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ABSTRACT

Antibacterial protein hydrogels are receiving increasing attention in the aspect of bacteria-infected-wound
healing. However, bacterial drug resistance and biofilm infections lead to hard healing of wounds, thus the
construction of biological agents that can overcome these issues is essential. Here, a simple and universal method
to construct antibiotic-free protein hydrogel with excellent biocompatibility and superior antibacterial activity
against drug-resistant bacteria and biofilms was developed. The green industrial microbicide tetrakis (hydrox-
ymethyl) phosphonium sulfate (THPS) as cross-linking agent can be quickly cross-linked with model protein
bovine serum albumin (BSA) to form antibacterial hydrogel through simple mixing without any other initiators,
subsequently promoting drug-resistance bacteria-infected wound healing. This simple gelatinization strategy
allows at least ten different proteins to form hydrogels (e.g. BSA, human serum albumin (HSA), egg albumin,
chymotrypsin, trypsin, lysozyme, transferrin, myohemoglobin, hemoglobin, and phycocyanin) under the same
conditions, showing prominent universality. Furthermore, drug-resistance bacteria and biofilm could be effi-
ciently destroyed by the representative BSA hydrogel (B-Hydrogel) with antibacterial activity, overcoming
biofilm-induced bacterial resistance. The in vivo study demonstrated that the B-Hydrogel as wound dressing can
promote reepithelization to accelerate the healing of methicillin-resistant staphylococcus aureus (MRSA)-infec-
ted skin wounds without inducing significant side-effect. This readily accessible antibiotic-free protein-based
hydrogel not only opens an avenue to provide a facile, feasible and general gelation strategy, but also exhibits
promising application in hospital and community MRSA disinfection and treatment.

1. Introduction

some extent, the overuse of antibiotics has led to the emergence of
antibiotic-resistant strains of pathogenic bacteria that are increasingly

Bacterial wound infection generally not only prolongs wound heal-
ing, but also may cause other serious problems, such as systemic in-
fections, sepsis, organ failure, and even death [1-3]. Although the
advent of antibiotics has slowed the progression of bacterial infections to
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spreading in communities and hospitals [4,5]. Additionally, persistent
bacterial wound infection is usually mediated by the highly organized
structure of bacterial biofilms, which are the communities of bacteria
that irreversibly adheres to the material or tissue surface and are coated
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with self-generated extracellular polymers (EPS) [6,7]. The EPS can
prevent bacteria in biofilms from being attacked by antibiotics and the
host’s innate immune cells, providing a favorable confined-space for
drug-resistant strains arising, which also results in great challenges in
the clinical treatment of biofilms [6].

Although the antibacterial hydrogels with structural diversity
developed in recent years have high oxygen permeability and superior
water swelling, providing new possibilities for the prevention and
treatment of bacterial infectious diseases, most of these hydrogels
generally exploit antibiotics to fight against bacterial infection [2,8-10],
which will inevitably cause bacterial resistance. Furthermore, these
antibacterial hydrogels often can only eliminate planktonic microor-
ganisms rather than causing the complete eradication of the formed
biofilms, greatly restricting their use in bacterially infected wounds.
Some antimicrobial hydrogels integrate metal fungicides such as silver
nanoparticles [7,11-14], zinc oxide nanoparticles [15], or gold nano-
particles [16,17] into the hydrogel networks, which exhibit good anti-
bacterial activity against drug-resistant bacteria and certain anti-biofilm
activity, but some of them also suffer the certain risk of causing metal
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cytotoxicity. Exploiting inherent organic fungicides including cationic
polymers [18,19], cationic peptides [20], or cationic small molecules
[21,22] may be a feasible solution for the development of long-term
intrinsic antibacterial hydrogels against drug-resistant bacteria and
biofilm. However, synthetic cationic polymers and peptides usually
require complex operations and high costs, and their poor cell and tissue
affinities as well as potential immunogenicity also seriously restrict their
extensive applications in antibacterial dressing. Therefore, it is urged to
explore bactericidal hydrogels for the elimination of drug-resistant
bacteria and biofilms, which are featured with low costs, simple syn-
thesis, strong and persistent antibacterial activity while being free of
antibiotics and toxic reagents.

Microbicide tetrakis (hydroxymethyl) phosphonium sulfate (THPS),
a low-cost phosphine exhaust byproduct of cationic phosphonium salt
with similar antibacterial activity to the above cationic polymers or
cationic peptides [23], which can significantly suppress the growth of
fungi algae and bacteria, and can be quickly degraded into completely
harmless substances after use [24-27]. In addition, similar to the anti-
bacterial mechanisms of cationic polymers and peptides, THPS also

=)

Fig. 1. (a) The formation and crosslinking of antibiotic-free protein-based hydrogel. (b) Digital photos of different proteins before and after gelation. (c) Possible
mechanism of THPS reaction with the amino group in proteins. (d) The antibacterial ability of B-Hydrogels and their applications in the treatment of MRSA-

infected wounds.
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possesses an excellent ability to destroy bacterial biofilms and hardly
causes bacterial resistance during the antibacterial process [28,29].
Given these merits, THPS can serve as a perfect substitute for antibiotics,
metal fungicides, cationic polymers and peptides. However, few studies
about THPS-based hydrogels used as dressings against drug-resistant
bacteria and biofilms have been reported.

