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Although different kinds of antibacterial formulas have been explored against bacterial infections, the development of
both biocompatible and efficiently antibacterial matrices is still a challenge. In this study, we report a novel HPRP-A2
antimicrobial peptide/silk fibroin (SF) composite nanofibrous matrix fabricated by an all-aqueous electrospinning process
(HPRP-A2 is an antibacterial peptide originated from Helicobacter pylori). The HPRP-A2/SF composite nanofibers had
a round and smooth morphology. The incorporation of HPRP-A2 had little influence on both the morphology and bio-
compatibility of the SF nanofibers. Interestingly, the composite nanofibrous matrices showed an impressive antimicrobial
activity against both Gram-positive and Gram-negative bacteria. Furthermore, the HPRP-A2/SF composite nanofibers
showed excellent performance on accelerating healing of wound according to the data of animal experiment. Considering
the facile and all-aqueous process, the HPRP-A2/SF composite nanofibrous matrices could be a promising candidate for
antibacterial or wound management applications.
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INTRODUCTION

Skin is the most important and largest barrier against
pathogen invasion.! However, the skin wounds are often
exposed to various bacterial infections due to a lack of
appropriate treatment, leading to a prolonged inflammation
and thus delaying wound healing.? Therefore, the treat-
ment of chronic non-healing wounds is still a challenge
for doctors and the costs of healthcare.* Wound dress-
ings help to prevent dehydration and reduce the risk of
bacterial infections. An ideal wound dressing should be
able to inhibit the bacteria, maintain moisture and pH,
and thus accelerate the wound healing process.* Over the
past decades, a wide variety of wound dressing materials
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have been developed from natural and synthetic polymers,
such as cotton, poly(e-caprolactone), polyurethane, cellu-
lose acetate, chitosan, alginate and collagen.”® However,
the performance of most of these products is unsatis-
factory due to their poor antibacterial activities or bio-
compatibility, leading to a prolonged healing or large
scars.’ In order to prevent the infection of bacteria, many
antibacterial drugs such as antibiotics have been used
for wound care.'” However, the wide use of traditional
antibiotics has led to an emergence of resistant bacte-
ria in hospitals and communities, which has become a
serious threat to human health.!!"!> While some alter-
native materials have either a considerable cell toxicity
(such as silver ions), or a low antibacterial efficacy (such
as chitosan).'>!'* In recent years, the antimicrobial pep-
tides (AMPs), whether native or artificial products, have
attracted great attention for their remarkable antibacterial
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properties with a low drug resistance.!* 16 Originated from
mammals, fishes or amphibians, AMPs play a key role
in protecting their host from bacteria as a part of the
innate immune system.'”-'® AMPs are generally composed
of 5-100 amino acid residues and are often cationic due
to the sufficiency of lysine, arginine and histidine amino
acids. With unique amino sequences, AMPs can insert into
the cell membrane of bacteria and subsequently kill them
by disrupting their membrane integrity.!%!° Helicobac-
ter pylori ribosomal protein A1 (HPRP-Al), a cationic
and amphipathic AMP with 15 L-amino acid residues,
is derived from the N-terminus of ribosomal protein L1
of Helicobacter pylori.*>*' HPRP-A2, obtained by trans-
forming HPRP-A1 into the whole D-peptide, has the sim-
ilar antimicrobial activity but much higher stability than
HPRP-A1.'%22!' Thus, HPRP-A2 is a better antibacterial
additive for various biomaterials.

Silk fibroin (SF) is a promising biomaterial due to
its excellent biocompatibility, tunable structure and oxy-
gen permeability.'®?? Specifically, SF nanofibrous matrices
have attracted lots of attention for its biomimetic structure
to the native extracellular matrix (ECM), with high surface
area and porosity.?> > Previous studies have demonstrated
the outstanding performances of SF nanofibrous matri-
ces on skin care.>?>2 and wound healing.”?> However,
the antibacterial activity of neat SF nanofibrous matrices
is weak. We previously reported the great beneficial of
honey-loaded SF matrices to wound healing,> which indi-
cated that the combination of SF and antibacterial sub-
stance is an effective way to construct wound dressings.

