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Abstract: The development of a wound dressing with both antibacterial and healing-guiding functions
is a major concern in the treatment of open and infected wounds. In this study, poly(hexamethylene
biguanide) hydrochloride (PHMB) was loaded into a 3D silk fibroin (SF) scaffold based on electrostatic
interactions between PHMB and SF, and PHMB/SF hybrid scaffolds were prepared via freeze-
drying. The effects of the PHMB/SF ratio on the antibacterial activity and cytocompatibility of the
hybrid scaffold were investigated. The results of an agar disc diffusion test and a bacteriostasis rate
examination showed that when the mass ratio of PHMB/SF was greater than 1/100, the scaffold
exhibited obvious antibacterial activity against E. coli and S. aureus. L-929 cells were encapsulated
in the PHMB/SF scaffolds and cultured in vitro. SEM, laser scanning confocal microscopy, and
CCK-8 assay results demonstrated that hybrid scaffolds with a PHMB/SF ratio of less than 2/100
significantly promoted cell adhesion, spreading, and proliferation. In conclusion, a hybrid scaffold
with a PHMB/SF ratio of approximately 2/100 not only effectively inhibited bacterial reproduction
but also showed good cytocompatibility and is expected to be usable as a functional antibacterial
dressing for wound repair.
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1. Introduction
Li, M. Preparation and Properties of

Antibacterial Silk Fibroin Scaffolds. Bacterial infection is one of the main problems associated with impaired wound
Polymers 2023, 15, 4581. https:// healing [1]. When bacteria invade, the wound site provides a favorable environment for
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wound healing through different mechanisms. Bacteria consume nutrients and oxygen
from tissues and produce endotoxins [2]. Bacterial infestation can lead to dilatation and
hypoxia of the wound site, vascular occlusion, and ultimately local tissue death at the
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tively [5]. The total content of polar amino acids in SF is only approximately 4.75%, among
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D1, and vascular endothelial growth factor by stimulating the NF-«B signaling pathway,
thus promoting wound healing [8-10]. NF-«B signaling regulates cell growth and adhe-
sion, blocks reactive oxygen generation, and promotes the healing of skin wounds [11,12].
Although SF-based wound dressings have significant positive effects on wound repair
and healing, they lack the ability to inhibit bacterial reproduction on open wounds or
on wounds with bacteria present. Therefore, endowing SF-based wound dressings with
effective antibacterial functions is the key to their widespread application in the clinical
treatment of open and bacteria-containing wounds.

Loading antimicrobials such as nano silver particles, antibiotics, antimicrobial pep-
tides, and cationic polymers into wound dressings is an effective way of improving their
antibacterial activity and preventing wound infection, but large doses of antimicrobials
usually cause obvious side effects such as cytotoxicity and systemic toxicity [13—15]. For
example, loading antimicrobial peptides into a chitosan/fibroin scaffold can improve inhibi-
tion against E. coli and S. aureus, but the viability of cells inoculated in the scaffold decreases
from 97% to 70% [16]. Reducing the dose of antimicrobials can reduce the cytotoxicity
of wound dressings, but the antibacterial ability is also decreased [17]. The selection of
antibacterial agents, the method of loading them into a wound dressing, and the way
of binding them to the dressing have significant effects on the antibacterial activity and
cytocompatibility of the dressing [18].

Poly(hexamethylene biguanide) hydrochloride (PHMB) is a cationic oligomer con-
taining an average of 7-11 biguanide groups separated by flexible hexamethylene chain
segments [19]. PHMB is an environmentally friendly broad-spectrum antimicrobial agent
with superior antimicrobial properties [20], including strong antimicrobial activity against
both Gram-positive and Gram-negative bacteria, and the ability to bind to negatively
charged bacterial cell membranes, resulting in cytoplasmic leakage and thus killing bacte-
ria [21,22]. PHMB has the advantages of high antibacterial activity, low cytotoxicity, and
high biocompatibility [23,24], and it has been used as a wound disinfectant and as a foam
dressing for the treatment of wound infections [25,26].

Our previous study showed that SF scaffolds can effectively load PHMB, and PHMB
can be slowly released in SF scaffolds for up to 20 days, eliciting a certain antibacterial
effect [27]. The positively charged PHMB is loaded into the SF scaffold through electrostatic
interactions with the negatively charged SE, avoiding the use of chemical crosslinkers, which
is beneficial for the cytocompatibility of the PHMB/SF scaffold. However, the loading of
high doses of antibacterial agents may have a negative effect on the cytocompatibility of
SF scaffolds. Therefore, investigating the effect of the PHMB loading ratio in SF scaffolds
on their cytocompatibility is crucial for the clinical application of PHMB/SF scaffolds as a
novel antibacterial wound dressing.

The aim of this study was to investigate the extent and correlation of the effects of
PHMB loading on the antimicrobial performance and cytocompatibility of PHMB/SF
hybrid scaffolds and to determine the threshold PHMB/SF ratio that does not cause a sig-
nificant negative effect on cell growth in the PHMB/SF hybrid scaffold. PHMB/SF hybrid
scaffolds with different PHMB proportions were prepared via freeze-drying, and PHMB
was loaded into the scaffold through electrostatic interactions with SF. The relationship
between the PHMB/SF ratio and the antibacterial activity of the scaffold against E. coli
and S. aureus was investigated using the agar disc diffusion method and bacteriostasis rate
determination. The effect of the PHMB/SF ratio on the growth of L-929 mouse fibroblasts
inoculated in the scaffolds was observed via SEM and laser confocal microscopy, and the
effect on cell proliferation was examined using a CCK-8 assay.

2. Materials and Methods
2.1. Preparation of SF Solution

Silk fibers (Nantong, China) were degummed three times in 0.05 wt% Na;COs3
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) aqueous solution at 100 °C
for 30 min and dried at 60 °C after being rinsed thoroughly with deionized water. The
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extracted fibers were dissolved in 9.3 mol/L LiBr (Sigma-Aldrich, Saint Louis, MO, USA)
solution at 60 °C for 1 h. Regenerated SF solution was obtained after dialysis (MWCO,
8-14 kDa) in deionized water for 3 days.

2.2. Preparation of the PHMB/SF Scaffold

As shown in Figure 1, when positively charged PHMB was blended with the nega-
tively charged SF solution, PHMB bound to SF through electrostatic interactions to form
a PHMB/SF complex. Next, PHMB/SF scaffolds were prepared via freeze-drying. The
specific method is described below.
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Figure 1. Schematic illustration of the formation of the PHMB/SF complex.

An SF solution of 2 wt% was weighed in a beaker, and 10% (w/w) propanetriol solution
was added so that the mass of propanetriol in the mixed solution accounted for 30% of the
mass of SE. Then, the aqueous solution of PHMB (Lonza Co., Ltd., Allendale, NJ, USA) was
drop-added to the slowly stirred SF solution. The mass ratios of PHMB/SF in the mixed
solution were 0/100, 0.5/100, 1/100, 2/100, 3/100, 7/100, and 10/100. The blend solution
was cast onto a stainless-steel plate in a layer with a thickness of approximately 2 mm. The
stainless-steel plates containing the blend solution were immediately frozen at —40 °C for
6 h and then freeze-dried in a lyophilizer (VirTis, Columbus, OH, USA) for 36 h to prepare
PHMB/SF scaffolds. The prepared scaffolds were placed in a constant-temperature and
humidity chamber at 40 °C and RH 90% for 24 h to render the scaffold insoluble in water.
Finally, the hybrid scaffolds were sterilized via y-ray irradiation and stored at 2-8 °C.

2.3. Morphological Observation of the Scaffolds

PHMB/SF scaffold samples were attached to an electron microscope stage with con-
ductive adhesive and sprayed with gold for 90 s, and the cross-sectional morphology of
the hybrid scaffold was observed using scanning electron microscopy (5-4800, Hitachi,
Tokyo, Japan).