Protein is the scaffold and main substance that constitute human
tissues and organs, which plays an important role in human life activities
[30]. As a natural polymer derived from the organism, protein is rich in
amino acids, which can form B-sheet-rich fibrils to further self-assemble
and twine under appropriate conditions for the formation of
three-dimensional hydrogels through hydrophobic effects, electrostatic
interactions, or hydrogen bonding [31,32]. Owing to the easy manipu-
lability of bioactivity and ready availability, the protein-based hydrogel
has attracted extensive attention in biomedicine [30,31,33,34]. Herein,
we exploited THPS and model proteins (e.g., BSA) to construct
antibiotic-free antibacterial hydrogels by simply mixing the two pre-
cursors uniformly at room temperature for MRSA-infected wound
healing treatment (Fig. 1). Because BSA composes of many various
amino acids and contains both a-helix and p-sheet in its secondary
structure, which could react with THPS through Mitchell reaction to
form hydrogel with excellent biocompatibility. This readily available
gelatinization strategy can also be applied to other different proteins,
such as HSA, egg albumin, chymotrypsin, trypsin, lysozyme, transferrin,
myohemoglobin, hemoglobin, and phycocyanin (Fig. 1b), showing good
universality. Notably, the constructed antibiotic-free B-Hydrogel not
only displayed strong and long-lasting bactericidal activity against
MRSA and Staphylococcus aureus (SA), but also could dilapidate the
bacterial biofilms to avoid causing biofilm-induced bacterial resistance.
With the assistant of B-Hydrogel, the MRSA-infected mice wound could
recover quickly without generating obvious side effects (Fig. 1d).
Therefore, this readily accessible protein hydrogel not only provides a
reference paradigm for the construction of protein-based hydrogel, but
also shows the great potential to fight against drug-resistant bacterial
infection and bacterial biofilms.

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA), human serum albumin (HSA), egg al-
bumin, chymotrypsin, trypsin, lysozyme, transferrin, myohemoglobin,
hemoglobin, phycocyanin, propidium iodide (PI), and calcein-AM were
brought from Sigma-Aldrich. Phalloidin-FITC, 4’,6-diamidino-2-phe-
nylindole (DAPI), DMEM culture medium, foetal bovine serum (FBS),
trypsin-EDTA, phosphate-buffered saline (PBS) (pH 7.4), and penicillin-
streptomycin solution were purchased from Thermo Fisher. Lur-
ia—Bertani (LB) broth medium, agarose, Lactase Dehydrogenase (LDH)
kit and Cell Counting Kit-8 (CCK-8) kit were brought from Beyotime
Biotechnology (Shanghai, China). THPS (ca. 75 in Water, MW 406.28)
solution was brought from Aladdin. Staphylococcus aureus (S. aureus, SA,
ATCC25923) and methicillin-resistant staphylococcus aureus (MRSA,
ATCC43300) strains were purchased from HuanKai Microbial. Deion-
ized water (18.2 MQ cm) was used in whole experiments.

2.2. Characterizations

UV-vis spectrophotometer (UH4150, HITACHI, Japan) was used to
measure the UV-vis absorbance. PerkinElmer Spectrum One Instrument
(America) was employed for fourier transform infrared spectra (FT-IR)
spectra. Rheological measurements were performed using a rheometer
(AR 2000ex, TA Instruments, USA). Fluorescence imaging is performed
using a Lycra confocal laser focusing microscope (LSM800, ZEISS, Ger-
many). A NOVA nano SEM230 (FEI, USA) was used for scanning electron
microscopy (SEM) imaging. The optical density (OD) value was
recording using a microplate reader (BioTek, USA). Phosphorus
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spectrometry (PS) was performed on a proton NMR spectrum (Bruker
Daltonics, Germany). TEM imaging was performed on a transmission
electron microscopy (TEM; JEOL, JEM-2100F, 200 kV). Zeta Potential
was determined using a Malvern Zetasizer Nano-ZS instrument
(ZEN3600, Malvern Instruments). A Raman microspectrometer (Jobin
Yvon LabRam-010, France) (excitation wavelength: 633 nm) was used
for Raman scattering.

2.3. Preparation of B-Hydrogels

Take different volumes (70, 60, 50, 40, 30, 20 pL) of THPS solution
(w/wp 75%) and dilute to 1 mL. Then, 50 pL diluted THPS solution with
different concentration was first mixed with 250 pL deionized water,
followed by 200 pL of 200 mg mL ™! BSA solution. Shake the mixture
well and let it stand for a while, then a transparent B-Hydrogel was
obtained about 50 min later. HSA hydrogel and egg albumen hydrogel
were prepared as the same way mentioned above, with the only differ-
ence being that the protein source was changed.

2.4. Rheological studies of B-Hydrogel

Rheological measurements were performed on a rheometer. Hydro-
gel samples were placed on the rheometer stage, a dynamic frequency
sweeping from 0.01 to 100 Hz under the strain at 1% at 25 °C. Viscosity
of the hydrogel with increasing shear rate from 0.01 to 10 rad s~! by
continuous flow experiment was conducted under the strain at 1% at
25 °C. Dynamic modulus of hydrogel under increasing strain with a fixed
frequency of 1 Hz at 25 °C.

