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HIGHLIGHTS

¢ Bromelain-loaded hydrogels produced successfully.

¢ pH-sensitive biodegradability was observed in the hydrogels.

e The hydrogels are antibacterial against both E. coli and S. aureus.

¢ Multifunctional hydrogels developed for biomedical applications.

Abstract: Antibacterial materials such as films and hydrogels have gained considerable interest in combating
pathogenic bacteria by reducing bacterial populations. In this paper, we produced dextran-based hydrogels
and incorporated them with the partial purified bromelain enzyme, which inhibits bacterial growth. The
hydrogels were produced by cross-linking the dextran aldehyde derivative with ethylenediamine and bovine
serum albumin (BSA) via Schiff base reaction using cryogelation technique. The incorporated bromelain
enzyme was partially purified, exhibiting 9-fold increase in enzymatic activity and 18-fold increase in protein
content compared to the crude extract. The produced hydrogels were characterized using Fourier Transform
Infrared Spectroscopy (FTIR) spectroscopy, Scanning Electron Microscopy (SEM), swelling, and degradation
studies. The hydrogels exhibited a swelling behavior of approximately 625% over 8 hours and a degradation
behavior of 77.4% and 9.43% at pH 5 and pH 7 over 4 weeks, respectively. Release studies showed that
approximately 10% of the initially loaded enzyme was released from the hydrogels after 8 hours. The results
of MTT assay revealed that neither the free nor enzyme-loaded hydrogel displayed significant toxicity against
L929 cells. Furthermore, the antibacterial activity of enzyme-loaded hydrogels demonstrated a strong
antibacterial effect against both S. aureus and E. coli compared to the bare hydrogel, indicating their potential
for antibacterial applications. As a result, a multifunctional hydrogel with pH-dependent biodegradation,
biocompatibility, antibacterial properties, and enzyme release capability has been developed for potential
biomedical applications.
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INTRODUCTION

In recent years, antibacterial materials have emerged as critical components in combating pathogenic
bacteria due to their ability to reduce or eliminate bacterial populations and mitigate bacterial virulence [1].
These materials function by inhibiting bacterial growth, disrupting cell membranes, or interfering with essential
metabolic processes, thereby playing a vital role in preventing infections and controlling the spread of harmful
microorganisms [2].

Antibacterial materials and applications spread various fields, including healthcare, food preservation [3],
and environmental protection, highlighting their significance in addressing the growing concerns related to
bacterial resistance and public health. Especially, antibacterial materials have recently gained significant
attention for use in industrial products such as films and hydrogels [4], [5].

Hydrogels have been widely explored as a promising alternative for antibacterial applications. Hydrogels
are 3D cross-linked and hydrophilic polymeric networks capable of absorbing aqueous solutions and provide
a humid environment [6], [7]. Certain types of hydrogels inherently exhibit antibacterial properties due to the
production of cationic synthetic polymers [8]. Additionally, a significant portion of hydrogels are enhanced
with inorganic nanoparticles, such as silver nanoparticles [9], [10] to further boost their antibacterial
effectiveness. However, these materials often present significant challenges, particularly in terms of
biocompatibility and biosafety, which are crucial for their use in biomedical applications [1]. Additionally, the
production of synthetic or inorganic materials is associated with the generation of substantial chemical waste,
posing serious environmental hazards and raising concerns about sustainability and ecological impact [11].

On the other hand, the development of antibacterial materials that emphasize critical aspects such as
biocompatibility and biodegradability can play a pivotal role in the limitations compared to synthetic
alternatives [12]. These advancements hold the potential to minimize environmental impact while enhancing
their suitability for biomedical applications. Therefore, natural resources are often utilized in the development
of antibacterial materials for hydrogel preparation due to their nontoxicity, biodegradability, biocompatibility,
and widespread availability in nature. Dextran is notable among polysaccharides because of its remarkable
characteristics and wide range of applications in biomedical field [13].

Dextran is a neutral, non-toxic and highly soluble polysaccharide of D-glucose. Besides, the monomers
can be modified through oxidation to the aldehyde derivative, which imparts self-healing properties and
facilitates the conjugation of biomolecules via Schiff base chemistry [14], [15].This characteristic confers
excellent biodegradability to hydrogels cross-linked with Schiff base [16], [17]. However, it needs to be used
together with additional components to exhibit antibacterial properties to inhibit pathogens. Hydrogels
containing antibacterial agents have been developed for utilization in antibacterial applications. Proteases
can be used as antimicrobial agents in such materials due to their capability to break down proteins of the
bacterial cell wall and thus, inhibit bacterial growth [18], [19].

Bromelain enzyme obtained from pineapple is a protease having high potential for utilization as an
antibacterial agent [20], [21]. Bromelain found in the Bromeliaceae species, the crown, root, fruit and leaves
of pineapple (Ananas comosus L.) consists of a mixture of sulfhydryl proteolytic enzymes and nonenzymatic
substances [22]. The essential components of bromelain obtained from pineapple extract are 80% root
bromelain (EC. 3.4.22.32), 10% fruit bromelain (EC.3.4.22.33) and 5% ananain (EC. 3.4.22.31) [22]. In
addition to its proteolytic activity, it is a phytotherapeutic agent owing to anti-inflammatory, antithrombotic and
fibrinolytic effects, anticancer activity and immunomodulatory effect in wound healing process [23].

