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Abstract: The emergence of antibiotic resistant bacteria represents a significant and common clinical problem
worldwide as infections are becoming increasingly common. It is urgent to broaden the sources of biomaterials that
can prevent both bacterial infection and antibiotic resistance. In this work, oxidized sodium alginate/aminated hyal-
uronic acid (OSA/AHA) hydrogel with various proportions was developed based on Schiff base reaction. Herein, poly-
dopamine (PDA)-Bmkn2 nanoparticle and sanguinarine were incorporated into hydrogels to enhance antibacterial
properties. The prepared PDA-Bmkn2 nanoparticles, with uniform particle size and good dispersion, could serve as
a delivery system for Bmkn2. The prepared hydrogels showed appropriate swelling ratio, extremely good mechani-
cal strengths and improved biodegradability. Meanwhile, the Bmkn2 and sanguinarine were released from the hy-
drogels in a sustainable manner. Furthermore, OSA/AHA/sanguinarine/PDA-Bmkn2 hydrogel (less than 10 pyg/mL
BmKn2 and 0.2 yg/mL sanguinarine) had excellent biocompatibility. Antibacterial experiments confirmed that OSA/
AHA/sanguinarine/PDA-Bmkn2 hydrogel had effective antimicrobial activity on Escherichia coli and Staphylococcus
aureus. Therefore, the prepared injectable hydrogels with good biocompatibility and excellent synergistic antibacte-

rial activity promise great potential for preventing localized bacterial infections.
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Introduction

Bacterial infections are among the most preva-
lent and challenging conditions facing human
health and the medical community [1, 2]. With
advances in technology, the development of
new biomaterials with the functions of prevent-
ing external pollution and tissue infection, and
promoting tissue regeneration has become an
intense focus of research [3]. Hydrogels, a kind
of polymer with three-dimensional network
structure, are widely used in regenerative medi-
cine and biomedical applications over the past
20 years [4]. Because the hydrogels are not
easy to adhere to proteins and other substanc-
es, they show good biocompatibility and non-
toxicity to the human body when they are
exposed to blood, body fluids and human tis-

sues [5]. In addition, hydrogels have similar flex-
ibility and texture of natural tissue, which can
be used as human implants to reduce adverse
reactions [6]. Therefore, hydrogels not only
serve as a promising material for biomedical
applications such as drug carriers, tissue
scaffolds and biomedical devices (soft contact
lenses), but also prevent further tissue damage
and bacterial invasion [7]. The antibacterial
hydrogels could have the double advantages of
both promoting tissue regeneration and being
antibacterial, which can meet the needs of bio-
logical materials [8]. Traditional antibacterial
hydrogel materials loaded directly with antibiot-
ics may lead to antibiotic resistance, which
will further produce multiple drug-resistant
microbes or “superbugs” [9]. Thus, it is impera-
tive to find new antibacterial strategies.
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The antibacterial mechanism of antimicrobial
peptides (AMPs) is different from that of antibi-
otics, which is not easy to produce drug resis-
tance [10]. AMPs, bioactive peptides encoded
by host genes, are small molecular proteins
that resist the invasion of pathogenic microor-
ganisms, and remove mutated cells and car-
cinogens in the body [11]. Among numerous
antibiotic substitutes, AMPs have attracted
much attention due to their broad-spectrum
antibacterial, antifungal, antiviral and immune
enhancement activities [12]. The antibacterial
mechanism of AMPs is to destroy the structure
of bacterial cell membrane physically, which
causes bacterial contents to percolate and die
[13]. Bacteria are easy to mutate in a specific
binding target, but it is difficult to change the
composition and structure of all cell mem-
branes. Therefore, bacteria are not easy to
produce resistance to the membrane-breaking
mechanism of non-specific recognition of bac-
terial membranes [14]. Bmkn2 has efficient
antibacterial properties against Gram-negative
and Gram-positive bacteria, which opens a
potential new avenue for treating bacterial
infections [15]. However, the AMPs are water-
soluble and there is no covalent bond between
the peptides and polymers, the peptides will
lose quickly and become invalid [16].
Polydopamine (PDA) is a mimetic of mussel
adhesive proteins containing both catechol and
amine groups, which can achieve controlled
drug release and drug targeting [17].

