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ARTICLE INFO ABSTRACT

Keywords: Diabetic ulcers remain a significant challenge in wound care due to loss of epithelial cell migration. Aligned
Electrospinn‘ing nanofibrous scaffolds mimicking the skin’s extracellular matrix (ECM) are promising candidates for diabetic
Wound healing wound healing. In this study, a composition of poly(e-caprolactone), gelatin, and dopamine-containing varying

Aligned nanofiber
Biomaterials
Bacterial infections

amounts of e-polylysine (e-PL) was electrospun to prepare aligned nanofiber wound dressings (ANFDs). We then
investigated the morphological, physicochemical, mechanical, and biological properties of fabricated ANDFs.
The presence of e-PL confers bactericidal properties while promoting epithelial and fibroblast adhesion, prolif-
eration, and migration, confirming its cell selectivity. The clinical importance of the ANFDs was then demon-
strated in a mice model of full-thickness diabetic wounds. The results confirm that ANFD treatment resulted in a
higher rate of wound closure in the linear range of wound closure than wounds treated with silver dressings.
Taken together, these results suggest the potential of antimicrobial ANFDs for the treatment of diabetic wounds.

1. Introduction million people worldwide. Patients with diabetes are highly susceptible
to chronic wounds, such as diabetic ulcers and lesions, accounting for
Diabetes mellitus is a common metabolic disease affecting over 400 remarkable psychosomatic health and socioeconomic problems [1-3].
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Table 1

The information of the ANFD samples.
Sample Code e-PL (wt. %) Crosslinked
ANFDO 0 No
XL-ANFDO 0 Yes
ANFD5 5 No
XL-ANFD5 5 Yes
ANFD10 10 No
XL-ANFD10 10 Yes
ANFD15 15 No
XL-ANFD15 15 Yes

In diabetic patients, wound beds with rich glycemic grades provoke
bacterial infections. Diabetic wounds with delayed or inappropriate
medical care could cause significant ulceration, which in some cases
leads to amputation, and eventually mortality [4,5]. The heightened
prevalence of diabetic patients coupled with extended life expectancy
has led to increased numbers of complications such as neuropathy and
peripheral arterial disease which are the major risk factors for the
development of diabetic foot ulcers. Microbial infections, co-
morbidities, and the size and depth of the ulcer are the major reasons
for delayed wound healing [6]. Owing to the potential complications
and slower healing process, diabetic wounds require careful
management.

Skin tissue engineering was among the initial organ systems to
benefit from regenerative medicine techniques. Current research in skin
tissue engineering is primarily focused on developing complex three-
dimensional (3D) polymer scaffolds that contain functional bio-
molecules and can support cell growth [7]. Up to now, various types of
wound dressings have been utilized to treat diabetic wounds [8,9]. The
unique properties of human skin, such as impeding bacterial invasions,
controlling the body temperature, and being selective to substance ex-
change, are some of the key attributes of wound dressings [10]. Elec-
trospun nanofibrous mats have shown promise as wound dressings
because of their ease of production, durable surface and topographical
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features of the nanofibers, and capabilities to incorporate various
bioactive agents with immediate, sustained, or controlled release char-
acteristics [11]. Moreover, electrospun nanofibrous mats mimic the di-
mensions of skin extracellular matrix (ECM), the natural environment in
which cells reside, thus improving biocompatibility and their ease of
application and conformability causing them to be ideal wound dress-
ings for the management of diabetic wounds [12,13].

The antimicrobial agents used in contemporary wound dressings lack
cell selectivity. Compounded by the increased evolution of antimicrobial
resistance, there is an unmet clinical need for therapeutically safe and
potent antimicrobials for the management of skin infections. We showed
that e-polylysine (e-PL), a natural cationic antimicrobial polymer, has
been proven to have effective antimicrobial performance against a wide
range of pathogens, including Gram-negative and Gram-positive bacte-
ria and fungi [14]. e-PL is a linear homopolypeptide composed of almost
25-35 g-L-lysine monomers. It should be noted that a polymeric chain of
at least 10 L-lysine monomers is optimal for antimicrobial activity [15].
It has the US Food and Drug Administration (FDA) approval as an
antimicrobial agent to be used as a food preservative [16]. &-PL is
biocompatible, biodegradable, hydrophilic, eco-friendly, and thermal-
resistant and can be produced on an industrial scale [17]. According
to the literature, e-PL, with a molecular weight of 3600—4300 g/mol,
showed higher antimicrobial performance, making it eligible as the
bioactive agent in electrospun antimicrobial dressings [18,19].