2.5. Antimicrobial testing of B-Hydrogel

Bacteria of SA (ATCC25923) and MRSA (ATCC43300) strains were
employed as the model of bacteria to investigate the antibacterial ac-
tivity of B-Hydrogel in our experiment. Before the experiment, MRSA
and SA bacteria were incubated in liquid LB culture medium for 24 h at
37 °C, then collected at logarithmic phase through centrifugation at
3500 rpm s~! for 4 min and wash twice with sterile PBS. The collected
bacteria were resuspended into the liquid medium with different volume
to obtain bacterial suspensions with different concentrations. For time-
dependent antimicrobial assay, bacteria solution was divided into 4
groups: 1) control, 2) BSA, 3) THPS, and 4) B-Hydrogel (THPS: 0.3%),
then the bacteria (500 pL) were received corresponding treatments, and
the final bacterial density was 1 x 10% CFU mL ™! were mixed with BSA
hydrogel. Afterwards, the absorbance of bacterial solution at 600 nm
(ODggo) at different time intervals was monitored to observe bacterial
growth. Additionally, after 12 h incubation, part of the bacterial solution
in various groups was taken out and diluted to perform agar plate
cloning experiment to quantify bacterial survival and density. The
remaining bacteria were continued to culture. To study the integrity of
the bacterial membrane, the same treatments as above were performed
towards the SA and MRSA bacteria for 12 h, and then the treated bac-
teria were further stained with PI and calcein-AM for 1 h. Afterwards,
collecting the SA and MRSA via centrifugation, and using PBS to wash
them twice for subsequent fluorescence imaging.

2.6. LDH release assay

SA and MRSA bacteria (1 x 10° CFU mL™!) were received the
treatments as the above mentioned at 37 °C for 12 h. Subsequently, the
bacterial solution was centrifuged for 5 min (5000 rpm s~ 1 to collect the
supernatants for LDH release measurement via LDH kit. Based on the

following equation (1), the release rate of LDH can be calculated:
LDH release rate (%) = (C — Cp)/ (Ct — Cp) x 100% 1)

C and Cy are the release of LDH from bacteria treated with various
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groups and untreated bacteria, respectively. Cy represents the total
release of LDH from bacteria with 1% Triton X-100 treatment.

2.7. SEM and TEM imaging of bacterial morphology

Both the SA and MRSA bacteria with or without B-Hydrogel treat-
ment were collected via centrifugation at 4000 rmp s~! for 5 min, then
the obtained bacteria were washed with PBS twice. Afterwards, the
bacteria were fixed with paraformaldehyde at room temperature for 2 h.
After wash with PBS, the bacteria were further dehydrated by a series of
10, 25, 50, 75, 90, and 100% ethanol solution for 15 min with each step.
After the completion of the last step, bacteria suspension was dropped
onto the cover glass. After drying through freeze-dried at the room
temperature, SEM was used for bacterial morphology imaging. For TEM
imaging, the fixed bacteria were further immobilized with osmium acid
(0s04) for 2 h and then washed three times with PBS. Subsequently, the
bacteria were dehydrated with successive ethanol (50%, 70%, 90%),
mixture of ethanol and acetone (90%: 90%), and acetone (90%, 100%)
solution for 10 min each step. Finally, the bacterial were further dehy-
drated with the mixture of acetone (100%) and embedding medium (1:
1) for 2 h. Then, the dehydrated bacteria were further embedded in
epoxy resin and stained with uranyl acetate (3%) after sectioned, and
imaging with TEM.

2.8. Cytotoxicity assay and cell fluorescence imaging

The cytotoxicity of B-Hydrogel was evaluated by HUVECs and NIH-
3T3 cells using CCK-8 kit. The cells were incubated using DMEM culture
medium with penicillin—streptomycin (1%) and FBS (10%) at the at-
mosphere of 37 °C and 5% CO-. Both the HUVECs and NIH-3T3 cells
were seeded into 96-wells plate at the density of 1 x 10° cells/well. After
overnight incubation, the cells were co-incubated with B-Hydrogel
(traces) for another 24. Finally, removing the hydrogel and medium, and
adding fresh medium containing CCK-8 into corresponding wells for
another 2 h incubation before measuring the value of ODj4s.

For cell fluorescence imaging, after incubation with hydrogel for 24
h, the cells were stained with Phalloidin-FITC for 30 min. Afterwards,
DAPI solution was added into cells for another 10 min incubation.
Washing the cells with PBS for twice and imaging the cells using laser
scanning confocal microscopy.

2.9. Biofilm fluorescence imaging

Both the SA and MRSA bacteria in logarithmic phase were seeded in
24-well plate containing coverslips and incubated in LB medium. After
24 h culture, removing the medium in each well, and washing the
formed biofilms with PBS for three times carefully to remove floating
bacteria. Afterwards, LB medium (0.5 mL) was added into every well,
and addition of B-Hydrogel into medium subsequently. After 12 h cul-
ture, removing the medium and hydrogel, and adding the Calcein-AM
and PI to stain the biofilms. After 30 min staining, the biofilms were
imaged using a laser confocal microscopy.

