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Novel composite hydrogels of poly(acrylamide) (PAAm) and starch, at different ratios, were studied as potential platforms for
controlled release of amoxicillin. The composite hydrogels were characterized by Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and swelling kinetic measurements. The
morphology analysis revealed the presence of starch granules well embedded within the PAAm network. The increase in starch
content increased the rate of water uptake and the swelling degree at equilibrium. The amoxicillin release kinetics was sensitive to
pH and temperature conditions. The in vitro bacterial growth inhibition of antibiotic-loaded hydrogels was tested though disc
diffusion assays with Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923, and a carbapenemase producer
Pseudomonas aeruginosa strain. The optimal release profile at physiological conditions and the powerful bacteria growth in-
hibition effects of amoxicillin-loaded hydrogels evidenced its potential for biomedical applications, particularly in oral ad-
ministration and the local treatment of bacterial infections.

1. Introduction

Materials capable of responding to multiple external stimuli,
such as temperature [1], pH [2], ionic strength [3], electrical
potentials [4], and biochemical activity [5], have received
growing interest in recent years to be used in biomedical
applications [6-8]. Particularly, polymeric hydrogels are well
recognized within the field of stimulus-sensitive materials.
These three-dimensional hydrophilic polymer networks,
held together either by chemical or physical interactions
[9, 10], absorb large amounts of aqueous fluids [11] coupled
with a high permeability to small molecules and a soft

consistency, which makes them similar to living tissues [12].
Their applications encompass wound dressing uses [11],
tissue engineering [13], and controlled drug delivery of a
wide range of bioactive compounds [14], including antiviral
drugs [10], contraceptives [12], and anticoagulants [15],
among others.

PAAm hydrogels have been widely studied, owing to
their excellent swelling capabilities [16], thermal stability
[17], nontoxic properties [18], biological inertness [11], and
biocompatibility, which can be improved by their combi-
nation with other biomaterials [19]. In general, the prop-
erties of polymer mixtures depend on the interactions that
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occur between their components. Some fillers also provide
highly reactive functional groups, such as carboxyl groups,
hydroxyl groups, and aromatic rings, for further chemical
modifications, that can be tailored to obtain the desired
properties [20, 21].

In this concern, PAAm-based composite hydrogels have
been prepared to promote the versatility of precursor
polymers and to achieve multifunctional capabilities in final
materials. Suitable combinations of PAAm with chitosan
[11], polyaniline [22], poly(acrylic acid) [23], proteins [24],
or polysaccharides [25, 26] have shown outstanding me-
chanical and therapeutic performance, along with an en-
hanced biocompatibility [27, 28].

Moreover, the incorporation of biopolymers to PAAm
hydrogels can modify the porous structure of the hydrogel,
providing a suitable environment for cell growth and im-
proving their biocompatibility. Kavousi and Nikfarjam [29]
found that starch nanoparticles cross-linked with citric acid
change the macroporous structure of PAAm-based hydro-
gels, producing a highly porous and interconnected struc-
ture. The cell adhesion and cell viability studies of materials
evidenced an improved biocompatibility and a suitable
environment for cell growth.

Polysaccharides are strong candidates for developing
biomaterials due, among other qualities, to their biocom-
patibility [30]. Drug delivery systems based on polysac-
charides have shown an excellent response for the treatment
of respiratory diseases [31] and glaucoma [32], as well as for
the supply of antipsychotic [31], antipyretic, and analgesic
drugs with anti-inflammatory activity [33].

The starch, after cellulose, is the second most abundant
polysaccharide. This biopolymer is recognized by its low
cost, biodegradability, biocompatibility, and inherent bio-
activity [27, 34]. Several studies have shown the potential of
starch-based materials for the controlled release of bioactive
molecules. Dafe et al. [35] reported the efficient use of
pectin/starch hydrogels as a probiotic carrier for oral de-
livery. In a different approach, Perez et al. [36] carried out
the synthesis of chitosan/starch hydrogels as a potential
delivery system for plant growth-promoting bacteria. Sethi
et al. [33] prepared a hydrogel of karaya gum/starch as a
suitable oral carrier of paracetamol and aspirin.

Few research studies have dealt with the combination of
PAAm and starch to design composite hydrogels. Previous
reports have mostly involved grafting reactions to obtain
copolymers that subsequently were used for producing
multicomponent networks [27, 37-39]. The hydrogels have
been mainly evaluated in dyes adsorption [40], as disin-
fectants [41], and for the controlled release of fertilizers [42]
and fungicides [43].