Although several studies have investigated antibacterial applications of hydrogels, no research has been
conducted on bromelain-loaded dextran-based hydrogel structures. Therefore, this study aimed to develop
biocompatible dextran-based hydrogels loaded with bromelain, where the enzyme provides antibacterial
properties, and the hydrogel offers pH dependent biodegradability facilitated by Schiff base chemistry. Hence,
we developed pH-responsive, biodegradable, and biocompatible dextran-based hydrogels loaded with
partially purified bromelain, effectively inhibiting Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli). In this study, we synthesized and characterized multifunctional hydrogels and conducted in vitro
antibacterial and cytotoxicity analyses. Specifically, we evaluated and compared the antibacterial effects of
enzyme-loaded and bare hydrogels against S. aureus and E. coli, representing Gram-positive and Gram-
negative bacteria, respectively. Additionally, we evaluated the cytotoxicity of the hydrogels using L929 cells
cultured in the released medium, comparing the results between the different hydrogels, including both the
enzyme-loaded and bare hydrogels.
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MATERIAL AND METHODS

Materials

Pineapple fruits were purchased from a local supermarket. L-cysteine, casein, L-tyrosine, HzPOa, NalOa,
Coomassie brilliant blue G-250 (CBB), bovine serum albumin (BSA), ethylenediamine, D-glucose, trypsin-
EDTA (0.25 %), muller hilton agar (MHA), and muller hilton broth (MHB) were obtained from Sigma-Aldrich.
Dextran (Mw 75 kDa), (NH4).SO. and Na;HPO..7H,O were from Fluka. NaOH was obtained from Riedel-de
Haén. Trichloroacetic acid (TCA) and ethyl alcohol were supplied by Carlo Elba Reagents. Hydroxylamine
hydrochloride (NH3OHCI) was purchased from Acros Organics. Methyl orange indicator was obtained from
Alfa Aesar. Ethylenediaminetetraacetic acid (EDTA) and NaNsz were acquired from Applichem. Fetal bovine
serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM/F12), and penicillin—streptomycin were from
Capricorn. MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide] was obtained from Biomatik. All
chemicals were used as received.

Fibroblast cells (L929), bacteria of S. aureus (ATCC 6538) and E. coli (ATCC 25922) as well as the
bouillon culture-medium were obtained from Laboratory of Cell Culture and Tissue Engineering, Yildiz
Technical University.

Partial purification of bromelain enzyme

Extraction from pineapple peels

The extraction procedure was carried out following the method described by Manzoor and coauthors
[24]. The crown, leaves, and central core (root) of fresh pineapples were separated and then chopped into
small pieces. These pieces were processed in a laboratory juicer to yield approximately 500 mL of pineapple
extract. The extract was filtered through muslin cloth to eliminate insoluble solids, and the supernatant was
collected following centrifugation (Sigma) at 8500 rpm and 4°C for 30 minutes. To stabilize the enzyme, 10%
(w/v) glucose was added to the supernatant. The protein content and enzyme activity of the crude extract
were assessed prior to further purification.

Partial purification of bromelain from crude pineapple extract

Bromelain was precipitated from 100 mL of crude pineapple extract by gradually adding ammonium
sulfate at 4°C while continuously stirring. Ammonium sulfate amounts in saturation ranges were calculated
according to the method of Englard and coauthors [25]. Ammonium sulfate was added at 0-20%, 20-30%,
30-40% and 40-50% saturation ranges, respectively. The blurry solution was centrifuged at 8500 rpm at 4°C
for 30 minutes and the precipitate was collected. After that, the pellet was dissolved in 10 mL PBS (pH 7)
buffer at 4°C, the extract was dialyzed (MWCO: 12 kDa) against PBS containing glucose to remove excess
salt and other substances. After dialysis, the enzyme extract was centrifuged at 8500 rpm at 4°C for 45
minutes in ultrafiltration tubes (MWCO: 10 kDa) in order to increase the concentration. Finally, bromelain
enzyme extract was assayed for protein content and enzyme activity after dialysis. The obtained concentrated
solutions was stored at -20°C for further studies.

Preparation of dextran-based hydrogel

Synthesis of aldehyde dextran

The method was adapted from our previous study [26]. Briefly, an agqueous solution of dextran (0.33 g,
11% (w/v)) was oxidized by the addition of NalO4 aqueous solution (0.8 g, 11.4% (w/v)) in a light protected
container for 24 hours. Then after, the reaction mixture was dialyzed (MWCO: 12 kDa) against 500 mL
distilled water for 3 days and then lyophilized. Pure dextran and the dextran aldehyde derivative (DCHO)
were characterized by FTIR spectra and NH3OHCI titration method was used to determine the amount of
aldehyde groups in the dextran aldehyde derivative.