In addition to the bioactive agents, the morphological properties of
electrospun wound dressings are vital as effective wound dressings
[13,20]. Directional cell migration plays an essential role in the wound-
healing process. In fact, skin cells migrate into the wound environment
toward collagen orientation. Lack of cell movement and unbridled cell
migration could lead to clinical complications and wound healing fail-
ure [21]. Therefore, controlling cell migration is one of the main tasks of
wound care. Conventional wound dressings, e.g., gauze and foam,
mainly try to decrease the exudate and focus less on controlling cell
behaviors, which may cause passive treatment or unforeseen inflam-
matory processes [22]. Thus, developing the manufacturing methods of
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Fig. 1. Morphological assessment of ANFDs. (a) FE-SEM images of ANFDO ANFD5, ANFD10, ANFD15, XL-ANFDO, XL-ANFD5, XL-ANFD10, and XL-ANFD15. Scale

bar, 2 pm. (b) Distribution of nanofibers diameter for all samples (n = 50; *
reactions occurring during the UV crosslinking process.

*: p < 0.05). (c) Schematic illustration of the preparation of ANFDs and possible chemical
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Fig. 2. XPS spectra of (a-d) C1s, (e-h) N 1 s, and (i-1) O 1 s, for both ANFDs and XL-ANFDs.

wound dressings that can help with cell migration is essential and
desirable. Aligned nanofibrous mats have favorable properties for
wound dressing application. Hence, various techniques have been
developed to prepare electrospun aligned nanofibrous mats to provide
desirable nanostructure, improved mechanical properties, and particu-
larly cell alignment [11].

Biomaterials with specific topographic features would effectively
manage cellular activities and have been utilized in tissue-engineered
scaffolds [23]. Remarkably, patterns with aligned nanostructure can
mimic human skin ECM, regulate cell orientation and migration, and
improve wound healing. Among them, gelatin (Gel) is of great interest as
it is highly biocompatible, FDA-approved, and biodegradable [24]. Gel
enhances cell adhesion, proliferation, and wound healing properties
[25]. Furthermore, synthetic and natural polymer blending is consid-
ered the most efficient method for achieving favorable composition for
biomedical applications [26]. Following this method, the synthetic
polymer primarily constitutes the backbone structure, while the natural
polymer is in charge of the cell adhesion points and promotes cyto-
compatibility. Poly (e-caprolactone) (PCL), a favored synthetic
biopolymer, has good mechanical properties, but its hydrophobicity
reduces its biocompatibility [27,28]. Therefore, blending Gel with PCL
leads to a robust composite with improved cytocompatibility [29,30]. In
our previous study, we varied the angular velocity of the rotating drum
collector and determined the optimum degree of alignment for adhe-
sion, migration, and proliferation of skin cells [12]. In this work, we
determined the optimum antimicrobial and cell migration properties of
the ANFDs with the highest degree of alignment and established their
biocompatibility in a diabetic mice model of wound healing.

2. Experimental
2.1. Materials

PCL (Mn = 80,000 g/mol) as the synthetic polymer, Gel (porcine
skin) as the natural polymer, 2,2,2-trifluoroethanol (TFE) as a solvent,
dopamine hydrochloride (Dp) as the crosslinker, acetic acid (AA) as a
solvent, formaldehyde, and Hoechst were provided from Sigma-Aldrich.
e-PL (Mw = 4,300 g/mol) as the antimicrobial agent was supplied by
Hefei TNJ Chemical Industry Co. Ltd., China. In addition, both Muller-
Hinton broth (MHB) and Mueller-Hinton agar (MHA) were obtained
from BD (United States of America). The bacterial strains of SA 15981
green fluorescent protein (gfp), EC 25922, AB 19606, PA O1 gfp, and MRSA
700699 were obtained by the American Type Culture Collection (ATCC)
(United States of America). Phosphate-buffered saline (PBS) was ob-
tained from Vivantis (Subang Jaya, Malaysia). Dulbecco’s modified
Eagle’s medium (DMEM) and trypsin-EDTA were provided from Nacalai
Tesque Inc., while fetal bovine serum (FBS) and Penicillin Streptomycin
(Pen Strep) were available from the Gibco Life Technologies.
Rhodamine-phalloidin was also purchased from Invitrogen™ for cell
staining. CellTiter 96® AQueous One Solution Reagent containing [3-
(4,5-dimethylthiazol-2-yl1)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] was purchased from
Promega for cell viability assay. The silicon culture inserts were pur-
chased from Idibi for in vitro wound healing assay. Distilled water (DW)
was used wherever required.

2.2. Fabrication of ANFDs

The electrospinning solutions were prepared based on the Gel:PCL:
Dp (2:1:0.06 wt ratio) solution. Then, different amounts of e-PL (5-15 wt
%) were added to prepare the ANFDs, as shown in Table 1. First, Dp and
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Table 2

Assigned spectral bands based on binding energy (BE) and atomic content (AC) for pristine and crosslinked electrospun mats.