Despite the promising advantages of the use of PAAm and
starch in the biomedical area, studies focused on the suitable
combination of both polymers for controlled release of drugs
are scarce. In this concern, Murthy et al. [38] prepared sem-
iinterpenetrating polymer networks of starch and a random
copolymer of poly(acrylamide-co-sodium methacrylate) to
evaluate the swelling and diffusion properties of materials in
simulated biological fluids. The authors found a promising
performance of biomaterials for pharmaceutical applications.
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The aim of the present work is to study the effectiveness
of composite hydrogels of PAAm/starch for the controlled
release of amoxicillin, a broad-spectrum drug and first
choice for the treatment of various infections. Amoxicillin
can be used as prophylaxis against bacterial endocarditis in
patients with prosthetic joint replacements and dentistry
[44]. Composite hydrogels were characterized by FTIR,
swelling kinetic measurements, SEM, and EDX. Amoxicil-
lin-release profiles were obtained in vitro under physio-
logical conditions of pH and temperature. Furthermore, the
antibacterial activity against Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923, and a carbapenemase
producer Pseudomonas aeruginosa strain was evaluated. The
microbiological studies demonstrated inhibition zones for
amoxicillin-loaded PAAm/starch hydrogels equal and even
greater than those expected for the commercial dicks.

2. Materials and Methods

2.1. Materials. The PAAm/starch and amoxicillin (as
amoxicillin sodium) hydrogels were prepared using acryl-
amide (AAm, 99%; Sigma-Aldrich), methylene-bis(acryla-
mide) (MBAAm, 99%; Sigma-Aldrich), N,N,N',N'-
tetramethyl-ethylenediamine (TEMED, 99%; Sigma-Aldrich),
amoxicillin (potency: >900 ug per mg; Sigma-Aldrich), so-
dium phosphate monobasic (99%; Sigma-Aldrich), disodium
hydrogen phosphate (99%; Sigma-Aldrich), citric acid (99.5%;
Sigma-Aldrich), ammonium persulfate (APS, 98.7%; J. T.
Bayer), starch from potato (98%; Monterrey Chemical
Products), and sodium hydroxide (97%; Meyer). The Muel-
ler-Hinton agar culture media (BD Becton Dickinson),
Mueller-Hinton broth (BD Becton Dickinson), and trypticase
soy agar (BD Becton Dickinson) were used to test the con-
trolled release of amoxicillin held within the PAAm/starch
hydrogels in Escherichia coli strain ATCC 25922, Staphylo-
coccus aureus strain ATCC 25923, and Pseudomonas aeru-
ginosa (a carbapenemase producer and resistant to amikacin
strain).

2.2. Preparation of PAAm/Starch Hydrogels. The hydrogels
of PAAm/starch were obtained upon addition of acrylamide
solution (29g AAm monomer and 1g of MBAAm cross-
linker in 100 mL of aqueous solution) into a starch solution
(15wt%) using an ice-chilled 3.6cm (internal diameter)
cylindrical mold. Gelation process was initiated by adding
0.5mL of APS solution and 25uL of TEMED reactant
(accelerator). Hydrogel composites were prepared in
PAAm/starch volumetric ratios of 100/0, 90/10, 80/20, 70/
30, 60/40, and 50/50. The hydrogels were washed with
deionized water several times for 48h and further freeze-
dried during 48 h in a Labconco FreeZone 4.5 unit under a
vacuum atmosphere of 0.5 mBar and —46°C in the collector.
Figure 1 illustrates the preparation of PAAm/starch com-
posite hydrogels.

2.3. Characterization Techniques. FTIR spectra of dried
hydrogel were recorded in a PerkinElmer Spectrum GX
spectrometer (USA) by the KBr pellet technique in the range
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FIGURE 1: PAAm/starch composite hydrogel preparation method.

of 4000-400cm™'. The morphology and the elemental
composition of hydrogels were analyzed by SEM using JEOL
6010 Plus and ESEM JEOL 7610F scanning electron mi-
croscopes. The samples were analyzed in dry and swollen
states. For the analysis of dry samples, ultrathin sections of
hydrogels were cut at —150°C with a cryoultramicrotome
RMC products and placed on copper grids. The samples
were allowed to dry at room temperature for the analysis. To
examine the morphology of the hydrated samples, sections
of xerogels were cut at room temperature and then im-
mersed in DI water for 6 h before the analysis. Measure-
ments were made in environmental mode.

The swelling properties of hydrogels were tested through
the gravimetric method. Cylindrical shape xerogel samples
(3.6 cm diameter and a thickness of 0.7 cm) of known weight
(w,) were immersed in 250 mL of sodium phosphate buffer
(PBS, pH 7.4, 0.1 M) at room temperature. The samples were
removed from the swelling medium at specific times (¢),
blotted, weighed (w,), and placed in the same water bath
until a constant weight was reached. The swelling percent (S
%) at time t was calculated from the following equation:

w; — w,
8% = ———x 100. (1)
Wo

All swelling experiments were performed in triplicate for
each PAAm/starch ratio.

