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Effective pH-regulated release of covalently
conjugated antibiotics from antibacterial
hydrogels
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This paper describes the development of a pH-sensitive ampicillin-loaded double-network hydrogel for
the local delivery of antibiotics against Gram-positive bacteria. Covalent polymerization of a cationic
monomer constituted the first network, whereas imine bond formation between the aldehyde end group
of Pluronic F127 (F127-CHO) and the amine of polyethyleneimine constituted the second network. The
hydrogel was loaded with the antibiotic ampicillin. Ampicillin was conjugated by forming a reversible
imine bond with F127-CHO, which allowed its sustained release over an extended period of time. The
antibiotic’s release was dependent on the initial amount of drug conjugated in the hydrogel and was
greater at pH 5 than at pH 7. The hydrogel displayed excellent biocompatibility and antimicrobial activity
against Gram-positive bacteria in vitro. Therefore, in the future, the proposed hydrogel could be used for
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Introduction

Combating bacterial infections in vascular tissues (e.g., bone
infection) and necrotic tissues (e.g., surgical site infections) is
extremely challenging owing to the limited penetration of anti-
bacterial drugs into the infection sites."” Generally, treatment
procedures include prolonged courses of antibacterial drugs
administered orally or through intravenous injection over
periods of weeks or months.? Nevertheless, severe whole-body
infection known as sepsis can emerge due to lack of effective
antibiotic treatment at the infection site.”® Owing to the occur-
rence of bacterial resistance at the target site, a higher dose of
antibiotic is sometimes required; however, this can have lethal
side effects.”® Therefore, the development of biocompatible
biomaterials with antibacterial properties could dramatically
reduce the side effects of excessive drug loads at the target site
by enabling instead their slow and sustained release. To this
end, antibacterial hydrogels offer several advantages as their
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in situ delivery of antibiotics in post-operative patients.

high-viscosity matrix allows the controlled and local release of
therapeutics.’>® Moreover, hydrogels are characterized by elev-
ated biocompatibility, soft mechanical properties, high water
content, and high capacity for absorption. In general, antibac-
terial hydrogels are fabricated from polymers with antibacter-
ial properties,®”*® through incorporation of specific drugs,
metal nanoparticles or a combination of the two.*?**® While
conjugation of antibiotics in the hydrogel matrix is highly
effective against bacteria, the rapid release of antibiotics limits
their long-term effectiveness.

Various strategies have been proposed for the long-lasting,
sustained release of antibiotics, including manipulation of gel
porosity and microstructure for slow diffusion,”® slow degra-
dation for hydrogel matrix-assisted release,”’ squeezing of
antibiotics by a stimuli-responsive volume change of the
hydrogels,”®** and covalent conjugation of the hydrogel
network with degradable linkers.>**® Covalent conjugation of
antibiotics in hydrogels has received growing attention owing
to its long-lasting and controlled release of antibiotic through
the dissociation of covalent bonds at a specific pH. Haldar
et al. developed vancomycin-loaded injectable hydrogels to
deliver antibiotics locally.® The hydrogel was developed by
mixing polydextran aldehyde with amine-functionalized chito-
san through reversible imine bond formation. Vancomycin
was conjugated covalently with the hydrogel network and
showed sustained release over an extended period in a pH-
dependent manner. Stewart et al. reported the sustained
release of tobramycin, a polycationic aminoglycoside anti-
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biotic, from a hydrogel over a period of 50 days at pH 6-8."°
Because infection sites are generally acidic in nature,® efficient
antimicrobial hydrogels should be designed for the controlled
release of antibiotics under acidic conditions. While there is a
previous report regarding the pH-dependent release of antibiotics
for only injectable hydrogels,* to the best of our knowledge, no
one reports mechanical robust double network hydrogel which
show the controlled release of antibiotics in the acidic pH.