A large number of natural antibacterial compo-
nents are widely known for their presence in
plants and animals, such as honey, alkaloids
extracted from plants, phenols and so on [18].
Alkaloids are natural compounds containing
nitrogen, which can be classified as pyridine,
isoquinoline, indole and so on, according to
their different structures. Prior study reported
that emodin extracted from rhubarb, berberine
extracted from Coptis chinensis, and berberine
hydrochloride have broad-spectrum antibacte-
rial activity against Gram-negative and Gram-
positive bacteria [19, 20]. Sanguinarine is a
phenanthrene isoquinoline alkaloid with a
molecular weight of 367.8, which has good
biological effects such as antibacterial,
anti-inflammatory and anti-tumor etc. [21].
Sanguinarine has broad-spectrum biological
activity against Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus [22].
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Moreover, sanguinarine also has antibacterial
activity to methicillin-resistant Staphylococcus
aureus (MRSA) by affecting biofilm and bacteri-
al lysis [23].

In this study, oxidized sodium alginate (OSA)/
aminated hyaluronic acid (AHA)/Bmkn2/san-
guinarine hydrogel with good biocompatible
and antibacterial function was prepared bas-
ed on chemical cross-linking reaction (Schiff
base reaction) on a natural composite sub-
strate. Sodium alginate (SA) is an acidic linear
polysaccharide, which has excellent biode-
gradability, biocompatibility, porosity, and
hydrophilicity [24, 25]. Hyaluronic acid (HA) is
a linear hydrophilic polysaccharide, naturally
occurring in the extracellular matrix (ECM) of
most tissues, which can already be found in
many applications in the medical field due to its
excellent biocompatibility and good bioresorb-
ability [26]. Furthermore, PDA nanoparticles
were used as drug carriers of BmKn2 to im-
prove the sustained release function. The swell-
ing ratio, rheological properties, mechanical
strengths in vitro drug release studies and
degradation were evaluated. Moreover, the
cytotoxicity of the prepared hydrogels was
evaluated by using L929 fibroblasts. The anti-
microbial activities of the prepared hydrogels
were evaluated by using E. coli and S. aureus.
We hope that the prepared hydrogels have
great potential for biomedical applications.

Materials and methods
Materials

Sodium alginate (SA), sanguinarine, dopamine
hydrochloride, adipic dihydrazide (ADH), hy-
droxy-benzotriazole (HOBt), 1-ethyl-3-(3-dime-
thylaminopropyl)-carbodiiminde (EDC) and N-
hydroxysuccinimide (NHS) were purchased
from Macklin Biochemical Co., Ltd (Shanghai,
China). Hyaluronic acid (HA, MW =200 kDa)
was obtained from Bloomage Biotech Co., Ltd.
(Shangdong, China). BmKn2 antimicrobial pep-
tide (purity >98%) was obtained from Apep-
tide Bio-Technology Co., Ltd. (Shanghai, China).
Sodium periodate was purchased from Tianjin
DaMao Chemical Reagent Factory (Tianjin,
China). Sodium chloride was purchased from
Sinopharm Chemical Reagent Co., Ltd. L929
fibroblast cell line was obtained from Dingguo
Biotechnology Co., Ltd. (Beijing, China). Cell
Counting Kit-8 (CCK-8) and LIVE/DEAD cell
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Table 1. Preparation and orthogonal screening of OSA/AHA hydro-

gels

[27]. First, sodium alginate (5
g) was added to 200 mL deion-

Group Gl G2 G3 G4 G5 G6 G7

G8 G9 ized water, followed by the

OSA concentration 15% 15% 15% 20% 20% 20%
AHA concentration 2% 3% 4% 2% 3% 4%

25% 25% 25%

addition of 50 mL absolute

3% 4% ethanol. Sodium periodate (5

imaging kit was obtained from Biyuntian
Biotechnology CO. LTD. (Shanghai, China).
These reagents were used without further
purification.