2.4. Hydrogel Loading with Amoxicillin. The loading of
amoxicillin in the hydrogels was carried out by the swelling
equilibrium method. Xerogel samples of PAAm/starch
hydrogels were loaded by sorption in 5mL of aqueous
amoxicillin solution (0.2g mL™") for 48 h and freeze-dried.
Loading content was determined from the difference be-
tween the initial and final amounts of the drug in the loading
solution. The amount of released amoxicillin was quantified
by recording the absorbance at 273 nm in a PerkinElmer
Lambda 20 UV-Vis spectrophotometer and the subsequent
interpolation of the value in a calibration curve. The cali-
bration curve was obtained by preparing of standard solu-
tions containing from 0.2 to 1.2mM of amoxicillin and
measuring the corresponding absorbance in the UV-Vis unit
at 273 nm (Figure 2).

The drug loading efficiency of hydrogels was determined
by the following equation [45]:

total amount of amoxicillin — free amoxicillin

loading efficiency =

2.5. Controlled Release of Amoxicillin. The experiments of
drug release were performed in a phosphate-buffered saline
solution (PBS, 0.1 M, pH 7.4) and phosphate-citric acid
buffered solution (PCA, 0.1 M, pH 3.0). The amoxicillin-
loaded hydrogels were immersed in 250 mL of buffer so-
lutions at controlled temperatures of 25 or 37°C, using an
incubator (Barnstead Lab-Line MaxQ 4000) with continu-
ous orbital stirring of 80rpm. Aliquots of 100uL were
withdrawn at specific time intervals. The concentration of
amoxicillin was determined by recording the absorbance at
273nm in a PerkinElmer Lambda 20 UV-Vis

x 100. (2)

total amount of amoxicillin

spectrophotometer and the subsequent interpolation of the
value in the calibration curve (Figure 2).

2.6. Mechanism and Mathematical Modeling for Amoxicillin
Release from PAAm/Starch Hydrogels. Data obtained in the
in vitro amoxicillin release studies were fitted to the Kors-
meyer—Peppas model [46] (equation 3) to evaluate the re-
lease mechanism of the drug from the composite hydrogels:

Mt

i kt". (3)

[ee]
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FiGure 2: Calibration curve of amoxicillin obtained by UV-Vis
absorbance at 273 nm.

Here, M; and M, are the hydrogel weights at time ¢ and
equilibrium, respectively; k is the release rate coefficient, and
n is the diffusion exponent that can be related to the drug
transport mechanism.

2.7. Bacterial Growth Inhibition Assay. To obtain hydrogels
with dimensions comparable to those of commercial discs
(6 mm diameter, 1 mm thick), 80 uL of the polymer precursor
solution was dropped into molds. The precursor polymer
solution was prepared by dissolving 29 g AAm monomer and
1 g of MBAAm crosslinker in 100 mL of aqueous solution into
a starch solution (15wt%). The resulting hydrogels were ly-
ophilized in a LABCONCO, FreeZone 4.5 equipment for 48 h
under a vacuum atmosphere of 0.5mBar and —46°C in the
collector. The PAAm/starch hydrogel discs were loaded with
600 and 1200 ug of amoxicillin. The amoxicillin-free PAAm/
starch hydrogel served as a negative control.

The effect of released amoxicillin from hydrogels was
evaluated in three bacterial isolates: Escherichia coli ATCC
25922, Staphylococcus aureus ATCC 25923, and a carbape-
nemase producer, and resistant to amikacin, Pseudomonas
aeruginosa strain by disc diffusion assay. In brief, bacterial
strains were growth in Mueller-Hinton broth and then
swabbed in Mueller-Hinton agar plates. The hydrogels loaded
with the antibiotic were placed on the surface of the inoculated
agar and commercial discs of amoxicillin/clavulanic acid (20/
10 pug), amikacin (30 ug), and imipenem (10 ug) and then in-
cubated at 37°C. After 24 hours of incubation, the inhibition
zone was obtained by the release of the drug from the
hydrogels, and the commercial discs were read (modified from
Zhu et al. [47]). Each experiment was run by triplicate.

2.8. Statistical Analyses. The data were presented as
mean * standard deviation. For comparative studies, the
data were analyzed by analysis of variance (ANOVA) with
an acceptable significance level of P <0.05 using the sta-
tistical package NCSS 2007.
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3. Results and Discussion

Hydrogel composite networks were successfully prepared by
the free radical polymerization of acrylamide by using APS/
TEMED initiating system in the presence of starch-con-
taining solutions. The initiator acts by attacking the double
bonds of acrylamide and bisacrylamide to give rise to the
formation of the PAAm network in the presence of starch.
The schematic hydrogel network formation is depicted in
Figure 1. The hydrogels displayed a uniform appearance,
with a translucent coloration that became opaque with the
increase in the starch content, as shown in Figure 3.