2.4. X-ray Diffraction and Fourier Transform Infrared Spectroscopy of the Scaffolds

X-ray diffraction (XRD) was performed using an X" Pert-Pro MPD diffractometer
(Philips, Almelo, The Netherlands), and CuK« radiation with a wavelength of 1.5406 A
was used. The scanning speed was 2°/mm. The diffraction intensity curves with 26
from 5° to 50° were obtained. The PHMB/SF scaffold was cut into tiny particles and
sieved through a 150-mesh screen, and the particles were co-mixed and ground with KBr
crystals and pressed into tablets. Fourier transform infrared (FTIR) spectra were obtained
using a Nicolet 5700 (Thermo Fisher Scientific Inc., Waltham, MA, USA) in the range of
500-3500 cm 1.
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2.5. Zeta Potential of the PHMB/SF Complexes

PHMB/SF complexes with PHMB/SF mass ratios of 0/100, 0.5/100, 1/100, 2/100,
3/100,7/100, and 10/100 were prepared via adding PHMB solution dropwise to SF solution.
The solutions were diluted with distilled water to 0.1 wt% for zeta potential measurement.
The zeta potential of the PHMB/SF complexes was measured at 25 °C using a Zetasizer
Nano Z590 (Malvern Panalytical, Malvern, UK).

2.6. Antibacterial Activity Test

The bacteriostasis circle of the samples against E. coli and S. aureus was measured
using the agar disc diffusion method [28]. The PHMB/SF scaffold was cut into uniformly
sized discs of 10 mm in diameter, and the SF scaffold was used as a control. All samples
were sterilized using ®*Co irradiation.

E. coli and S. aureus were grown using Luria—Bertani medium and incubated for 16 h
at 37 °C in a shaking incubator (160 rpm/min). The concentration of the bacterial solution
was 2 x 107 CFU/mL. The moist scaffolds were placed on the surfaces of agar plates
inoculated with bacteria (E. coli or S. aureus) and incubated for 16 h at 37 °C in an incubator.
Finally, the bacteriostasis circle width was calculated using Formula (1).

" D-d

H
2

)

Here, H (mm) is the width of the bacteriostasis circle, d (mm) is the sample diameter,
and D (mm) is the outer diameter of the bacteriostasis circle.

The bacteriostasis rate (%) of the scaffolds was assessed using the shake flask method [29].
Samples were immersed in 75 mL of PBS solution for three days, and then 5 mL
(2 x 107 CFU/mL) of bacterial suspension was added and incubated for 18 h at 37 °C
in a shaking incubator (160 rpm/min). The bacterial suspension was then diluted 100-fold,
inoculated on agar culture plates, and incubated for 24 h at 37 °C in a biochemical incubator.
Images of colony growth were taken at the end of the culture. The number of colonies in
the dish was recorded, and the bacteriostasis rate (%) was calculated using Formula (2).

x=W-Q

x 100% )

Here, X (%) is the bacteriostasis rate, W (CFU) is the average number of colonies in
the SF scaffold petri dish, and Q (CFU) is the average number of colonies on the hybrid
scaffold petri dish with different PHMB/SF mass ratios.

2.7. SEM Observation of Cell morphology

L929 cells (ATCC, Manassas, VA, USA) were cultured using Dulbecco’s modified Eagle
medium (Gibco, Waltham, MA, USA) containing 10% fetal bovine serum (Gibco, Waltham,
MA, USA). Cells were grown in cell culture dishes using a humidified 5% CO, incubator
at 37 °C.

1929 cells were cultured in PHMB/SF hybrid scaffolds for 1, 3, and 7 days, and the
medium was discarded. After gently washing the samples with PBS three times, 2.5% glu-
taraldehyde solution was added and fixed in a 2-8 °C refrigerator for 12 h. Next, dehydration
was performed with 50%, 60%, 70%, 80%, 90%, and 100% ethanol in sequence. The dehydrated
porous scaffolds were vacuum-dried and sprayed with gold for 90 s, followed by examination
using scanning electron microscopy (SEM).

2.8. Laser Confocal Microscopy Observation of Cell Morphology

L929 cells were cultured in PHMB/SF hybrid scaffolds for 1, 3, and 7 days, and the
medium was discarded. After gently washing the samples with PBS three times, 1 mL
of fluorescein diacetate (Sigma-Aldrich, Saint Louis, MO, USA) solution (10 g/mL) was
added to each sample, and the samples were incubated in the dark for 10 min. Next, the
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reaction solution was discarded, and the samples were rinsed thoroughly with PBS. The cell
morphology inside the hybrid scaffolds was observed using a laser confocal microscope.

2.9. Cell Proliferation Assay

Cell viability evaluations were performed using the CCK-8 assay. L-929 cells were
cultured in PHMB/SF scaffolds for 1, 3, and 7 d, and the medium was discarded. After
gently rinsing the samples with PBS solution, 500 puL of medium with 50 puL of CCK-8
reagent (Sigma-Aldrich, Saint Louis, MO, USA) was added to each well. The 24-well plates
were cultured in an incubator for 3 h. The medium was aspirated into 1.5 mL centrifuge
tubes and centrifuged at 1000 rpm for 5 min. The supernatant was added to 96-well plates
at 100 uL per well. The optical density (OD) was measured at 450 nm using a microplate
reader (Synergy HT, Bio Tek, Winooski, VI, USA). The cell viability of L-929 cells was
calculated using Formula (3). Each experiment was performed in triplicate and repeated at

least three times.

oD
Cell viability (%) = ———20sample) 1009 3)

OD450(c0ntrol)
Here, ODgs50(sample) is the optical density of PHMB/SF scaffolds with different mass
ratios, and ODysg(control) 1S the optical density of the SF scaffold group.

2.10. Statistical Analysis

Data are expressed as the mean =+ standard deviation (SD). Samples were evaluated
using one-way analysis of variance (ANOVA). Statistical significance was set in advance to
a probability level of 0.05.

3. Results
3.1. Characterization of the PHMB/SF Scaffold

Figure 2 shows cross-sectional SEM images of PHMB/SF hybrid scaffolds with dif-
ferent PHMB/SF mass ratios. The interior of the PHMB/SF scaffolds presented a porous
structure. The shape of the pores inside the scaffolds was oval or polygonal, and the
average size of the pores was 136~171 um. No obvious PHMB accumulation was observed
on the pore walls. Compared with the SF porous scaffold without PHMB, the shape of the
pores in the scaffold did not change significantly after PHMB was incorporated into the SF
scaffold. When the PHMB/SF mass ratios were 3/100, 7/100, and 10/100, there were more
micron-scale secondary pores on the pore walls of the large pores inside the scaffolds, and
the connectivity between the large pores was improved. The formation of secondary pores
on the walls of the large pores in the scaffold provided channels for the release of PHMB
loaded in the scaffold.

In the X-ray diffraction pattern of the SF scaffold, the diffractions of Silk I appeared
at approximately 12.2°,19.7°, 24.3°, and 28.2°, and the diffractions of Silk Il appeared at
approximately 9.1°, 18.9°, and 20.7° [30]. Figure 3A shows the X-ray diffraction curves of
PHMB/SF scaffolds with different mass ratios. The SF scaffold showed a strong diffraction
peak near 20.7° and a medium diffraction peak near 24.3°. These results indicate that the
molecular conformation of SF in the scaffold was mainly 3-folded after induction treatment
with glycerol. Compared with the SF scaffold, the diffraction peak of the PHMB/SF hybrid
scaffold did not change significantly in the X-ray diffraction curve, indicating that the
addition of PHMB did not significantly affect the molecular conformation of SE.

The FTIR spectra results also showed that PHMB did not have a significant effect on
the structure of the scaffold (Figure 3B). The characteristic absorptions of SF at amides I, II,
and III in the SF scaffolds appeared at 1640 cm ™!, 1520 cm ™!, and 1230 cm !, respectively.
Compared with the SF scaffolds without PHMB, the characteristic absorptions of the
PHMB/SF scaffold at amides I, II, and III did not change significantly, showing that the
molecular conformation of the SF in the hybrid scaffold was dominated by a {3-sheet
structure [31-33].
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(A)

Figure 2. SEM images of the PHMB/SF scaffolds. PHMB/SF mass ratios: (a) 0/100; (b) 0.5/100;
(c) 1/100; (d) 2/100; (e) 3/100; (f) 7/100; (g) 10/100. Scale bar: 500 pm.
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Figure 3. Characterization of the PHMB/SF scaffolds. (A) XRD curves. (B) FTIR spectra. (C) Zeta
potential. PHMB/SF mass ratios: (a) 0/100; (b) 0.5/100; (c) 1/100; (d) 2/100; (e) 3/100; (f) 7/100;
(g) 10/100; (h) 100/0.

