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Local bacterial infections lead to delayed wound healing and in extreme cases, such as diabetic foot
ulcers, to non-healing due to the impaired cellular function in such wounds. Thus, many scientists have
focused on developing advanced therapeutic platforms to treat infections and promote cellular prolifer-
ation and angiogenesis. This study presents a facile approach for designing nanofibrous scaffolds in three
dimensions (3D) with enhanced antibacterial activity to meet the need of treating chronic diabetic
wounds. Being a cationic surfactant as well as an antimicrobial agent, octenidine (OCT) makes a 2D mem-
brane hydrophilic, enabling it to be modified into a 3D scaffold in a “one stone, two birds” manner.
Agqueous sodium borohydride (NaBH,) solution plays a dual role in the fabrication process, functioning as
both a reducing agent for the in situ synthesis of silver nanoparticles (Ag NPs) anchored on the nanofiber
surface and a hydrogen gas producer for expanding the 2D membranes into fully formed 3D nanofiber
scaffolds, as demonstrated by morphological analyses. Various techniques were used to characterize the
developed scaffold (e.g., SEM, XRD, DSC, FTIR, and surface wettability), demonstrating a multilayered
porous structure and superhydrophilic properties besides showing sustained and prolonged release of
OCT (61% + 1.97 in 144 h). Thanks to the synergistic effect of OCT and Ag NPs, the antibacterial perform-
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was studied in vitro on mouse fibroblasts L929, and the noncytotoxic character of the 3D scaffold was
confirmed. Overall, it is shown that the obtained multifunctional 3D scaffold is an excellent candidate for

rsc.li/biomaterials-science diabetic wound healing and skin repair.

ricated an efficient electrospun membrane for wound healing
that could guide and promote vascular regeneration via its

Introduction

Electrospinning is an effective technique for producing micro
to nanofibers that has gained considerable attention in
different sub-areas of nanomedicine, including biosensing,
drug delivery, and tissue engineering.’” Due to their structural
similarity to the tissue extracellular matrix (ECM) and the large
specific surface area, nanofibrous membranes allow the fabri-
cation of multifunctional and tailor-made drug delivery
systems for tissue regeneration.*” For instance, Zhu et al. fab-
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aligned fibers and by sustained release of the tazarotene
drug.® However, such a kind of scaffold possesses a two-
dimensional (2D) structure consisting of tightly packed fiber
layers with only superficial pores because, in the electro-
spinning process, subsequent fiber layers are accumulated one
on top of the other.”® This unavoidable characteristic hinders
cell migration and growth throughout the nanofiber scaffolds
and thus prevents proper tissue regeneration and
integration.”'® Therefore, tissue-engineered scaffolds should
have a three-dimensional (3D) structure with loosely packed
fiber layers to better mimic the native ECM and provide ade-
quate space for cell migration and attachment.®"*

Recently, significant efforts have been made to fabricate 3D
nanofibrous scaffolds through the advancement of electro-
spinning technology, such as template-assisted, layer-by-layer,
and self-assembly methods.'>™> These methods are mainly
based on modifying the architecture of fiber collectors or
incorporating sacrificial fractions. They show an advantage in
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directly fabricating 3D porous scaffolds over classical electro-
spinning. Unfortunately, they are often ineffective and repeti-
tive. Alternatively, post-processing 2D nanofibrous membranes
by foaming is a common way to produce porous and thicker
structures in the third dimension that can promote cellular
infiltration and provide a better mimic for both the structure
and composition of targeted tissues.'®'® Gas foaming pro-
cesses use the nucleation and growth of gas bubbles in situ
either via a chemical reaction or by adding inert gases into the
polymer phase in different physical environments."
Regarding the advantages of sodium borohydride (NaBH,), it
mediates the gas foaming method that converts 2D nanofi-
brous membranes to fabricate 3D scaffolds.>*>* Joshi et al.
studied the hydrolysis reaction of sodium borohydride con-
cerning the generation of hydrogen gas in situ in the pores,
and they proposed the following reaction as the mechanism of
rearranging the fibers into a 3D architecture."®

NaBH, + (2 + X) H,0 — NaBO, X H,0 + 4H, (1)