3.1. FTIR Analysis. Figure 4 shows the FTIR spectra of the
starch, the PAAm hydrogel, and that of representative
PAAm/starch composite hydrogel (50/50). The spectrum of
PAAm hydrogel shows a broad band located from 3500 to
3100 cm™, which was attributed to the N-H vibrations [48]
and a smaller peak at 2941 cm ™, corresponding to the C-H
stretching vibrations of the methylene group [49]. The bands
at 1667 cm™' can be assigned to C=0 moiety of the -CO-
NH, group (amide-I) [49, 50]. Furthermore, the absorption
band at 1466 cm ™" was related to the vibrations of C-N bond
[51].

The spectrum of starch shows the typical absorptions of
the polysaccharide. The broad band located at 3383 cm ™" is
due to the stretching vibration of -OH [52]. The band as-
sociated with the C-H stretching vibration appears at
2933 cm™! [53]. The absorption bands at 1650, 1460, and
1374cm™" are related to C-OH bending, and those at 1163,
1081, and 984 cm " are assigned to C-O stretching vibrations
[48].

The incorporation of starch into the PAAm hydrogels
produced spectral changes in its base spectrum. A more
defined contribution is observed in the broad band between
3600 and 3200 cm™', which can be attributed to the su-
perposition of the O-H stretch band of starch and the N-H
stretch band of the acrylamide moiety [49]. The signal at
2930 cm ™' is assigned to the C-H stretching vibrations of the
methylene group; meanwhile, those at 1099 and 988 cm™*
are attributed to the C-O-C stretching vibrations. It should
be noticed that the band at 1466 cm™" corresponding to NH,
bending vibration of PAAm appears at a shorter wave-
number (1456 cm™) in the PAAm/starch spectrum, which
suggests some physical interactions between both compo-
nents, e.g., hydrogen bonds [48].

The amoxicillin-loading in hydrogels was also analyzed
by FTIR. Figure 5 shows the FTIR spectrum of pure drug and
those of drug-free and drug-containing hydrogels PAAm/
starch 100/0 and 50/50. The spectrum of amoxicillin shows
the typical absorptions of the antibiotic. The broad band
located at 3366 cm™" is associated with the overlap of phenol,
amine, and amide signals. The methyl CH stretching vi-
bration appears at 2969 cm™", the band at 1767 cm ™" can be
associated with f-lactam CO stretch, and the signal at
1670 cm™" is assigned to amide I, CO stretch. The peak at
1604 cm ™ is related to COO™ asymmetric stretch. The band
at 1511cm™" is attributed to the combination of amide II,
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FIGURE 3: Hydrogel of PAAm/starch: (a) PAAm/starch 100/0; (b) PAAm/starch 50/50; (c) PAAm/starch 50/50 loaded with amoxicillin
lyophilized; (d) PAAm/starch 50/50 after drug release in buffer solution (pH 3.0).
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FIGURE 4: FTIR spectrum of PAAm hydrogel, pure starch, and
PAAm/starch hydrogel 50/50.

NH bend CN stretch, and benzene ring C=C stretch bands.
The signal at 1458 cm™" is assigned to Gem dimethyl CH
deformation, while the peak at 1399 cm ™ is related to COO~
symmetric stretch and phenol OH moiety. The signal at
1252cm™ is assigned to phenol CO combination band,
amide III, NH bend, and CN stretch in plane combination
bands. The absorption bands at 1173 and 1129 cm™" can be
assigned to benzene ring CH in plane deformation [54].
The incorporation of amoxicillin to the hydrogels pro-
duced the appearance of new bands on the base spectra of
PAAm/starch networks. In the hydrogel 50/50, the broad
band that appears at 1678 cm ™" in the hydrogel without drug
is replaced by a wider band with two small peaks at 1670 and
1604 cm ™" attributed to the amide I, CO stretch, and COO~
asymmetric stretch signals of amoxicillin. The band at
1399 cm™" related to COO~ symmetric stretch and phenol
OH vibration in the amoxicillin spectrum appears at a
shorter wavenumber (1390 cm™") in the spectra of 50/50 and
100/0 hydrogels. The peak at 1254 cm™" of hydrogel 50/50
assigned to phenol CO combination band and amide IIT of
amoxicillin was not observed in the spectrum of 50/50
hydrogel. In addition, the signal at 1129 cm™" associated with
benzene ring CH in plane deformation in the amoxicillin
spectrum appears slightly at a shorter wavenumber
(1122cm™") in the spectra of 50/50 and 100/0 hydrogels,
which suggest some physical interaction between the anti-
biotic and the polymeric matrix, e.g., hydrogen bonds.