Synthesis of polymers

Synthesis of PDA nanoparticles: Dopamine
(500 mg) was dissolved in 10 mL deionized
water and then slowly dropped to mixed solu-
tions (consisted of 90 mL deionized water, 40
mL ethanol and 2 ml ammonia). After react-
ing for 4-5 h at room temperature, the pH of
above solutions was adjusted to 6.5. The pre-
cipitation was then collected by centrifugation
at 14000 r/min for 10 min at 4°C. After
wash three times with deionized water, the pre-
cipitation was redispersed in deionized water.
Finally, the macromolecular PDA was removed
by centrifugation at 4000 r/min for 5 min, and
the upper solution was freeze-dried to prepare
PDA nanoparticles.

Synthesis of PDA-BmKn2 nanoparticles:
BmKn2 (10 mg) and EDC (10 mg) were dis-
solved in 5 mL PBS (pH=5.5). After stirring for
15 min at room temperature, NHS (15 mg)
was added to the above solution, and then 10
mL PBS (pH=7.4) was added. The pH was
adjusted to 6.8-7.2 using 0.1 mol/L hydro-
chloric acid solution or 0.1 mol/L NaOH solu-
tion. After stirring for 15 min, PDA (10 mg)
was dissolved in water/DMSO/1 mol/L hydro-
chloric acid (10:4:1, v:v:v) and added dropwise
into the above solution. After reacting for 4 h
in an ice bath, the PDA-BmKn2 solution was
dialyzed using dialysis bag (MWCO 1000)
against deionized water for 4 h. The obtained
PDA-BmKn2 nanoparticles were lyophilized
and stored at 4°C until further use. The drug
loading capacity (LC) was calculated using the
following formula: Loading Capacity (%) = (The
mass of loaded BmKn2)/(The total mass of
PDA-BmKn2 nanoparticles) x100%.

Synthesis of OSA: OSA was synthesized as
described previously with slight modifications
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g) was added to the above
solution under light-shielded
conditions, and after reacting for 24 h, 2 mL
ethylene glycol was added to quench the oxida-
tion reaction. NaCl (5 g) was added and the
mixture was poured in 1000 mL of absolute
ethyl alcohol, and the white solid was precipi-
tated. Subsequently, the precipitation was har-
vested by filtering and dissolved in deionized
water. Finally, the obtained solution was dia-
lyzed using dialysis bag (MWCO 8000) against
deionized water for 3 days. The OSA monomer
was obtained after lyophilized for 2 days.

Synthesis of AHA: AHA was synthesized ac-
cording to the reported procedure with slight
modifications [28]. HA (0.5 g) and ADH (10 g)
were dissolved in 100 mL deionized water.
Subsequently, 10 mL DMSO/H,0 solution (1:1,
viv) with EDC (0.8 g) and HoBt (0.7 g) were
added in above HA solutions and adjusted the
pH to 5.0. After reacting for 24 h, NaCl (5 g)
was added and the mixture was poured in 1000
mL of absolute ethyl alcohol, and the white
solid was precipitated. Subsequently, the pre-
cipitation was harvested by filtering and dis-
solved in deionized water. Finally, the obtained
solution was dialyzed using dialysis bag
(MWCO 3500) against deionized water for 3
days. The AHA monomer was obtained after
lyophilized for 2 days.

Preparation of hydrogels

OSA (15, 20, 25, wt%) and AHA (2, 3, 4, wt%)
were fully dissolved in PBS, respectively. The
OSA/HAH hydrogel was formed by mixing at the
volume ratio of OSA/AHA (1:2). The groups of
prepared hydrogels were shown in Table 1. To
prepare Sanguinarine + BmKn2 loaded hydro-
gel, PDA-BmKn2 nanoparticles (the final con-
centration of pure BmKn2 in OSA/HAH was O,
5, 10, 20 and 40 pg/mL) was added into
AHA solution, followed by mixed OSA and
Sanguinarine (the final concentration of
Sanguinarine in OSA/HAH was 0, 0.1, 0.2, 0.4
and 0.8 pug/mL) solutions to prepare the OSA/
HAH/Sanguinarine/PDA-BmKn2 hydrogels.
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Characterization of the synthesized materials

The Fourier transform infrared spectroscopy
(FTIR) spectra of PDA, PDA-BmKn2, SA, OSA,
HA, AHA, and OSA/AHA were recorded with
FTIR spectroscopy (VERTEX70, Bruker, Ger-
many) in the range of 600-4000 cm™.
Transmission electron microscope (TEM)
images of PDA and PDA-BmKn2 nanoparticles
were obtained on an electron microscope
(H-800, Hitachi, Japan). The hydrodynamic
sizes of PDA and PDA-BmKn2 nanoparticles
were measured with the dynamic light scatter-
ing technique using Zetasizer (Nano-ZS 90,
Malvern, UK).