Preparation of dextran-based hydrogel

Dextran based hydrogel was prepared via the Schiff base chemistry between DCHO, BSA and
ethylenediamine with cryogelation method according to the method adapted from the study of by Su and
coauthors [27]. Briefly, dextran (26 mg), DCHO (26 mg), and BSA (26 mg) were dissolved in 0.25 mL PBS
(pH 8) separately and the solutions were stored at 4°C. Then, dextran, DCHO and BSA solutions were mixed
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and 4.17 pL of ethylenediamine was transferred to mixture. The amount of ethylenediamine was determined
according to NH2/CHO molar ratio of 1/2. The bulk solution was quickly transferred into a 1 mL syringe and
was stored at -18°C for 2 days. Dextran based hydrogel was washed with 100 mL distillated water for 1 week
and dried in vacuum oven at room temperature.

Preparation of bromelain-loaded hydrogel

2 mg of dried hydrogel disks were immersed in partial purified bromelain enzyme extract (0.5 mL) and
stored at 4°C for 8 hours [28]. The hydrogels in the enzyme solution were weighed every hour until reaching
to constant weight. After 8 hours, the enzyme extract was absorbed by the hydrogel and the hydrogels
reached equilibrium swelling weight. The hydrogels were removed from the enzyme extract and stored at -
18°C. Then, some of these hydrogels were freeze-dried and stored at -18°C. The immobilized protein content
and enzyme activity were indirectly evaluated by analyzing the residual protein content and enzyme activity
in the enzyme solution.

Characterizations

Determination of the oxidation degree of dextran

The amount of aldehyde groups in the dextran aldehyde derivative (DCHO) was determined according
the study of Pandit and coauthors [29] by titration with hydroxylamine hydrochloride (NH;OHCI). DCHO (20
mg) was dissolved in 0.25 M NH3;OHCI (5 mL) solution containing 0.05% (w/v) methyl orange indicator and
adjusted to pH 5. Then, the solution was titrated with 0.5 M NaOH until the solution color changed from red
to yellow. Aldehyde groups reacted with NH3;OHCI molecules yields HCI which is titrated with NaOH and
gives the number aldehyde units in oxidized dextran and reaction yield.

Hydrogel swelling behavior

To determine the equilibrium swelling ratio for enzyme-free dextran-based dried hydrogel, the sample
(10 mg) (Wo) was transferred to 50 mL PBS (pH 7) and the amount of swelling capacity of hydrogel at different
intervals was determined by weighing the hydrogels immersed in PBS (pH 7) (W) for 3 days at 4°C until
reaching constant weight [30]. The experiments were carried out three times, with the findings being
averaged. Equilibrium swelling ratios of enzyme-free dextran-based hydrogels were determined using the
Equation 1, where W, is the weight of the equilibrium swollen hydrogel and W is the initial weight of hydrogel.

Equilibrium swelling ratios (%)= [(W: - Wq) / W] x 100 (1)

Hydrogel porosity and gel fraction

The porosity of hydrogel was measured according to Equation 2 [31], in which W is equilibrium swollen
weight, Wo is the initial (dry) weight, Vo is the initial (dry) volume and p is the density of the absorbed liquid.

Porosity (%)= [(W:- Wo) / (p X Vo)] x 100 (2)

The cross-linking ratio of the hydrogel and the percentage of gel fraction was determined by measuring
the insoluble part after extraction of the soluble part for using Equation 3 [32], where Wy is the dry weight of
hydrogel and W; is the initial weight of hydrogel.

Gel Fraction (%) = [Wo/ Wi] x 100 3)

Hydrogel degradation behavior

To investigate the in vitro degradation of the dextran-based hydrogel, the samples (20 mg) were
immersed in different buffer solutions prepared at pH 5 and 7, and the degradation degree was investigated
for 30 days at 37°C [27]. The weight of samples was measured at specific times periodically and compared
to the initial weight of hydrogels calculated based on the equilibrium swelling weights. Degradation ratio of
enzyme-free dextran-based hydrogels were determined by following the remaining weight percentage with
Equation 4, where: W;s is the remained weight and W is the equilibrium swelling weight.

Degradation Ratio (%) = [Ws/ W] x 100 4)
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Fourier Transform Infrared Spectroscopy (FTIR)

The chemical characterization of pure dextran, DCHO, BSA, ethylenediamine and dextran-based
hydrogel were performed by Fourier Transform Infrared (FTIR) Spectroscopy (Shimadzu IR-Prestige 21) with
attenuated total reflection (ATR) apparatus and the spectra were obtained within the wavenumber range of
4000-650 cm™.

Field Emission Scanning Electron Microscopy (FESEM)

The surface morphologies of the dextran-based hydrogels were obtained by using SEM (FEI QUANTA
450 FEG ESEM). The hydrogel was sputter coated with Au-Pd under Argon gas for 60 seconds before the
measurement. High resolution images were obtained at different magnifications (200x, 500x, 1000x, 2000x,
4000x) and the average pore size was determined by measuring random pores in SEM images of the same
sample.