To further investigate the anti-biofilm activity of B-Hydrogel, the
biofilms on the coverslips were stained with crystal violet after treated
with B-Hydrogel. Dissolving the crystal violet using ethanol and
measuring the absorbance at 590 nm (ODsgonm) by microplate reader to
quantify the biofilm mass. Based on equation (2) to calculate the relative
biofilm mass:

Biofilm mass (%) = mg/mp x 100% 2)

Where, mp and mt were the ODsgonm values with or without B-Hydrogel
treatment, respectively.
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2.10. Animal experiments

Female BALB/c mice (6 weeks) were purchased from Charles River.
All animal experiments were executed according to NIH’s Guide for the
Care and Use of Laboratory Animals under sterile conditions at the an-
imal facility of Brigham and Women’s Hospital. All experimental pro-
tocols were approved under the guidelines of the Institutional Animal
Care and Use Committees at Harvard Medical School.

To establish the mice model of wound infection, the mice were first
anesthetized with sodium pentobarbital, followed by sterile scissors to
create a round wound (diameter: 8 mm) on the mice’s back. To induce
skin infection, 100 pL PBS containing MRSA (5 x 10® CFU mL’l) was
dropped onto the wound. Then, PBS solution was used to wash the
infected wound twice to remove the excess bacteria. Subsequently, the
infected mice were divided into 4 groups and received corresponding
treatments: Control (G1); BSA (G2); THPS (G3); and B-Hydrogel (G4).
After treatments, the wound areas of mice were recoded and taken
photograph every 2 d. On day 4, 8 and 12, some representative mice in
each group were sacrificed, and collecting the wound skin for immu-
nofluorescence histology and histological staining.

3. Results and discussion
3.1. Fabrication and characterizations of B-Hydrogel

The manufacturing process of B-Hydrogel is shown in Fig. 1a. 10 wt
% BSA solution (450 pL) was mixed with different concentrations of
THPS diluent (50 pL) to obtain the hydrogels with different mechanical
properties ranging from transparent to translucent to white (Fig. 2a). No
gelation was found when the THPS concentration was lower than 0.2%
(v/vg) (Fig. S1). Similar phenomenon was also observed in HSA and egg
albumin that are structurally similar to BSA (Figs. S2 and S3). Since the
gelation time is crucial to the biological application of hydrogels, we
then investigated the gelation time of B-Hydrogel. When the THPS so-
lution was not less than 0.3%, the gelation time was about 50 min
(Table S1), and the gelation time decreased slightly with the increase of
THPS solution. However, the gelation time increased significantly when
the concentration of the THPS solution was less than 0.3%. When the
concentration of THPS was 0.2%, the gelation time was more than 4 h.
Similar gelation time trends were also observed in HSA and egg albumin,
confirming the universality of gelation processes in these hydrogels. To
further prove the formation of B-Hydrogel, corresponding frequency-
dependent oscillatory rheology was tested. As shown in Fig. 2b, the
storage modulus (G’) obviously surpassed the loss modulus (G")
throughout the whole frequency range even the concentration of THPS
at 0.2%, confirming the formation of a hydrogel. Notably, the G’ and G”
values of B-Hydrogel apparently enhanced with the increase of THPS
concentration (Fig. 2b), demonstrating the enhancement of the rheo-
logical properties of B-Hydrogel. Furthermore, the strain-induced
damage property of the B-Hydrogel to evaluate their responsive be-
haviors under external strains was performed through rheological strain
sweep measurement. When the frequency and temperature were fixed at
1 Hz and 25 °C, the gel-to-sol transition point occurred at 35.34% in the
strain range of 0.01%-1000% at the THPS concentration of 0.2%,
indicating the hydrogel collapsed (Fig. S4). The gel-to-sol transition
point also increased over the THPS concentration, demonstrating the
excellent shear-thinning of B-Hydrogel. Subsequently, the microstruc-
tures of the B-Hydrogel were observed by scanning electron microscopy
(SEM). As shown in Fig. 2¢, an apparent interpenetrating network and
porous structures of freeze-dried B-Hydrogel were observed, and with
the increase of THPS concentration, pore diameter gradually decreased,
indicating that the hydrogel structure became denser. Similar mor-
phologies, structures and phenomena were also observed in HSA and
egg albumin hydrogels (Figs. S5 and S6). The EDS mapping confirmed
the presence of phosphorus element (P) in the hydrogel (Fig. 2d), which
accounted for about 2% of the whole gel (Fig. S7), proving the cross-
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Fig. 2. (a) Digital photograph, (b) Dynamic rheological behavior, and (c) SEM images of B-Hydrogel with different concentration of THPS (T- 0.2 to T- 0.7 represent
THPS concentration of 0.2%-0.7%). (d) Element mapping of B-Hydrogel. (e) Water contact angle of B-Hydrogel.

linking between THPS and BSA. Subsequently, the wettability and
adsorption ability of B-Hydrogel were investigated via water contact
angle. As shown in Fig. 2e, a droplet of water was almost completely
adsorbed by B-Hydrogel within 2.0 s, demonstrating its superior
wettability and adsorption ability, which is conducive to the subsequent
wound healing. Taken together, all of these results demonstrate that the
high-performance B-Hydrogel can be successfully constructed by using
this simple approach that can also be applied to other proteins.