After the positively charged PHMB was blended with the negatively charged SF, the
PHMB bound to SF through electrostatic interactions, forming PHMB/SF complexes. As
shown in Figure 3C, the zeta potential of SF was —6.81 £ 0.26 mV, and the zeta potential of
the PHMB/SF complex gradually increased with an increasing PHMB/SF mass ratio. When
the PHMB/SF mass ratio was 3/100, the zeta potential of the complex was —0.78 &= 0.09 mV,
and the negative charge on the SF surface was basically neutralized. When the PHMB/SF
mass ratio was 7/100, the surface charge of the complex turned from negative to positive,
and the zeta potential of the complex was +1.78 £ 0.19 mV. When the PHMB/SF mass
ratio was 10/100, the zeta potential of the complex increased to +4.07 = 0.15 mV, and
the surface of the complex carried a large positive charge. The cumulative release rate of
PHMB from the PHMB/SF scaffolds gradually increased with an increasing zeta potential
(Figure S1). Although the cumulative release rates of the scaffolds with different mass
ratios were different, all the scaffolds showed an initial burst release of PHMB, followed by
sustained release. This could facilitate the antibacterial effect of PHMB in the PHMB/SF
scaffold for long durations.
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3.2. Antimicrobial Activity of PHMB/SF Scaffolds

Figure 4A,B show images of the bacteriostasis circles of the hybrid scaffolds with
different PHMB/SF mass ratios against E. coli and S. aureus. The SF scaffold without
PHMB did not produce bacteriostasis circles, indicating that the SF scaffold without PHMB
did not have an inhibitory effect on E. coli and S. aureus. No significant bacteriostasis
circles were observed around the hybrid scaffolds with PHMB/SF mass ratios of 0.5/100
and 1/100. There was an obvious inhibition zone around the hybrid scaffold with a
PHMB/SF mass ratio of 2/100, and the widths of the bacteriostasis circles against E. coli
and S. aureus were 0.68 £ 0.11 mm and 0.88 + 0.18 mm, respectively. When the PHMB/SF
mass ratio was 3/100, the widths of the bacteriostasis circles against E. coli and S. aureus
were 2.63 &£ 0.18 mm and 3.38 £ 0.18 mm, respectively. When the PHMB/SF mass ratio
increased to 10/100, the widths of the PHMB/SF scaffold against E. coli and S. aureus
was further increased to 7.75 &+ 0.35 mm and 8.51 £ 0.61 mm, respectively. As shown in
Figure 4C, with an increasing PHMB/SF mass ratio, the width of the bacteriostasis circles
significantly increased, and the bacteriostatic effect of the hybrid scaffolds was enhanced.

E.coli —
S.aureus PN

1 _all

0100 0.5/100 1/100 2100 3100 7100 10/100
PHMB/SF mass ratio

—_

Bacteriostasis circle width (mm) 9
|
|

Figure 4. Bacteriostasis circles of hybrid scaffolds with different PHMB/SF mass ratios. (A) Images
against E. coli. (B) Images against S. aureus. (C) Widths of the bacteriostasis circle. PHMB/SF mass
ratios: (a) 0/100; (b) 0.5/100; (c) 1/100; (d) 2/100; (e) 3/100; (f) 7/100; (g) 10/100. Scale bar: 10 mm.

The bacteriostasis rates of the PHMB/SF scaffold against E. coli and S. aureus are shown
in Figure 5A. A large number of colonies were found in the Petri dishes of the SF scaffold
without PHMB (Figure 5A), and the bacteriostasis rate against E. coli and S. aureus was
0%. As the PHMB/SF mass ratio increased, the number of colonies gradually decreased.
Hybrid scaffolds with PHMB/SF mass ratios of 0.5/100 and 1/100 had bacteriostasis rates
against E. coli of 45.3 &= 3.8% and 67.2 & 2.8%, respectively, and those against S. aureus were
51.2 £ 1.7% and 78.2 & 1.5%, respectively (Figure 5B). When the mass ratio of PHMB/SF
was 2/100, the bacteriostasis rates of E. coli and S. aureus were 94.7 & 2.1% and 98.7 &= 1.2%,
respectively. When the PHMB/SF mass ratio was greater than 2/100, few colonies were
present in the plates. The bacteriostasis rates of the PHMB/SF scaffolds with mass ratios of
3/100, 7/100, and 10/100 against E. coli and S. aureus were all close to 100% (Figure 5B).
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The above results show that the antimicrobial activity of the hybrid scaffolds increased
with the increase in the PHMB/SF mass ratio.

iik m E.coli
-..= \ 1 V) S.aureus
WEEE
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1/100  2/100  3/100
PHMB/SF mass ratio

Figure 5. Bacteriostasis rates of hybrid scaffolds with different PHMB/SF mass ratios. (A) Images
of the bacteriostasis rate test against (al-g1) E. coli and (a2-g2) S. aureus. (B) Bacteriostasis rate.
PHMB/SF mass ratios: (al,a2) 0/100; (b1,b2) 0.5/100; (c1,¢2) 1/100; (d1,d2) 2/100; (el,e2) 3/100;
(f1,£2) 7/100; (g1,82) 10/100. Scale bar: 10 mm.

3.3. Morphology of L-929 Cells in the Scaffold

The morphology of cell adhesion, spreading, and proliferation inside the PHMB/SF
scaffolds was observed using scanning electron microscopy (Figure 6). One day after the
L-929 cells were seeded, the cells in the SF scaffolds without PHMB were spindle-shaped
and could adhere to the surfaces of the scaffolds and extend small numbers of filopodia.
The cells in the hybrid scaffolds with PHMB/SF mass ratios of 0.5/100, 1/100, and 2/100
could also adhere to the scaffold surfaces, and their cell morphology was not significantly
different from that in the SF scaffold without PHMB. Some of the cells within the hybrid
scaffold with a PHMB/SF mass ratio of 3/100 were spherical, and pseudopodia were not
apparent. The cells in the PHMB/SF scaffolds with mass ratios of 7/10 and 10/100 were
spherical and could not spread.
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Figure 6. SEM images of L-929 cells seeded in PHMB/SF scaffolds and cultured for 1, 3, and 7 days.
(al-g1) 1 day; (a2-g2) 3 days; (a3—g3) 7 days. PHMB/SF mass ratios: (al-a3) 0/100; (b1-b3) 0.5/100;
(c1-¢3) 1/100; (d1-d3) 2/100; (e1—e3) 3/100; (£1-£3) 7/100; (g1-g3) 10/100. White arrows point to
cells. Scale bar: 50 um.

Three days after inoculation, the number of cells in the SF scaffold increased, and the
cells extended a large number of lamellar pseudopodia and fully spread along the walls
of the scaffold. Compared with the SF scaffold without PHMB, the morphologies of the
cells in the hybrid scaffolds with PHMB/SF mass ratios of 0.5/100, 1/100, and 2/100 were
similar, and the number of cells had significantly increased. In the hybrid scaffold with a
PHMB/SF mass ratio of 3/100, many cells were spherical, and only a small number of cells
were fusiform and could not spread well. The cells in the PHMB/SF scaffolds with mass
ratios of 7/10 and 10/100 were still spherical, and the number of cells was small.
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At 7 days after inoculation, the number of cells in the SF scaffold without PHMB
further increased, and the cells not only fully spread but also connected to each other.
Compared with the SF scaffold without PHMB, the number of cells in the hybrid scaffolds
with PHMB/SF mass ratios of 0.5/100 and 1/100 was greater, the cells were spreading to a
greater degree, and the cells were more tightly connected. The number of cells in the 2/100
PHMB/SF scaffold was not significantly different from that in the SF scaffold, but the cells
had spread to a greater degree and were more closely connected. The number of cells in
the hybrid scaffolds with PHMB/SF mass ratios of 3/100, 7/100, and 10/100 was small,
and the cells could not spread normally.