Casein digestion unit (CDU)

The proteolytic activity of the bromelain enzyme was assayed according to the method of Murachi using
tyrosine as a standard [33]. In the bromelain proteolytic activity assay, 5 mL casein (0.6% (w/v)) prepared in
phosphate buffer as a substrate was incubated at 37°C for 10 min and activation buffer including 30 mM
cysteine and 6 mM EDTA was added. In order to start digestion, 0.5 mL bromelain enzyme was added to
test tube. The digestion of casein was halted after 10 minutes by adding 2.5 mL of 30% (w/v) TCA. The
mixture was then incubated at 37°C for 30 minutes. Thereafter, blank and test tubes were cooled to room
temperature and centrifuged at 6000 rpm at room temperature for 20 minutes and the supernatants were
collected to detect concentration of tyrosine. The absorbance of the supernatant was measured at 280 nm
against the blank using the UV spectrophotometer and the enzyme activity was calculated using Equation 5,
where V7 is the total volume of assay (mL), V1 is the volume of enzyme used for the reaction (mL) and V2 is
the volume of sample used for UV measurements (mL).

Activity (Unit/mL) = (Tyrosine equivalents released (umol) x V1) / (Time of assay (min) x V1 x V2) (5)

Measurement of protein content (Bradford assay)

Protein content was assayed spectrophotometrically by using Bradford method with BSA solution as the
standard [34]. CBB dye was prepared dissolving in 80% (v/v) ethyl alcohol and 85% H3sPO4 (w/v) solution and
filtered. PBS (100 pL) and CBB (3 mL) were added to the blank tube, while bromelain enzyme extract (100
pL) and CBB solution (3 mL) were added to the test tube. Thereafter, the tubes were vortexed for 30 seconds
and incubated for 10 minutes. NH» groups of bromelain enzyme was bound to CBB dye via electrostatic
interaction and thus, protein-dye complex was formed. The absorbance of these protein-dye complex was
measured at 565 nm and the concentration of the enzyme was calculated using the calibration curve of BSA
standard.

Enzyme release

For enzymatic activity and release studies, the enzyme loaded hydrogel disks were immersed in 1 mL of
PBS (pH 7) at 4°C for 8 hours according to a previous study [28]. The amount and the activity of the enzyme
were calculated in the release solution by using Bradford assay and Casein Digestion Unit, respectively. All
measurements were carried out in triplicate and the averages were reported in this study.

Cell Viability

The cellular viability of L929 cells in response to free and enzyme containing hydrogels were evaluated
by examining the effects of the hydrogel release media on these cells using the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay [14]. The fibroblast cells were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solution
at 37 °C in a humidified atmosphere containing 5% CO.. Prior to the hydrogel release step, all samples were
sterilized by exposure to UV light for 45 minutes. The release mediums of hydrogels incubated in 100 pL
PBS for 8 hours were added to 900 uL of DMEM. 96-well plate was inoculated with 10* cells in 100 pL of
medium per well, and cells were incubated at 37 °C for 24 hours. After 24 hours, the cells in the wells were
observed under an inverted microscope. The cells were then treated with different dilutions of hydrogel
release medium (ranging from 100% to 5%) and incubated for 48 hours. Subsequently, 10 pL of MTT solution
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(10 mg/mL) was added to each well and incubated at 37°C for 4 hours. The formation of formazan crystals
was observed under an inverted microscope. Afterwards, 100 pL DMSO was added to each well, and the
plate was kept in the dark for 30 minutes to dissolve the formed crystals. Absorbance measurements were
performed at 570 nm using an ELISA reader (Thermo Scientific, Multiskan FC).

Antibacterial activity

In order to determine the antibacterial activity of the hydrogels, Gram-positive (Staphylococcus aureus
(ATCC 6538)) and Gram-negative (Escherichia coli (ATCC 25922)) bacteria were treated with the extracts
of enzyme-loaded and free hydrogels released into culture medium without any dilution [35]. The medium not
including hydrogels was used as the control and antibacterial activity of hydrogels was determined by
considering bacterial growth rates in that group. Firstly, thawed bacteria strains were incubated in L. Bertani
Broth medium at 37°C for 24 hours. Before the hydrogel release step, all samples were sterilized by exposure
to UV light for 45 min. Then, the extracts of hydrogels that were held in 500 yL PBS for 8 hours were collected
and mixed with 500 uL of liquid Luria-Bertani (LB) medium. Thereafter, 1x10® CFU/mL of bacteria were
inoculated into the mixture including hydrogel extracts and cultivated for 24 hours at 37°C. Following to
incubation, absorbance in test and control tubes was measured at 600 nm to determine the antibacterial
activity of the samples. Bacterial viability percentages in test groups were assessed depending on the
measured absorbance in control group.

Statistical Analysis

Data were analyzed for statistical significance using analysis of variance (ANOVA), and mean differences
were compared using the Tukey test for high-range statistical analysis. A p-value of less than 0.05 was
considered significant. Additionally, results related to swelling, degradation and biological assays are
presented as the mean x SD of triplicate measurements. For enzyme release experiments, specific activity
values of the released enzyme obtained from cryopreserved and freeze-dried hydrogels were compared
using a two-sample independent t-test at a 95% confidence level.