The present study aimed to develop efficient, long-lasting anti-
bacterial hydrogels, whose mechanical robustness was based on a
double-network structure that enabled the covalent conjugation
of antibiotics. The first network originated from the covalent
polymerization of positively charged monomers, whereas the
second network was attributed to imine bond formation between
the aldehyde end of modified Pluronic F127 (F127-CHO) and the
primary amine of polyethyleneimine (PEI). Accordingly, the first
network maintained the mechanical properties of the hydrogel
over time, which is particularly important in infections associated
with wound healing, whereas the second network helped release
the antibiotic at the target site in a pH-dependent manner.
Ampicillin (Amp), a highly effective broad-spectrum antibiotic,
was selected for this study. Because it contains a free primary
amine group, it can be covalently conjugated in the hydrogel
matrix through imine bond formation. Covalent conjugation
allowed the sustained release of the antibiotic in a pH-dependent
manner and was highly effective at killing bacteria in vitro.

Experimental

Materials

Acrylamide (AAm) and N,N'-methylenebisacrylamide (BisAA)
were purchased from Bio Basic Inc. (Markham, ON, Canada).
All other chemicals, including PEI (M,, = 25000 g mol '),
Pluronic F127 (M,, = 12600 g mol™"), ammonium persulfate
(APS), N,N,N,N'-tetramethylethylenediamine (TEMED), and 2-
(dimethylamino)ethyl methacrylate (DMAEMA), were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Synthesis of cationic dimethylamino methacrylate monomer
(DMA-6)

Briefly, 1 g DMAEMA (1 eq., 6.36 mmol) in 3.49 mL 1-chloro-
hexane (4 eq.) was mixed with 5 mL dimethyl formamide
(DMF) in a single-neck round-bottom flask. The reaction
mixture was refluxed for 24 h at 160 °C. The reaction was
stopped, and once the mixture cooled to room temperature,
ethyl acetate was added to obtain a white precipitate. The pre-
cipitate was collected via filtration and washed with hexane
three times to remove unreacted 1-chlorohexane. The product
was then transferred to a vacuum oven and dried.

The chemical shifts (§) obtained from the proton nuclear
magnetic resonance ("H NMR) spectrum (400 MHz, CDCl;) of
the synthesized DMA-6 was as follows: 0.86 ppm (3H,
CH;CH,CH,CH,), 1.33 ppm (6H, CH;CH,CH,CH,), 1.74 ppm
(2H, CH,CH,N(CHa;),), 1.96 ppm (3H, CH;C=CH,), 3.59 ppm
(6H, N(CH;),), 3.63 ppm (2H,CH,CH,N(CH3),), 4.16 ppm (2H,
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N(CH;),CH,CH,CO), 4.64 ppm (2H, N(CH;),CH,CH,CO), as
well as 5.66 and 6.13 ppm (2H, CH, = C(CHj;).

Synthesis of F127-CHO

First, 6 g Pluronic F127 was dissolved in 40 mL dry dichloro-
methane (DCM) in a two-neck round-bottom flask under a N,
atmosphere. Then, an excess of triethylamine (10-fold molar
ratio) was added to the mixture, and the temperature of the
flask was brought to 0-5 °C using an ice bath. After 10 min,
methanesulfonyl chloride (four-fold molar ratio) dissolved in a
small amount of dry DCM was added in a dropwise fashion.
The ice bath was removed, and the mixture was stirred at room
temperature for an additional 24 h. Next, the reaction mixture
was washed with water five times to remove side products, and
the organic fraction was collected and concentrated under
vacuum. The concentrated mixture was precipitated over
chilled diethyl ether; the product was collected by centrifu-
gation and then dried in vacuum for 1 day at 40 °C.

The obtained white product was dissolved in dry DMF with
K,CO; (5-fold molar ratio) and 4-hydroxybenzaldehyde (three-
fold molar ratio). The reaction mixture was refluxed at 80 °C
for 48 h and washed with water and DCM five times to remove
side products, and the organic fraction was collected and con-
centrated under vacuum. This concentrated mixture was then
precipitated over chilled diethyl ether, and the product was col-
lected by centrifugation. Based on "H NMR spectra (400 MHz,
CDCl), the degree of end-functionalization was calculated to
be greater than 90%: § = 9.88 ppm (2H, CHO), § = 7.81 ppm
(4H, aromatic ring), § = 7.03 ppm (4H, aromatic ring), and § =
1.14 ppm (183H, PPG methyl protons).