Moreover, in the FTIR 100/0 hydrogels spectrum, the
two bands associated with the amide I, CO stretch, and
COO™ asymmetric stretch (1670 and 1604cm™') appear
more defined than that in the spectrum of hydrogel 50/50.
The bands at 1390, 1254, and 1124 cm ™" were associated with
the amoxicillin signals. These bands were less defined than in
the spectrum of 50/50 hydrogel.

3.2. Morphology Characterization. The morphology of hy-
drated hydrogels of PAAm (100/0) and PAAm/starch (50/50) is
shown in Figure 6. PAAm hydrated hydrogel (100/0) exhibits
an irregular porous structure of interconnected pores with
diameters in the micrometer range (Figures 6(a) and 6(b)). This
description is consistent with previous reports related to
PAAm-containing hydrogels [55]. The incorporation of starch
within the PAAm matrix produces a uniform porous structure
with pore diameters in the same micrometer range but slightly
larger than those observed in the pure PAAm matrix
(Figures 6(c) and 6(d)). In particular, the interaction between
both polymers is confirmed by the presence of starch granules
embedded in the PAAm network. The starch chains (soluble
part) and the granules (water insoluble) are trapped within the
PAAm network by physical interactions such as hydrogen
bridges (Figure 1). Similar morphological results were reported
by Sethi et al. [33] for hydrogels of karaya gum and starch. The
suitable modification of the polymer network by the starch
incorporation is a desired effect to improve the swelling be-
havior of materials and its drug release efficiency [56].
Figure 7 shows the SEM images of dry hydrogels of
PAAm/starch (50/50) without and with amoxicillin. The
micrograph of drug-free composite hydrogel (Figures 7(a)
and 7(b)) shows a compact, rugose, and interconnected
internal structure with heterogeneous pores. The images also
confirmed that the starch granules are randomly distributed
within the PAAm matrix, achieving sizes between 9 and
46 ym. The micrograph of amoxicillin-loaded composite
hydrogel (Figures 7(c) and 7(d)) shows that the antibiotic is
heterogeneously distributed in the polymer matrix, forming
agglomerates that appear as white dots. Similar results were
reported by Hanna and Saad [56] for xanthan gum/chitosan
hydrogels loaded with ciprofloxacin, in which a random
distribution of the drug within the pores was observed.

3.3. Energy-Dispersive X-Ray Spectroscopy (EDX). The ele-
mental analysis of the cross section of composite hydrogel
(50/50) loaded with amoxicillin was carried out in situ using
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the energy-dispersive X-ray spectroscopy instrument in
conjunction with the SEM (Figure 8). The characterization
of elemental composition revealed the presence of C, O, N,
Na, and S. The content of S and Na confirmed the incor-
poration of amoxicillin into the hydrogel. The S forms part of
the structure of the thiazolidine ring (6-aminopenicillanic
acid) characteristic of penicillin derivatives [44], and Na is
attributed to the salt form of amoxicillin.

3.4. Swelling Behavior. The swelling curves of hydrogels of
different PAAm/starch ratios show that the formulations
have a typical swelling behavior, as described elsewhere
(Figure 9). A gradual increase in swelling was observed
within the first 10h that was stabilized after 30h. The
maximum swelling percentage was reached around 48h
without significant variations afterwards. Our results
showed that the increase in the starch content increases the
rate of water uptake and the swelling degree at equilibrium.
The hydrogels with the highest starch content increased their
weights about 6 times during the swelling studies at pH 7.4.
The adjustment to volume restrictions in a specific appli-
cation can be achieved by choosing the appropriate initial
mass and shape of hydrogel.

Several factors affect the swelling behavior of hydrogels such
as the hydrophilic nature of polymer network, the crosslinking

density, and the elasticity of polymer network [38, 57]. Starch
addition enhances the hydrophilic nature of polymeric system,
positively influencing its swelling capacity. The amylose chains of
biopolymer contain a terminal group -OH (C1) at the reducing
end and a -OH (C4) at the nonreducing end of the macro-
molecule. Thus, each glucose residue of the amylose has two
secondary hydroxyl groups on the C2 and C3 carbons and a
primary hydroxyl group on the C6 carbon. The hydroxyl-
enriched structure of the starch should promote a more sig-
nificant water retention within the polymer matrix, by increasing
the content of the biopolymer in the composite hydrogel.
Murthy et al. [38] found a similar behavior after increasing the
starch ratio in the poly(acrylamide-co-sodium methacrylate)
network. The authors attributed this behavior to the nature of the
chemical groups incorporated (-COO-Na*) as well as the starch
distribution into the gel networks.