RESULTS AND DISCUSSION

Our research focused on the development of novel multifunctional hydrogels as antibacterial materials,
with the goal of effectively combating pathogens by inhibiting bacterial populations. In this study, we aimed
to evaluate the bactericidal efficacy of enzyme-loaded hydrogels, synthesized from pH-dependent,
biodegradable dextran-based hydrogels via Schiff chemistry, as potential antibacterial materials. To achieve
this, we assessed their antibacterial effectiveness against in vitro S. aureus and E. coli.

Partial Purification and Characterization of Bromelain Enzyme

As the first step of the study, bromelain enzyme was extracted from pineapple peels with ammonium
sulfate precipitation. 500 mL of crude extract included 105 mg of bromelain enzyme that was calculated by
the Bradford protein content assay. At every stage of the purification process, protein content and enzyme
activity were assayed with Bradford and casein digestion unit, respectively. Table 1 exhibits the enzyme
activity, protein content and specific activity of crude pineapple enzyme extract and bromelain enzyme
extract. As seen from the table, the protein content of the extract increased significantly from crude to
bromelain extract with ammonium sulfate precipitation. The activity of the enzyme was also induced with the
precipitation, which reveals the higher content of the enzyme in the extract mixture.

Table 1. Activity and protein content values of crude pineapple extract and bromelain enzyme extract
Crude enzyme extract Bromelain enzyme extract

Activity (units/mL) 5.26+0.42 46.84+2.51
Protein Content (mg/mL) 0.21+0.04 3.85+0.28
Specific Activity (units/mg) 25.04+1.11 24.32+1.32

The specific activity reveals the enzymatic activity per unit of weight of the protein content. When the
specific activity of crude extract and bromelain extract is compared, it is seen that the difference between
these values is negligible, which indicates that bromelain enzyme was successfully extracted without being
denatured during the precipitation-based extraction process.
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Preparation and Characterization of Dextran-Based Hydrogels

The hydrogel that will be used in medical antibacterial applications has been prepared by crosslinking
the dextran via Schiff base formation between amine groups and aldehyde groups. For this purpose, firstly
OH groups of dextran were oxidized to aldehyde derivative using NalO.. The aldehyde content of the
prepared dextran aldehyde derivative (DCHO) can be determined by FTIR spectroscopy. However, as
mentioned by Maia and coauthors [36], it is challenging to detect aldehyde groups of DCHO via FTIR
spectroscopy. Therefore, these functional groups were detected using colorimetric titration with
hydroxylamine (NHsOHCI) hydrochloride, in which the oxidation degree of the DCHO prepared was
determined as 62% [37].

The prepared DCHO was then crosslinked using BSA and ethylenediamine via Schiff base formation
between the NH. groups of BSA and ethylenediamine with the aldehyde groups of the glucose units of DCHO.
The produced hydrogel was then characterized with FTIR spectroscopy, SEM, swelling and degradation tests
to reveal its chemical and physicochemical properties.

The chemical structure of the prepared hydrogel was analyzed using FTIR spectroscopy and compared
to the structures of dextran, DCHO and BSA. Figure 1 gives the FTIR spectra of hydrogel, dextran, DCHO
and BSA. The only difference between the FTIR spectra of dextran and DCHO is observed for the band at
1000 cm?, which is reduced in dextran after oxidation. A new band is seen at 1015 cm™, which can be the
result of change in cyclic structure of glucose units. During the oxidation process, periodate ions attack the
monomers on the dextran chains, specifically targeting the C3-Cs4 or C,-Cs single bonds, resulting in the
formation of two aldehyde groups. Su and coauthors [38] have previously reported that cleavage at the Cs-
C, bond is significantly more favored than at the C,-C3; bond. The weakening of the C-C ring stretching
vibration is evidenced by the decrease in intensity in 1340 cm™" band. In Figure 1, the band of dextran at
1343.2 cm? shifted to 1339.8 cm™ in DCHO and a slight weakening in the band is observed, which can reveal
the aldehyde formation. The band observed at 3304 cm? also shifted to 3356 cm™* in DCHO, which is similar
to the spectra in the study of Rodriguez and coauthors [39]. In addition to these changes, the bands at 1416,
1150, 845 and 760 cm™ in spectrum of dextran shifted or disappeared after oxidation to DCHO, which can
also reveal the change in the structure. This result could show that neither the structure of the remaining
glucopyranosyl units nor the linearity of dextran were affected because dextran was partially oxidized.
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Figure 1. FTIR spectra of pure dextran, dextran aldehyde derivative (DCHO), bovine serum albumin (BSA) and
synthesized hydrogel
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In Figure 1, the bands for OH stretching and aliphatic C-H groups are observed in 3150-3650 cm™ and
2900-3000 cm? in spectra of all components, respectively. Moreover, in the spectra of BSA and hydrogel,
amide | and amide Il vibrations are presented in 1624 cm™ and 1530 cm™, respectively. Especially,
ethylenediamine gives a band between 760 and 860 cm™ belonging to its NH terminal groups. However,
after the crosslinking process, the bands that belong to the ethylenediamine are not seen in the hydrogel,
confirming that the hydrogel structure does not include free ethylenediamine [40]. In the spectrum of hydrogel,
the band observed at 1015 cm reveals the presence of DCHO, while the amide | and amide Il vibrations
belong to BSA in hydrogel. Consequently, the FTIR spectrum of the dried hydrogel shows a combination of
features from BSA and DCHO, indicating successful incorporation of all components into the hydrogel
structure.