Various inorganic metal nanoparticles can be synthesized
by in situ reduction of inorganic and organometallic precur-
sors with sodium borohydride, which is the other benefit of
this reducing agent.>*** From this point of view, post-proces-
sing 2D nanofibers via a common key agent in both the gas
foaming and NP synthesis reactions is a versatile technique to
simultaneously realize multifunctional nanofibers in a loosely
packed, 3-D architecture and their decoration with inorganic
NPs. This can give electrospun nanofibrous membranes a
broad set of new properties in addition to their main charac-
teristics, such as a large surface-to-volume ratio and high
encapsulation efficiency.”®*” Two separate studies have been
reported on the preparation of silver nanoparticle-decorated?®
or drug-encapsulated 3D nanofiber scaffolds'” to enhance
their functional performance; however, neither of these
studies have fabricated in situ Ag NP decorated electrospun 3D
nanofiber scaffolds able to encapsulate a therapeutic agent as
a potential controlled drug release system with synergistic anti-
bacterial properties. To the best of the authors’ knowledge, no
one has yet reported on the fabrication of drug-eluting 3D
nanofiber scaffolds in situ decorated with Ag nanoparticles to
develop antibacterial tissue scaffolds or wound dressing. This
novel, so-called “one-stone-two-birds” strategy towards multi-
functional 3D scaffolds will bring advantages to scaffolds by (i)
generating a multilayered porous structure, (ii) co-loading anti-
microbial agents in/on nanofibers and controlled release of
the drug, and (iii) expanding the applications of 3D nanofiber
scaffolds.

Since the encapsulated drug should not be released from
the polymer matrices during fabrication, specially formulated
nonwoven nanofiber membranes will be required. We expect
that a 2D nanofiber system, inspired by our proof-of-concept
study***° on controlled drug delivery through glass transition
switching, can be an ideal membrane to prevent the premature
release of loaded drugs at room temperature.
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To verify our hypothesis, we first fabricated a drug-loaded
electrospun nanofibrous membrane that can respond to the
temperature change from 25 °C (room) to 37 °C (physiological)
to regulate the release of encapsulated drugs. Sodium boro-
hydride was then utilized as the immersion medium that can
simultaneously lead to the in situ synthesis of Ag NPs
anchored on the surface of support nanofibers and structural
change of such a membrane, ie., Ag nanoparticles and 3D
nanofiber scaffolds (Scheme 1). Our innovative technique for
producing a multifunctional 3D scaffold addresses the limit-
ations associated with 2D nanofibrous membranes, including
their hydrophobic nature and the lack of bioactivity stemming
from OCT encapsulation. In addition, the uniform dispersion
of Ag NPs throughout the polymeric matrix imparts antibacter-
ial properties to the scaffolds. As a result, the developed 3D
scaffolds are anticipated to facilitate the healing of diabetic
wounds and promote skin regeneration.

Materials and methods

All the chemicals were of analytical purity and used without
any further purification. Poly(methyl methacrylate) (PMMA,
M,, = 100000 g mol™") was purchased from Polyscience. A
copolymer of ethyl acrylate, methyl methacrylate, and with a
low content of methacrylic acid ester of quaternary ammonium
groups, Eudragit® RS 100 (ERS, M,, = 32 000 g mol™"),>" was a
gift sample from Evonik GmbH (Darmstadt, Germany).
1,1,1,3,3,3, -hexafluoro-2-propanol (HFIP) N,N-Dimethylform-
amide (DMF, 99.5%), and tetrahydrofuran (THF, 99.5%) were pur-
chased from VWR International. Octenidine dihydrochloride
(OCT) and silver nitrate (AgNOs; M,, = 169.87 g mol ") were pur-
chased from Appollo Scientific (Cheshire, UK). Sodium bromide
(NaBH,) was purchased from Pol-Aura (Warsaw, Poland).
Phosphate-buffered saline (PBS) was obtained from Sigma
Aldrich. Lysogeny broth (LB) and lysogeny agar (LB agar) were pur-
chased from A&A Biotechnology (Gdansk, Poland), and Mueller-
Hinton broth (MHB) was purchased from Pol-Aura (Warsaw,
Poland). Bacteriological agar was purchased from BTL (Warsaw,
Poland). Gram-negative bacterium Escherichia coli (E. coli) DH5a
was obtained from the Laboratory of Calcium Binding Protein,
Nencki Institute of Experimental Biology PAS (Warsaw, Poland).
Gram-positive bacterium Staphylococcus aureus (S. aureus) ATCC
6538 was purchased from Argenta (Poznan, Poland).