A high swelling capacity is a desirable feature for drug
delivery applications [58]. The swelling behavior of the
polymer matrix can control the drug release from it [59]. The
swelling capacity is positively correlated with the amount of
drug release at equilibrium [60].

3.5. Amoxicillin Release. Hydrogels of PAAm/starch 60/40
and 50/50 were selected to assess their amoxicillin release
kinetics because both formulations efficiently absorbed
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650
585
520
455

390 { JiH

325 ;

Swelling (%)

260
195
130

65

OI'I‘I'I'I'I'

JL

T & W & e o o & ik

0 5 10 15 20 25 30 35 40 45 50 123 126
Time (hours)

PAAm/starch
v 100/0
¢ 90/10
« 80/20

a 70/30
e 60/40
= 50/50

FIGURE 9: Swelling kinetics as function of time for hydrogels of PAAm/starch in PBS, pH 7.4 with different compositions. The error bars

represent the standard deviation (n=3).

around 5mL of an aqueous solution of amoxicillin (0.2 g
mL™" therapeutic dose) [61]. The loading efficiency was
found to be of 78.0+£2.2% (0.78 £0.02¢g) and 98.6 £2.0%
(98.6 £2.0g) in composite hydrogels 60/40 and 50/50, re-
spectively, calculated as the mass ratio of absorbed amox-
icillin to the drug mass initially placed in contact with
hydrogels after 48 h. The hydrogels conserved its shape and
stiffness after the drug loading and changed from a trans-
lucent to a uniform yellowish coloration due to the antibiotic
content (Figure 3(c)). The drug release profiles from

composite hydrogels 60/40 and 50/50 at a temperature of
25°C and pH 3.0 are shown in Figure 10. The delivery be-
havior of both formulations was quite similar; however, it is
notorious that the amount of amoxicillin released at equi-
librium varied with respect to the polymer matrix compo-
sition. The 50/50 hydrogel released 48.6% of its drug content
within the first 24 h, a value significantly higher (P <0.05)
than the amount achieved by the 60/40 hydrogel (43.0%).
This behavior can be attributed to the hydrophilic character
of the starch. The swelling rate of the hydrogel affects the
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FIGURE 10: Cumulative release of amoxicillin from composite hydrogels PAAm/starch 60/40 and 50/50 in PCA, pH 3.0 at 25°C. The error

bars represent the standard deviation (n =3).

kinetic of drug release [59]. The hydrogel of a higher starch
content contains a larger number of hydrophilic hydroxyl
groups, which results in a greater degree of hydration. This
effect favors the antibiotic release from the hydrogel [58]. In
this concern, PAAm/starch 50/50 network showed a more
efficient amoxicillin release as compared with PAAm/starch
60/40 matrix. These observations are consistent with
swelling behavior results. It should be noted that the
hydrogel preserved its physical integrity after the amoxicillin
release in the buffer solution (Figure 3).

3.5.1. Effect of Temperature on Amoxicillin Release. Based on
our previous result, the composite hydrogel 50/50 was
selected to assess the effect of temperature and pH on
amoxicillin release kinetics. Figure 11 shows the temper-
ature effect on the amoxicillin release from the composite
hydrogel. The release profiles were similar for both tem-
peratures, and the amount released of amoxicillin increased
rapidly within the first hours, reaching the equilibrium
around the 22h. However, statistically significant differ-
ences of release percentages at equilibrium were found
between both temperature conditions. It was possible to
release approximately 48.6% (0.471g) of the antibiotic at
25°C. Instead, this percentage increased to 70.2% by in-
creasing the temperature of the release medium to 37°C,
amount equivalent to 0.680 g of the amoxicillin contained
in the hydrogel. This behavior can be attributed to the
dissociation of physical interactions, such as hydrogen
bonds between PAAm chains and starch chains, with the
rise of temperature, which decreases the crosslinking
density of the polymer matrix and favors the release of the
solute [62]. Additionally, by increasing the temperature in
the release system, the kinetic energy of the drug molecules
is also increased, increasing the probability of breaking the

physical interactions of the antibiotic with the polymer
system. The coeflicient and diffusion rate of amoxicillin
from the polymer matrix to the release medium increases as
the temperature rises [62].

3.5.2. Effect of pH on Amoxicillin Release. In previous re-
searches, the sustained release of drugs has been studied in
vitro in acid media and in more basic conditions to evaluate
the release behavior of dosage forms in the stomach (pH
1-3) [63], small intestine [14, 64], and oral mucosa-like
environments (pH 7.4) [65]. Figure 12 shows the amoxicillin
release profiles of the hydrogel PAAm/starch 50/50 at pH 3.0
and 7.4, simulating these pH conditions.