Based on the previous studies, this work is to develop a
biocompatible and antibacterial nanofibrous wound dress-
ings by a combination of HPRP-A2 and silk (Scheme 1)
fibroin via a green electrospinning process developed
by our team.?*?® The physical and chemical proper-
ties, cytocompatibility as well as antibacterial activity
of nanofibrous matrices were investigated with scanning
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electronic microscopy (SEM), X-ray diffraction (XRD),
attenuated total reflection-fourier transform infrared spec-
troscopy (ATR-FTIR), cell viability and bacteriostatic
assays.

EXPERIMENTAL REAGENTS

AND INSTRUMENTS

Cocoons of B. mori silkworm were purchased from Hu
zhou Silk Co. (China). HPRP-A2 were kindly provided
by Jiangsu ProteLight Pharmaceutical and Biotechnology
Co., Ltd. (China). Poly(ethylene oxide) with an aver-
age molecular weight of 9 x 10° g/mol (Aldrich) was
used in the blends. L929 cells were provided by Insti-
tute of Biochemistry and Cell Biology (Chinese Academy
of Sciences, China). Escherichia coli, Staphylococcus
aurous, Pseudomonas aeruginosa and Staphylococcus epi-
dermidis were purchased from Shanghai Shifeng Biolog-
ical Technology Co. (China). ICR mice, 6-8 weeks old,
purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd. (China). The commercial product wound plaster was
purchased from Qingdao Hainuo Biological Engineering
CO. (China). All other chemicals were analytical grade
or higher and used as received. Ultrapure water was used
throughout the whole study.

Preparation of Regenerated SF

The regenerated SF was prepared using a modified method
described in our previous report.?*2® Briefly, raw silkworm
cocoons were boiled in 0.5% (wt/v) Na,CO; aqueous solu-
tion for 45 min to remove the sericin protein, and then the
residual sericin was removed by rinsing with warm ultra-
pure water. The sericin-free silk fibers were dissolved in
9.3 M LiBr for 1 hour to obtain a homogeneous solution.
After dialysis with cellulose dialysis tubing (MWCO =
14000) at room temperature for 72 h against water, the
resulting solution was filtered and lyophilized to obtain
regenerated SF sponges.

Antibacterial test

Post-spin treatment

lllustration of the fabrication and characterization of the nanofibrous composites.
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Fabrication of HPRP-A2-Loaded SF

Nanofibrous Matrices

For electrospinning, 1.0 g of SF, 0.1 g of PEO and cer-
tain amounts of HPRP-A2 were dissolved in 5 mL ultra-
pure water to obtain blend solution containing different
amounts of HPRP-A2 (0, 0.002% (w/v), 0.004% (w/v),
0.01% (w/v), respectively). Then, this solution was trans-
ferred to a syringe and electrospun onto aluminum foil
with a rate of 1.0 mL/h under 12 Kv of voltage. After
drying, as-spun nanofibrous matrices were stored in a des-
iccator for further use.

Surface Morphology of Nanofibrous Matrices
Surface morphology of the samples was observed by
SEM (JEOL, JSM-5600, Japan) after sputter-coating by
gold at 7 mA for 45 s. Mean fiber diameter was deter-
mined by counting 100 random points on SEM images
using a Image-J software (National Institutes of Health,
USA).

ATR-FTIR Analysis

The samples were dried in a vacuum drying oven before
analysis. In order to understand the interactions between
SF and the antibacterial peptide, the ATR infrared spec-
troscopy of matrices was scanned from 400 cm~! to
4000 cm™! using an ATR-FTIR spectrometer (Avatar 380,
USA).

XRD Analysis

The samples were detected using a D/Max-2550PC
diffractometer (Rigaku, Japan) to determine their struc-
ture. The measurement parameters were set to Cu Kal,
40 kV and 300 mA. The 26 range of XRD data was
5°-60°.

Cytocompatibility Evaluation

Cell Culture

L.929 cells were initially cultured in DMEM (high glucose)
medium (HyClone) supplemented with 10% FBS (Gibco,
Invitrogen), 100 U/mL penicillin and 100 mg/ml strep-
tomycin (Gibco, Invitrogen) in a humidified incubator of
5% CO, at 37 °C. The electrospun nanofibrous matrices
were collected on cover slips (14 mm in diameter) for
cell culture. After treated with 75% (v/v) ethanol vapor,
the matrix-deposited cover slips were fixed with stainless
steel rings and soaked in cell culture medium before cell
seeding and fiber-free cover slips as controls. L.929 cells
were seeded on the nanofibrous matrices at a density of
1 x 10* cells/well. The cell culture medium was replaced
with fresh medium for every 2 days.