Preparation of hydrogels

To prepare hydrogels, F127-CHO (55 mg mL™') and BisAA
(5.88 mg mL™") were dissolved in buffer at pH 7. Separately,
AAm (54 mg mL™'), DMA-6 (63 mg mL™"), and PEI (17.64 mg
mL™") were also mixed in buffer at pH 7. Both solutions were
degassed to remove any dissolved oxygen and then mixed
under N, atmosphere with concomitant addition of APS and
TEMED. The solution was quickly transferred into a mold and
kept under N, atmosphere for 1 h to obtain transparent hydro-
gels. To prepare the ampicillin-loaded hydrogels, ampicillin at
different concentrations (5 or 10 mg mL™') was mixed with
F127-CHO (F127-CHO : AMP = 1: 3 for 5 mg AMP and 1:6 for
10 mg AMP), and the solution was left for 15 min at 37 °C to
ensure complete conjugation of ampicillin with F127-CHO.
After gel formation, the hydrogel was immersed in water for
3-4 days to remove any unreacted monomers.

Characterization

The equilibrium swelling ratio (SR) was measured for lyophi-
lized hydrogel and determined by the following equation:

SR = Meq — Mo/ My,

where meq and m, are mass at equilibrium and initial state,
respectively.
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Fourier-transform infrared (FT-IR) spectra of the hydrogels
were obtained using an Agilent Cary 630 FT-IR spectrometer
(Agilent Technologies, Santa Clara, CA, USA). The samples
were freeze-dried prior to the measurement. NMR measure-
ments were conducted in CDCl; using a Bruker Avance Neo
500 MHz spectrometer (Bruker, Billerica, MA, USA). Field emis-
sion scanning electron microscopy (FE-SEM) images of the
dried hydrogels were captured using a Sigma microscope
(Zeiss, Oberkochen, Germany). The samples were sputtered
with gold, and images were captured. A rotational rheometer
AR G2 (TA instrument, New Castle, USA) having a parallel plate
geometry with a diameter and gap of 20 mm 0.55 mm respect-
ively was used to perform the rheological measurements. A
solvent trap was used to prevent water evaporation during
rheological measurements.

Agar diffusion test

Antimicrobial activity was tested in accordance with the
Clinical Laboratory Standards Institute manual using disk
diffusion and growth curve measurements. Bacillus subtilis
Gram-positive bacteria were grown on cation-adjusted Mueller-
Hinton broth (CAMHB) agar, from which bacterial colonies
were selected using a sterile inoculating loop and suspended
in 10 mL sterile broth medium for overnight incubation at
35 °C. On the next day, when the cultures’ optical density at
600 nm (ODgq) reached 0.4-0.5, bacteria were spread on dried
agar plates. Hydrogels were placed on the surface of the agar
plates, and they were incubated for 24 h at 35 °C. Antibacterial
activity was measured by evaluating the bacterial growth inhi-
bition zone around the hydrogel.

Bacterial growth curve and colony forming unit (CFU)
determination

Bacteria were grown in 100 mL CAMHB medium at 35 °C start-
ing at ODggo = 0.1. The inoculum density was determined every
3 h for a total of 24 h by measuring ODgo using a UV/visible
spectrophotometer. All experiments were performed in
triplicates.

For CFU determination, bacteria were cultured overnight at
35 °C in a continuous shaking incubator at 180 rpm. The next
day, hydrogel samples were added at a ratio of 1 g per 50 mL
bacterial solution. Samples were incubated at 35 °C with
shaking for 24 h. Every 3 h, ODgy, was measured using a
microplate reader. The bacterial solution (100 pL) was diluted
with 900 pL culture medium in serial 10-fold dilutions from
10" to 107. The diluted bacterial suspension (100 pL) was
spread onto broth agar medium, and colonies were counted
after incubation for 24 h at 35 °C. The following equation was
used: CFU/mL = (number of colonies/dilution factor)/volume
of culture solution. The dilution factor was calculated as the
ratio of the bacterial suspension’s volume after dilution vs. its
volume before dilution.