Assignments

XL-ANFD15
BE (eV)

ANFD15
BE (eV)

XL-ANFD10
BE (eV)

ANFD10
BE (eV)

XL-ANFD5
BE (eV)

XL-ANFDO ANFD5

BE (eV)

ANFDO

Element

BE (eV) AC (%) AC (%) AC (%) AC (%) AC (%) AC (%)

AC (%)

AC (%)

BE (eV)

17.36 C-C or adventitious carbon
C-N, C

38.48
13.29

69.12

284.48

26.76 284.76 32.14
26.86

15.27

68.89
13.81

Cls 284.87 32.92 284.85 31.44 284.67 34.77 284.64 30.99 284.71 32,51 284.67
22.19 24.71

Cls
Cls

N, or C-0-C

285.34

21.82
14.52
68.48
13.96

285.95

285.76
288

19.78
15.55
66.84

285.88

285.82

16.03
11.93

65.73

285.88

286.04

14.30
18.93

66.15

286.04

=0

C=0o0r0-C

287.98

288.09

13.04 287.89

68.74

288.09

15.84 287.79

69.47

287.96

287.78

Total C

Organic -C = O

13.03

531.52
533.3

531.51

531.54

13.66 531.37 16.12

6.98
20.64

531.4 16.92 531.49 15.73 531.32 16.18 531.4
4.75 6.
20.48

1s
O1ls

-C-0 or OH

6.37
19.40
11.48

68

5.
19.63

11.89

533.23

7.08

6.57 533.26
21.07

22.69

533.12

533.12

19

533.07

533.26

6.35
23.26

533.07

22.37

Total O
N1ls

N, C-NH,

399.74

10.59 399.68 10.05 399.66 11.90 399.74 10.62 399.75 10.64 399.55 10.04 399.79

399.58
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e-PL were dissolved in 6 mL DW. Second, Gel (1.8 g), TFE (5.4 mL), and
AA (3.6 mL) were added to it (Solution 1). Third, PCL (0.9 g) was
independently dissolved in TFE (5.4 mL) and AA (3.6 mL) (Solution 2).
Fourth, both solutions 1 and 2 were combined using magnetic stirrers to
merge homogenously and were left overnight. Then, the Nanon-01A
machine (MECC Co. Ltd., Japan) was set on a voltage of 25 kV with a
flow rate of 0.8 mL/h. The solutions were electrospun using a rotating
cylindrical drum collector at 1,500 rpm. The electrospun mats were
allowed to dry for two days in a fume hood. The dried mats were located
in an ultraviolet (UV) crosslinker (Analytik Jena, United States of
America) to initiate the cross-linking process through the polymeriza-
tion of Dp. The mats were exposed to UV exposure of 7,500 pJ/s for three
hours on each side [31].

2.3. Morphological analysis

A field emission scanning electron microscope (FESEM) (JEOL JSM
5600LV) was used to investigate the nanofibers’ morphology both
before and after the crosslinking process. Before imaging, the samples
were coated with gold. Then, 50 single nanofibers were selected from
the FESEM images of each sample (as shown in Table 1), and their
average nanofiber diameter was measured by ImageJ software. In
addition, an X-ray photoelectron spectroscope (XPS) (Kratos AXIS Ultra,
Kratos Analytical Ltd.) was used to evaluate the chemical reactions that
occurred during the crosslinking process from the surface of the samples.

2.4. Physico-mechanical properties assessment

The tensile properties of the electrospun mats were examined using a
tensile tester (5542A, Instron) to assess the effect of different amounts of
e-PL on their tensile properties. The samples were prepared in rectan-
gular strips of 20 x 10 mm?2. The samples were analyzed at a 2 mm/min
tensile rate, room temperature, and ~ 50 % relative humidity. The test
was conducted in both the vertical and alongside the fiber direction. Five
strips of each sample in a specific direction were examined, and the
average mechanical properties were reported.

The hydrophilicity of the samples was evaluated via the VCA Optima
Surface Analysis System (AST Products Inc.). The samples’ contact angle
was measured via the sessile drop test at ~ 20 °C in the air with a drop
(5 uL) of DW. The test was repeated in triplicates, and the average values
were reported after one minute.

2.5. Antimicrobial performance

The antimicrobial performance of the electrospun mats was exam-
ined via the Kirby — Bauer radial disc diffusion method. First, MHA was
prepared and poured into the Petri dishes to cover half of them, and then
were left under the hood to solidify. Afterward, 10° CFU/mL of each
bacterial strain was prepared, and 100 pL of it was spread on the surface
of Petri dishes using a cotton swab. Next, the electrospun mats were cut
in1 x 1 cm?, UV-sterilized for 1 h on each side, located in the middle of
the MHA Petri dishes, and incubated at 37 4= 1 °C for 24 h. The results
were reported by the mean value of inhibition zones from duplicate
experiments.

