences between
tests were tested and considered statistically significant because the p-value was <0.05.

3. Results
3.1. Sol-Gel Analysis

Sol-gel analysis is performed for all formulations of GAcPAAc hydrogels as indicated
in Table 1. Hydrogels contents influence the sol and gel fractions of the fabricated hydrogels.
Sol fraction is decreased with the increase in the concentration of GA, AAc, and EGDMA
because there is an inverse relationship between the sol fraction and gel fraction [29]. An
increase of one fraction leads to a decrease in another fraction. Gel fraction increases
with the increase in the concentration of GA (Table 1). The main reason is the increase in
availability of free radicals for AAc during polymerization reaction. The higher the free
radicals, the faster the polymerization reaction and, hence, the greater the gel fraction will
be (and vice versa). Similarly, an increase in gel fraction is observed as the concentration
of AAc is increased (Table 1). High numbers of functional groups (carboxylic groups) of
AAc are generated, which leads to higher polymerization of AAc with the GA, and as
a result gel fraction is enhanced. Similar to GA and AAc, an increase in concentration
of EGDMA leads to maximum crosslinking, and as a result, GA and AA are crosslinked
rapidly, and gel fraction increases (Table 1). The compatibility of hydrogels depends on
the concentration of the cross-linker used. The greater the cross-linker, the higher the
polymerization reaction, and the greater the gel fraction (and vice versa) [30,31]. Khalid
and his co-workers prepared CS-co-p(AMPS) hydrogels and reported an increase in the
gel fraction with the increase in the concentration of polymer, monomer, and cross-linker,
while a decrease in sol–fraction was observed and vice versa [32].

3.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR analysis is carried out for GA, AAc, unloaded GAcPAAc hydrogels, KETM, and
loaded GAcPAAc hydrogels as shown in Figure 2A–E. FTIR spectra of GA (Figure 2A)
indicate stretching vibration of the carboxylic acid group by a peak at 1398 cm−1, while
the three peaks assigned at 1702, 1498, and 1310 cm−1 are due to amide I, amide II, and
amide III, respectively [33,34]. Similarly, FTIR spectrum of AAc (Figure 2B) indicates
stretching vibration of –C–C and –CH2 by peaks at 1650 and 3012 cm−1, while –C=O
stretching vibration is indicated by a peak at 1322 cm−1 [35]. Due to the electrostatic
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interaction between the GA and AAc, a modification in their peaks is observed in unloaded
GAcPAAc hydrogels. The peaks of GA at 1398 and 1702 cm−1 are changed to 1410 and
1740 cm−1 peaks of unloaded GAcPAAc hydrogels (Figure 2C). Similarly, a few peaks of
AAc are also changed from 1322 and 1650 cm−1 to 1348 and 1690 cm−1 peaks of unloaded
GAcPAAc hydrogels. Some new peaks are formed; few disappeared while some altered.
The alteration, disappearance, and formation of the new peaks depict the grafting of AAc
over the GA backbone and, thus, indicate the development of GAcPAAc hydrogels. The
prominent peaks of KETM (Figure 2D) are assigned by FTIR spectra at 3372, 1381, 1161,
and 1201 cm−1, representing N-H and NH2, –C–N, C = O, and –OH stretching vibration.
Likewise, C–H bending is observed by peaks at 2420 and 803 cm−1, respectively [36–38].
Due to the loading of KETM by the fabricated hydrogels, a slight modification is observed
in the distinctive peaks of KETM as indicated in FTIR spectra of drug loaded GAcPAAc
hydrogels (Figure 2E). The peaks of KETM at 3372 and 2420 cm−1 are altered slightly to
3358 and 2445 cm−1 peaks of the drug loaded GAcPAAc hydrogels. These all indicate the
successful encapsulation of KETM by the fabricated hydrogels and, thus, no interaction is
detected between the KETM and hydrogel contents [39].

Figure 2. FTIR spectra of (A) GA, (B) AAc, (C) unloaded GAcPAAc hydrogels, (D) KETM, and (E)
loaded GAcPAAc hydrogels.