The gelation time of hydrogel

The gelation time of hydrogel was determined
by the vial-tilting method [29]. The precursor
solutions of OSA and AHA were mixed gently at
37°C. The gelation time was determined when
there is no liquid flowing out. All the gelling
times were repeated at least three times for
each group.

Swelling ratio of the hydrogels

The swelling behaviour of hydrogels was evalu-
ated by the equilibrium swelling ratio (ESR)
[30]. Test hydrogels were weighted immedia-
tely and then immersed in phosphate-buffered
saline (PBS, pH=7.4). At predetermined time
intervals (1, 3, 5, 7 and 24 h), test hydrogels
were removed for weighing after gently blotted
with a filter paper.

The swelling ratio was calculated according to
the following equation:

M- M
Swelling ratio (%) = ‘TO X 100%
0

Where M, and M are the weight of the hydrogel
at time t and time O, respectively.

Rheological measurements

The storage modulus (G’) and loss modulus
(G”) of test hydrogels were analyzed using a TA
rheometer instrument (Kinexus, Ma Erwen
instruments, Britain). G’ and G” of test hydro-
gels were tested at shear rates ranging from
0.1to 100 rad/s.

In vitro degradation test

The in vitro degradation rate of the hydrogels
was measured using enzymatic degradation.
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Test hydrogels were initially freeze-dried and
weighed prior to the study. Test hydrogels
were then immersed in PBS containing either O
U/mL or 10000 U/mL lysozyme with stirring
speed of 70 rpm at 37°C. At each time point
(3, 7, 14 and 21 days), test hydrogels were
taken out from the degradation medium,
freeze-dried and weighed. The weight loss rate
of hydrogels was calculated using the following
equation:

Weight loss ratio (%) = W /W x eig

Where W, and W are the final and initial weight
of the hydrogel after degradation, respectively.

In vitro drug release studies

The standard calibration curves: The ultraviolet
(UV) absorbance was detected at 205 nm and
the standard calibration curves of BmKn2
were constructed using eight concentrations
(50, 40, 30, 20, 10, 5, 2.5 and 1.25 pg/mL).
The UV absorbance was detected at 276 nm
and the standard calibration curves of sanguin-
arine were constructed using six concentra-
tions (25, 20, 15, 10, 5 and 2.5 uyg/mL).

In vitro drug release test of hydrogels

Test hydrogels were immersed in 10 mL PBS
solution with stirring speed of 70 rpm at 37°C.
At predetermined time points, 1 mL release
medium of the sample was collected and 1 mL
of fresh medium was added. The concentration
of the BmKn2 and sanguinarine was deter-
mined by an Ultramicro ultraviolet spectropho-
tometer (UV-1800, Shimadzu, Japan) at A__ of
205 and 276 nm, respectively. The release
behavior of the drug-loaded hydrogel was con-
tinuously determined for 7 days.

In vitro biocompatibility test

The cytotoxicity of the hydrogels was evaluated
through the CCK-8 assay using leaching solu-
tion method. The prepared hydrogels were
soaked in DMEM supplemented with 10%
FBS, 100 units/mL penicillin and 100 mg/mL
streptomycin at the ratio of 0.1 g:1 mL to pre-
pare leaching solution at 37°C for 24 h.
Subsequently, 500 pL of L929 cells suspen-
sion with cell density of 2x10* cells/mL was
seeded on a 48-well plate, and then incubated
at 37°C in a humidified atmosphere incubator
containing 5% COz. After 12 h, culture medium
was replaced with 500 pL of leaching solution.
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The leaching solution was removed after 24 h
and washed with PBS for three times. The via-
bility of L929 cells after culture with leaching
solution was assessed by the live/dead stain-
ing and CCK-8 assay.