Cell culture and proliferation assay

NIH3T3 mouse embryonic fibroblasts, human dermal fibro-
blasts, and newborn human foreskin fibroblasts were pur-
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chased from the American Type Culture Collection (Manassas,
VA, USA). All cell lines were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin (100 U mL™") and maintained
at 37 °C in a humidified atmosphere containing 5% CO,.

The cytotoxicity of the hydrogel was measured using the
methyl thiazolyl tetrazolium (MTT) cell proliferation assay. The
hydrogel was under the same conditions as those used for the
disk diffusion experiments. Cells were seeded in 12-well plates
at a density of 1 x 10> cells per well. The following day, the
hydrogel was added to the medium, and cells were cultured
for 24 h at 37 °C in a humidified atmosphere in a CO, incuba-
tor. After incubation, the cells were observed under a micro-
scope, the hydrogel was removed, the medium was replaced
with 10 pL MTT solution at 5 mg mL™' in 1x phosphate-
buffered saline, and the cells were incubated for 4 h at 37 °C.
MTT-formazan was dissolved in 100 pL dimethyl sulfoxide,
and absorbance at 550 nm (4s5,) was measured using a micro-
plate reader. Cell viability (%) was calculated as (455, of treated
cells/Asso untreated cells) x 100.

Results and discussion

Fig. 1 illustrates the synthetic procedure for the various com-
ponents of double-network antibacterial hydrogels. The result-
ing hydrogel comprised a positively charged cross-linked
polymer chain as the first network and covalently-linked
Pluronic F127 and PEI as the second network. The positively
charged DMA-6 monomer was chosen because of its inherent
antibacterial properties, whereas F127-CHO and PEI were
selected because of their biocompatibility and amine function-
ality, respectively. Branched PEI has been applied in biomedi-
cine as a nanoparticle coating for drug and gene delivery.”” As
PEI contains many free amines that remain in the protonated
form at physiological pH, it can bind to the negatively charged
bacterial cell wall, resulting in cell membrane disruption and
lysis.

DMA-6 was synthesized by reacting DMAEMA with 1-chloro-
hexane under reflux condition for 24 h in DMF (Fig. 1a). F127-
CHO was synthesized from commercially available Pluronic
F127 using a two-step method (Fig. 1b). First, Pluronic F127
was treated with methanesulfonyl chloride, followed by reac-
tion with 4-hydroxybenzaldehyde in DMF. Second, it was
reacted with 4-hydroxybenzaldehyde in dry DMF in the pres-
ence of K,COs.

The double-network resulted from the covalent polymeriz-
ation of DMA-6, AAm, and BisAA as the first network and
imine bond formation between the aldehyde of F127-CHO
with primary amines of PEI as the second network (Fig. 1c).
The total polymer concentration was 30% (w/w), and the first
to second network ratio was 70 :30. To prepare the hydrogels,
a solution containing DMA-6, AAm, and PEI was mixed with a
second solution containing F127-CHO and BisAA. After APS
and TEMED were added to initiate free radical polymerization,
the mixture was transferred to a mold and maintained in a N,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic representation of the synthesis of (a) DMA-6 and (b) F127-CHO. (c) Illustration of the double-network structure of the gel. (d)

Photograph of the prepared gel. (e) FT-IR spectra of the gel and F127-CHO.

atmosphere for 1 h until optically transparent hydrogels were
obtained (Fig. 1d). Because DMA-6 alone formed a weak hydro-
gel, 8% (mol mol™") AAm was introduced to fabricate a much
stronger hydrogel capable of maintaining structural integrity
for several months. The swelling ratio of the hydrogel was
measured to be 5.6.