3.3. Thermal Analysis

Thermogravimetric analysis (TGA) is performed for the purpose to know the thermal
stability of GA and GAcPAAc hydrogels, as shown in Figure 3A. TGA of GA indicates
no loss in weight up to 198 ◦C. Further increase in temperature leads to a decrease in
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weight of GA and a 22% loss in weight is observed as the temperature approaches 208 ◦C,
which is the melting point TM of GA. As temperature reaches 350 ◦C, weight loss of 58%
is detected. After that, degradation of GA is started until complete pyrolysis [40]. TGA
of GAcPAAc hydrogels reveal weight loss of 8% as the temperature approaches 210 ◦C.
A further loss of 54% in weight is detected within a temperature range of 210–380 ◦C.
Finally, degradation of GAcPAAc hydrogels starts at 480 ◦C until its complete degradation.
Conclusively, the TGA thermogram of pure GA indicates that degradation half-life of GA,
i.e., (t1/2 = 350 ◦C) is not greater than the degradation half-life of GAcPAAc hydrogels,
i.e., (t1/2 = 480 ◦C), respectively. Therefore, we can conclude from the TGA thermogram
of both GA and GAcPAAc hydrogels that thermal stability of pure GA is less than the
thermal stability of the fabricated hydrogels. The possible reason for the higher thermal
stability of GAcPAAc could be the crosslinking and grafting of hydrogel contents during
the polymerization process. Barkat and coworkers prepared chondroitin sulfate based
hydrogels and reported higher thermal stability for the designed hydrogels compared to
pure polymer [32].

Figure 3. (A) TGA and (B) DSC of GA and GAcPAAc hydrogel.

Differential scanning calorimetry (DSC) analysis is carried out for unreacted GA and
GAcPAAc hydrogels as indicated in Figure 3B. GA exhibits an endothermic peak at 198 ◦C,
followed by a glass transition temperature (Tg), whereas an exothermic peak at 215 ◦C,
which is followed by a melting (Tm) or decomposition temperature (Td), respectively [41].
Similarly, DSC of GAcPAAc hydrogels exhibits an exothermic peak at 255 ◦C, which is the
exothermic peak of GA, shifted from 215 ◦C to 255 ◦C due to the electrostatic interaction
with others hydrogel contents. The endothermic peak of GA at 198 ◦C shifted to 210 ◦C in
GAcPAAc hydrogels. Onward temperature leads to degradation of GAcPAAc hydrogels
that indicate greater stability of developed polymeric hydrogels compared to unreacted
GA [42].

3.4. Porosity Study

The swelling, loading, and drug release of hydrogel depends on its porosity. The
greater the pore size, the higher the swelling, and as a result, the greater the drug loading
and release. Porosity of fabricated hydrogels is increased with the increase in GA and
AAc concentration (Figure 6A). The increase in porosity is due to the high viscosity of the
reaction mixture that prevents the escape of bubbles from the reaction mixture. This all
leads to generation of interconnected channels and, thus, increase in porosity is observed.
Contrary to GA and AAc, a drop is seen in porosity with the enhancement of EGDMA
concentration (Figure 6A) due to the formation of strong tight junctions and crosslinked
bulk density that affect the drug flexibility [43].
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3.5. Dynamic Swelling Study

The dynamic swelling study was performed for all formulations of GAcPAAc hydro-
gels to analyze the pH sensitive nature of the fabricated hydrogels at two different pH
values, i.e., pH 1.2 and 7.4, respectively. pH influences the swelling of hydrogels highly as
shown in Figure 4A. Low swelling is detected almost at pH 1.2 due to the protonation of
functional groups of both GA and AAc. Both polymer and monomer contain carboxylic
groups (COOH groups), which protonate at low pH 1.2 and form conjugate with the
counter ions, which leads to a decrease in free charge density of the same groups. Strong
hydrogen bonding is produced and the ionization process is decreased. These all lead
to low swelling at pH 1.2. Contrary to pH 1.2, maximum swelling is exhibited by the
fabricated hydrogels at high pH 7.4. As the pH of the medium is changed from lower to
upper pH values, deprotonation of carboxylic groups of GA and AA occurs, which leads
to generation of high charge density of the same group, and as a result, strong electrostatic
repulsive forces are produced. These repulsive forces repeal the same charge particles and,
thus, increase in swelling is perceived at high pH 7.4 [44,45].

Figure 4. (A) Effect of pH on dynamic swelling, (B) swelled hydrogel at pH 1.2 and 7.4; effects of (C) GA, (D) AAc, and
(E) EGDMA on dynamic swelling of GAcPAAc hydrogels.