For the CCK-8 assay, the cell culture medium
was replaced with 500 pL of fresh medium
containing 10% CCK-8. After incubation at
37°C for 1-2 h, the absorbance was measur-
ed at 450 nm using a microplate reader
(MultiskanMK3, Thermo, USA). For the live/
dead staining, the cell culture medium was
replaced with 500 uL of live/dead staining
stock solution. After incubation at 4°C for 15
min, the stained cells were visualized with a
fluorescent microscope (BM3000D, Shanghai
Qibu Bio Tech Co., Ltd, China). The steps of
cell viability assay in BmKn2 and sanguinarine
were the same as those described above,
except for the treatment with BmKn2 at differ-
ent concentrations (0, 5, 10, 20 and 40 ug/mL)
and sanguinarine at different concentrations
(0,0.1,0.2,0.4 and 0.8 pug/mL).

In vitro antimicrobial activity assay

The antibacterial properties of hydrogels
were evaluated using Gram-positive Staphy-
lococcus aureus (S. aureus, ATCC6538) and
Gram-negative Escherichia coli (E. coli,
ATCC25922). Test hydrogels and 1.8 mL bacte-
rial suspensions with density of 1x10® CFU/
mL were co-cultured in a 24-well plate at 37°C
for 4 h. Then, 100 uL of bacterial suspensions
were serially diluted and plated on LB agar
plates. After incubation for 24 h at 37°C, the
number of colonies was counted. The antibac-
terial rate (AR) of hydrogels was calculated
using the following equation:

N;-N
AR (%) = N— X 100
Where N and N, are the number of colonies
in the hydrogel sample and the control,
respectively.

Statistical analysis

All data were shown as mean * standard devia-
tion (SD). Significant differences were deter-
mined using one-way analysis of variance.
Significant difference was defined at *P<0.05,
**P<0.01, and ***P<0.001.
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Results and discussion
Characterization of nanoparticles

Typical TEM imaging revealed that the re-
sultant PDA and PDA-BmKn2 nanoparticles
were irregularly shaped nanoparticles with a
uniform distribution (Figure 1A and 1B).
Moreover, the average hydrodynamic diameter
of PDA and PDA-BmKn2 obtained by dynamic
light scattering (DLS) test was 292+4.9 nm
with PDI of 0.261 (Figure 1C) and 328.7+
25.6 nm with PDI of 0.387 (Figure 1D), which
finding was basically consistent with TEM
results. As shown in Figure S1, PDA-BmKn2
nanoparticles were stable in PBS solution. We
also determined hydrodynamic diameters of
PDA-BmKn2 nanoparticles in PBS solution,
which remained stable for 5 days. The Fourier
transform infrared (FTIR) spectra of PDA and
PDA-BmKn2 are shown in Figure 2A. There are
more phenolic hydroxyl and imine in PDA
nanoparticles; the broad absorption peak at
3400-3600 cm™ is the result of the super-
position of phenolic hydroxyl and imine. The
absorption peak at 1516 cm™ is assigned to be
the bending vibration absorption peak of imine.
The bending vibration absorption of imine
structure on common hydrocarbons is very
weak, but the imine group in the dopamine
molecule is strongly absorbed due to the for-
mation of large m bond between imino group
and benzene ring. PDA-BmKn2 nanoparticles
show double peaks at around 3530 cm™and
3462 cm?, which belong to the absorption
peak of amino group in BmKn2. A strong
absorption peak at 1637 cm? is assigned to
the absorption peak of carbonyl group on amide
bond. Meanwhile, BmKn2 molecule is a poly-
peptide composed of 13 amino acids with more
amide structure, and there is no absorption
peak at 1516 cm™ in PDA-BmKn2, which indi-
cates that BmKn2 is successfully connected to
PDA molecule.