To confirm imine bond formation between the aldehyde
and amine groups, the F127-CHO solution and hydrogel were
analyzed by FT-IR. As can be seen in Fig. 1e, the F127-CHO
solution showed a peak at 1684 cm™', corresponding to the
C=O0 in aldehyde group, but was shifted to 1650 cm™" after gel
formation with PEIL The peak at 1650 cm™" corresponded to
the C=N imine bond formed during hydrogel cross-linking.

As the final goal of this study was to develop effective long-
lasting hydrogels with antibacterial properties, the free

This journal is © The Royal Society of Chemistry 2022

primary amine group of ampicillin was allowed to form a
reversible covalent imine bond with F127-CHO. This bond led
to covalent conjugation of the drug in the gel network. Two
different ampicillin concentrations (5 and 10 mg mL™") were
used, and ampicillin was dissolved in DMA-6 during hydrogel
formation.

To form the covalent imine conjugate, F127-CHO (50 mg
mL™") and ampicillin (5 mg mL™") were mixed and incubated
at 37 °C for 1 h. The solution was then dialyzed for 24 h at
4 °C in deionized water, with water changes at regular intervals
to remove any non-conjugated ampicillin. The polymer-anti-
biotic solution was then Iyophilized, and "H NMR spectra were
recorded with D,O to confirm the covalent coupling of ampi-
cillin with F127-CHO. The "H NMR spectrum of ampicillin was
recorded for comparison, revealing that the peaks in the aro-
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matic region (5.0-8.0 ppm) exhibited by the polymer-drug cor-
responded to ampicillin peaks along with other protons from
F127-CHO (Fig. 2a). This result clearly indicated that ampi-
cillin was bound to F127-CHO via imine conjugation. The
covalent conjugation of ampicillin with the hydrogel network
was further confirmed by FT-IR spectra, which revealed a
stronger peak at 1652 cm~ ' (C=N stretching) for the drug-
polymer (Fig. 2b).

Given that some double-network hydrogels are chemically
cross-linked, permanent damage to the network causes irre-
versible softening of the gels and poor fatigue
resistance.?®*%3! To overcome this issue, non-covalent, revers-
ible bonds are introduced. Here, a reversible imine bond was
introduced in the second network, and the viscoelastic pro-
perties of the hydrogels were determined by rheological experi-
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ments. As shown in Fig. 2¢, the hydrogel without ampicillin
exhibited a G’ value of 750 + 50 Pa; whereas addition of 5 and
10 mg ampicillin increased the G’ value to 1100 + 100 Pa and
2000 + 180 Pa, respectively. Similarly, measurements of the
storage modulus (G') and loss modulus (G") indicated that the
G' and G” values were higher for ampicillin-loaded hydrogels
than unloaded hydrogels (Fig. 2c). This behavior can be attrib-
uted to the increased density in ampicillin-loaded hydrogels.
Notably, the G’ value was much higher than the G” value
throughout the frequency range (1-100 rad s™*) for all hydrogel
formulations, indicating strong hydrogel formation (Fig. 2d).
These results clearly suggest that the hydrogel network tends
to become stronger with increasing ampicillin concentration.
Moreover, ampicillin owing to the presence of amide and car-
boxylic acid functionality in its chemical structure can
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Fig. 2 (a) H-NMR spectra of free ampicillin (AMP), F127-CHO and ampicillin-contained F127-CHO recorded using D,O as the solvent. (b) FT-IR
spectra of the hydrogel and ampicillin-containing hydrogel. (c, d) Storage modulus (G’) and loss modulus (G") of hydrogels as a function of (c)
mechanical stress and (d) frequency. (e) SEM images of hydrogel and ampicillin-containing hydrogel.

5238 | Polym. Chem., 2022, 13, 5234-5242

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2py00505k

Published on 22 August 2022. Downloaded on 1/26/2026 7:58:30 PM.

Polymer Chemistry

undergo H-bonding bonding interactions with the hydrogel
network.>>** This additional H-bonding interactions can affect
the overall mechanical properties of the hydrogels.