Electrospinning of neat and OCT-loaded nanofibrous
membranes

In a typical experiment, two separate solutions were intended
for blend electrospinning: ERS (40 wt%) and PMMA (30 wt%)
prepared by dissolving appropriate amounts in DMF and a
binary solvent system of DMF-THF (9:1), respectively. The
PMMA/ERS blend solution at 60/40 weight ratios was prepared
by mixing calculated parts of the above solutions. The neat
blend solution was kept stirring for 2 hours. In drug-loaded
nanofibrous membranes, OCT was loaded by dissolution
(3 wt% with respect to polymer amount) in HFIP and sub-

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic illustration for the fabrication of multifunctional 3D nanofibrous scaffolds via the one-stone-two-birds strategy and appli-

cation of 3DocT@Ag.

sequently added to the neat blend solution 2 hours before
electrospinning. The solutions were loaded into a 10 mL
syringe fitted with a metallic needle (21G) and electrospun
using a Fluidnatek LE-50 (Bioinicia, Valencia, Spain) appar-
atus. The applied voltage and tip-to-collector distance were 18
kv and 15 cm during the spinning process, while the flow rate
was kept at 1 mL h™'. After electrospinning, the PMMA/ERS
nanofiber mats were vacuum-dried in an oven at 25 °C for 24 h
to remove the residual solvent.

One-pot fabrication of drug-eluting 3D nanofiber scaffolds
decorated with Ag NPs

The drug-eluting nanofibrous scaffolds decorated with Ag NPs
and their 3D formation were fabricated by in situ reduction
and gas foaming techniques. Drug-loaded 2D nanofibrous
mats (3.5 cm x 3.5 cm) were immersed in 20 mL of previously
prepared aqueous AgNOj; solution (10 mM) at room tempera-
ture for 10 minutes. Then, membrane samples were trans-
ferred to 30 mL of aqueous NaBH, (100 mM) solution to com-
plete gas foaming and provide in situ reductions of Ag NPs.
After 10 minutes of immersion, all samples were taken out,
thoroughly rinsed with deionized water, and dried in a
vacuum oven at 25 °C for 72 h. In this manuscript, 2D, and
2Docr refer to neat and drug-loaded nanofibrous membranes,
while 3Docr@Ag refers to drug-eluting 3D nanofiber scaffolds
decorated with Ag NPs.

This journal is © The Royal Society of Chemistry 2023

Characterization

Scanning electron microscopy. The morphology of nanofi-
brous structures was studied by scanning electron microscopy
(SEM, Jeol JSM-6010PLUS/LV InTouchScope™). Before starting
SEM imaging, samples were sputter-coated with gold to
increase the signal-to-noise ratio during the imaging process.
The acceleration voltage was in the range of 7-10 kV.

Wide-angle X-ray scattering. Phase analysis and the study of
crystallinity of samples were performed by wide-angle X-ray
scattering (WAXS). Measurements were performed using a
Bruker D8 Discover diffractometer operated at the voltage of 40
kv, current of 20 mA, and CuK, radiation with a wavelength of
0.1542 nm. All measurements were carried out in reflection
mode at room temperature.

Differential scanning calorimetry. A power compensated
differential scanning calorimeter, Pyris1 DSC (PerkinElmer),
equipped with Intercooler 2P, temperature, and heat calibrated
using indium, zinc, and M24 standards, was used to measure
the heat flow in the heating—cooling-heating mode. The temp-
erature range was from —10 to 210 °C at the rate of 10 K min™"
at nitrogen purge using samples weighing 4-7 mg. Each com-
position was measured using at least five samples for
statistics.

Fourier transform infrared spectroscopy. Chemical bonds
were analyzed by Fourier transform infrared (FTIR) spec-
troscopy. The samples were analyzed using VERTEX 70
(Bruker) in the range between 400 and 4000 cm ™. A red laser
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with 16 accumulations for each measurement at a laser power
was used for scanning. Besides, each electrospun fiber sample
and powder of OCT was measured three times, and similar
results were obtained.

Surface wettability. Regarding surface wettability, contact
angle measurement was conducted using Data Physics OCA
15EC (Germany). The water contact angle was measured three
times on each sample. The samples were placed on a micro-
scope glass slide, and 1 pL of water droplet was applied to
each sample at room temperature; the surface wettability was
measured at different times.

Drug loading and encapsulation efficiency of electrospun
nanofibers

The OCT-loaded 2D membrane and 3D scaffold were carefully
weighed and dissolved in DMF for 10 min using a magnetic
stirrer (n = 3). The amount of drug in the respective solutions
was calculated using a UV-visible microplate spectrophoto-
meter (Multiskan Go, Thermo Fisher Scientific, USA) at a wave-
length of 280 nm. The same solvent mixtures were used as
blanks. The following equations were used to estimate the
drug loading content (DLC) and drug encapsulation efficiency
(DEE).*?