The maximum values of cumulative release reached
around 22 h in both pH values, with a statistically significant
difference (P <0.05) in the drug concentration. The
amoxicillin release percent at equilibrium was relatively
higher at basic pH (81.0%) as compared with the percentage
released in the acidic medium (70.2%). The variation in the
released amount with the pH can be attributed to the
protonation or deprotonation of the amino, carboxyl, and
phenolic groups present in the amoxicillin. The pK, values of
the ionizable groups of amoxicillin are 2.67, 7.11, and 9.55
for amino, carboxyl, and phenolic moieties, respectively
[44, 66]. This means that, at pH 3.0, the carboxyl groups are
partially deprotonated (-COO7), the amino groups are
protonated (-NH3"), and phenolic groups are in the neutral
state (pH-OH). This partial ionization of amoxicillin can
cause the breakdown of some of the hydrogen bridge in-
teractions that keep the molecule bounded to the polymer
network, favoring its release. The interaction of charged
antibiotic molecules with the buffer ions can also promote
the drug release. As the pH of the release medium (pH 7.4)
increases, the amino (-NH;*) and phenolic (pH-OH)
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Figure 11: Cumulative release of amoxicillin from composite
hydrogels PAAm/starch 50/50 in PCA, pH 3.0 at 25°C and 37°C.
The error bars represent the standard deviation (n=3).

groups remain protonated, while the percentage of ioniza-
tion of the carboxyl groups increases, which can cause the
breakdown of the interactions between the amoxicillin
molecules and the polymer matrix and a higher percentage
of antibiotic release at this pH value [66]. It should also be
considered that the solubility of amoxicillin increases at a
more basic pH. Sutherland et al. [67] found that amoxicillin
solubility increases to a higher pH. The pH-sensitive drug
release has been typically observed for chitosan [60, 68],
poly(methacrylic acid) (PMAA) [64], and polyacrylamide
[49] hydrogels. Table 1 summarizes the amoxicillin release
amounts from composite hydrogel PAAm/starch 50/50 at
24 h.

3.6. Mechanism and Mathematical Modeling for Amoxicillin
Release from PAAm/Starch Hydrogels. The mechanism of
drug release from hydrogels is determined by different
physical-chemical phenomena [10]. To further examine the
release mechanism of amoxicillin from the composite
hydrogels, the experimental data were fitted to the model
developed by Korsmeyer-Peppas. According to this model
for cylinder-shaped gels, the drug release mechanism de-
pends on the relative rate of water diffusion into the polymer
matrix and the rate of polymer chain relaxations. When # is
less than 0.45, the transport mechanism is governed by
Fickian diffusion (the release mechanism is diffusion con-
trolled). When #n is between 0.45 and 0.89, the process
follows an anomalous transport mechanism, a mixture of
both Fickian diffusion and polymer chain relaxation. For n
equal to 0.89, a case II transport occurs (the release
mechanism is relaxation controlled) [4]. The linear fit of the
plot In Mt/M,, against In t yields the diffusion exponent (n),
the Pearson coefficient (%), and the diffusion constant (k).
The results are summarized in Table 2.
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TaBLE 1: Quantification of amoxicillin release from composite
hydrogel of PAAm/starch 50/50 at different temperatures and pH
values.

Amoxicillin release after

Temperature (°C) pH 24h
% mg
25 3.0 48.6+0.5 466+5.4
37 3.0 70.2+0.6 702 +6.1
7.4 81.0+2.1 810+£21.2

Values are presented as means + standard deviation.

The amoxicillin released from hydrogel 50/50 at 37°C is
controlled by an anomalous transport mechanism, a mixture
of both Fickian diffusion and relaxation process of the
polymer chains by the water absorption. No apparent effect
of pH on the mechanism of amoxicillin transport was
observed.

3.7. Bacterial Growth Inhibition Assay. To evaluate inhibi-
tion of bacterial growth by the released amoxicillin, poly-
meric hydrogels (50/50 PAAm/starch) were prepared, with
dimensions similar to that of a commercial disc: 6 mm in
diameter and 3 mm thick.

Antibacterial activity of PAAm/starch hydrogels loaded
with amoxicillin was evaluated by growth inhibition of
Escherichia coli ATCC 25922, Staphylococcus aureus ATCC
25923, and a carbapenemase producer, and amikacin-re-
sistant, Pseudomonas aeruginosa strain. Figure 13 shows
bacterial growth after 24 hours of incubation at 37°C. All
hydrogels showed inhibition of bacterial growth except for
the resistant strain (P. aeruginosa) and the hydrogels used as
control (without amoxicillin), which indicates that the
hydrogel itself did not have antimicrobial activity. The
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TaBLE 2: Fitting parameters of amoxicillin release data to Korsmeyer—Peppas equation for hydrogels under different conditions.