Cell Viability Assay
The viability of L929 cells on the nanofibrous matri-
ces was assessed using MTT assay. After 1, 3 and
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5 days of incubation, the matrices were rinsed three times
with PBS following medium being removed. Thereafter,
each well was supplemented with 400 wL of serum-
free DMEM containing 0.5 mg/mL MTT (Sigma-Aldrich)
for 4 hours at 37 °C. After 4 hours of incubation, the
medium was removed and the formed formazan was dis-
solved in 400 uL of dimethyl sulfoxide. Then, 100 uL
of the solution was withdrawn to 96 well plates to
measure the absorption at 492 nm using a microplate
reader (Thermo, USA), and the background value of cell-
unseeded nanofibrous matrices or cover slips was taken
out correspondingly.

To observe the morphology of cells grown on the matri-
ces, the medium was removed after 3 days incubation, and
4% paraformaldehyde was used to fix the cells at 4 °C for
4 hours and the cells were rinsed with PBS three times.
The samples were then divided into two parts and treated
respectively as follows: for part I, the samples were dehy-
drated with gradient concentrations of ethanol solutions
and dried in a vacuum drying oven. Subsequently, the
samples were sputter-coated with gold and observed using
SEM (JEOL, JSM-5600, Japan); for part II, the samples
were successively treated with 0.1% (v/v) Trion X-100
and 2% (w/v) bovine serum albumin for 5 minutes and
30 minutes, respectively, and then stained with DAPI for
15 minutes and Alexa Fluor® 568 phalloidin for 30 min-
utes. Finally, the cells were observed with a fluorescence
microscope.

Antibacterial Activity Measurement

Antimicrobial activity of the HPRP-A2/SF nanofibrous
matrices was measured based on the AATCC Quantitative
Test Method 100-1999 against Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus
aureus (S. aureus) and Staphylococcus epidermidis (S. epi-
dermidis). E. coli, P. aeruginosa, S. aureus and S. epider-
midis were cultured in medium for 18-20 h in a shake
table at 37 °C with a rotating speed of 100 r/min. Then,
the bacterial suspension was centrifuged at 3000 rpm for
5 minutes, and the bacterial cells were re-suspended in
PBS (pH 7.2, 0.01 mol/L) and counted by ultraviolet spec-
trophotometer at ODy,. Subsequently, 100 uL of bacterial
suspension (1 x 107 CFU/mL) was uniformly dropped onto
the nanofibrous matrices which were cut into small circu-
lar discs with a diameter around 16 cm, and then placed
in a 100 mL aseptic seal bottle and incubated for 18 h at
37 °C. After this, 10 mL PBS was added to each bottle
and the samples were full shaken in order to detach the
bacterial from the matrices. The eluents were then gradi-
ent diluted (10!, 1072 and 10~ respectively), and 100 uL
of the diluent was spread onto the solidified nutrient agar
medium and incubated at 37 °C for 24 h. Finally, the num-
ber of colony was counted and the antimicrobial activity of
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Figure 1. SEM images and diameter distributions of the nanofibers. (a and a’) SF; (b and b’) HPRP-A2 (0.002%)/SF; (c and c¢’)

HPRP-A2 (0.004%)/SF; (d and d’) HPRP-A2 (0.01%)/SF.
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the samples can be calculated by the following equation.?®

Bacterial inhibition = <T> x 100%

(where A and B are mean numbers of the bacteria on
the samples without and with the nanofibrous matrices,
respectively).

In Vivo Wound Healing Test

ICR mice of 6-8 weeks old were injected with 100 uL
sodium pentobarbital at a concentration of 1%, then a
10 mm circular wound was created on the dorsal region.
Subsequently, the nanofibrous matrices or wound plaster
(used as positive control) were placed on the wound site,
and the mice received no treatment as negative control. On
days 4, 7, 11 and 15, the change in wound area was pho-
tographed and measured using Image J analysis software.
Each sample was tested on three mice. The wound healing
effect is expressed as the percentage of wound size that
remained exposed. The percentage of the wound size was
obtained via comparing the wound size on days 4, 7, 11,
or 15 with that on day 0.

wound size (%) = W, 5 1,15/ W, x 100%

(Where W, ; 1, 15, and W, represent the exposed areas
of the wounds on 0 and 4, 7, 11, and 15 day time point,
respectively).