DLC(%) = (mass of the drug entrapped in the nanofibers)
/(mass of the nanofibers) x 100

DEE(%) = (mass of the drug entrapped in the nanofibers)
/(mass of the drug added) x 100

In vitro drug release tests

The release profile studies of OCT from the 2D membrane and
3D scaffold were performed in PBS buffer with pH 7.4 at
different temperatures (32 °C and 37 °C) and shaken at 50
rpm. A similar drug release test was carried out at 25 °C to see
the effect of the temperature on OCT release behavior since
the post-processing of 2D nanofibrous membrane by foaming
occurred at room temperature. The samples were cut into
pieces with the same mass of 10.0 mg and then immersed in
15 mL of buffer. At each immersion time, ranging from 0 to
144 h, 0.5 mL of sample was withdrawn and replaced with
fresh medium to maintain the release conditions. The release
of OCT from the samples was monitored with a UV-visible
microplate spectrophotometer as described in the section
“Drug loading and encapsulation efficiency of electrospun
nanofibers”. The corresponding cumulative percentage of OCT
released was determined using this wavelength’s pre-
determined standard calibration curve.

Ag contents and Ag release kinetics

An inductively coupled plasma-mass spectrometer (ICP-MS,
Nexion 300D, PerkinElmer, USA), equipped with a quartz
cyclonic spray chamber, Meinhard nebulizer, and platinum
cones, was employed to determine Ag contents and Ag release
kinetics of the 3Docr@Ag sample. Quantitation was achieved

Biomater. Sci.

View Article Online

Biomaterials Science

using a 4-point external calibration with a concentration range
from 5 pg L™" to 200 pg L. For the determination of the total
content of Ag, a sample (0.014 g) was immersed in 45 mL of
65% HNO; for 24 h, then the solution was sampled, diluted,
and analyzed in triplicate using ICP-MS. A blank sample con-
sisting of 65% HNO; was prepared under the same conditions.
To analyze the Ag release profiles, 0.020 g of the sample was
immersed in 30 mL of deionized water under 300 rpm shaking
conditions. A blank sample consisting of 30 mL of deionized
water was subjected to the same treatment at the same time.
An extract of 50 pL was collected every 2 hours for the first
12 hours and then once a day for the next 6 days. The extracts
were diluted with 3% HNO;, and an ICP-MS analysis was per-
formed in triplicate for each solution. The relative standard
deviation did not exceed 5.0%.

Antibacterial assessments

Bacterial culture. E. coli (DH5a) and S. aureus (ATCC 6538)
were cultured on lysogeny broth (LB) agar and isolated by a
streak plate method. An isolated colony was inoculated in
3 mL of fresh LB broth for a test and grown overnight at 37 °C
in an orbital shaker.

Disc diffusion assay. Material samples were cut into 9 mm
diameter circles and sterilized under UV light on both sides
for one hour (30 min per sample side) to reduce the biobur-
den.*® The concentration of overnight bacterial cultures of
E. coli and S. aureus in LB broth was adjusted with fresh MHB
to around 10° CFU mL™" (approximately 0.5 McFarland
Standard). The suspensions were then spread onto the surface
of Mueller-Hinton agar (MHA) plates with sterile swabs by
streaking each swab four times over the entire agar surface,
rotating the plate 90 degrees each time. Then, UV-treated
material samples were placed on top and incubated at 37 °C
for 20 h. The size of the annular inhibition zones free of bac-
terial growth was determined using Image] software (Image]J
1.53t). The test was conducted in triplicate.

Antimicrobial activity suspension test. Material samples
were cut and sterilized under UV light as described in the
“Disc diffusion assay” section. The concentration of the over-
night bacterial cultures of E. coli and S. aureus in LB broth was
adjusted with fresh Mueller-Hinton broth (MHB) to around 7
x 10° colony-forming units (CFU) mL~"'. UV-treated samples
were put in Eppendorf tubes, and 100 pL of pre-heated to
37 °C sterile MHB and 100 pL of working bacterial suspension
were added. The pure bacterial suspension was used as a posi-
tive control, while pure MHB was used as a negative control.
After 4 hours of incubation, the medium from each well was
withdrawn, and the samples were washed twice with 400 pL of
sterile PBS with gentle vortexing. Primary and washing media
were collected together and serially diluted in 96-well plates,
and each dilution was plated on LB agar in 3 technical rep-
etitions. The plates were then incubated at 37 °C overnight.
Bacterial colonies were counted to estimate cell survival after
contact with the materials. The test was conducted in tripli-
cate. Additionally, each treatment suspension was diluted 10?