Furthermore, the samples’ antimicrobial activity was investigated by
viability assay. Initially, the samples were prepared as mentioned above,
soaked with 1 mL of bacterial strains (10° CFU/mL), and incubated for
one day. Next, each bacterial strain suspension was serially diluted from
107! to 107'° using NaCl buffer solution, and100 yL of each dilution was
mixed with MHA to fill half of a sterile Petri dish and then incubated for
24 h. The experiment was duplicated for each dilution, and the results
were presented by the changes in log reduction of viable colonies
compared with the control sample. The control sample for each bacterial
strain refers to the one which only includes bacteria (10° CFU/mL) and
media without any of the prepared electrospun mats.
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Fig. 3. Mechanical performance and wettability of ANFDs (0 degrees). (a) Tensile strength of the samples, (b) Tensile strain of the samples, (¢) Young’s modulus of
the samples (n = 5, *: p < 0.05), and (d) The average contact angle values of the samples (n = 3).

2.6. Invitro assessment

Primary human dermal fibroblasts (hDFs) and keratinocytes (HaCaT
cell line) were from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in DMEM with 10 % FBS and 1
% Pen Strep (GIBCO). Cultures were tested free of mycoplasma on a
routine basis using GeneCopoeia MycoGuard™. To determine the
cytocompatibility of AFND preparations, they were collected on 14 mm
coverslips (CS), sterilized by UV exposure, placed in the wells of 24-well
plates, and stabilized by stainless steel O-rings. Wells containing AFND
preparations were rinsed with the culture media before adding cells.
Cells (1.5 x 10* cells/well in 500 uL medium) were seeded on the AFND
preparations and allowed to grow for up to 7 days. Cells were seeded on
sterilized CS as a control. To determine cell viability, 50 uL. MTS reagents
were added to the 1-day, 4-day, or 7-day cultured cells and incubated
further for an additional 2 h. Viable cells convert MTS reagent into
purple-colored products that were quantified by recording absorbance
using a spectrophotometric reader (FLUOstar OPTIMA, BMG Lab
Technologies) [32]. The total number of cells in each time point (1, 4,
and 7 days) was calculated using the calibration curve from three in-
dependent experiments (Fig. S1).

Both hDFs and HaCaTs were first cultured for four days to assess their
morphology on different samples [33]. Afterward, the cells were stabi-
lized via 4 % formaldehyde for 15 mins, washed with PBS, and incu-
bated in Rhodamine-Phalloidin and Hoechst for actin and nuclei,
respectively, for 1 h [32]. Subsequently, cells were washed with PBS,

attached to a glass slide, and imaged by Nikon Eclipse Ti (Nikon In-
struments Inc, Melville). The image processing of triplicate experiments
was done by Nikon NIS-Elements software.

A wound-healing assay was conducted to evaluate the effect of e-PL
concentration on cell migration and motility [34]. Fibroblasts and ker-
atinocytes were seeded in the silicon insert gaps at 1.5 x 10° and 3 x 10°
cells/well, respectively. The plates were then incubated for one day to
let the cells attach, and after one day, the silicon inserts were removed to
make an almost 500 pm cell-free gap. Subsequently, the culture media
was changed to include 2 % FBS instead of 10 % to eliminate the cells
and different concentrations of &-PL (0, 0.5, 1, and 1.5 mg/mL). After
one day, the cell migration was assessed via optical images at the cell-
free area, and the healed area was calculated using ImageJ.

2.7. In-Vivo diabetic Full-Thickness wound healing assessment

In vivo studies were conducted using C57BL/6-Ins24X%8/J mice that
were approximately 8-9 weeks old and weighed between 20 and 30 g.
The Akita colonies were purchased from Jackson Laboratory, and we
expanded the colony by crossing Akita males with C57BL/6J females.
The Akita strain is a model for studying phenotypes associated with type
1 diabetes. It is caused by a spontaneous mutation in the insulin 2 gene,
which leads to incorrect folding of the insulin protein. This, in turn,
produces toxicity in pancreatic beta cells, reduces beta cell mass, and
results in reduced insulin secretion. Prior to surgery, the elevated blood
glucose level of the mice was measured to monitor the onset of diabetes.
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XL-ANDFO XL-ANDF5  XL-ANDF10 XL-ANDF15

SA MRSA EC AB

PA

Fig. 4. Antimicrobial activity of XL-ANFDs via disc diffusion assay (n = 3). The
abbreviations used are SA - Staphylococcus aureus; MRSA — Methicillin-resistant
Staphylococcus aureus; PA — Pseudomonas aeruginosa; EC — Escherichia coli; and
AB — Acinetobacter baumannii.

All experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC), Singapore Eye Research Institute.
Mice were anesthetized using 5 % isoflurane in 100 % oxygen at a flow
rate of 1 L/min and maintained it using 1-3 % isoflurane. The operative
region of the mouse was shaved with an electric shaver and a hair
removal cream (Veet) was applied on it. We then wiped the skin with an
alcohol swab. To create middorsal full-thickness wounds, we used 8 mm
biopsy punches (VWR) to excise the epidermis and dermis, including the
panniculus carnosus, on either side of the midline. Wounds were
covered with XL-ANFD10 or AQUACEL® Ag (comparative control)
dressings and digital images of wounds were captured at days 0, 4, 8, 12,
16, and 21 after wounding. Images were analyzed using ImageJ soft-
ware. The dressings were changed every 2 days until the endpoint 21
days post-wounding. A group of mice with no dressings was selected as
the control group. Throughout the experiment, all animals were given
ad libitum access to a chow diet and water.

2.8. Histological assessment

On day 21, mice were euthanized using CO, asphyxiation followed
by cervical dislocation. The wounded back skin containing the large
sheet was carefully excised from each mouse, bisected, and fixed using a
4 % paraformaldehyde solution for 24 h at 4 °C. Fixed tissues were then
dehydrated in 70 % ethanol for 24 h at 4 °C, processed using a tissue

Table 3
Disc diffusion assay confirming the antimicrobial properties of ANFDs.
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processor (Leica Biosystems, HistoCore PEARL, Nussloch, Germany),
and then embedded in paraffin. Tissue sections were cut into 5-pm thick
sections using a rotary microtome (Leica Biosystems, RM2245,
Germany).

Hematoxylin and eosin (H&E) staining was performed using an
autostainer (Leica Biosystems, ST5010 Autostainer XL, Germany). To
dewax, slides were submerged into the clearene solution twice for 5 min
each. We then immersed the slides in 100 % ethanol twice for 2 min,
followed by 95 % ethanol twice for 2 min and 70 % ethanol for 2 min.
The tissues were dehydrated by rinsing them in a container of running
tap water for 2 min.

Next, slides were submerged in the hematoxylin container for 1 min
and excess dye was removed by rinsing with running tap water for 3 s.
We then immersed the slides in the solution containing 0.3 % acid
alcohol (0.3 % (v/v) concentrated hydrochloric acid, 70 % (v/v)
ethanol, and 29.97 % (v/v) distilled water) to eliminate background
staining. The hematoxylin-stained slides were dipped in Scott’s tap
water (0.5 % (w/v) sodium bicarbonate and 5 % (w/v) magnesium
sulfate dissolved in distilled water) for 5 s to enhance the hematoxylin
stain before rinsing with running tap water for 2 min.

After that, we immersed the sections in an alcoholic eosin solution
for 2 min. We washed the eosin-stained sections with 70 % ethanol for 2
min, then twice for 2 min each with 95 % ethanol containers, twice for 2
min each with 100 % ethanol containers, and finally for 2 min with
clearance to dehydrate the sections. We individually removed the
stained slides, overlaid them with limonene, and sealed them using
coverslips. H&E-stained images were acquired using a slide scanner
(Carl Zeiss, Zeiss Axioscan Z1, Oberkochen, Germany) with a 20X
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Fig. 5. Antimicrobial activity of ANFDs via viability assay; The abbreviations
used are methicillin-resistant Staphylococcus aureus (MRSA), Staphylococcus
aureus (SA), Escherichia coli (EC), Acinetobacter baumannii (AB), and Pseudo-
monas aeruginosa (PA) (n = 2; *: p < 0.05).

Sample Inhibition zone diameter of bacterial strains (mm)

AB 19,606 EC 25,922 MRSA 700,699 SA 15,981 gfp PA 01 gfp
XL-ANFDO 0 0 0 0 0
XL-ANFD5 10.69 + 0.13 10.62 + 0.18 10.12 £ 0.18 11.20 + 0.49 10.53 £+ 0.10
XL-ANFD10 13.01 + 0.41 12.19 £ 0.41 12.78 + 0.47 12.41 +0.81 12.99 + 0.175
XL-ANFD15 14.22 + 0.21 14.19 + 0.38 14.69 + 0.87 15.88 + 0.22 12.77 £ 0.31
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Fig. 6. Assessment of proliferation of human dermal fibroblasts and keratinocytes cultured on ANFDs. Cell proliferation of (a) hDF and (b) HaCaT cells at different

time points (n = 3; *: p < 0.05).
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Fig. 7. Morphological evaluation of fibroblasts and keratinocytes. The images were taken after 4 days of incubation. Confocal images of hDF and HaCaT for (a, e) XL-
ANFDO, (b, f) XL-ANFDS5, (c, g) XL-ANFD10, (d, h) XL-ANFD15, respectively (Scale bar = 50 um).

objective, and whole tissue sections were analyzed using Zeiss Zen Black
software (Carl Zeiss, Germany).