3.2. The mechanism of B-Hydrogel formation

According to a previous report [35], p-[tris(hydroxylmethyl) phos-
phino] propionic acid (THPP) could react with primary and secondary
amines via a Mannich-type reaction to form polypeptide-based
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biomaterials. Owing to the similarity in structure, THPS has also been
considered for Mannich-type reaction with primary and secondary
amines, which have been applied to react with polyamides for anti-
bacterial membranes formation [36]. Therefore, we speculate that
amine-rich BSA was also cross-linked with THPS to form hydrogels
through the Mannich-type reaction. Because the Mannich-type reaction
is mainly a process in which the active hydrogen of formaldehyde is
replaced by an amine to form a Mannich base or immonium ion [37].
The formed Mannich base or immonium ion further reacts with the
THPS derivative (tristhydroxymethyl)phosphine) to generate the amine
coupling, resulting in the formation of hydrogel (Fig. 1c). To test this
hypothesis, the hydrolysate of THPS was first detected, and it was found
that the content of formaldehyde in THPS aqueous solution gradually
increased with the increase of THPS concentration (Fig. 3b), proving the
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Fig. 3. (a) 31p NMR of THPS alone compared to THPS react-ed with cystine (Cys), glycine (Gly), proline (Pro), and arginine (Arg). (b) Positive correlation between
the amount of formaldehyde generation spontaneously for THPS in aqueous solution and its con-centration. (c) UV absorption of BSA before and after reaction with
THPS. (d) FTIR spectra of THPS, BSA and B-Hydrogel. () Raman spectra of BSA and B-Hydrogel. (f) TEM images of the reac-tion process of BSA and THPS at different

time points.

existence of formaldehyde in the hydrolysate. The 3P NMR confirmed
the existence of tris(hydroxymethyl)phosphine (Fig. 3a), confirming the
mechanism proposed above. To further confirm the potential reaction
mechanism, the lysine, glycine, or proline were employed to check
whether the THPS would react with primary and secondary amines of
BSA. As expected, there were two different states of phosphorus for the
THPS stock solution in the 3'P NMR, which corresponded to THPS (48.9
ppm) and tris(thydroxymethyl)phosphine (26.1 ppm), respectively
(Fig. 3b). After reaction with arginine (containing both primary and
secondary amines), glycine (containing primary amine), proline (con-
taining secondary amine), and cystine (containing primary amine and
disulfide bond), more phosphorus signal peaks appeared for all the 3'P
NMR and showed a phenomenon of shifting upfield (Fig. 3b), suggesting
the state of more electron-rich. These results demonstrate that both
primary and secondary amines can react with THPS, while the other
active bonds would have no significant influence on this reaction, which
also predicts that THPS would react with BSA. The variation of UV ab-
sorption peak before and after BSA solution and THPS reaction further
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confirmed the above inference. The absorbance peak at 275 nm of BSA
solution exhibited an obvious blue shift after mixing with THPS for 35
min (Fig. 3c¢), suggesting the reaction of BAS with THPS. Compared with
BSA, a new FTIR band at 1050 cm ™ for the BSA hydrogel was observed
(Fig. 3d), corresponding to the THPS, which is ascribed to v, of a pri-
mary alcohol, proving the cross-linking of THPS and BSA. The Raman
spectra also confirmed the cross-linking of THPS and BSA, an obvious
blue shift for the Raman characteristic peaks was observed, while the
—OH peak of B-Hydrogel was obviously stronger than BSA (Fig. 3e). All
of these results prove that THPS and BSA could be cross-linked to form
hydrogels according to the mechanism shown in the schematic diagram
(Fig. 1c). Subsequently, the formation process of B-Hydrogel was further
investigated by TEM. As shown in Fig. 3f, sporadic microaggregates
could be found after mixing of THPS and BSA solution for 35 min. After
40 min of reaction, these microaggregates gradually grew larger, and
tended to form a network. With the increase of reaction time, the formed
interpenetrating network gradually changed from sparse to dense, ulti-
mately forming a gel network. Overall, through Mannich-type reaction,



J. Ouyang et al.

THPS and BSA can gradually develop from microaggregate structure to a
network structure and form the hydrogel.

3.3. In vitro antibacterial performance

We then moved forward to investigate the bactericidal activity of B-
Hydrogel. Gram-positive bacteria SA and MRSA were selected as the
common model bacteria and drug-resistant model bacteria to evaluate
the antibacterial activity of B-Hydrogel. After different treatments, the
optical density at 600 nm (ODggg) of bacteria in different treatments was
measured to assess the bacterial activity. As shown in Fig. 4a, there was
no obvious influence on the bacterial growth for the BSA solution, which
was nearly the same as the control group. In comparison, both the THPS
solution and B-Hydrogel almost completely inhibited MRSA growth,
which was attributed to the strong bactericidal effect of THPS. The
bacteria turbidity image also confirmed the above result (Fig. 4b).
Notably, the same antibacterial phenomenon of B-Hydrogel against SA
was observed in the same experimental condition, demonstrating that
the BSA hydrogel had superior antibacterial activity against both drug-
resistant bacteria and common bacteria. To further prove the antibac-
terial effect of B-Hydrogel, the agar plate assay was executed. Almost no
bacterial colonies for both MRSA and SA were observed on the agar
plates after treatment with THPS solution and B-Hydrogel, however,
there was a large number of bacteria survived in the BSA and control
groups (Fig. 4c). Inhibition rings test results also suggested that there
were obvious antibacterial rings with the zone of inhibition (ZOI) of
about 1.5 and 1.0 cm for the MRSA and SA after treated with B-
Hydrogel, respectively (Fig. 4d), indicating a superior sterilization ef-
fect. Additionally, the antibacterial capacities of the B-Hydrogel against
different concentrations of MRSA and SA were systematically assessed.
As displayed in Fig. 4e, the B-Hydrogel could almost completely sup-
press the proliferation of MRSA and SA when the concentration of MRSA
and SA was less than 10° CFU mL™!, and there was still a certain
bacteriostatic effect for the B-Hydrogel, even when the bacteria con-
centration was 10° CFU mL™!. All these results showed that the B-
Hydrogel possessed the prominent antibacterial activity against com-
mon and resistant bacteria.