Statistical Analysis
The experiments were conducted at least triplicate and the
data were expressed as means £ standard deviation (SD).

Figure 2. SEM images of the fibrous matrices treated with
75% (viv) ethanol vapor. (a) SF; (b) HPRP-A2 (0.002%)/SF;
(c) HPRP-A2 (0.004%)/SF; (d): HPRP-A2 (0.01%)/SF.
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Figure 3. FTIR spectra of the nanofibers (a: HPRP-A2; b: SF
nanofibers without post treatment; c: SF nanofibers; d: HPRP-
A2 (0.002%)/SF nanofibers; e: HPRP-A2 (0.004%)/SF nano-
fibers; f: HPRP-A2 (0.01%)/SF nanofibers; samples of c-f were
treated with 75% (v/v) ethanol vapor).

The error bars represent the standard deviation in the
figures. Statistical analysis was performed by one-way
ANOVA using Origin 8.0 (Origin Lab, USA). In all sta-
tistical comparisons, values of P < 0.05 were considered
statistically significant.

RESULTS AND DISCUSSION

Surface Morphology of Nanofibrous Matrices
According to our previous study,? the concentration of
aqueous SF solution in the electrospinning was set as
20% (w/v) and 2% (w/v) PEO was added to enhance
the spinnability of the SF solution. In this work, different
amounts of HPRP-A2 were added to the electrospinning
solution, respectively. As shown in Figure 1, the compos-
ite nanofibers have a round and smooth morphology with
an average diameter about 500 nm. The incorporation of
HPRP-A2 did not significantly change the morphology and
diameter of SF nanofibers. In order to improve the water-
resistance ability of nanofibrous matrices, the products
were treated with 75% ethanol vapor for 24 h. The results

20 40 60
20 (deg)
Figure 4. Wide-angle XRD profiles of the nanofibers after
treatment with 75% (v/v) ethanol vapor (a: HPRP-A2; b: SF and
c: HPRP-A2/SF).
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Figure 5. The viability of cells grown on the cover slips and
different matrices (**P < 0.01).

indicated the nanofibers remained a good morphology after
the treatment with ethanol vapor (Fig. 2).

Secondary Structure of Nanofibrous Matrices

ATR-FTIR spectroscopy was used to characterize the
changes of the surface chemical compositions of nanofi-
brous matrices after ethanol vapour treatment. As shown
in Figure 3(b), the untreated SF nanofibrous matrices have
characteristic absorption bands of amide I (C-O stretch-
ing vibration), amide II (C-N stretching vibration and
N-H bending vibration) and amide III (C-N stretching
vibration) at 1645 ¢m~', 1515 ¢cm™!, and 1230 cm™',
respectively.’*-3! After treatment with ethanol vapour, the
above characteristic absorption peaks of SF shifted to
1629 cm™!, 1520 cm™! and 1236 cm™! respectively,

suggesting a conformation change from silk I to silk II.2
While HPRP-A2 shows characteristic absorption peaks
at 1623 cm™! (amide I) and 1537 cm~! (amide II),
which represents a predominant a-helical structure.> With
increase of HPRP-A2 content (Figs. 3(d—f)), the bands at
1629 cm~" and 1520 cm™! shifted to higher wave numbers
in the HPRP-A2/SF nanofibrous matrices, indicating that
HPRP-A2 was successfully incorporated into the nanofi-
brous matrices.