Characterization of hydrogels

The FTIR spectra of SA, OSA, HA, AHA and OSA/
AHA are shown in Figure 2B. There are many
interactional hydroxyl groups in sodium algi-
nate (SA), which show a wide peak at 3410
cm™. However, the absorption peak of hydroxyl
group in OSA is significantly weaker than that of
SA. Meanwhile, the association between the
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Figure 1. A. TEM images of PDA; B. TEM images of PDA-BmKn2; C. Size distribution of PDA; D. Size distribution of

PDA-BmKn2.

hydroxyl groups in OSA is weakened, and the
absorption peak moves to the high wave num-
ber, which proves that some hydroxyl groups in
sodium alginate are oxidized to aldehyde group
[31]. A large number of amino groups were
added to the HA structure after the reaction of
HA with ADH, a broad peak in AHA appeared
at 3512 cm™ is corresponded to an amino
absorption peak, which proves the successful
reaction of HA with ADH. The Schiff base reac-
tion in OSA/AHA hydrogel will consume alde-
hyde group and amino group. The absorption
peak in OSA/AHA at 1714 cm™ disappeared
and the absorption peak at 3512 cm™ shift-
ed, which proved the successful reaction of
OSA with AHA. Figure 2C1 and 2C2 showed
that the process of the sol-gel process of the
OSA/AHA hydrogel in PBS was transparent
and yellowish in color. Figure 2C3 showed the
macroscopic images of OSA/AHA, OSA/AHA/
BmKn2, OSA/AHA/sanguinarine and OSA/
AHA/BmHKn2/sanguinarine hydrogels. Figure
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2D showed the gelation time test results of the
OSA/AHA hydrogels with different proportions
of mass of OSA and AHA. It can be seen from
the figure that the gelation time of G2 and G7
hydrogels is about 60 s, which might be suit-
able as the application of injectable hydrogels.

Swelling ratio of hydrogels

As shown in Figure 3A, the hydrogel with differ-
ent concentration ratio absorbs and expands
in the first 6 h. After 7 h of incubation, equilib-
rium swelling was achieved in G1-G9 hydrogels.
The weight remains basically unchanged after
7 h, and the swelling ratio of G1-G9 is be-
tween 70% and 200%, which can be used as
hydrogel drug loading system. Considering the
gelation time and strength of hydrogel, 25%
OSA/2% AHA hydrogel was selected as the
drug loading system, and the swelling rate of
hydrogel was about 200%. This high swelling
rate was due to the factor that OSA and AHA
have many hydrophilic groups which can absorb
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Figure 2. A. FTIR spectra of PDA and PDA-BmKn2; B. FTIR spectra of SA, OSA, HA, AHA and OSA/AHA; C. Photograph
of the OSA/AHA hydrogel; D. Gelation time of the OSA/AHA hydrogels with different proportions.

large amounts of water molecules, and free
water can enter into easily a three-dimensional
network structure in the hydrogel [28]. The
drug loaded hydrogels is shown in Figure 3B.
compared to the pure hydrogel, the swelling
rate of PDA-BmKn2 loaded hydrogel (174%)
decreases slightly and the swelling rate of san-
guinarine loaded hydrogel (189%) is basically
unchanged. However, the swelling rate of the
PDA-BmKn2 and sanguinarine loaded hydrogel
(132%) decreases obviously. The decreased
swelling rate could be due to the hydrogel net-
work becoming more compact with the drug
added. Our results showed that prepared hydro-
gels possessed adjustable swelling rate, which
was adapted to various environments in vivo.

Rheological analysis
The rheological property of G1-G9 hydrogels is

shown in Figure 3C. When the elastic modulus
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(G’) is greater than the viscous modulus (G”), it
shows ransition from the solution state to
hydrogel state. The G’ of each group is basically
greater than the G” from the beginning. The
extent of gelation increases with time, the G’
increases greatly, and the change of G” is rela-
tively small. All results indicated that the G1-G9
hydrogels are stable and exhibit good mechani-
cal properties.