The concentration of the hydrogel contents also influence the dynamic swelling at
both pH 1.2 and 7.4, respectively, as shown in Figure 4C–E. An increase in the swelling
index is seen with the increase in the composition of GA and AAc (Figure 4C,D). The
possible reason is the generation of a high number of COOH groups with the increase in
GA and AAc concentration, which produce high charge density and strong electrostatic
repulsive forces. The same charge particles will repel each other and, hence, an increase in
swelling will be observed [24,46,47]. Unlikely to GA and AAc, a drop in swelling is seen
with the increase in EGDMA concentration (Figure 4E). The bulk density of the hydrogels
increases with the increase in the concentration of EGDMA, due to which the porosity
of the hydrogels decreases. Hence, penetration of water into the hydrogels network is
decreased, and as a result, a reduction in swelling is exhibited with the increase in the
concentration of EGDMA and vice versa [48–51].
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3.6. Polymer Volume Fraction Study

Polymer volume fraction study is carried out for all formulations of fabricated hydro-
gels at both pH 1.2 and 7.4 as shown in Table 1, and greater polymer volume fraction is
observed at pH 1.2 compared to pH 7.4. The composition of hydrogels contents greatly
affects the polymer volume fraction. As the composition of GA and AAc is increased,
the polymer volume fraction is decreased. Unlikely GA and AAc, an increase in polymer
fraction is observed with the increase in composition of EGDMA. The reason could be
interlinked with the swelling behavior of the fabricated hydrogels. The high values of
polymer volume fraction at pH 1.2 and low at 7.4 are the indication of significant swelling
and pronounced expansion ability of the developed hydrogels [20].

3.7. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is carried out for fabricated hydrogels to analyze
its surface morphology. A smooth and porous surface is indicated by the developed
hydrogels as shown in Figure 5. The porous surface formed may be due to the evaporation
of water occurring due to heat reaction. These pores may be supposed to act as a permeation
channels to allow water molecules to penetrate inside the hydrogel network, and also
provide site of active interaction for hydrophilic groups of the polymeric network and
external stimuli [52].

Figure 5. Scanning electron microscopy of GAcPAAc hydrogels.

3.8. Powder X-ray Diffractometry (PXRD) Analysis

PXRD is performed for the purpose of evaluating the crystallinity of the polymeric
carrier system and the components used in its development. Hence, in the present study,
PXRD is conducted for GA and GAcPAAc hydrogels to analyze their crystallinity as
shown in Figure 6B. The crystalline peaks of GA are indicated at 2θ = 18.39◦, 22.14◦,
24.89◦, and 32.04◦ by PXRD analysis, which reveal the crystallinity of GA. Similarly, PXRD
analysis of GAcPAAc hydrogels indicates less crystalline nature due to the crosslinking of
their components. The crystalline peaks of the GA disappear in the fabricated hydrogels
due to the polymerization of GA with AAc. Lee et al. developed amphiphilic poly(l-
lactide)-grafted chondroitin sulfate copolymer hydrogel and reported a reduction in the
crystallinity of individual ingredients used in the development of the polymerized network
of hydrogels [53].
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Figure 6. (A) Percent porosity and (B) PXRD of GA and GAcPAAc hydrogel.

3.9. Drug Loading

Drug loading is performed for all formulations of the developed hydrogels in order to
analyze and evaluate the amount of drug encapsulated by the hydrogel content as indicated
in Table 2. Swelling plays an important role in drug loading as the maximum amount of
drug is loaded by the hydrogels if the swelling of the hydrogels is high. Therefore, for
drug loading, such solvent is used within drug solubility and swelling of hydrogels is
high. Drug loading is increased with the increase in the concentration of GA and AAc, as
shown in Table 2. The possible reason is the greater swelling index of both GA and AAc,
which leads to greater drug loading. Similar to swelling, a decrease in drug loading is
observed due to high crosslinked density and less porosity as the concentration of EGDMA
is increased (Table 2) [54].

Table 2. Drug loading of GAcPAAc hydrogels.