3.4. Antibacterial mechanism of B-Hydrogel

Next, we investigated the possible mechanism underlying the anti-
microbial effects of B-Hydrogel by detecting the membrane integrity of
bacteria using SEM. As shown in Fig. 4f, the complete spherical structure
and smooth surface were observed in the normal bacteria, while
agglomerate and shapeless bacteria with obvious surface collapse were
found due to the serious destruction of the cell membranes after being
treated with B-Hydrogel. The bio-TEM was utilized to further confirm
the above results. For the normal bacteria, the contour of the bacterial
cell membrane/wall was clearly visible and an intact morphology was
observed (Fig. 4g). However, after the bacteria were treated with B-
Hydrogel, they almost completely lost their bacterial membrane/wall
and a distinct structural disruption was found (Fig. 4g). Moreover, upon
the treatment with the B-Hydrogel, the leakage of lactate dehydrogenase
(LDH) in MRSA and SA was 96% and 94.8%, respectively, demon-
strating the severe damage of the bacterial cell membrane/wall
(Fig. S8). Based on the above results, we speculated the possible anti-
bacterial mechanism of B-Hydrogel was that the THPS ingredient with
positively charged in B-Hydrogel could effectively adsorb the negatively
charged bacterial lipid membrane through electrostatic interaction,
resulting in the gradual lysis of membrane and causing bacterial
apoptosis eventually. Furthermore, the free THPS released from the B-
Hydrogel also destroyed bacteria through their bactericidal abilities.
The live/dead staining assay also verified this contact-killing mecha-
nism. Propidium iodide (PI), a membrane-impermeable indicator, can
only penetrate the impaired bacterium, binding with DNA by embed-
ding base pairs with almost no sequence bias to produce the red
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fluorescence, which is applied to detect bacterial membranes damage
[4,33]. Meanwhile, using calcein-AM to stain live bacteria and emit
green fluorescence for examining the integrity of bacterial cell mem-
branes. For the bacteria with THPS or B-Hydrogel treatment, almost all
of the bacteria were stained with red fluorescent PI, indicating the
destruction of bacterial membrane structure (Fig. 5a). In contrast,
almost all the bacteria in BSA solution and control groups emitted green
fluorescence, demonstrating the structural integrity of the bacterial cell
membrane. These results also demonstrating that THPS could induce
membrane injury, thereby causing increased membrane permeability of
bacteria, accounting for the antimicrobial mechanism of B-Hydrogel.

3.5. Anti-biofilms activity and biocompatibility of B-Hydrogel

According to previous report, 80% of bacterial infections are asso-
ciated with the formation of bacterial biofilms [38-41]. Compared with
planktonic bacteria, the resistance of bacterial membranes to antibiotics
is tens to thousands of times higher, which is the main cause of bacterial
drug resistance at present [42,43]. Therefore, owing to the protection
afforded by the substrate formed during their growth, biofilms are more
difficult to eliminate. To further confirm their superior antibacterial
effect, the anti-biofilm activity of B-Hydrogel was investigated. As
shown in Fig. 5b, for the untreated biofilms, both of the MRSA and SA
were stained with calcein-AM and emitted bright green fluorescence,
while the biofilm formed a whole piece with dense and thick. By com-
parison, the whole biofilms were almost stained with red fluorescence PI
for the B-Hydrogel treated group, and obvious damage on the bacterial
biofilm could be observed (Fig. 5b). The statistics histogram of the
bacterial biofilms also confirmed that the biofilm thickness of the
B-Hydrogel treated group was significantly smaller than that of the
untreated group, indicating the excellent anti-biofilm activity of
B-Hydrogel (Fig. S9). Crystalline violet staining experiment also
demonstrated that the bacterial biofilms were significantly reduced after
B-Hydrogel treatment (Fig. S10). Overall, the developed B-Hydrogel not
only has a significant killing effect on planktonic bacteria, but also
possess a significant inhibitory effect on bacterial biofilms, showing
excellent prominent antibacterial activity against common and resistant
bacteria.