2.9. Statistical Analysis

Analysis of variance (ANOVA) was exploited to analyze the data
statistically where a “p” value less than 0.05 was regarded as significant.

3. Results and discussion

3.1. Morphological and physicochemical characterization of electrospun
nanofibers

Preparation of scaffolds containing varying amounts of e-PL pre-
sented aligned morphology of continuous fibers with no sign of beads
(Fig. 1a). The mean fiber diameter for pristine nanofibers was 206-309
nm while for the crosslinked ones was 364-435 nm (Fig. 1b). These
values are proximate to the collagenous skin ECM fibers [35], that
support skin cell proliferation [11,35]. The diameter of nanofibers did
not significantly change after adding various concentrations of e-PL, as
the changes in the composition of the solutions did not substantially
affect their viscoelastic properties [35], and crosslinking could improve
the durability and mechanical properties of ANFDs, as reported earlier

[36]. FE-SEM images demonstrated the efficacy of the UV crosslinking
method due to changes in the morphological properties of the samples.
The larger nanofiber diameter for XL-ANFDs, which can be attributed to
the formation of new covalent bonding, leads to the fusion among fibers.
The covalent bonds formed among the functional groups correspond to
the formation of polydopamine coating and crosslinking (Fig. 1c) [12].
In addition, as all the samples have an aligned morphology, they will
provide a desirable nanostructure for dermal fibroblasts to be more
active, which leads to a more favorable condition for the actin cyto-
skeleton to promote wound healing [37,38]. Hence, the ANFDs mimic
the skin ECM and are beneficial in boosting the speed of wound healing
and shortening the treatment period [39].

XPS was carried out for all ANFD samples by marking the high-
resolution spectra of O 15, C1 s, and N 1 s peaks (Fig. 2). The oxygen
and carbon spectra were subdivided into two and three different peaks,
respectively, while the nitrogen spectrum was fitted with one curve. The
results of each spectrum at their specific binding energies (BEs) are
presented in Table 2. The total atomic concentration (AC) of carbon
increased during UV exposure, confirming the crosslinking process [40].
Considering the carbon peak at ~ 286 eV for all ANFDs, the AC signif-
icantly surged after crosslinking, which can be justified by the formation
of new functional groups to contain C-N or C-O-C. Moreover, the other
reason for the increase in AC of carbon at ~ 286 eV and total C is due to



E. Rezvani Ghomi et al.

o e-PL

0h

24 h

Oh

24 h

Materials & Design 238 (2024) 112694

1 mg/mle-PL

1.5 mg/ml e-PL

Fibroblast

]
1
1
I
|
1
1
I
I
I
)
1
|
1
I
i
{

Keratinocyte Fibroblast

Keratinocyte

Fig. 8. Effect of the addition of e-PL on dermal cell migration. (a-h) Fibroblast and (i-p) keratinocyte migration assays. The spotted white lines demarcate the wound

borders at 0 h (Scale bar = 800 pm. n = 3; *: p < 0.05).
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Fig. 9. Gross imaging of wound healing process for the untreated wound (control) and the wounds treated with AQUACEL® Ag and XL-ANFD10 over 21 days (n = 5).

the increased amount of C = N because of the addition of e-PL [32]. On
the other hand, the nitrogen spectrum witnessed a slight decrease in its
AC after crosslinking for all ANFDs, which can be because of the possible
reactions that occurred between NH; and COOH [12]. In the same way,
the AC of oxygen peak at ~ 531 eV, corresponding to C = O, decreased
with the addition of e-PL, where the ANFDO and XL-ANFD15 showed the
highest (23.26 %) and lowest (19.4 %) amounts of total O, respectively.
The decrease in C = O and the increase in C = N affirmed crosslinking

between polydopamine and Gel/e-PL. Practically, the causes of addi-
tional C = N bonding are either the reaction of the -C = O groups of Dp
and -NHjy groups of Gel during crosslinking or the possible bonding
between —-NHj; and -C = O groups of e-PL with both Gel and Dp [41,42].