Swelling and Degradation Behavior of Dextran-Based Hydrogels

Cryogels can absorb liquids due to the hydrophilicity of the polymers and the macroporous structure of
the gel matrix [41]. The swelling properties of dextran-based hydrogels were evaluated by measuring weight
differences of the hydrogels in PBS (pH 7) and acetate buffer (pH 5) at various intervals, which are shown in
Figure 2a. As seen, dextran-based hydrogel exhibited an initial instantaneous swelling up to 530% over the
first 5 min, showing a high and rapid swelling capacity because of its macroporous nature. A similar swelling
profile was also observed for the hydrogel at pH 5. Especially, dextran-based hydrogel exhibited a substantial
swelling behavior of about 625% at pH 7 compared to its dry weight after 3 h, as shown in Figure 2a.

Macroporous hydrogels produced from dextran exhibit high swelling ratios, attributed to the hydrophilic
nature of dextran and the structure's high porosity. In our study, the swelling ratio was lower compared to
that reported by Ma and coauthors [42], likely due to differences in composition or crosslinking density.
Nonetheless, the hydrogel demonstrated rapid water absorption, making it suitable for applications such as
wound exudate removal [43], or providing an aqueous environment for cell proliferation [44].
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Figure 2. Swelling (a) and degradation (b) of dextran-based hydrogel depending on time at pH 5 and 7.

Weight Remaining (%)

On the other hand, the degradation behaviors of dextran-based hydrogels were evaluated by determining
weight loss of the hydrogels in buffer solutions (pH 7 and pH 5) at various time intervals to examine the
impacts of pH values on the hydrogel network structure as shown in Figure 2b. The hydrogels immersed in
pH 5 lost 41.8% and 77.4% of equilibrium swelling weights within 8 hours and 4 weeks, respectively, whereas
the hydrogels immersed in pH 7 lost 9.43% of equilibrium swelling weights within 8 hours and fluctuated in
measuring weight loss within 4 weeks. Owing to the breakdown of the Schiff base connection in acidic
conditions, Figure 2b demonstrated that the dextran-based hydrogel immersed in a lower pH buffer solution
(pH 5) will degrade more rapidly than in a medium with a neutral pH. Furthermore, the degradation of the
hydrogel exhibited three-phases at pH 5.

In the degradation at pH 5, it was seen that there was a sharply reduction in weight within the initial 8
hours (Figure 2b — Region I). In Region I, the macroporous and hydrophilic structure of the hydrogel facilitates
the rapid diffusion of water molecules. The functional groups especially on the pore surfaces in contact with
water degrade rapidly after the hydrogel absorbs the water [45]. This was followed by a proper decrease for
5 days (Figure 2b, Region 1), which can be the result of a bulk degradation. During the Region I, as the
degradation process progresses into the interior parts of the hydrogel, the accessibility of water becomes
limited.

The degradation rate finally changed in a slowdown starting since from approximately day 5 until day 28
as shown in Figure 2b. The reason of slower degradation after 5 days (Figure 2b — Region lll) can be
explained that while the more hydrophobic regions that are not in direct contact with water degrade more
slowly depending on the rate at which the water molecules penetrate these regions. Although not all
hydrogels exhibit the same trends, previous studies have also demonstrated triphasic degradation of
hydrogels [46]. After 4 weeks of degradation, the hydrogel was mostly degraded at pH 5, with only 22.6% of
its initial weight remaining.

The degradation of the produced cryogel can affect the usage of the material in diverse applications,
from wound healing to scaffold applications. As the material is stable at pH 7, it can be used applications as
it gives the implanted construct ample time for the repair process in such tissue engineering applications [47].
The rapid degradation of the produced cryogels is advantageous especially for drug releasing systems to
control the drug release kinetics [48].

Morphological Analysis of Dextran-Based Hydrogels

Figure 3a and 3b show the macroscopic images of the freeze-dried and swollen hydrogels, respectively.
As seen, the hydrogel keeps its integrity in these states. After one week of immersion in acetate buffer at pH
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5, the hydrogel experienced a loss of structural integrity, ultimately breaking apart, as shown in Figure 3c.
This outcome indicated the hydrogel is unstable under acidic conditions over prolonged periods, due to the
cleavage of crosslinking bonds formed via Schiff base chemistry. Furthermore, degradation behavior of the
hydrogel at acidic pH may also be considered as an additional advantage by means of further bromelain
enzyme release from the hydrogel due to its degradation which may also help decrease bacterial viability in
contaminated area.