Fitting parameters

Hydrogel PAAm/starch Conditions > Release mechanism
n k (107°) r

50/50 pH 3.0, 37°C 0.46 411 0.988 Anomalous transport

pH 7.4, 37°C 0.57 2.62 0.976 Anomalous transport

FIGURE 13: Growth inhibition effect of the PAAm/starch hydrogels against (a) E. coli ATCC 25922, (b) S. aureus ATCC 25923, and (c)
carbapenemase producer, and amikacin-resistant, P. aeruginosa, after incubating at 37°C for 24h. A: hydrogel without drug (negative
control); B: hydrogel loaded with 600 ug amoxicillin; C: loaded with 1200 yg amoxicillin; AN: amikacin (30 ug); AMC: amoxicillin/clavulanic
acid (20/10 pg); IMP: imipenem (10 ug).

TaBLE 3: Average of inhibition diameters zone from amoxicillin-loaded hydrogels and commercial discs.

Inhibition zone (mm)

Strain Amoxicillin load (ug) Amoxicil}in/ clavulanic Amikacin Imipenem
acid (ug) (ug) (ug)
0 600 1200 20/10 30 10
E. coli ATCC 25922 0+0 28+047 32+1.70 19+0 22+0.47 30+0
S. aureus ATCC 25923 0+0 40+0 40+0 34+1.63 20+0.47 N/A
Carbapenemase producer, and amikacin-resistant, 0+0 040 040 040 040 040

P. aeruginosa

Values are presented as means + standard deviation.

absence of growth inhibition for carbapenemase producer
Pseudomonas aeruginosa (Figure 13(c)) is expected since this
strain produces blajyp 5, a metallo-b-lactamase, with high
catalytic efficiency for the hydrolysis of -lactam antibiotics,
including carbapenems [69].

Table 3 shows an average of the inhibition diameters for
the amoxicillin-loaded hydrogels and commercial discs.
Each experiment was carried out in triplicate. As expected,
the results show that the loaded hydrogels were more ef-
fective against the S. aureus (Gram-positive) than against
E. coli (Gram-negative). These results were logical since
amoxicillin acts on the exposed layer of peptidoglycan wall
of Gram-positive bacteria. Instead, Gram-negative bacteria
have an outer layer of lipopolysaccharides and proteins that
covers the peptidoglycan layer, and this makes it difficult for
some antibiotics to achieve the bacterial peptidoglycan.

The imipenem is a carbapenem drug, and carbapenems
are drugs with a greater bactericidal activity and are not
affected for most of the bacterial S-lactamases [70]. Hydrogel
discs showed a greater zone of inhibition compared to
commercial disc of amikacin, an aminoglycoside,

recommended by manufacturer and based on CLSI rec-
ommendations (19-26 mm for E. coli and 20-26 mm for
S. aureus).

Similar results were reported for other bacterial strains
(same genera and species) from hydrogels of N-trimethyl
chitosan (TMC)/sodium carboxymethyl xanthan gum
(CMXG) prepared with ciprofloxacin [56]. A similar study,
with S. aureus and P. aeruginosa (different strains than the
used in this work), also showed inhibition zones when the
authors used hydrophilic networks with conjugated beta-
cyclodextrin for the localized release of 5,6-dimethoxy-1-
indanone N4-allyl thiosemicarbazone [71].

The results obtained in this study strongly demonstrated
that the amoxicillin preserves its microbiological activity
after being loaded and released from the polymeric matrix.

4. Conclusions

Composite hydrogels of PAAm/starch were successfully
prepared at different ratios. The incorporation of starch into
the PAAm matrix modified the three-dimensional structure
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of PAAm, favoring the swelling properties of material. The
formulation of a higher starch content displayed the highest
amount of amoxicillin delivered at equilibrium. Moreover,
the release kinetic of amoxicillin from the PAAm/starch
hydrogels was sensitive to pH and temperature conditions.
Indeed, the antibiotic release was promoted at physiological
conditions (pH 7.4, 37°C) as compared to the delivery in the
acidic medium (pH 3.0) and under room temperature
conditions. Additionally, the mechanism of drug release is
controlled by an anomalous transport. The amoxicillin re-
leased from PAAm/starch composite hydrogels exhibited a
relevant antibacterial activity against bacterial strains of
clinical interest such as E. coli ATCC 25922 and S. aureus
ATCC 25923. Our results have shown that the PAAm/starch
hydrogels can be considered a potential platform for con-
trolled drug delivery applications, e.g., for the gastrointes-
tinal administration and local treatment of infections.
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