Formulation Code
Amount of DS Loaded in Hydrogels (mg)/400 mg of Dry Gels

(Extraction Method) (Weight Method)

GAF-1 147.90 ± 0.62 146.21 ± 0.98
GAF-2 156.02 ± 0.71 154.18 ± 0.83
GAF-3 160.20 ± 0.96 161.25 ± 1.20
GAF-4 097.89 ± 1.23 096.19 ± 1.04
GAF-5 147.90 ± 0.62 146.21 ± 0.98
GAF-6 155.90 ± 1.13 156.43 ± 1.08
GAF-7 147.90 ± 0.62 146.21 ± 0.98
GAF-8 113.83 ± 0.88 115.29 ± 1.24
GAF-9 092.03 ± 1.02 090.49 ± 1.01

3.10. In-Vitro Drug Release Study

An in-vitro drug release study is performed to know the release of drug from the
keten capsule and the pH dependent release of drug from all formulations of the fabricated
hydrogels at both acidic and basic medium as shown in Figure 7A–E. pH affects the percent
of the drug released from the developed hydrogels as a low release of drug is depicted at
acidic pH 1.2 compared to basic pH 7.4 (Figure 7A). The functional groups (COOH groups)
of GA and AAc protonate at low pH, due to which charge density of the same groups is
decreased because conjugates are formed due to strong hydrogen bonding and, thus, low
swelling and the percent of the drug released is observed. On the other side, a high percent
of the drug released is seen at high basic pH 7.4 due to the deprotonation of functional
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groups of the GA and AAc. Strong electrostatic repulsive forces are produced among the
same charge groups due to high charge density as the pH of the medium is enhanced from
pH 1.2 to pH 7.4, which repeal each other and lead to higher swelling and the percent of
the drug released. Similarly, as shown in Figure 7B, a drug release study is carried out for
the keten capsule at both pH 1.2 and 7.4, respectively. A high amount of drug is released
at basic pH 7.4 as compared to acidic pH 1.2. A high percent of the drug released of 95%
is observed within the initial 5 h at pH 7.4, and continues to 72 h. While at pH 1.2, drug
release of 97% is detected at 72 h [55].

Figure 7. Effects of (A) pH, (B) commercial product Keten, (C) GA, (D) AAc, and (E) EGDMA on KETM percent release
from GAcPAAc hydrogels.

Percent of the drug released is also influenced by the different concentrations of
GA, AAc, and EGDMA at both pH 1.2 and 7.4, respectively, as indicated in Figure 7C–E.
The percent of the drug released increases as the concentration of GA and AAc increases
(Figure 7C,D), because a greater quantity of carboxylic groups (COOH) is produced, lead-
ing to higher swelling and a percent of the drug released [56–58]. Similar to swelling, a
reduction in the percent of the drug released is seen as the concentration of the EGDMA is
increased (Figure 7E) due to higher crosslinking and bulk density and less porosity [59].
Rokhade and coworkers prepared ketorolac tromethamine loaded microspheres of gelatin
and sodium carboxymethyl cellulose and reported a percent of the drug released for
10 h [60]. Similarly, Dasankoppa and coworkers prepared a controlled porosity osmotic
pump for oral delivery of ketorolac and demonstrated the percent of the drug released for
12 h [61]. Comparing the percent of the drug released of the current study with previously
published reported studies indicates that the developed network of GAcPAAc hydrogels
prolongs the release of ketorolac tromethamine significantly for 72 h, and can be employed
as a suitable carrier for the controlled delivery of KETM.

3.11. Kinetic Modeling

Zero order, first order, Higuchi, and Korsmeyer–Peppas models are applied to release
data in order to analyze the release pattern of the drug from the fabricated hydrogels.
It is indicated from Table 3 that all formulations follow the first order release kinetics
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because the “r2” values of first order are near 1. Hence, the release rate of the drug from the
developed hydrogels is dependent on the concentration of the drug encapsulated inside
their networks. The drug release mechanism is determined by the Korsmeyer–Peppas
equation. “n” values for most of the formulations are greater than 0.5 indicating the non-
Fickian diffusion [62,63], which indicates that the KETM release from hydrogel was at least
partially controlled by viscoelastic relaxation of polymer during medium penetration.

Table 3. Kinetic modeling release of KETM from GAcPAAc hydrogels.