Figure 3. Macroscopic images of the hydrogel dried (a), swollen after 8 hours (b), degraded after 1 week (c)

The morphology of the dextran-based hydrogel that was produced by cryogelation was observed by SEM
and it demonstrated that the hydrogel exhibited the typical three-dimensional networks as shown in Figure 4.
The SEM images of the bromelain-loaded hydrogel (Figure 4c¢ and d) did not show any remarkably differences
comparing with bromelain-free hydrogels (Figure 4a and b), indicating that loading enzyme into the hydrogel
did not significantly alter the hydrogel's macro-structure. In other words, no significant structural disruption or
pore collapse was observed upon bromelain incorporation, indicating that enzyme loading does not adversely
affect the overall network integrity. SEM analysis of bromelain-free and bromelain-loaded hydrogels confirms
the structural consistency of the porous scaffolds and supports their uniformity through intra-sample imaging.
Average pore size, gel fraction and percentage of porosity of the bromelain-free hydrogel are calculated as
63+17 pm, 62.61% and 80.21%, respectively. Previous studies [49], [50] have demonstrated that the
macroporous structure of hydrogels closely mimics the extracellular matrix (ECM), facilitating cell localization
and proliferation during tissue engineering applications.

Ko ) AL
c) VA T

Vac mode:Low vacuum HV: 10 kV Mag: 1000x WD: 6.5 MM ]l

Figure 4. Scanning electron microscopy (SEM) images acquired from two distinct regions of the produced hydrogels.
bromelain-free hydrogel (a and b), bromelain-loaded hydrogel (c and d). Images were acquired at 1000x magnification.
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Enzyme Release Profiles

In the study, it was aimed that the immobilized bromelain in the hydrogel would be released to enhance
antibacterial properties of the hydrogel for using in the wound healing process. Therefore, it is crucial to
determine the quantities of the loaded and the released enzyme. However, for accurate determination of the
enzyme activity, the enzyme loaded hydrogels should be stored at reduced temperatures to prevent enzyme
denaturation until the enzyme activity assay. At this point, we decided to use two approaches to store the
enzyme loaded hydrogels: 1- cryopreservation in which enzyme loaded, and swollen hydrogel is frozen and
stored at -20 °C; 2- freeze-drying in which the enzyme loaded, and swollen hydrogel is freeze dried and the
dried hydrogel was stored again at -20 °C.

The quantity of immobilized enzymes was assessed indirectly by determining residual enzyme activity
and protein content remaining in the enzyme solution after immobilization. The enzyme activity and protein
content in the residual enzyme extract are given in Table 2 for both the cryopreserved and the freeze-dried
hydrogel. As seen, the protein content of the residual enzyme extract decreased approximately 38% after
immobilization for both hydrogels.

The enzyme-loaded hydrogels, when incubated in PBS (pH 7), released approximately 10% of the
initially loaded enzyme for both cryopreserved and lyophilized hydrogels after 8 hours. However, the
presence of the released bromelain enzyme was not detected after 8 hours due to a gradual deceleration in
the release profile. After determination of the protein content in the immobilized and the released media, the
enzymatic activity was measured and compared. Notably, the activity of the enzymes released from the
freeze-dried hydrogels were higher compared to the cryopreserved hydrogels. Furthermore, specific activity
values of the released enzyme were also analyzed to assess the enzymatic efficiency per milligram of protein.
A two-sample independent t-test performed at a 95% confidence level revealed a statistically significant
difference (p = 0.033) between freeze-dried and cryopreserved groups. These results indicate that not only
was the total enzyme activity higher in the freeze-dried group, but the enzyme retained greater catalytic
efficiency following release as well. This observation is suitable with previous studies [50], [51] which have
shown that enzyme stabilization can be better maintained over extended periods through freeze-drying
compared to cryopreservation.

Table 2. Activity and protein amount values of bromelain enzyme, which is found in the enzyme extract and released
from enzyme-loaded hydrogels before and after enzyme immobilization in hydrogels.

Cryopreserved hydrogels Freeze-dried hydrogels
Enzyme Enzyme Released  Enzyme Enzyme Released
extract? extract® enzyme® extract? extract® enzyme

Activity (units/mL) 46.84+2.51 19.03+2.21 1.16+0.35 46.84+2.51 18.67+1.98 1.59+0.24

Protein Content
(mg/mL)
Specific Activity
(units/mgQ)
aBefore immobilization; PAfter immobilization; cAfter 8 hours of incubation.

3.85+0.28 2.36+0.32  0.14+0.03  3.85+0.28  2.40+0.39 0.15+0.03

24.32+1.32 8.06+0.72 8.27+1.32  24.32+1.32 7.77+1.57 10.56+1.49

After investigating the enzymatic activities from the released medium of hydrogels, the freeze-dried
hydrogel was chosen for evaluating its biological activity due to its better enzymatic activity.