The surface morphology of hydrogels with and without
ampicillin was observed by FE-SEM. Following air-drying, the
hydrogels without ampicillin showed a porous structure with
large pores, which became smaller and denser in the case of
ampicillin-loaded hydrogels (Fig. 2e). This denser network can
be attributed to the conjugation between the free amines of
ampicillin and the aldehyde of F127-CHO, explaining also the
results obtained in the rheological experiments, whereby
hydrogels became stronger as the amount of ampicillin was
increased. Overall, these findings clearly indicated that ampi-
cillin was successfully conjugated in the hydrogel network.

As previously mentioned, the antibiotic was covalently
bound to the hydrogel network to allow its release over time
and thereby, ensure long-lasting antibacterial activity. As illus-
trated in Fig. 3a, in an acidic medium (pH 5), the imine bonds
between ampicillin and F127-CHO, as well as between PEI and
F127-CHO, broke down, resulting in antibiotic release.
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Moreover, this is to notify that the pK, values for carboxylic
acid and the amines are 3.24 and 7.44 respectively hence,
ampicillin will exist in zwitterionic state in the pH range of pH
3.0 and 7.5. Hence, the drug release would remain same in our
experimental pH values.**

To attain the controlled release of antibiotic under acidic
conditions, we determined the release kinetics of the prepared
hydrogels loaded with different amounts of drug (5 and 10 mg)
and at pH 5 and pH 7. Hydrogels (0.4 mL) were placed in
Eppendorf tubes and covered with 1 mL buffer of different pH.

The hydrogels with the buffer were incubated at 37 °C with
constant shaking for 24 h, after which the upper part of the
buffer was collected for UV-visible spectroscopy measurements
and replaced with fresh buffer. This process was repeated
every day for 7 days, and the amount of ampicillin released
was quantified based on absorbance at 257 nm.

As shown in Fig. 3b, ampicillin was successfully released
from the hydrogels for over 7 days in both pH groups.
Ampicillin release was rapid at the initial stage and slowed
down over time for all samples in a manner that depended on

(b) 806 Gel + Amp 5 mg 80'6 Gel + Amp 10 mg
E mmHs [ E B oH 5
$ 041 ElPH7 | 3041 EpH 7
o 3
o o
5 0.2 =02
> 2
a a
0.0 0.0 -
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Time (days) Time (days)
c) & 50 o 50
© & 77 [Gel+Amp5mg o o @ @ |7 |Gel+Amp 10 mg
® Y @ 40 | @ o
§40 . §40 s o ©
Ko} ] 9 a4 | 9
o 30 o © © o 0|0 P
$£20{0 o 220y, o °
kS ° @pHS I ° ® pH5
510' QpH7 310- @ pH7
> >
o0 o 0

Time (days)

1 2 3 4 5 6 7

1 2 3 4 5 6 7
Time (days)

Fig. 3 (a) Illustration of ampicillin release from encapsulation in the hydrogel network upon acidification of the medium. (b) Ampicillin release rate
from the hydrogel with respect to antibiotic concentration and medium pH. (c) Cumulative release of ampicillin from the hydrogel with respect to

antibiotic concentration and medium pH.
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the initial ampicillin concentration and medium pH. The
release was always higher at pH 5 than at pH 7 because the
acidic buffer broke the imine bonds between the antibiotic
and F127-CHO in the hydrogel network. Interestingly, the
ampicillin release rate was much higher during the first and
second days, tapering off after that at both pH values.

Based on the detected amount of ampicillin, its cumulative
release was plotted. A higher cumulative release was measured
at pH 5 than at pH 7 for both concentrations of ampicillin
(Fig. 3c). Over 7 days, almost 45% and 40% of overall ampi-
cillin present in the hydrogels at 10 mg and 5 mg, respectively,
was released. In comparison, only half this amount of drug
was released at pH 7. These results showcase how hydrogels in
which ampicillin is conjugated through imine bonds can be

(@) Gel

Gel + Amp 5 mg
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used for the controlled and prolonged release of antibiotic
under acidic conditions.