The SEM results showed that compared with the cells in the SF scaffold without
PHMB, the cells in the hybrid scaffolds with PHMB/SF mass ratios of 0.5/100, 1/100,
and 2/100 had more abundant pseudopods, exhibited more extensive spreading, and
had more obvious intercellular connections, suggesting that the hybrid scaffolds with
PHMB/SF mass ratios of 0.5/100, 1/100, and 2/100 can promote cell adhesion, spreading,
and proliferation. When the PHMB/SF mass ratio was greater than 3/100, the cells could
not spread, proliferate, or grow normally in the hybrid scaffolds.

3.4. Proliferation of L-929 Cells in the Scaffold

The proliferation of L-929 cells cultured in scaffolds with different PHMB/SF mass
ratios for 1, 3, and 7 days was observed using laser confocal microscopy (Figure 7A). After
1 day of culturing the L-929 cells in the scaffold, obvious green fluorescence was observed
in the SF scaffolds without PHMB and in the PHMB/SF scaffolds with mass ratios of
0.5/100, 1/100, 2/100, and 3/100, indicating the existence of a large number of living cells.
Fluorescence was stronger in the PHMB/SF scaffolds with mass ratios of 0.5/100 and 1/100
than in the SF scaffolds without PHMB, showing that more living cells were present in the
scaffolds. Weak green fluorescence was observed within the PHMB/SF scaffolds with mass
ratios of 7/100 and 10/100, indicating that only a small number of cells had survived.

After 3 days of cell culture, the fluorescence within the PHMB/SF scaffolds with mass
ratios of 0.5/100, 1/100, and 2/100 was stronger than that in the SF scaffold without PHMB
(Figure 7A). This showed that PHMB/SF scaffolds with mass ratios of 0.5/100, 1/100, and
2/100 had a greater number of viable cells and faster rates of cell proliferation. When the
mass ratio of PHMB/SF was 3/100, obvious fluorescence was also observed in the scaffold,
but the fluorescence was weaker than that in the SF scaffold without PHMB. Weak green
fluorescence was observed in the PHMB/SF scaffolds with mass ratios of 7/100 and 10/100,
showing that the cells could not proliferate efficiently.

After 7 days of cell culture, the fluorescence within the SF scaffold without PHMB
and in the PHMB/SF scaffolds with mass ratios of 0.5/100, 1/100, and 2/100 was further
enhanced compared with that after 3 days of culture (Figure 7A). The fluorescence intensity
of the PHMB/SF scaffold with a mass ratio of 3/100 was weaker than that of the SF scaffold
without PHMB. Only weak green fluorescence was observed in the PHMB/SF scaffolds
with mass ratios of 7/100 and 10/100, showing that the cells could not proliferate effectively.

The proliferative activity of L-929 cells in the scaffolds determined via the CCK-8 assay
is shown in Figure 7B. After 1 day of culture, the cell viabilities of the PHMB/SF scaffolds
with mass ratios of 0.5/100, 1/100, 2/100, 3/100, 7/100, and 10/100 were 103.4%, 96.7%,
78.7%, 13.4%, 0%, and 0%, respectively. Compared with the cell viability of the SF scaffold
without PHMB (100%, Figure 7B(a)), the cell viability of the PHMB/SF scaffolds with mass
ratios of 3/100, 7/100, and 10/100 decreased significantly. After 3 days of culture, the cell
viabilities of the PHMB/SF scaffolds with mass ratios of 0.5/100 and 1/100 were 167.4%
and 186.8%, respectively, which were significantly higher than the cell viability of the SF
scaffold without PHMB (145.3%, p < 0.05). The cell viability of the PHMB/SF scaffold with
a mass ratio of 2/100 was 151.5%, which was not significantly different from that of the
SF scaffold without PHMB. The cell viabilities of the scaffolds with mass ratios of 3/100,
7/100, and 10/100 were 26.4%, 0%, and 0%, respectively, and these values are significantly
lower than the cell viability of the SF scaffolds (p < 0.0001). After 7 days of culture, the cell



Polymers 2023, 15, 4581

11 0f 17

viabilities of the PHMB/SF scaffolds with mass ratios of 0.5/100, 1/100, 2/100, 3/100, 7 /100,
and 10/100 were 334.5%, 316.3%, 295.3%, 66.2%, 0%, and 0%, respectively. Compared
with the cell viability of the SF scaffold group (311.3%), the cell viability of the PHMB/SF
scaffolds with mass ratios of 3/100, 7/100, and 10/100 was significantly lower, while the cell
viability of the PHMB/SF scaffolds with mass ratios of 0.5/100, 1/100, and 2/100 was not
significantly different.
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Figure 7. Proliferation of L-929 cells in PHMB/SF scaffolds. (A) Laser confocal images of L-929
cells seeded in PHMB/SF scaffolds and cultured for 1, 3, and 7 days. (al-g1) 1 day; (a2-g2) 3 days;
(a3—g3) 7 days. (B) Cell viability. PHMB/SF mass ratios: (a) 0/100; (b) 0.5/100; (c) 1/100; (d) 2/100;
(e) 3/100; (f) 7/100; (g) 10/100. Scale bar: 100 um. *: p < 0.05, ****: p < 0.0001.

The results of the CCK-8 assay were consistent with the results of laser confocal
microscopy observation, showing that PHMB/SF scaffolds with mass ratios of 0.5/100
and 1/100 could better promote cell proliferation compared with the SF scaffolds without
PHMB. The PHMB/SF scaffold with a mass ratio of 2/100 did not have a significant effect
on cell proliferation compared with the SF scaffold without PHMB. When the mass ratio
of PHMB/SF was greater than 3/100, however, the proliferation activity of cells in the
PHMB/SF scaffold decreased significantly.
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4. Discussion

Open wounds provide favorable conditions for microbial colonization, and once wounds
are infected with bacteria, the normal healing process is seriously compromised [34,35].
Systemic antimicrobial agents do not work well because of poor blood circulation at the
site of the wound. It is therefore essential to use a wound covering that prevents bacterial
infection [36,37]. In this study, PHMB/SF hybrid scaffolds with an antimicrobial function
were prepared via freeze-drying based on electrostatic interactions between PHMB and
SF. The experimental results showed that when the PHMB/SF ratio was approximately
2/100, the hybrid scaffold not only had a strong antibacterial effect but also promoted cell
spreading and proliferation. When this scaffold is used to cover a wound, depending on
the PHMB carried by the hybrid scaffold, it will be able to continuously inhibit bacterial
reproduction in the local wound and guide the repair of the wound through the three-
dimensional microenvironment inside the scaffold.

The loading of PHMB in SF scaffolds changed the zeta potential of SF but had no
significant effect on the structure of the SF scaffolds (Figures 2 and 3). PHMB is positively
charged and can bind to negatively charged SE. As the mass ratio of PHMB increased, the
zeta potential of SF protein gradually changed from negative to positive (Figure 3C). This
showed that PHMB effectively neutralized the negative charges on the surface of the SF via
electrostatic interactions.