XRD was used to detect effect of HPRP-A2 on the
crystallinity of SF nanofibers. Polymers with higher crys-
tallinity have sharper and stronger XRD peaks, while rela-
tively weak and wide range peaks indicate the amorphous
regions in polymers. As shown in Figure 4, HPRP-A2
has multiple diffraction peaks at 26 = 9.873°, 18.904°,
22.099°, 25.797° and 31.460°, and SF nanofibers have
a diffraction peak at 20 = 22.601°, while the diffraction
peak of HPRP-A2/SF composite nanofibers is seen at
26 =24.615°, wider than that of SF nanofibers, suggesting
some strong interaction occurred between SF and HPRP-
A2 molecule in the blends. These data indicate that the
incorporation of HPRP-A2 changes the phase structure of
SF nanofibers during the electrospinning and reduced the
crystallinity of the SF nanofibers.

Cytocompatibility of Nanofibrous Matrices

To investigate the cytocompatibility of composite nanofi-
brous matrices, the viability of 1929 cells cultured on
the matrices was analyzed by MTT assay. As shown in
Figure 5, the cells cultured on SF nanofibrous matrices
have higher viability than ones on cover slips, especially
after a longer period of culture (3 and 5 days). There is no
difference between pure SF nanofibrous matrices and the
composite nanofibrous matrices loading different amounts

Figure 6. SEM images of L929 cells grown on different substrates (a: Cover slips; b: SF nanofibrous matrices; c: HPRP-A2
(0.002%)/SF nanofibrous matrices; d: HPRP-A2 (0.004%)/SF nanofibrous matrices; e: HPRP-A2 (0.01%)/SF nanofibrous matrices).
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of HPRP-A2, indicating that the incorporation of HPRP-
A2 does not adversely affect the biocompatibility of SF
nanofibrous matrices. These data are consistent with those
from fluorescence microscopy where more spindle-shaped
cells are seen on nanofibrous matrices compared to cover
slips (Fig. 7).

To further confirm the cytocompatibility of composite
nanofibrous matrices, the morphology of 1929 cells cul-
tured on the nanofibrous matrices was observed by SEM.

Cytoskeleton

Cover slip

HPRP-A2(0.004%)/SF HPRP-A2(0.002%)/SF SF

HPRP-A2(0.01%)/SF

Nucleus

As shown in Figure 6, cells on both cover slips and
nanofibrous matrices show a good morphology. Obviously,
cells on both the neat and HPRP-A2 loaded SF nanofi-
brous matrices spread better and cell-cell and cell-matrix
interactions are seen clearly, which is beneficial to signal
transduction between cells and matrices.>® These results
demonstrate that the incorporation of HPRP-A2 has no
negative effect on biocompatibility of SF nanofibrous
matrices.

Merged

Figure 7. Fluorescence microscopy images of L929 cells cultured on cover slips or SF nanofibrous matrices.
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Figure 8. Images of the bacteria colony detected after incubation for 24 hours (S1, S2, S3 and S4 represent SF nanofibrous matri-
ces, HPRP-A2 (0.002%)/SF nanofibrous matrices, HPRP-A2 (0.004%)/SF nanofibrous matrices and HPRP-A2 (0.01%)/SF nanofi-
brous matrices, respectively).

Antibacterial Activity of Nanofibrous Matrices and S. epidermidis). As shown in Figures 8 and 9,
Antibacterial activity of the nanofibrous matrices was the SF nanofibrous matrices without loading HPRP-A2
investigated using AATCC Quantitative Test Method 100- show a negligible antibacterial effect. While the HPRP-
1999 against both Gram-negative bacteria (E. coli and A2 (0.002%)/SEF, HPRP-A2 (0.004%)/SF and HPRP-
P. aeruginosa) and Gram-positive bacteria (S. aureus A2 (0.01%)/SF nanofibrous matrices demonstrate a high
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Figure 9. Bacterial inhibition rates of different nanofibrous matrices (a: E. coli; b: P. aeruginosa; c: S. aureus; d: S. epider-
midis; S1, S2, S3 and S4 represent SF nanofibrous matrices, HPRP-A2 (0.002%)/SF nanofibrous matrices, HPRP-A2 (0.004%)/SF
nanofibrous matrices and HPRP-A2 (0.01%)/SF nanofibrous matrices, respectively).
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antibacterial capacity with antibacterial rates against
E. coli (P. aeruginosa, S. aureus and S. epidermidis)
for 24.2% (32.24%, 27.33%, 25.65%), 50.91% (40.54%,
78.35%, 40.06%) and 90.39% (72.93%, 98.19%, 72.05%),
respectively (Figs. 8, 9(b—d)). Clearly, the bacterial inhi-
bition efficacy of composite nanofibrous matrices signif-
icantly increases with the increase of HPRP-A2 content.
Specifically, the HPRP-A2 (0.01%)/SF nanofibrous matri-
ces show a strong inhibition against both Gram-positive
and Gram-negative bacteria, indicating the antibacterial
activity of HPRP-A2 was not significantly affected during
the preparation of composite matrices. These findings indi-
cate that the HPRP-A2 (0.01%)/SF nanofibrous matrices
combine both the powerful antibacterial ability of HPRP-
A2 and the excellent biocompatibility of SF well.