This journal is © The Royal Society of Chemistry 2023
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more times, spread evenly on LB agar plates at 100 pl, and
incubated at 37 °C overnight.

Evaluation of biocompatibility

Hemocompatibility. A hemolytic assay was performed to
determine the blood compatibility of all the prepared samples.
Extracts were determined from 8 mg of each type of sample
placed in a 2 mL tube. Samples were immersed in 2 mL of
PBS, kept at 37 °C, and gently stirred for 24 h. The hemolytic
potentials of 100% (non-diluted) extracts and serially diluted
(50% and 25%) extracts of 2Dpear, 2Doct, and 3Docr@Ag were
measured according to an earlier report.®* Briefly, healthy
fresh human blood was collected using Vacuette tubes con-
taining sodium citrate as an anticoagulant (9 mL; Greiner Bio-
One, Frickenhausen, Germany). The procedure was approved
by the Local Ethics Committee of the Medical University of
Bialystok (Permit No. R-1-002/193/2019). 5 mL of whole blood
was added to 10 mL of PBS. Then, the red blood cells (RBCs)
were isolated from plasma by centrifuging at 500g for 10 min
and washed five times with 10 mL of PBS. The obtained RBCs
were diluted in PBS to a final volume of 50 mL for further use.
For the hemolysis test, 0.2 mL of the diluted RBC suspension
(around 5 x 10® cells per mL) was added to 0.8 mL of 100%
(non-diluted) extracts and serially diluted (50% and 25%)
extracts. The RBC suspension dispersed in PBS was selected as
a negative control, and the RBC suspension dispersed in dis-
tilled water was used as a positive control. All the suspensions
were centrifuged at 10 000g for 3 min after being incubated at
37 °C for 3 h. The absorbance of the resulting supernatant was
measured at 540 nm using a microplate reader (Synergy HTX,
BioTek, Winooski, VT, USA). The hemolysis rate was calculated
according to the following equation:

Percent hemolysis = (sample absorbance
— negative control absorbance) (a)

/(positive control absorbancene
— nagative control absorbance) x 100

Cytotoxicity. Cytotoxicity tests were carried out using the
1929 line of fibroblasts (Sigma Aldrich). Cells were cultivated
in a 75 cm? flask in a medium consisting of high glucose
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), and 1% antibiotics. Cells were incubated
in a 5% CO, environment at 37 °C. For cell detachment from
the flask, cells were washed in PBS. Then 5 mL of 0.05%
trypsin solution was added to the cells, and the flask with cells
was placed in the incubator for a few minutes. After obtaining
the harvested cells, 10 ml of culture medium was added and
centrifuged. The centrifugation was carried out at an ambient
temperature. The pellet was resuspended with a culture
medium to obtain the required cell density. Different studies
were performed to determine the cellular response to 2D mem-
branes and 3D scaffolds, including cytotoxicity on extracts and
cellular morphology.

Cellular viability. Extracts for in vitro tests were determined
from 8 mg of each type of sample placed in a 24-well plate

This journal is © The Royal Society of Chemistry 2023
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according to the procedure reported before.* Briefly, samples
were immersed in 2 ml of culture medium per well, main-
tained at 37 °C, and gently stirred for 24 h. For reference, wells
with and without samples were filled with the medium. At the
same time, L929 cell suspension was seeded into another
48-well plate in the same amount of wells as sample extracts
plus control with a density of 1.5 x 10* cells per well and put
in an incubator for 24 h. Then, the culture medium from cell-
seeded wells was replaced with 100% (non-diluted) extracts
and serially diluted (50% and 25%) extracts of 2Dyeat, 2Docry
and 3Docr@Ag samples. After that, the plate was placed in the
incubator for another 24 h.

In the next step, extracts were removed, and each well was
filled with 180 mL of PBS and 20 mL of Presto blue reagent.
After this step, the plate was returned to the incubator for
60 min. This step was completed, and 100 mL from each well
was transferred to the 96-well plate. The fluorescence read with
excitation/emission 530/620 nm filters was measured using
530/620 nm excitation/emission wavelength using a
Fluorescent Accent FL from Thermo Fisher Scientific. The
results were compared with the Presto Blue fluorescence of
blank samples, which did not show metabolic activity, and the
control (tissue culture plate, TCP), which showed 100% viabi-
lity. The cellular number was determined based on studies on
extracts and calibration curves. Briefly, the calibration curve
was prepared after 3 days of cell cultivation on TCP based on
the known number of cells: 2.5, 5, 10, and 20 x 10° determined
with a TC20 automated cell counter (Bio-Rad) and relative fluo-
rescence unit (RFU) determined (Fluorescent Accent FL
Thermo Fisher Scientific) from Presto Blue for this known
number of cells.?