F. Code Zero Order
r2

First Order
r2

Higuchi
r2

Korsmeyer-Peppas

r2 n

GAF-1 0.8994 0.9715 0.9029 0.9496 0.5972
GAF-2 0.9043 0.9832 0.9813 0.9637 0.5267
GAF-3 0.8408 0.9914 0.9489 0.9622 0.4595
GAF-4 0.8974 0.9846 0.9781 0.9400 0.7102
GAF-5 0.8994 0.9715 0.9029 0.9496 0.5972
GAF-6 0.8678 0.9827 0.9626 0.9564 0.4859
GAF-7 0.8994 0.9715 0.9029 0.9496 0.5972
GAF-8 0.9217 0.9896 0.9891 0.9461 0.8414
GAF-9 0.9314 0.9895 0.9889 0.9678 0.8515

3.12. In-Vivo Study

An in-vivo study was carried out on nine healthy rabbits to evaluate the effect of
GAcPAAc hydrogel on the oral availability of the drug. The plasma drug concentration
vs. time is indicated in Figure 8, for drug solution, keten, and KETM-loaded GAcPAAc
hydrogels. We can see that plasma concentration of drug solution and keten is less than the
plasma concentration of loaded GAcPAAc hydrogels. The drug release is in the pattern of
loaded GAcPAAc hydrogels > keten > drug solution. We can conclude that drug release
is sustained highly by loaded GAcPAAc hydrogels for a long period of time compared to
drug solution and keten. A significant difference is seen in pharmacokinetics parameter
of these three groups. In a recent study, the low Tmax values of drug solution (1.00 ± 0.00)
and keten (0.50 ± 0.00) indicated the rapid absorption of the drug compared to loaded
GAcPAAc hydrogels (5.00 ± 0.00). The absorption of the drug is much greater with
significant differences from GAcPAAc hydrogels revealing the slow drug absorption from
the developed hydrogels and, hence, indicating sustained release behavior. Maximum
plasma concentration (8.73 ± 0.13 µg/mL) is achieved by loaded GAcPAAc hydrogels
compared to the drug solution (7.58 ± 115.67 µg/mL) and keten (6.42 ± 0.25 µg/mL) after
24 h. Hence, the Cmax values of loaded GAcPAAc hydrogels > keten > pure drug, even
containing the same concentration of the drug. These all mean that plasma concentration
is maintained for a long period of time by the fabricated hydrogels compared to the
drug solution and keten. Likewise, a great difference is seen in other pharmacokinetic
parameters of the drug solution, keten, and loaded GAcPAAc hydrogels, respectively.
AUC0–∞ (µg/mL*h) value of fabricated hydrogels (72.35 ± 2.31) is significantly greater
than that of the drug solution (49.16 ± 2.36) and keten (52.47 ± 0.57) (p < 0.05). Conclusively,
the above results indicate that bioavailability of KETM is enhanced significantly for a long
period of time by fabricated hydrogels compared to the drug solution and the commercial
product (keten). Hence, the developed hydrogels could be employed further for clinical
purposes in the future.



Polymers 2021, 13, 3541 15 of 18

Figure 8. Plasma concentration vs. time plot of KETM administered as the oral solution, keten, and
GAcPAA hydrogels to healthy rabbits. (n = 3).

4. Conclusions

In the current study, pH-responsive glutamic acid based hydrogels were developed
successfully by the free radical polymerization technique for controlled release of Ketorolac
tromethamine. FTIR presented the formation of a stable network of polymeric hydrogels.
High thermal stability, loss in crystallinity of the polymer, and smooth porous surface of
the developed hydrogels was evaluated by TGA, DSC, PXRD, and SEM respectively. pH
sensitive nature of the fabricated hydrogels was revealed by the swelling and drug release
studies. Dynamic swelling, drug loading, and a percent of the drug released increased
with the increasing concentration of glutamic acid and acrylic acid, and decreased with
the increasing concentration of EGDMA. Similarly, an increase in percent porosity was
seen with the increase in the glutamic acid and acrylic acid concentrations while inverse
behavior was perceived with EGDMA concentration. An in-vivo study indicated that
developed hydrogels exhibited a significant release and absorption of a drug with high
Cmax and Tmax values compared to a pure drug solution and keten. Based on the above
results, we can conclude that the developed hydrogels could be investigated further for the
controlled delivery of other hydrophilic drugs and NSAIDs.
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