In vitro Cell Viability Evaluation

The freeze-dried bare hydrogel was also tested through these biological assays. The first method to
investigate the biological activity of the materials is the cytotoxicity assay to evaluate their biocompatibility.
In this study, in vitro MTT test was used to investigate the cytotoxicities of the hydrogel release media into
culture medium following to incubation for 24 hours. Figure 5 depicts L929 cell viability following treatment
with serial dilutions of hydrogel-released media, using the indirect evaluation method. As seen the bare and
enzyme-loaded hydrogel exhibit no statistically meaningful reduction over cellular viability rates of healthy
fibroblast cells. Fibroblast cellular viability was measured as 90% even in case of complete release of
enzymes from hydrogels. The outcomes of the assay revealed that none of the investigated dilutions induced
statistically significant toxicity on the healthy L929 cells, which indicates the biocompatibility feature of the
hydrogels.
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Figure 5. Viabilities of L929 cells against the released medium from bare and enzyme-loaded hydrogels at different
dilutions.

It is well-documented that the absence of toxic degradation products and the inertness of the materials
in cellular environments contribute significantly to hydrogel biocompatibility [52]. In this context, the non-toxic
response observed in the L929 fibroblasts indicates that the hydrogel degradation products do not interfere
with cell viability, further supporting their potential for clinical use.

In vitro Antibacterial Activity

After confirming that the released medium did not exhibit any toxicity to healthy cells at any dilution, it
became evident that the entire medium released from the hydrogel could be further analyzed using
microbiological assays to evaluate its antibacterial activity. The results of antibacterial activity of the hydrogels
on E. coli and S. aureus based on bacterial viability percentages are shown in Figure 6. The results of the
antibacterial test showed a higher percentage of inhibition on the enzyme-loaded hydrogels compared to the
enzyme-free hydrogel, indicating that the antibacterial efficiency of the hydrogel originates from the activity
of bromelain immobilized into it. Bromelain loaded hydrogels were effective against both Gram-negative and
Gram-positive bacteria. After 24 h of incubation, it was seen that both strains were remarkably inhibited by
the enzyme loaded hydrogel, which reveals the robust antibacterial effectiveness of the bromelain loaded
hydrogels. It is obvious in Figure 6 that enzyme loaded hydrogel application led to almost complete inhibition
of E.coli strain when it is compared with the control group (p<0.01). It was also ascertained that enzyme-
loaded hydrogel exerted approximately 5-times higher antibacterial activity on E. coli cells in comparison to
bare hydrogel (p<0.001). Furthermore, we also detected that in contrast to control cellular viability rate of
S.aureus bacteria reduced approximately 3-folds in response to exposure to bromelain containing hydrogel
(p<0.01). It was also evidently observed in Figure 6 that enzyme-loaded hydrogel demonstrated 2-times
supreme inhibitory efficacy over proliferation of S.aureus bacteria in proportion to bare hydrogel. Even though
Gram-negative bacteria are known to be more resistant to antimicrobial treatments, the action of bromelain
in the present study revealed that Gram-negative bacteria were more effectively inhibited on average [53].
The previous studies exhibits that this was made possible by the weakened protection provided by the thin
layer of peptidoglycan, which is composed of various polysaccharides and proteins of Gram-negative bacteria
[54], [55]. Also, while Gram-positive bacteria like S. aureus would colonize on the wounds in the early stages
of the infectious process, Gram-negative organisms like E. coli would predominate in the later stages [56].
On the other hand, the reason of the antibacterial activity of the enzyme free hydrogels can be due to the
free aldehyde groups in the structure of the hydrogel [57], [58]. To sum up, the bromelain-loaded hydrogels
are bioactive dressings having antibacterial activity against both Gram-positive and Gram-negative bacteria
that may be useful for therapeutic applications.
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Figure 6. Viabilities of E. coli and S. aureus against enzyme free and enzyme-loaded hydrogels (All data are presented
as mean values * standard deviation. p values: * <0.05, ** <0.01, *** <0.001)

While the limited sample size in the study may affect the generalizability of the results, main findings
indicate the potential of the hydrogel for diverse applications that seeks for antibacterial properties,
biocompatibility, pH-dependent biodegradability or active ingredient release. However, it is essential to
extend the biocompatibility evaluations beyond in vitro tests. For example, in vivo studies focusing on
inflammatory responses, tissue integration, and long-term stability are necessary to validate the preliminary
findings reported here.

CONCLUSION

In this study, DCHO-based hydrogels were synthesized via the Schiff base reaction and cross-linked
with ethylenediamine and BSA. The cryogels exhibited a macroporous structure and pH-sensitive
degradation, indicating potential for versatile biomaterial applications. Bromelain enzyme was effectively
loaded into the hydrogels, which demonstrated significant antibacterial activity against S. aureus and E. coli,
without exhibiting toxicity to L929 cells. These results suggest that the bromelain-loaded hydrogels hold
promise as pH-sensitive biomaterials for antibacterial applications. Future research could investigate the
release of additional active pharmaceutical ingredients together with bromelain to widen the application of
this material and to observe synergistic effect.
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