SF scaffolds have good biocompatibility and can promote cell adhesion and prolif-
eration, and they have been widely used in the field of tissue engineering. However, SF
scaffolds do not have antibacterial activity, which limits their applications regarding open
wounds. The PHMB/SF scaffolds prepared in this study were able to release PHMB slowly
and sustainably (Figure S1) and exhibited effective antimicrobial activity (Figures 4 and 5).
As a broad-spectrum antibacterial agent, PHMB itself has a positive charge, and its com-
bination with the negatively charged bacterial cell wall leads to the leakage of bacterial
cytoplasm, thereby killing bacteria [38]. The PHMB/SF scaffold’s inhibition of S. aureus was
stronger than that for E. coli (Figures 4 and 5). The cell wall of S. aureus is composed of pep-
tidoglycans with abundant pores, making it more susceptible to PHMB attacks, resulting
in cell fragmentation. However, the outer cell wall of E. coli is composed of lipopolysac-
charides, lipoprotein, and phospholipids, which have a certain degree of resistance to the
attack of PHMB [39]. The concentration of PHMB solution directly used in clinical wound
disinfection is 0.2-1.0 mg/mL [40]. After a 12 h immersion in phosphate-buffered saline
(pH7 4), the cumulative release ratio of PHMB in the hybrid scaffold with a PHMB/SF ratio
of 10/100 was about 51.9% (Figure S1), resulting in a PHMB concentration of approximately
1.0 mg/mL in the liquid contained in the scaffold, which reached the maximum dose
for wound disinfection. Therefore, the maximum mass ratio of PHMB/SF in the hybrid
scaffold was set as 10/100 in this study.

The PHMB/SF scaffold has a porous structure with a pore size of approximately
163~171 pum, which provides a three-dimensional space for cell adhesion and proliferation
(Figure 2). After neutralizing the partial negative charge on the SF surface with PHMB, the
electrostatic repulsion between the surface of the pore wall inside the scaffold and the cell
surface was reduced, and cell adhesion and spreading were further promoted (Figure 6).
The results of the cell proliferation experiment also showed that the cells on the PHMB/SF
scaffolds with mass ratios of 0.5/100, 1/100, and 2/100 had effective proliferation activity
(Figure 7). Unlike medical antibiotics, PHMB can directly destroy the bacterial wall and
hinder the metabolism of bacteria, rather than interfering with the synthesis of the bacterial
wall, which may be an important reason why PHMB does not have obvious cytotoxicity,
genotoxicity, and bacterial resistance [41,42].

Antimicrobial agents, such as nano silver particles, antibiotics, antimicrobial peptides,
and cationic polymers, are effective in conferring antibacterial properties on dressings
(Table 1). Nano silver particles have a strong antibacterial effect, but they also exert cyto-
toxicity and hepatotoxicity, which have adverse effects on the cytocompatibility of dress-
ings [43-45]. Antibiotics and antimicrobial peptides have antibacterial effects [18,46—49],
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but there are problems regarding bacterial resistance [50]. Antimicrobial peptides are
usually bound to dressings via chemical crosslinking, and the residue of crosslinking agents
potentially endows dressings with cytotoxicity [51]. Although cationic compounds such
as polyvinylimide and chitosaccharides have antibacterial effects to some extent, they
also pose a risk of cytotoxicity [52,53]. In this study, PHMB, with low cost and no risk of
long-term toxicity or bacterial resistance, was chosen as an antimicrobial agent. PHMB
was loaded into the scaffold through electrostatic interactions without the use of cross-
linking agents, and this was beneficial to improving the cytocompatibility of the scaffold.
The results of the cytocompatibility experiments showed that the loading of PHMB ap-
plied to the scaffolds not only promoted cell proliferation but also facilitated cell adhesion

(Figures 6 and 7).

Table 1. Antibacterial efficiency and cytocompatibility of SF-based dressings.

Antiaga:rtl:rlal Material Form Loading Method Antimicrobial Efficiency Cytocompatibility Ref.
Droplet microfluidic .o Cell viability
Hydrogel approach E. coli (75%) exceeded 97%
Zone of inhibition (12 h): Reached to
Nano silver Mat Coating S. aureus (10 mm) confluence stage after [43-45]
E. coli (14 mm) 5 days of incubation
Hydrogel Hydrothermal Growth inhibition of E. coli Can p1j0m0t'e cell
proliferation
Zone of inhibition (24 h): Reached to
Film Dipping S. aureus (19-21 mm) confluence stage after
E. coli (1618 mm) 5 days of incubation
Film Electrospinning Zone of inhibition (24 h): No cytotoxicity
Antibioti S. aureus (3 mm) [18,46-48]
nubiotics Scaffold Freeze-drvin Zone of inhibition (26 d): S. No harmful effect on !
yms aureus (11-14 mm) cell viability
Zone of inhibition (24 h): Can promot
Scaffold Dipping S. aureus (8.8 mm) w img }(: a?'r?
E. coli (7.5 mm) N calng
Zone of inhibition (12 h): e
Bioadhesives Blended S. aureus (2.1 mm) a Cflgvﬁakgligz)o y
E. coli (4.3 mm) pproache ’
Zone of inhibition (12 h): Cell viability
Antibacterial Scaffold Electrospinning S. aureus (7.8 mm) o
peptides E. coli (6.9 mm) approached 90% [16,17,49,51]
. Covalent o Cell viability
Film cross-linking - aureus (75%) decreased
. Covalent Strong antibacterial properties .
Film cross-linking against S. epidermidis, E. coli No cytotoxic
Film Electrospinning E. coli (93.63 £ 2.09%) No obv.lo.u S
cytotoxicity
Complete inhibition of .
. . . No obvious
Film Electrospinning S. aureus and P. aeruginosa .
- cytotoxicity
Cationic growth after 5 h
A [14,15,52,53]
polymers Zone of inhibition (24 h): No obvi
Scaffold Blended E. coli (16 mm) oot
Pseudomonas aureus (14 mm) cytotoxietty
. Electrostatic ) o Cell viability
Film interaction E. coli and S. aureus (98%) approached 78%

In the PHMB/SF hybrid scaffold constructed in this study, the SF components mainly
play three roles. One is to provide adhesion sites for cell growth and promote cell pro-
liferation. Secondly, silk fibroin scaffolds have the ability to contain water, and a moist
environment is conducive to skin repair. Finally, as the carrier of PHMB, a fibrin scaffold
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can avoid an excessive explosive release of PHMB and achieve continuous release of PHMB.
Our previous studies have shown that 1, 2, 3, and 4 weeks after the implantation of freeze-
dried SF scaffolds into the full-thickness skin defect wounds of SD rats, the degradation
rates were 28%, 59%, 74%, and 85%, respectively, which basically matched the speed of
wound repair [54]. Therefore, when the PHMB/SF scaffold covers a wound, the poten-
tial functions of sustained antibacterial activity and the promotion of wound repair can
be expected.

Compared with the PHMB-free SF scaffolds, cell viability was significantly increased
in the hybrid scaffolds with PHMB/SF mass ratios of 0.5/100 and 1/100, while cell viability
was significantly decreased in the hybrid scaffolds with PHMB/SF mass ratios of 3/100,
7/100, and 10/100 (Figure 7). PHMB can induce cell membrane damage at high concentra-
tions, change the permeability of the cell membrane, and induce cell apoptosis [41,55]. Low
concentrations of PHMB exhibit no obvious cytotoxicity [56], and PHMB can shield part of
the negative charge on the SF surface, reduce the repulsion of SF on the negatively charged
cell surface, and enhance cell adhesion, spreading, and proliferation, thereby creating a
microenvironment for wound healing.

5. Conclusions

The results of antibacterial activity testing showed that the hybrid scaffolds with
PHMB/SF mass ratios of 2/100, 3/100, 7/100, and 10/100 had effective antibacterial func-
tions. The results of the in vitro culture of L-929 cells seeded into scaffolds showed that
the hybrid scaffolds with PHMB/SF mass ratios of 0.5/100 and 1/100 not only lacked a
negative effect on cell growth but also unexpectedly promoted cell adhesion, spreading,
and proliferation. Compared with the SF scaffold without PHMB, the hybrid scaffolds with
a PHMB/SF mass ratio of 2/100 had no significant negative effects on the spreading and
proliferation of seeded cells. In conclusion, when the mass ratio of PHMB/SF is approx-
imately 2/100, the hybrid scaffold has both effective bacteriostatic properties and good
cytocompatibility, indicating its potential to be used as a novel antibacterial biocompatible
dressing for the treatment of open and infected wounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15234581/s1, Figure S1: PHMB release within 20 d from
hybrid scaffolds.