Good biocompatibility is an essential feature for biomaterials that
can be used in living organisms, therefore, the biocompatibility of B-
Hydrogel was explored. HUVECs, NIH-3T3, and HaCaT cells were
selected as the model cells to evaluate the in vitro biocompatibility of B-
Hydrogel. As shown in Fig. 5¢, 5d and S11a, after treatment with B-
Hydrogel for 12 h, the cell viabilities for the HUVECs, NIH-3T3, and
HaCaT cells were almost the same as that of the control group. Even
when the B-Hydrogel was co-incubated with the cells for 24 h, the sur-
vival rates of both types of cells were still greater than 92%. The fluo-
rescence images of cell structure staining also confirmed that the
microstructures of cells co-incubated with B-Hydrogel did not change
significantly (Fig. 5e-f and Figs. S11a and S12), which was almost the
same as that of blank cells. The B-Hydrogel almost have no obvious
hemolysis to red blood cell (<8%), confirming the good blood
compatibility (Fig. S13). Furthermore, the in vivo compatibility of the B-
Hydrogel was evaluated by embedding the hydrogel in the skin surface
of mice. The HE stained tissue sections displayed that there were no
significant structural or morphological changes in the major organs
(heart, liver, spleen, lung and kidney) of mice treated with B-Hydrogel
for either a day or a week, which was almost the same as that of the
normal mice (Fig. S14). These results demonstrated that the B-Hydrogel
have excellent biocompatibility, showing significant application po-
tential in vivo.

3.6. In vivo wound healing

Given the above excellent performance, we next evaluated the
antibacterial potential and promoting wound healing of B-Hydrogel in
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vivo through mouse model with infected wounds. The skin wounds nearly completely healed, and no obvious scabs were observed. Notably,
infected mice were randomly divided into 4 groups: G1, control; G2, compared with G3 group, the wound healing scars of mice in group G4
BSA; G3, THPS; G4, B-Hydrogel. Subsequently, the infected mice was slightly smaller than those in group G3 and exhibited the best
received the corresponding treatments above, and the infected wound wound healing, which may be attributed to the adhesiveness and
were monitored over time to evaluate the wound healing effect. As moisture retention of B-Hydrogel that enabled it to have a more durable
shown in Fig. 6a, the wounds of mice in both G3 and G4 groups were antibacterial effect and faster wound healing than THPS solution. In

454



J. Ouyang et al. Bioactive Materials 18 (2022) 446-458

@ oo 20 40 ep 8 100 120 (b) 125 g (c) _ . . Q @
. L , 2 & N o
‘POOEO9E - 28 BETaTATE
009000® "N ° (0000
) A ) g

< 504
= (]
o : ¥ - 3 254 0‘ ‘ o 6
TIITEITRE ~ L]
.~ <
e sdte 10000
g : Time (days) g

Relative Wound Area (%)
D @
(=3}
1 1
cep o
-
@
N

HE

Days Post Surgery

* ke
800+
alts

*kx
600

—n
P

12D

400+

200+

CD31
3 Number of inflammatory cells/cm?

4D

Giemsa

12D

- % %

«2 504
G4

0 T T T
G1 G2 G3

Fig. 6. (a) Images for the skin wound healing of MRSA infected mice after various treatments: G1, Control; G2, BSA; G3, THPS; and G4, B-Hydrogel. (b) Wound area
profiles of mice after various treatments. (c) Schematic diagram of wound area during the wound healing. (d) Relative wound area for each group in (c). (e)
Representative H&E staining images of mice wound at different times after different treatments (Scale bar, 60 pm). (f) Quantification of inflammatory cells in (e) after
12 d treatment. (g) CD31 (vascular biomarker) immunofluorescence staining for wound beds at 12 d treatment (Scale bar, 100 pm). (h) Quantitative analysis of
neovascularization in (g). (i) Giemsa staining of wound beds after various time treatment (Upper, scale bar, 100 pm; Lower, scale bar, 200 pm). (j) Quantitative
analysis of residual bacteria in (i) at 4 d treatment. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not statistically significant.

455



J. Ouyang et al.

comparison, there were distinct wounds and scabs in the G1 and G2
groups, indicating the poor wound healing. The wound healing process
and eventual wound closure in mice were also displayed in Fig. 6c.
Moreover, the wound healing curves also verified the best wound
healing in the G4 group, which was much faster than that of the G1 and
G2 groups (Fig. 6b). The quantitative result of wound area ratio of B-
Hydrogel treatment group is about 3.7% on day 12. By contrast,
approximate 18.5% and 21.2% of wound area were remained for the G1
and G2 groups, respectively (Fig. 6d). All these results showed that the
wound healing rate of B-Hydrogel treatment was faster than that of the
other groups, demonstrating the excellent wound healing capacity of B-
Hydrogel.