Fibroblast morphology. The verification of cellular mor-
phology after contact with 25% of extracts was carried out by
fluorescence microscopy. L929 cells were seeded with a density
of 20 x 10" per well in 400 mL of the 48-well plate medium,
and after 24 h, the medium was repulsed with extracts. After
24 h of cultivation, cells were fixed in 3% formaldehyde for
20 min and then kept in 0.01% Triton x100 for 5 min to per-
meabilize cell membranes. Then, cellular nuclei and cytoskele-
ton were stained for 30 min in a mixed solution of ActinGreen
and NucBlue, whose molecules bind to the cytoskeleton and
nucleus DNA, respectively. Images were taken with a Leica AM
TIRF MC in magnifications of 100x and 400x.

Statistics

Statistics were used to evaluate the statistical significance
between data from drug release, surface wettability, and bio-
logical studies. The results of DSC, WAXS, drug release, and
biological studies are presented as the mean value + SD. The
statistical analyses were conducted for p < 0.05 using the
GraphPad Prism 8.0.1 software. Two-way ANOVA in Tukey’s
multiple comparisons was performed as required. The p below
0.05 was considered to be significant statistically, where 0.05 >
p > 0.01 is assigned as “*”, 0.01 > p > 0.001 is set as “**”, and p
< 0.001 is assigned as “***”,
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Results and discussion
Preparation of 2Dgcr and 3Docr@Ag scaffolds

It is well known that the properties of nanofibers, like layer
thickness, porosity, morphology, dimensions, and resulting
functionalities, can be easily tailored according to the need by
material selection, manipulating the electrospinning para-
meters, and post-spinning treatments.’**° Among them, post-
spinning of fibrous membranes is a valuable technique for
fabricating innovative nanoplatforms with on-demand fea-
tures. In the present study, we used post-modification to trans-
form a drug-loaded 2D nanofiber membrane into a 3D scaffold
and to decorate the fiber surface with Ag NPs simultaneously.
A critical aspect for co-loading of antibacterial cargos in/on 3D
nanofiber scaffolds is the drug’s ability to be released from the
carrier at the physiological temperature and not during the
fabrication process, i.e., at room temperature. Our previous
research has studied the preparation of the bioresponsive
nanofibers with a well-tuned T, for a controlled drug release
from fibers at 37 °C, and this method was used to prepare
OCT-loaded electrospun nanofiber membrane to avoid the
loss of drug. The process associated with the simultaneous
fabrication of drug-eluting 3D nanofiber scaffolds decorated
with in situ reduced Ag NPs is shown in Fig. 1. During the
post-processing, the AgNO; solution would penetrate the 2D
mat, resulting in a uniformly Ag NP-decorated and 3D nano-
fibrous scaffold when reacting with sodium borohydride.>®
However, due to its hydrophobic nature, the 2Dy, mem-
brane could not absorb aqueous AgNO; solution. This
characteristic not only led to inhibited filling of the next
sodium borohydride solution into the nano/micropores of
the membrane but also a failure of in situ assemblies of Ag
NPs on nanofibers. As a result, gas formation in situ in the
pores and subsequent pore nucleation was not possible.'® In
other words, the membrane maintained the 2D and unmo-
dified surface structures (Fig. 1a). A similar observation has
been made by poly (e-caprolactone) (PCL) and polyvinylidene
fluoride (PVDF) as hydrophobic or non-polar polymers,
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could not be processed into a 3D architecture using
aqueous sodium borohydride solution.'®

Being a cationic surfactant and antimicrobial agent, OCT
not only changed the wetting behavior of the 2D membrane
from hydrophobic to hydrophilic but also endowed the nano-
fibers with antibacterial properties, enabling it to be modified
into a multifunctional 3D scaffold in a “one stone, two birds”
manner. When 2Dgcr replaced 2Dy,eqr, the AgNO; solution was
rapidly diffused through the outer layers towards the core of
the superhydrophilic membrane driven by the capillary effect.
Remarkably, as can be seen from the photograph (Fig. 1b), the
color of the 2Docr membrane pre-immersed in AgNO; solution
turned from white to deep brown upon treatment with an
aqueous sodium borohydride medium, indicating the success-
ful in situ synthesis of Ag NPs. At the same time, the mem-
brane was gradually transformed into the 3D scaffold with a
low-density, macroporous sponge structure. The thickness of
the 3Docr@AgNPs scaffold increased from 0.8 mm to 18 mm
after treatment in the medium, and more expansion was
achieved by drying in a vacuum oven (Fig. 1c). It is due to the
surrounding pressure of the scaffolds being decreased.
Consequently, the volume of the gas trapped in those pores
increased, further increasing the volume of the nanofibrous
scaffolds."®