Author Contributions: Conceptualization, P.P., C.H. and M.L.; methodology, P.P., CH., AL, M.F,
Y.Z. and S.Y.; software, C.H. and X.L.; validation, PP, C.H. and M.L.; formal analysis, PP, A.L.
and M.F,; investigation, PP, A.L.,, X.L., Y.Z. and S.Y.; resources, M.L.; data curation, PP, C.H., X.L.
and ML.F,; writing—original draft preparation, P.P. and C.H.; writing—review and editing, M.L.;
visualization, A.L.; supervision, M.L.; project administration, M.L.; funding acquisition, M.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (Project No. 2017YFC1103602).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Ambrogi, V.; Pietrella, D.; Donnadio, A.; Latterini, L.; Di Michele, A.; Luffarelli, I.; Ricci, M. Biocompatible alginate silica
supported silver nanoparticles composite films for wound dressing with antibiofilm activity. Mater. Sci. Eng. C 2020, 112, 110863.

[CrossRef] [PubMed]

2. Rippon, M.G.; Westgate, S.; Rogers, A.A. Implications of endotoxins in wound healing: A narrative review. J. Wound Care 2022,
31, 380-392. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/polym15234581/s1
https://www.mdpi.com/article/10.3390/polym15234581/s1
https://doi.org/10.1016/j.msec.2020.110863
https://www.ncbi.nlm.nih.gov/pubmed/32409034
https://doi.org/10.12968/jowc.2022.31.5.380
https://www.ncbi.nlm.nih.gov/pubmed/35579309

Polymers 2023, 15, 4581 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hu, S.; Cai, X,; Qu, X;; Yu, B;; Yan, C.; Yang, J.; Li, F; Zheng, Y.; Shi, X. Preparation of biocompatible wound dressings with
long-term antimicrobial activity through covalent bonding of antibiotic agents to natural polymers. Int. J. Biol. Macromol. 2019,
123, 1320-1330. [CrossRef] [PubMed]

Litany, R.J.; Praseetha, PK. Tiny tots for a big-league in wound repair: Tools for tissue regeneration by nanotechniques of today. J.
Control Release 2022, 349, 443-459. [CrossRef] [PubMed]

Liu, X.; Huang, Q.; Pan, P,; Fang, M.; Zhang, Y.; Yang, S.; Li, M.; Liu, Y. Comparative study of the preparation of high-molecular-
weight fibroin by degumming silk with several neutral proteases. Polymers 2023, 15, 3383. [CrossRef] [PubMed]

Zhao, P; Yang, P.; Zhou, W,; Liu, H.; Jin, X.; Zhu, X. Injectable sealants based on silk fibroin for fast hemostasis and wound
repairing. Adv. Healthc. Mater. 2023, 12, €2301310. [CrossRef] [PubMed]

Wang, Z.; Cui, Y.; Feng, Y.; Guan, L.; Dong, M,; Liu, Z.; Liu, L. A versatile silk fibroin based filtration membrane with enhanced
mechanical property, disinfection and biodegradability. Chem. Eng. J. 2021, 426, 131947. [CrossRef]

Ju, HW.,; Lee, O.].; Lee, ]. M.; Moon, B.M.; Park, H.J.; Park, Y.R.; Lee, M.C.; Kim, S.H.; Chao, ].R.; Ki, C.S.; et al. Wound healing
effect of electrospun silk fibroin nanomatrix in burn-model. Int. J. Biol. Macromol. 2016, 85, 29-39. [CrossRef]

Park, Y.R.; Sultan, M.T.; Park, H.J.; Lee, ] M.; Ju, HW.; Lee, O.]; Lee, D.J.; Kaplan, D.L.; Park, C.H. NF-«B signaling is key in the
wound healing processes of silk fibroin. Acta Biomater. 2018, 67, 183-195. [CrossRef]

Huang, X.; Liang, P; Jiang, B.; Zhang, P; Yu, W.; Duan, M.; Guo, L.; Cui, X.; Huang, M.; Huang, X. Hyperbaric oxygen potentiates
diabetic wound healing by promoting fibroblast cell proliferation and endothelial cell angiogenesis. Life Sci. 2020, 259, 118246.
[CrossRef]

Wang, B.; Zhang, J.; Li, G.; Xu, C.; Yang, L.; Zhang, J.; Wu, Y,; Liu, Y.; Liu, Z.; Wang, M.; et al. N-acetyltransferase 10 promotes
cutaneous wound repair via the NF-kB-IL-6 axis. Cell Death Discov. 2023, 9, 324. [CrossRef] [PubMed]

Chen, J.; Chen, Y.; Chen, Y.; Yang, Z.; You, B.; Ruan, Y.C.; Peng, Y. Epidermal CFTR suppresses MAPK/NF-«B to promote
cutaneous wound healing. Cell Physiol. Biochem. 2016, 39, 2262-2274. [CrossRef] [PubMed]

Maleki, A; He, J.; Bochani, S.; Nosrati, V.; Shahbazi, M.A.; Guo, B. Multifunctional photoactive hydrogels for wound healing
acceleration. ACS Nano. 2021, 15, 18895-18930. [CrossRef] [PubMed]

Hu, W.,; Wang, Z.; Zha, Y.; Gu, X.; You, W.; Xiao, Y.; Wang, X.; Zhang, S.; Wang, J. High flexible and broad antibacterial
nanodressing induces complete skin repair with angiogenic and follicle regeneration. Adv. Healthc. Mater. 2020, 9, 2000035.
[CrossRef] [PubMed]

Ma, X.; Wu, G.; Dai, F; Li, D.; Li, H.; Zhang, L.; Deng, H. Chitosan/polydopamine layer by layer self-assembled silk fibroin
nanofibers for biomedical applications. Carbohyd. Polym. 2021, 251, 117058. [CrossRef] [PubMed]

Khosravimelal, S.; Chizari, M.; Farhadihosseinabadi, B.; Moosazadeh Moghaddam, M.; Gholipourmalekabadi, M. Fabrication and
characterization of an antibacterial chitosan/silk fibroin electrospun nanofiber loaded with a cationic peptide for wound-dressing
application. J. Mater. Sci. Mater. Med. 2021, 32, 114. [CrossRef] [PubMed]

Chizari, M.; Khosravimelal, S.; Tebyaniyan, H.; Moosazadeh Moghaddam, M.; Gholipourmalekabadi, M. Fabrication of an
antimicrobial peptide-loaded silk fibroin/gelatin bilayer sponge to apply as a wound dressing; an in vitro study. Int. ]. Pept. Res.
Ther. 2022, 28, 1-13. [CrossRef]

Srivastava, C.M.; Purwar, R.; Gupta, A.; Sharma, D. Dextrose modified flexible tasar and muga fibroin films for wound healing
applications. Mater. Sci. Eng. C 2017, 75, 104-114. [CrossRef]

Feng, L.; Wu, E; Li, J.; Jiang, Y.; Duan, X. Antifungal activities of polyhexamethylene biguanide and polyhexamethylene guanide
against the citrus sour rot pathogen Geotrichum citri-aurantii in vitro and in vivo. Postharvest Biol. Technol. 2011, 61, 160-164.
[CrossRef]

Montemezzo, M.; Ferrari, M.D.; Kerstner, E.; Santos, V.D.; Victorazzi Lain, V.; Wollheim, C.; Frozza, C.O.D.S.; Roesch-Ely, M.;
Baldo, G.; Brandalise, R.N. PHMB-loaded PDMS and its antimicrobial properties for biomedical applications. J. Biomater. Appl.
2021, 36, 252-263. [CrossRef]

Zheng, Y.; Wang, D.; Ma Luyan, Z. Effect of polyhexamethylene biguanide in combination with undecylenamidopropyl betaine
or PslG on biofilm clearance. Int. J. Mol. Sci. 2021, 22, 768. [CrossRef] [PubMed]

Zhu, K.; Zheng, L.; Xing, J.; Chen, S.; Chen, R.; Ren, L. Mechanical, antibacterial, biocompatible and microleakage evaluation
of glass ionomer cement modified by nanohydroxyapatite/polyhexamethylene biguanide. Dent. Mater. ]. 2022, 41, 197-208.
[CrossRef] [PubMed]