Examination of degradation rate

The biodegradation of the 25% OSA/2% AHA
hydrogel was studied by lysozyme hydrolysis.
As shown in Figure 3D, the degradation rate of
hydrogel with lysozyme was significantly faster
than that without lysozyme. The degradation
rate of hydrogel was faster in the first 3 days,
and the degradation rate of hydrogel with and
without lysozyme was 67% and 54%, respec-
tively. At 21 days, the degradation rate of hydro-
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Figure 3. A. Swelling ratio of the OSA/AHA hydrogels with different proportions; B. Swelling ratio of the different
drug loaded hydrogels; C. The rheological properties of the OSA/AHA hydrogels with different proportions; D. The
weight loss ratio of 25% OSA/2% AHA hydrogels in PBS solution, either in the presence or absence of 10000 U/mL
lysozyme; E. SEM images of the surface morphology of 25% OSA/2% AHA hydrogels during degradation; F. Standard
curve of sanguinarine; G. Standard curve of Bmkn2; H. The cumulative release curve of Bmkn2; I. The cumulative

release curve of sanguinarine.

gel without lysozyme was 68%. However, the
degradation rate of hydrogel with lysozyme was
84% at 21 days, which was basically degraded
completely. The morphologies of degraded 25%
OSA/2% AHA hydrogel was also observed by
SEM (Figure 3E), and the fragments in hydro-
gels increased with incubation time. These
results confirmed that 25% OSA/2% AHA
hydrogel have good stability under enzymatic
hydrolysis, thus prolong duration of use and
reduing the frequency of routine materials
replacement.

In vitro drug release studies

The standard curve of sanguinarine and BmKn2
is shown in Figure 3F and 3G. The drug loading
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of BmKn2 in PDA-BmKn2 nanoparticles was
about 13.5+1.3%. The drug release curve of
the hydrogels is shown in Figure 3H and 3l.
59% of sanguinarine and 47% of BmKn2 were
released within 1 day. All hydrogels have a rela-
tively fast release at the early stage, which was
mainly due to an amount of BmKn2 and san-
guinarine on the surface of hydrogels. After-
ward, the drug release rate declined, nearly
30% of sanguinine and 35% of BmKn2 were
un-released in hydrogels even after 7 days. The
release process of BmKn2 in BmKn2 loaded
hydrogels was slower than that of sanguinarine,
which was caused by double drug delivery sys-
tem between PDA nanoparticle and hydrogel
matrix.

Am J Transl Res 2021;13(11):12614-12625
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Figure 4. A. Viability of L929 cells of the OSA/AHA hydrogels with different proportions assessed using CCK-8 as-
says; B. Cell viability with sanguinarine at different concentrations; C. Cell viability with Bmkn2 at different concen-
trations; D. Cell viability with the OSA/AHA/sanguinarine/PDA-Bmkn2 hydrogels; E. Fluorescence images of L929

cells after live/dead staining.

In vitro biocompatibility test

To determine whether hydrogels are suitable
for application in vivo, it is important to consid-
er not only its physical properties but also its
cytotoxicity. The biocompatibility test of the
hydrogel material is shown in Figure 4A.
The cell viability of 15% OSA/2% AHA, 20%
0SA/2% AHA and 25% OSA/2% AHA hydrogel
is 284+2%, 52+3% and 84+9%, respectively.
The cytotoxic of 25% OSA/2% AHA hydrogel
can be ignored, which is selected as optimal
materials. It was mainly due to the use of SA
and HA with excellent biocompatibility, without
the use of traditional biotoxicity crosslinkers.
As shown in Figure 4B-D, when the concentra-
tion of BmKn2 is less than 10 pyg/mL and the
concentration of sanguinarine is less than 0.2
ug/mL, the hydrogel system loaded with
BmKn2, sanguinarine and double-loaded
BmKn2 and sanguinine can meet the require-
ments. BmKn2 and sanguinarine (as antimicro-
bial agent) can damage normal cells to a cer-
tain extent, but at safe concentrations it will not
cause serious adverse effect on normal cells
[32, 33]. The cell viability of hydrogels was fur-
ther assessed using |/Ddead staining. As
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shown in Figure 4E, the alive cells cultured in
the leaching solution of hydrogels (less than 10
pg/mL BmKn2 and 0.2 yg/mL sanguinarine)
were comparable to the control group with the
cells seeded in the cell culture medium. The
OSA/AHA hydrogel in this study is prepared by
Schiff base reaction, which avoids the possible
cytotoxicity caused by the introduction of free
radical cross-linking agent in traditional meth-
ods [24].