The emergence of resistant bacteria due to the abuse of
traditional antibiotics has become one of serious threats to
human health.' 2 A good strategy for this is to find alter-
nates of antibiotics. The most commonly-used antibacterial
substance in biomaterials is silver ion.'*3* However, sil-
ver ion has evident cytotoxicity.'>!* Copper ion is another
heavy metal that has been reported to have good antibac-
terial activity.’*3® Although copper is one of the essen-
tial trace elements in human body, excessive accumulation
of copper ions can cause serious poisoning reactions.*
Potential toxicity risks limit the application of silver and
copper ions in biomedical field. Recently, the AMPs have
attracted great attention for their outstanding antimicro-
bial ability.!>'® Unlike antibiotics, the AMPs kill bacteria
by physical mechanisms, which makes them less likely
to cause resistant bacteria.'®'® Therefore, the AMPs have
been regarded as good alternatives to antibiotics. As one of
the reported AMPs, HPRP-A2 has both excellent antimi-
crobial activity and stability.'>?! Here, we demonstrated
that the HPRP-A2 incorporated into SF nanofibers via
electrospinning still retains good antibacterial activity.

Wound Healing Effect of the

Nanofibrous Matrices

The nanofibrous matrices and Wound Plaster (used as
positive control) were applied on the wound area. Pho-
tographs of the wound area of different groups were taken
on 4, 7, 11, and 15 day to check the change in the
wound size (Fig. 10(a)). To determine the wound heal-
ing effects of the different materials, the percentage of
the wound size that remained exposed was obtained via
comparing the wound size on specific time point with
that on initial time (Fig. 10(b)). As shown in Figure 10,
the wound size of the mice treated with the tested matri-
ces or Wound Plaster was much smaller than the neg-
ative control (p < 0.05), which indicated that both the
neat SF and HPRP-A2/SF nanofibrous matrices are help-
ful to wound healing. The results also confirmed the ben-
eficial of SF nanofibrous matrices to skin and wound
healing as reported in our previous studies.>>2% More-
over, the addition of HPRP-A2 significantly improved
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Figure 10. Photographic images of the extent of wound heal-
ing (a) and graphical illustration of the size change of the
wound area (b) under different treatment.

the wound healing rate of SF nanofibrous matrices (p <
0.05). Specifically, the HPRP-A2 (0.01%)/SF composites
treated wound showed a much better healing effect than
that of the Wound Plaster (p < 0.01). In our previous
study, the honey-loaded SF matrices also showed good
performance on antibacterial activity and wound healing.”
In together, our studies confirm the extreme importance
of anti-infection in wound healing. Considering the facile
technique and green process, HPRP-A2/SF nanofibrous
matrices could be a promising candidate for practical
applications such as antibacterial management and wound
healing.

CONCLUSIONS

In the present study, a novel SF nanofibrous matri-
ces loading HPRP-A2 were successfully fabricated via
a green electrospinning. The incorporation of HPRP-
A2 does not significantly change both the morphology
and biocompatibility of SF nanofibrous matrices. Fur-
thermore, the composite matrices showed an impres-
sive antimicrobial activity against both Gram-positive and
Gram-negative bacteria. In vivo wound healing assay
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indicated that HPRP-A2/SF nanofibrous matrices can
significantly accelerate wound healing. Specifically, the
HPRP-A2(0.01%)/SF nanofibrous matrices inherited both
the outstanding properties of HPRP-A2 and SF, with an
excellent biocompatibility and antibacterial capacity, as
well as a good effect on enhancing wound healing, sug-
gesting a promising potential for this material serving in
wound healing and antibacterial management.
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