3.2. Mechanical performance and wettability of the ANFDs

Wound dressings require mechanical strength to ascertain
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Fig. 10. Wound healing area for the untreated wound (control) and the wounds
treated with AQUACEL® Ag and XL-ANFD10 during 21 days (n = 5, *: p
< 0.05).

appropriate flexibility, robustness, and stress resistance to tolerate
movement tensions and stresses during application and usage [43]. The
mechanical performance of the ANFDs was assessed in both the parallel
and vertical directions with respect to the alignment angle to check the
effect of the increase in the drug concentration and crosslinking process
(Fig. 3a—c and Fig. S2). By increasing the concentration of e-PL, a slight
decrease in tensile strength and a considerable reduction in Young’s
modulus were observed, while the tensile strain of the samples signifi-
cantly increased. Due to the low molecular weight of e-PL compared to
Gel, by increasing the concentration of e-PL, the molecular mass of the
electrospun mats decreases, which weakens the intermolecular bonds of
the samples and hence, reduces the tensile strength. In addition, e-PL is
considered a plasticizer in which by increasing its concentration, the
tensile strain increases and Young’s modulus decreases [44]. Moreover,
crosslinking of the ANFDs helped with higher mechanical strength due
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to the formation of new covalent bonding during the UV crosslinking
process [45]. These results are also consistent with our previously re-
ported findings [12,32].

The wettability of a wound dressing is considered a key factor for its
cytocompatibility and other cell functionalities and is reported by the
contact angle of the wound dressing [46]. Hydrophobic surfaces lead to
less cell adhesion, particularly in the first step of cell culture [46].
Fig. 3d shows the contact angle of ANFDs which all were below 90 de-
grees, demonstrating their hydrophilic surface. By increasing the con-
centration of e-PL, the contact angle of the sample decreased, which
could be due to the increase in the number of functional groups of the
sample rendering them hydrophilic. Furthermore, the UV crosslinking
process of ANFDs did not considerably change their wettability [47].

3.3. Antimicrobial activity of the ANDFs

One of the most critical characteristics of an ideal antibacterial
wound dressing is its capability to inhibit the commencement of in-
fections in wound environments [48]. Therefore, it is essential to make
sure that the incorporation of e-PL in the polymeric matrix does not
affect its antimicrobial properties and the amount needed. Indeed, the
incorporation of e-PL considerably promoted the antimicrobial perfor-
mance of the ANFDs and showed a clear zone of inhibition (ZOI) against
all the tested bacterial strains (Fig. 4). Increasing concentrations of e-PL
in the ANFDs increased the ZOI. Since the polymeric matrix of PCL, Gel,
and Dp did not show any antimicrobial effect [49], it can be concluded
that all the antimicrobial performance of the samples stems from the
presence of e-PL and no loss of activity after crosslinking treatment.
Table 3 presents the disk diffusion assay results against AB 19606, EC
25922, MRSA 700699, SA 15981 gfp, and PA O1 gfp. In a previous study,
we showed that the crosslinking process does not affect the antimicro-
bial properties of ANFDs [12].

In addition, all ANFD preparations showed a considerable reduction
in the CFU count for the tested pathogens (Fig. 5). The CFU reduction for
all bacterial strains increased with the increase in the e-PL concentra-
tion. Samples containing 10 and 15 wt% of e-PL showed similar results
and reduced the CFU factor by 2 to 6 log;o reduction, depending on the
nature of bacterial isolates. ANFDs with an e-PL concentration of more
than 10 wt% could completely eradicate both gram-positive and gram-

(a)

Control

(b)

AQUACEL® Ag

(c)

XL-ANDF10

Fig. 11. Representative images of H&E-stained tissue sections of wounds treated with no dressing, with AQUACEL® Ag, and with XL-ANFD10 on day 21 (n = 5).
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negative ATCC strains. The viability assay results indicate the high po-
tential of the ANFDs tested. Gram-negative bacteria were more suscep-
tible than Gram-positive pathogens.

3.4. Cytocompatibility evaluation of ANFDs

Proper contact with non-cytotoxic wound dressings facilitates
epithelial and fibroblast cell proliferation and enhances re-
epithelialization on wounds [50]. Commercial antimicrobial wound
dressings containing silver exhibit substantial toxicity for skin cells in
the initial stages of usage because of exploiting the boosted dose of
antibacterial agents [51]. To verify the cytocompatibility of ANFDs and
find the appropriate dosage of the e-PL, HaCaT, and hDF cells were
seeded on crosslinked ANFDs containing varying amounts of &-PL. An
MTS-based assay was used to quantify cell proliferation at various time
points - one day, four days, and seven days. The cell numbers of both
HaCaT and hDF cell lines were calculated and are presented (Fig. 6). We
found that all the ANFDs containing varying amounts of &-PL (5 %, 10 %,
or 15 %) were cytocompatible to dermal fibroblasts and keratinocytes as
there were no major signs of cytotoxicity among cells growing on ANFD
preparations. Cell numbers of both cell types cultured on ANFDs were
almost equal to or higher than the control.