In vitro antibacterial property

High-quality biomaterials not only have great
biocompatibility to promote tissue regenera-
tion, but also have excellent antibacterial prop-
erties to prevent tissue infection. Here, E. coli
and S. aureus were chosen to evaluate the anti-
microbial properties of these hydrogels using
surface antibacterial activity tests. As shown
in Figure 5A and 5B, OSA/AHA/sanguinarine/
PDA-Bmkn2 hydrogel with 10 pg/mL BmKn2
and 0.2 ug/mL sanguinarine possess the best
antibacterial properties, which could kill about
100% of E. coli and 100% of S. aureus attrib-
uted to the synergistic antibacterial effect of
BmKn2 and sanguinarine. Meanwhile, OSA/

Am J Transl Res 2021;13(11):12614-12625
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Figure 5. (A) Bacterial colonies of E. coli and S. aureus after coculture with 25% OSA/2% AHA, OSA/AHA/sanguina-
rine (0.1 ug/mL), OSA/AHA/sanguinarine (0.2 ug/mL), OSA/AHA/Bmkn2 (5 pg/mL), 0SA/AHA/Bmkn2 (10 pg/mL),
OSA/AHA/sanguinarine (0.1 ug/mL)/Bmkn2 (5 pyg/mL) and OSA/AHA/sanguinarine (0.1 pg/mL)/Bmkn2 (10 ug/

mL) hydrogels, respectively. (B, C) Antibacterial ratio of E. coli (B) and S. aureus (C), respectively.

AHA/sanguinarine/PDA-Bmkn2 hydrogel with 5
pg/mL BmKn2 and 0.1 pg/mL sanguinarine
could kill about 99.9% of E. coli and 99.9%
of S. aureus. Considering the toxicity of
Hydrogels at the highest concentration tested
(10 pg/mL BmKn2 and 0.2 ug/mL sanguina-
rine), OSA/AHA/sanguinarine/PDA-Bmkn2 hy-
drogel with 5 yg/mL BmKn2 and 0.1 pg/mL
sanguinarine was selected as the most sui-
table materials. Prior study reported that san-
guinarine may induce the release of autolysin
from the cell wall of bacteria, leading to cell
lysis and diaphragm. The minimum inhibitory
concentration (MIC) ranges from 3.12 ug/mL to
6.25 pg/mL [34].

Conclusions

In summary, we herein designed an injec-
table hydrogel with antimicrobial peptide and
sanguinarine controlled release ability to com-
bat drug-resistant bacterial infections in the
healthcare settings. OSA/AHA/sanguinarine/
PDA-Bmkn2 hydrogel was prepared success-
fully by a Schiff-base reaction under mild condi-
tions. The hydrogel showed suitable gelation
time, appropriate swelling ratio, stable rheologi-
cal properties, extremely good mechanical
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strengths and the stability of enzymatic degra-
dation. The in vitro release data showed that
hydrogel had a good ability for drug retention
and the Bmkn2 was released from PDA nano-
particle and hydrogel matrix in a sustained and
slow manner. OSA/AHA/sanguinarine/PDA-
Bmkn2 hydrogel (less than 10 pg/mL BmKn2
and 0.2 pg/mL sanguinarine) exhibited good
biocompatibility. Meanwhile, OSA/AHA/sangui-
narine/PDA-Bmkn2 hydrogel with 5 pg/mL
BmKn2 and 0.1 pg/mL sanguinarine had
potent antibacterial properties. Taking into
consideration of the results, the prepared
OSA/AHA/sanguinarine/PDA-Bmkn2 hydrogel
with 5 yg/mL BmKn2 and 0.1 yg/mL sangui-
narine may be considered as a new antibacte-
rial candidate for the surgical site infection
application. Moreover, by using PDA nanoparti-
cle and hydrogel systems, various drugs can be
loaded in hydrogel matrices to prepare multi-
functional materials with sustaining drug
release properties.
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Figure S1. The size distribution of PDA-BmKn2 nanoparticles.