To confirm the antibacterial activity of the prepared hydro-
gels, an agar diffusion test was carried out with the Gram-posi-
tive bacterium B. subtilis. When material with antibacterial
activity is placed on an agar-grown bacterial culture, bacterial
growth is inhibited by the diffused antibiotic. The antibiotic
activity was determined by measuring the diameter of the inhi-
bition zone around the hydrogel. Unloaded hydrogels and
hydrogels loaded with 5 and 10 mg ampicillin produced clear
zones of 1.3, 2.6, and 4.3 mm in diameter, respectively
(Fig. 4a). Even though a minor inhibitory effect was detected
for the unloaded hydrogel, the antibacterial effect was more
pronounced at a higher ampicillin concentration.
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Fig. 4 (a) Inhibition zone test using B. subtilis on agar plates; hydrogels with or without ampicillin were placed in the center of the bacterial culture,
and the inhibitory halo was quantified. (b) Growth of B. subtilis in the presence of hydrogels containing ampicillin or not over a period of 24 h. (c)
CFU measurement after incubation of B. subtilis with the prepared gels for 24 h. (d) Representative images of surviving B. subtilis colonies on agar
plates. (e) Morphology of NIH3T3 mouse fibroblasts, human dermal fibroblasts (HDF), and newborn human foreskin fibroblasts (Nuff) exposed to the
prepared hydrogels for 24 h. Scale bar = 200 pm. (f) Cytotoxicity of the prepared hydrogels toward the three types of fibroblasts.
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To assess the antibacterial activity of the prepared hydrogels
in a three-dimensional environment, the number of live cells
in a bacterial population exposed to the loaded or unloaded
hydrogels over 24 h was recorded, both in the form of ODggq
measurements (Fig. 4b) and CFU (Fig. 4c). While ampicillin
alone (positive control) retarded bacterial growth for 15 h, no
cell growth was observed in the ampicillin-loaded hydrogel
groups over at least 24 h owing to the long-lasting antibacterial
activity of the hydrogel (Fig. 4b). This finding was consistent
with the outcome of the agar diffusion test. Similarly, CFU
counts confirmed the absence of live bacteria when exposed to
hydrogels loaded with either 5 or 10 mg ampicillin (Fig. 4c). It
should be noted that the number of bacteria in the unloaded
hydrogel group was lower than in the ampicillin control,
suggesting that the positively charged chain and PEI backbone
conferred some basic antibacterial activity to the hydrogel
network. Therefore, a synergistic antibacterial effect was attrib-
uted to the chemical structure of the hydrogel and the loaded
antibiotic, which endowed the prepared hydrogels with
superior antimicrobial activity.

To evaluate the biocompatibility of the unloaded hydrogel,
mouse and human fibroblasts were cultured with the hydro-
gel for 24 h. No morphological differences were observed
between the control cells and those exposed to unloaded
hydrogels (Fig. 4e). Finally, an MTT assay was performed to
determine the cytotoxicity of the hydrogels toward mouse
and human fibroblasts. The unloaded hydrogel did not
exhibit any cytotoxicity toward the tested cell lines (Fig. 4f).
Taken together, these results show that the unloaded hydro-
gel had a negative effect only on bacteria but displayed an
otherwise excellent biocompatibility toward mammalian
cells.

Conclusions

In summary, the present study describes the development of
antibiotic-loaded antimicrobial hydrogels based on a double-
network structure. The hydrogels integrated a first network
composed of a positively charged monomer obtained via free
radical polymerization, with a second network generated via a
reversible imine bond between the free amines of PEI and the
aldehyde of F127-CHO. The antibiotic ampicillin was loaded
on the hydrogel through reversible imine bond formation.
This pH-sensitive bond enabled the effective long-lasting
release of antibiotic in an acidic environment. Importantly,
the prepared hydrogels showed excellent antimicrobial activity
against Gram-positive bacteria, while at the same time allow-
ing for strong biocompatibility toward mammalian -cells.
Hence, the proposed hydrogels promise materials with long-
lasting antibiotic activity and mechanical integrity.
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