Jin, J.; Chen, Z.L.; Xiang, Y.; Tang, T.; Zhou, H.; Hong, X.D.; Fan, H.; Zhang, X.D.; Luo, P.E; Ma, B.; et al. Development of a
PHMB hydrogel-modified wound scaffold dressing with antibacterial activity. Wound Repair Regen. 2020, 28, 480-492. [CrossRef]
[PubMed]

Dong, W.; Chen, R; Lin, Y.T.; Huang, Z.X,; Bao, G.J.; He, X.Y. A novel zinc oxide eugenol modified by polyhexamethylene
biguanide: Physical and antimicrobial properties. Dent. Mater. J. 2020, 39, 200-205. [CrossRef] [PubMed]

Antony, LR.; Pradeep, A.; Pillai, A.V.; Menon, RR.; Kumar, V.A.; Jayakumar, R. Antiseptic chitosan-poly(hexamethylene)
biguanide hydrogel for the treatment of infectious wounds. J. Funct. Biomater. 2023, 14, 528. [CrossRef] [PubMed]

Sibbald, R.G.; Coutts, P.; Woo, K.Y. Reduction of bacterial burden and pain in chronic wounds using a new polyhexamethylene
biguanide antimicrobial foam dressing-clinical trial results. Adv. Skin Wound Care 2011, 24, 78-84. [CrossRef] [PubMed]

Liang, A.; Zhang, M.; Luo, H.; Niu, L.; Feng, Y.; Li, M. Porous poly(hexamethylene biguanide) hydrochloride loaded silk fibroin
sponges with antibacterial function. Materials 2020, 13, 285-294. [CrossRef]


https://doi.org/10.1016/j.ijbiomac.2018.09.122
https://www.ncbi.nlm.nih.gov/pubmed/30248428
https://doi.org/10.1016/j.jconrel.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/35835401
https://doi.org/10.3390/polym15163383
https://www.ncbi.nlm.nih.gov/pubmed/37631440
https://doi.org/10.1002/adhm.202301310
https://www.ncbi.nlm.nih.gov/pubmed/37531236
https://doi.org/10.1016/j.cej.2021.131947
https://doi.org/10.1016/j.ijbiomac.2015.12.055
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.lfs.2020.118246
https://doi.org/10.1038/s41420-023-01628-2
https://www.ncbi.nlm.nih.gov/pubmed/37644005
https://doi.org/10.1159/000447919
https://www.ncbi.nlm.nih.gov/pubmed/27832634
https://doi.org/10.1021/acsnano.1c08334
https://www.ncbi.nlm.nih.gov/pubmed/34870413
https://doi.org/10.1002/adhm.202000035
https://www.ncbi.nlm.nih.gov/pubmed/32378346
https://doi.org/10.1016/j.carbpol.2020.117058
https://www.ncbi.nlm.nih.gov/pubmed/33142610
https://doi.org/10.1007/s10856-021-06542-6
https://www.ncbi.nlm.nih.gov/pubmed/34455501
https://doi.org/10.1007/s10989-021-10333-6
https://doi.org/10.1016/j.msec.2017.02.021
https://doi.org/10.1016/j.postharvbio.2011.03.002
https://doi.org/10.1177/08853282211011921
https://doi.org/10.3390/ijms22020768
https://www.ncbi.nlm.nih.gov/pubmed/33466613
https://doi.org/10.4012/dmj.2021-096
https://www.ncbi.nlm.nih.gov/pubmed/34759126
https://doi.org/10.1111/wrr.12813
https://www.ncbi.nlm.nih.gov/pubmed/32304258
https://doi.org/10.4012/dmj.2018-425
https://www.ncbi.nlm.nih.gov/pubmed/31694998
https://doi.org/10.3390/jfb14100528
https://www.ncbi.nlm.nih.gov/pubmed/37888193
https://doi.org/10.1097/01.ASW.0000394027.82702.16
https://www.ncbi.nlm.nih.gov/pubmed/21242737
https://doi.org/10.3390/ma13020285

Polymers 2023, 15, 4581 16 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Schillinger, U.; Liicke, FK. Antibacterial activity of lactobacillus sake isolated from meat. Appl. Environ. Microbiol. 1989, 55,
1901-1906. [CrossRef]

Jin, H.; Cai, M.; Deng, F. Antioxidation effect of graphene oxide on silver nanoparticles and its use in antibacterial applications.
Polymers 2023, 15, 3045. [CrossRef]

Ling, S.; Zhou, L.; Zhou, W.; Shao, Z.; Chen, X. Conformation transition kinetics and spinnability of regenerated silk fibroin with
glycol, glycerol and polyethylene glycol. Mater. Lett. 2012, 81, 13-15. [CrossRef]

Zhang, Q.; Zhao, Y.; Yan, S.; Yang, Y.; Zhao, H.; Li, M.; Lu, S.; Kaplan, D.L. Preparation of uniaxial multichannel silk fibroin
scaffolds for guiding primary neurons. Acta Biomater. 2012, 8, 2628-2638. [CrossRef] [PubMed]

Urciuolo, E; Garziano, A.; Imparato, G.; Panzetta, V.; Fusco, S.; Casale, C.; Netti, P.A. Biophysical properties of dermal building-
blocks affect extra cellular matrix assembly in 3D endogenous macrotissue. Biofabrication 2016, 8§, 015010-015017. [CrossRef]
[PubMed]

Xie, R.].; Zhang, M. Effect of glycerol on structure and properties of silk fibroin/pearl powder blend films. Adv. Mater. Res. 2013,
796, 126-131. [CrossRef]

Han, G.; Ceilley, R. Chronic wound healing: A review of current management and treatments. Adv. Ther. 2017, 34, 599-610.
[CrossRef] [PubMed]

Feng, L.; Liu, Y;; Chen, Y.; Xiang, Q.; Huang, Y.; Liu, Z.; Xue, W.; Guo, R. Injectable antibacterial hydrogel with asiaticoside-loaded
liposomes and ultrafine silver nanosilver particles promotes healing of burn-infected wounds. Adv. Healthc. Mater. 2023, 12,
€2203201. [CrossRef] [PubMed]

Daunton, C.; Kothari, S.; Smith, L.; Steele, D. A history of materials and practices for wound management. Wound Pract. Res.
2012, 20, 174-183.

Hashem, M.A.; Alotaibi, B.S.; Elsayed, M.M.A.; Alosaimi, M.E.; Hussein, A.K.; Abduljabbar, M.H.; Lee, K.T.; Abdelkader, H.;
El-Mokhtar, M.A.; Hassan, A.H.E.; et al. Characterization and bio-evaluation of the synergistic effect of simvastatin and folic acid
as wound dressings on the healing process. Pharmaceutics 2023, 15, 2423. [CrossRef]

Rippon, M.G.; Rogers, A.A.; Ousey, K. Polyhexamethylene biguanide and its antimicrobial role in wound healing: A narrative
review. J. Wound Care 2023, 32, 5-20. [CrossRef]

Fu, F; Li, L.; Liu, L.; Cai, J.; Zhang, Y.; Zhou, J.; Zhang, L. Construction of cellulose based ZnO nanocomposite films with
antibacterial properties through one-step coagulation. ACS Appl. Mater. Interfaces 2015, 7, 2597-2606. [CrossRef]

Babalska, Z.L.; Korbecka-Paczkowska, M.; Karpiriski, T.M. Wound antiseptics and European guidelines for antiseptic application
in wound treatment. Pharmaceuticals 2021, 14, 1253. [CrossRef]

Creppy, E.E.; Diallo, A.; Moukha, S.; Eklu-Gadegbeku, C.; Cros, D. Study of epigenetic properties of poly(hexamethylene
biguanide) hydrochloride (PHMB). Int. J. Environ. Res. Public Health 2014, 11, 8069-8092. [CrossRef] [PubMed]