Furthermore, SEM images confirmed the scaffold’s high
porosity and multilayered structure and its nanofiber surface
decoration with Ag NPs. As shown in the cross-sectional image
(Fig. 2a and d), the 2D nanofibrous membrane was composed
of tightly packed fiber layers with superficially planar pores. In
contrast, the 3Docr@AgNPs scaffolds were characterized by
suitable interconnected porous structures with average pore
sizes ranging from approximately 300 to 900 pm. From the
SEM micrograph taken at a higher magnification (Fig. 2f), sup-
ported Ag NPs were observed to be distributed uniformly and
with a relatively lower coverage density on the fiber surface of
the 3D scaffold. A more careful inspection revealed that these
nanosized silver particles with a narrow size distribution were
found to be firmly attached to the fiber surfaces.

G4 NaEH

MR

Fig. 1 Representative photographs of the samples treated with subsequent immersion medium (a) 2Dpeat, (b) 2Doct. and (c) digital image of the

cross-section of 3DocT@Ag.
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Fig. 2 Morphology of samples via SEM images: (a) a cross-section of the 2Doct membrane, (b and c) its images with different magnifications, (d) a
cross-section of the 3DocT@AgNPs scaffold, and (e and f) its images with different magnifications.

Based on the morphological analysis, aqueous sodium
borohydride medium was employed as a reducing agent for Ag
NPs synthesis and used as the producer of hydrogen gas,
which can lead to a dramatic change in the morphology and
dimensions of 2Docr membranes.

Analysis of hydrophilic/hydrophobic behavior

The water contact angle test for electrospun membranes with
and without OCT and the scaffold was measured to investigate
the scaffold’s wettability properties (Fig. 3). During 3 minutes,
the contact angle value does not differ considerably from the
2Dpear SpPecimen, essentially representing the hydrophobicity
of the PMMA/ERS fibers (133.60° + 1.3). This result revealed
that the 2Dy, electrospun fibers have hydrophobic properties.
On the other hand, the water contact angle considerably
decreased after adding OCT, even though PMMA and OCT are

() (b)

Contact angle (°)

2Dy 2Docr 3Docr@Ag

Fig. 3 (a) Contact angles with optical pictures with different times: 0 s
(left column), 0.01 s (middle column), 2.5 min (right column), and (b) the
bar chart of contact angle measurement at 0.01 s. Statistical analysis
was performed between the contact angle of 2Deat vs. 2Doct and
3DocT@Ag. Significance represented as *** = 0.0001 to 0.001, extremely
significant.

This journal is © The Royal Society of Chemistry 2023

intrinsically hydrophobic components. Blended PMMA/ERS
led to the highest contact angle, and adding OCT to the
polymer blend decreased the contact angle significantly to
25.97° + 6.4 at 0.13 seconds. Fig. 3a depicts that the contact
angle of the 3Docr@Ag scaffold enhanced dramatically, and
the drop disappeared immediately at 0.01 seconds. After
adding OCT, both 2Docr and 3Docr@Ag samples turned into
superhydrophilic scaffolds. As OCT is a surfactant, the OCT’s
structure likely makes it more Gemini surfactant-like pro-
perties.’® This Gemini surfactant has a short hydrophobic
spacer on all sides and a long hydrophilic spacer in the
middle.*" It seems that after adding OCT/HFIP combination to
the polymer solution, these two hydrophobic sides of OCT
were changed from the polymeric matrix structure. Therefore,
this superhydrophilicity property is caused by two cationic
active centers.*?

Nanofibers with tunable wettability by adding anionic, non-
ionic, and cationic surfactants have been reported by thorough
investigations in the literature.*>*> For instance, Kurusu
et al.*® observed the incorporation of the nonionic amphiphilic
surfactant, Pluronics, which contains hydrophobic poly(propy-
lene oxide) as the midblock and hydrophilic poly(ethylene
oxide) as the end-blocks, into hydrophobic electrospun nano-
fibers resulted in superhydrophilic membrane. The idea was
that the hydrophobic segment would help anchor the mole-
cule to the polymer matrix while hydrophilic segments would
be active at the surface when in contact with water.*?