The hematoxylin and eosin (H&E) staining was executed to further
investigate the wound healing process. On day 4, an obvious boundary
between the wound and the normal tissue was observed for all the
groups, while numerous inflammatory cells were observed in the groups
of G1 and G2 (Fig. S15). In contrast, although there was also a clear
dividing line between normal tissue and the wound, significantly fewer
inflammatory cells in the G3 and G4 groups than the other groups were
found (Fig. S15), which was likely attributed to the antimicrobial effect
of THPS and B-Hydrogel. On day 8, no obvious epithelial structures in
the wound sites of the G1 and G2 groups were observed, and the
abundant of inflammatory cells was still found (Fig. 6e). Comparatively,
for the group of G3 and G4, the epithelium and granulation structures in
the G3 and G4 groups were denser, especially in the G4 group. More-
over, the number of inflammatory cells in G3 and G4 was obviously
lower than in the G1 and G2 groups (Fig. 6e). On day 12, although the
skin wound of mice in the groups of G1 and G2 showed a certain healing
trend, the formed epithelial tissues were not closely connected with the
granulation layers, and obvious separation was presented (Fig. 6e).
More seriously, there were still excessive inflammation in the G1 and G2
groups (Fig. 6f), which is likely the main cause of delayed wound
healing. The neutrophils staining also confirmed the existent of
numerous inflammatory cells for the groups of G1 and G2 (Fig. S16).
Conversely, for G3 and G4, no distinct separation was found for the
epithelial tissues and granulation layers, and the inflammation levels
were also significantly lower than in the G1 and G2 groups (Fig. 6f),
which is consistent with the results of neutrophils staining (Fig. S16).
Notably, the density of the formed granulation tissue in the G3 group
was significantly looser than that in the G4 group (Fig. 6e), which may
be due to the moisturizing property of the hydrogel, playing a certain
role in promoting wound healing. The epithelium formed in the G4
group was also thicker than that formed in the G3 group (Fig. S17).
Additionally, the neovascularization for the G3 and G4 groups were
obvious more than G1 and G2 groups, while the formed microvessels for
G4 group had the highest number of microvessels (Fig. 6g), which was
also confirmed in the quantitative microvascular histogram (Fig. 6h).

Owing to the large number of microorganisms in the air environ-
ment, the skin wounds of mice exposed to air are prone to be breeding
bacteria, which may delay wound healing. Moreover, the infected
environment can also increase wound inflammation, further delaying
wound healing. Therefore, Giemsa staining was employed to assess the
bacterial infection of different groups. A large number of bacteria could
be found in the wound bed of G1 and G2 on day 4, and the number was
significantly higher than that of G3 and G4 (Fig. S18). With the advance
of wound healing time, the number of bacteria in the wound beds of
mice in all groups gradually decreased, but the number of bacteria in the
G1 and G2 groups were always much higher than that in the G3 and G4
groups (Fig. 6i and j). At the endpoint, some bacteria still remained in
the G1 and G2 groups, which also corresponded to poor wound healing
in the G1 and G2 groups. In contrast, negligible staining bacteria were
found in G3 and G4 groups (Fig. 6i), which was ascribed to the superior
antibacterial property mediated by THPS and B-Hydrogel. Taken all
together, our results suggested that the B-Hydrogel has the capacity of
promoting wound healing through affording a moist atmosphere and
releasing THPS to inhibit bacterial proliferation.
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3.7. Clinical significance and limitations

As an alternative to traditional antibiotic therapy, hydrogel-based
antibacterial therapy has attracted more and more attention in clinic.
For hydrogels, they generally possess many merits, such as controllable
and sustained-release, local drug delivery, enhanced mechanical prop-
erties and excellent biocompatibility, which are required by clinical
antibacterial biomaterials. The developed protein-based antibacterial
hydrogels also have the above advantages. Additionally, these protein-
based hydrogels with excellent antibacterial activity not only can kill
MRSA and SA, but also can destroy bacterial biofilms, overcoming
biofilm-induced drug resistance. All of these advantages make the con-
structed protein-based hydrogels hold great potential in clinical MRSA
disinfection.

Although these protein-based hydrogels have huge potential for
clinical application, further research is needed, especially on their
biodegradability and possible inflammatory responses, which will
determine whether they can be used clinically. Additionally, THPS
release is a key parameter mediating the antibacterial activity of these
protein-based hydrogels, therefore, the release kinetics of THPS in
different biological media should be assessed. The sterilization-
mediated wound healing activity and biosafety of these protein-based
hydrogels in large animals also need to be further explored, which can
also provide important reference significance for subsequent possible
clinical trials.

4. Conclusion

In summary, a general method for construction of antibiotic-free
protein-based hydrogel with superior antibacterial activity to fight
against drug-resistant bacteria and biofilm, as well as promote MRSA-
infected wound healing was proposed. The hydrogel was synthesized
via the Mannich reaction between the amino group in protein and the
hydroxyl group in THPS to form an interpenetrating network structure
through simple mixing without the introduction of any other initiator.
Notably, this facile gel formation strategy can be applied to the gelation
of at least ten different proteins, indicating the universality of this smart,
simple and mild strategy. As one of the typical representatives, the B-
Hydrogel not only exhibited excellent biocompatibility, but also had
specific and strong antibacterial activity against MRSA and SA. The
antibacterial mechanism demonstrated that this B-Hydrogel could
release THPS to induce bacterial cell wall and membrane destruction,
resulting in the bacteria’s death. More importantly, this B-Hydrogel also
could destroy bacterial biofilms, effectively overcoming the possibility
that bacteria will develop resistance. Furthermore, the in vivo results
demonstrated that this B-Hydrogel could serve as a wound dressing to
accelerate the MRSA-infected wound healing through the elimination of
MRSA, without causing obvious side effects. Therefore, this new protein-
based hydrogel not only opens an avenue to provide a facile, feasible and
general gelation strategy, but also has a broad application prospect in
hospital and community MRSA disinfection and treatment.
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