Fig. 7 shows the confocal images of fibroblasts and keratinocytes on
adherent ANFDs containing varying amounts of e-PL. hDFs were aligned
with respect to the direction of the nanofiber alignment (Fig. 7a, d).
Similarly, HaCaT microcolonies were observed in aligned morphologies
(Fig. 7e-h). As reported in our previous publication, 1,500 rpm is suf-
ficient to achieve cell alignment in the nanofibers’ direction [12]. The
aligned morphology of the nanofibers leads to the cell alignment that
induces bipolar properties in the cells and facilitates spacing to accom-
modate a higher number of cells compared to randomly oriented fibers
[52]. Morphological observations were consistent with cell proliferation
results and demonstrated the remarkable cytocompatibility of the e-PL-
incorporated nanofibers for skin cells.

3.5. Cell migration of ANFDs

After seeding the fibroblasts and keratinocytes into the gaps of the
silicon inserts, a confluent layer of cells and a cell-denuded gap on the
surface of ANFDs were observed (Fig. 8a—d and i-1). Then, to demon-
strate the effect of the addition of e-PL on the migration of dermal cells,
the well-plates media was changed to contain various amounts of e-PL
(0.5, 1, and 1.5 mg/ml). After 24 h, the motility of hDF and HaCaT cells
was visualized under an optical microscope. For HDFs, the gaps in the
wells containing 0.5 — 1.5 mg/ml of e-PL were fully closed. On the other
hand, complete closure of the gap for HaCaT was observed for media
supplemented with 1 and 1.5 mg/ml of e-PL. Compared to the well
without e-PL, it can be concluded that the addition of ¢-PL could
accelerate the migration of both skin cells [33,53,54].

3.6. In-Vivo diabetic full-thickness wound healing assessment

To test our hypothesis that XL-ANFD10 dressing might expedite
wound healing in diabetic mice, a full-thickness wound was created on
the back of each mouse. During the 21-day treatment period, no adverse
reactions, such as infection, were seen in any of the animals. Fig. 9
displays the macroscopic changes in the wound areas treated with the
blank, AQUACEL® Ag and XL-ANFD10, on the 4th, 8th and 12th, 16th,
and 21st postoperative days. The wound size decreased for all the groups
but with significant differences in the rate of wound healing. On day 8,
all samples exhibited a considerable decrease in wound size, and XL-
ANFD10 showed a significant decrease in comparison to untreated or
AQUACEL® Ag treated wounds. At day 12 post-injury, ~90 % wound
closure was observed for the wounds treated with XL-ANFD10 when
compared to the untreated or AQUACEL® Ag treated wounds. It should
be noted that on day 12, the wounds from the control group and
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AQUACEL® Ag’s group appeared wet and open (Fig. 9). It is likely that
the alignment of the nanofibers promoted cell migration and eventually
led to faster wound closure, which agrees with previous works [12,55].
On day 16, there is a significant difference in the wound area between
control and XL-ANFD10 wounds (Fig. 10). Although the wounds on day
21 for all groups are closed and seemed to be healed, there is no sign of
scar or wound in XL-ANFD10's group which is promising for its clinical
use.

H&E staining of the excised skin is shown in Fig. 11. As can be seen,
the epidermis, dermis, hypodermis, and collagen fibers of the untreated
group (control) displayed poorly defined structure at day 21 post-injury.
However, wounds treated with AQUACEL® Ag show a full closure of the
wound with less intact epidermis formed (Fig. 11b). The group receiving
XL-ANFD10 treatment showed the development of new skin appendages
accompanied by a smooth re-epithelialization of the wounded tissue
(Fig. 11c). Moreover, on day 21 the wound treated with XL-ANFD10
showed a significantly larger number of hair follicles compared with
those treated with blank and AQUACEL® Ag (Fig. 11c), suggesting
enhanced regeneration of the tissue. This might be attributed to the XL-
ANFD10 improved hydrophilicity, increased number of cell recognition
sites, and antibacterial activity given by e-PL that promote fibroblast and
keratinocyte survival and proliferation during wound healing. As a
result, this innovative XL-ANFD10 wound dressing has a high potential
for the management of diabetic wounds.

4. Conclusions

The present study demonstrated the changes in mechanical and
antimicrobial properties of aligned and crosslinked PCL/Gel nanofibers
containing various concentrations of e-PL. The results suggest that XL-
ANFD10 which contained 10 % e-PL displayed optimum mechanical
strength and wettability. Antimicrobial assays indicated > 2logio
reduction in the viability of bacteria upon exposure to XL-AFND10 that
colonizes the skin tissues of diabetic patients. The dressings promoted
the adhesion, proliferation, migration, and polarization of keratinocytes
and fibroblasts. These observations indicate that the polymer is highly
selective in targeting microbial cells and does not interfere with the
cellular activities of the skin cells. In a diabetic mice model of full-
thickness wounds, XL-ANFD10 accelerated wound healing by
enhanced re-epithelialization and granulation. In summary, our results
highlight the translational relevance of the dressings for the treatment of
diabetic wounds.
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