Christen, V,; Faltermann, S.; Brun, N.R.; Kunz, P.Y,; Fent, K. Cytotoxicity and molecular effects of biocidal disinfectants (quaternary
ammonia, glutaraldehyde, poly(hexamethylene biguanide) hydrochloride PHMB) and their mixtures in vitro and in zebrafish
eleuthero-embryos. Sci. Total Environ. 2017, 586, 1204-1218. [CrossRef] [PubMed]

Schnaider, L.; Toprakcioglu, Z.; Ezra, A.; Liu, X.; Bychenko, D.; Levin, A.; Knowles, T.P. Biocompatible hybrid organic/inorganic
microhydrogels promote bacterial adherence and eradication in vitro and in vivo. Nano Lett. 2020, 20, 1590-1597. [CrossRef]
[PubMed]

Srivastava, C.M.; Purwar, R.; Gupta, A.P. Enhanced potential of biomimetic.; silver nanoparticles functionalized Antheraea mylitta
(tasar) silk fibroin nanofibrous mats for skin tissue engineering. Int. J. Biol. Macromol. 2019, 130, 437-453. [CrossRef] [PubMed]
Li, P; Jia, Z.; Wang, Q.; Tang, P; Wang, M.; Wang, K.; Fang, J.; Zhao, C; Ren, F;; Ge, X,; et al. A resilient and flexible chitosan/silk
cryogel incorporated Ag/Sr co-doped nanoscale hydroxyapatite for osteoinductivity and antibacterial properties. . Mater. Chem.
B 2018, 6, 7427-7438. [CrossRef] [PubMed]

Lan, Y;; Li, W,; Jiao, Y.; Guo, R.; Zhang, Y.; Xue, W.; Zhang, Y. Therapeutic efficacy of antibiotic-loaded gelatin microsphere/silk
fibroin scaffolds in infected full-thickness burns. Acta Biomater. 2014, 10, 3167-3176. [CrossRef]

Besheli, N.H.; Mottaghitalab, F.; Eslami, M.; Gholami, M.; Kundu, S.C.; Kaplan, D.L.; Farokhi, M. Sustainable release of
vancomycin from silk fibroin nanoparticles for treating severe bone infection in rat tibia osteomyelitis model. ACS Appl. Mater.
Interfaces 2017, 9, 5128-5138. [CrossRef]

Song, J.; Klymov, A.; Shao, J.; Zhang, Y.; Ji, W.; Kolwijck, E.; Jansen, J.A.; Leeuwenburgh, S.C.G.; Yang, F. Electrospun nanofibrous
silk fibroin membranes containing gelatin nanospheres for controlled delivery of biomolecules. Adv. Healthc. Mater. 2017, 6,
1700014. [CrossRef]

Wang, R.; Zhu, J.; Jiang, G.; Sun, Y.; Ruan, L.; Li, P.; Cui, H. Forward wound closure with regenerated silk fibroin and polylysine-
modified chitosan composite bioadhesives as dressings. ACS Appl. Bio Mater. 2020, 3, 7941-7951. [CrossRef]

Ghalei, S.; Handa, H. A review on antibacterial silk fibroin-based biomaterials: Current state and prospects. Mater Today Chem.
2022, 23, 100673. [CrossRef]

Song, D.W,; Kim, S.H.; Kim, H.H.; Lee, K.H.; Ki, C.S,; Park, Y.H. Multi-biofunction of antimicrobial peptide-immobilized silk
fibroin nanofiber membrane: Implications for wound healing. Acta Biomater. 2016, 39, 146-155. [CrossRef] [PubMed]

Calamak, S.; Erdogdu, C.; Ozalp, M.; Ulubayram, K. Silk fibroin based antibacterial bionanotextiles as wound dressing materials.
Mater. Sci. Eng. C 2014, 43, 11-20. [CrossRef] [PubMed]


https://doi.org/10.1128/aem.55.8.1901-1906.1989
https://doi.org/10.3390/polym15143045
https://doi.org/10.1016/j.matlet.2012.04.136
https://doi.org/10.1016/j.actbio.2012.03.033
https://www.ncbi.nlm.nih.gov/pubmed/22465574
https://doi.org/10.1088/1758-5090/8/1/015010
https://www.ncbi.nlm.nih.gov/pubmed/26824879
https://doi.org/10.4028/www.scientific.net/AMR.796.126
https://doi.org/10.1007/s12325-017-0478-y
https://www.ncbi.nlm.nih.gov/pubmed/28108895
https://doi.org/10.1002/adhm.202203201
https://www.ncbi.nlm.nih.gov/pubmed/37195780
https://doi.org/10.3390/pharmaceutics15102423
https://doi.org/10.12968/jowc.2023.32.1.5
https://doi.org/10.1021/am507639b
https://doi.org/10.3390/ph14121253
https://doi.org/10.3390/ijerph110808069
https://www.ncbi.nlm.nih.gov/pubmed/25111876
https://doi.org/10.1016/j.scitotenv.2017.02.114
https://www.ncbi.nlm.nih.gov/pubmed/28236482
https://doi.org/10.1021/acs.nanolett.9b04290
https://www.ncbi.nlm.nih.gov/pubmed/32040332
https://doi.org/10.1016/j.ijbiomac.2018.12.255
https://www.ncbi.nlm.nih.gov/pubmed/30738903
https://doi.org/10.1039/C8TB01672K
https://www.ncbi.nlm.nih.gov/pubmed/32254744
https://doi.org/10.1016/j.actbio.2014.03.029
https://doi.org/10.1021/acsami.6b14912
https://doi.org/10.1002/adhm.201700014
https://doi.org/10.1021/acsabm.0c01064
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.actbio.2016.05.008
https://www.ncbi.nlm.nih.gov/pubmed/27163404
https://doi.org/10.1016/j.msec.2014.07.001
https://www.ncbi.nlm.nih.gov/pubmed/25175182

Polymers 2023, 15, 4581 17 of 17

53. Gokila, S.; Gomathi, T.; Vijayalakshmi, K.; Alshahrani Faleh, A.; Anil, S.; Sudha, P.N. Development of 3D scaffolds using
nanochitosan/silk-fibroin/hyaluronic acid biomaterials for tissue engineering applications. Int. J. Biol. Macromol. 2018, 120,
876-885.

54. Yan,S,; Zhang, Q.; Wang, J.; Liu, Y,; Lu, S.; Li, M,; Kaplan, D.L. Silk fibroin/chondroitin sulfate /hyaluronic acid ternary scaffolds
for dermal tissue reconstruction. Acta Biomater. 2013, 9, 6771-6782. [CrossRef]

55. Llorens, E.; Calderén, S.; del Valle, L.J.; Puiggali, . Polybiguanide (PHMB) loaded in PLA scaffolds displaying high hydrophobic,
biocompatibility and antibacterial properties. Mater. Sci. Eng. C 2015, 50, 74-84. [CrossRef]

56. Miiller, G.; Koburger, T.; Kramer, A. Interaction of polyhexamethylene biguanide hydrochloride (PHMB) with phosphatidylcholine
containing o/w emulsion and consequences for microbicidal efficacy and cytotoxicity. Chem. Biol. Interact. 2013, 201, 58-64.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.actbio.2013.02.016
https://doi.org/10.1016/j.msec.2015.01.100
https://doi.org/10.1016/j.cbi.2013.01.001

	Introduction 
	Materials and Methods 
	Preparation of SF Solution 
	Preparation of the PHMB/SF Scaffold 
	Morphological Observation of the Scaffolds 
	X-ray Diffraction and Fourier Transform Infrared Spectroscopy of the Scaffolds 
	Zeta Potential of the PHMB/SF Complexes 
	Antibacterial Activity Test 
	SEM Observation of Cell morphology 
	Laser Confocal Microscopy Observation of Cell Morphology 
	Cell Proliferation Assay 
	Statistical Analysis 

	Results 
	Characterization of the PHMB/SF Scaffold 
	Antimicrobial Activity of PHMB/SF Scaffolds 
	Morphology of L-929 Cells in the Scaffold 
	Proliferation of L-929 Cells in the Scaffold 

	Discussion 
	Conclusions 
	References