Chemical and phase composition of samples

Based on the WAXS analysis, the structure of raw material
(OCT), 2Dpeat, and 2Docr, and 3D scaffold, was determined
and is shown in Fig. 4a. In the case of OCT, many diffraction
peaks result from the crystalline structure of this substance.
Otherwise, in the case of polymers, there is a broad halo from
the amorphous phase registered as the only one for the 2Dy,

Biomater. Sci.
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Fig. 4 (a) WAXS patterns and (b) FT-IR spectra of raw OCT, 2D nanofibrous membranes, and 3D scaffold. (c) DSC first heating scans (short dash-
dotted lines), second heating scans (solid lines) registered for the fiber mats (pure PMMA, pure ERS), their blend (2D,e4t), the blend with the addition
of OCT (2Doc7), for the scaffold (3Doct@AQ) as well as for pure OCT, for which also a cooling scan (short dot line) is shown; for clarity sake, the
curves were shifted; moreover, the pure OCT scans were multiplied by a factor of 0.3. (d) Glass transition temperature, Ty, and enthalpy change at
T4 AC,, with standard deviation as determined from the second heating scans registered for five samples.

and 2Dgcr fibers. As expected, the peaks located at 38.06°,
44.27°, and 64.32°, which could be assigned to the (11 1), (20
0), and (2 2 0) crystallographic planes of the face-centered
cubic Ag crystal structure, were found for the 3Docr@Ag nano-
fiber scaffolds, confirming the assembly of Ag NPs.*® The fact
that for the OCT-loaded nanofibrous membrane, there is only
an amorphous halo can be explained by complete payload dis-
persion within the blended polymers. Similarly, the rapid
evaporation of solvent induced by the electrospinning process
prevents the organization of drug molecules into crystalline
lattices and leads to complete amorphization.*”

Infrared spectroscopy was utilized to characterize the mole-
cular nature and to confirm the OCT and Ag encapsulation in
the samples (Fig. 4b). A prominent absorption peak of the
OCT range at 600-800 cm™" and 1000-1350 cm™ " was allocated

to the C-X and aromatic C-N of OCT, respectively.

Biomater. Sci.

Furthermore, the peak ranges of OCT at 1640-1690 cm™" and

3100-3500 cm ™" were recorded for the C=N aromatic and N-
H stretching.*® To confirm OCT encapsulation in the electro-
spun fibers, an aromatic C=N signal of OCT appeared at
1653 cm ™! of 2Docr; however, it was not observed in the 2Djea
membrane.®® Another difference between 2Docr and 2Dpey. iS
shown by the pink highlights on the bottom of the primary
FTIR spectrum. These changing and shifting values of the
peaks are indicated as the main changes in the chemical and
physical properties of both samples (inset of Fig. 4b). As far as
Ag NPs do not have absorption in the FTIR curves,® the
similar FTIR spectrum of samples except for the shifting
bands was noticeable. Besides, this marginally shifted toward
a lower value, and the peak at 2936 cm™" is related to the asym-
metric CH, stretching band after synthesizing the Ag NPs.
These results indicated the successful synthesis of the Ag NPs.

This journal is © The Royal Society of Chemistry 2023
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DSC results and analysis

DSC analysis was performed to determine the miscibility of
the polymeric components and the effects of the addition of
OCT and Ag NPs on the glass transition and other thermal
behaviors. The heat flow registered during the first heating
scans showed many thermal artifact effects located below and
within the expected glass transition making the determination
of the T, for fabricated samples difficult (the short dash lines
in Fig. 4c). This is probably due to the fibrous/membrane mor-
phology, the presence of mechanical stress and/or solvent
residue, which are released. Moreover, exclusively for the
blends, the addition of OCT resulted in the appearance of
exothermic (100-150 °C) and endothermic (170-210 °C) peaks,
which are not present in heating and cooling scans for pure
OCT. The respective peaks may result from crystallization and
melting occurring in the PMMA/ERS blend induced by the
presence of OCT molecules.

The glass transition temperatures (7,) were determined
from the second heating scans, which are presented in Fig. 4c as
solid lines. It is evident that the heating scans always show a
single glass transition indicating total blend miscibility. The T,
depends on the blend composition and presence of OCT and Ag
NPs. The results are presented in Fig. 4d. It may be seen that for
pure ERS, T, is at 51 °C, for pure PMMA at 92 °C, and in between
for their blend, at ca. 70 °C. The addition of OCT increases only
slightly the T, to ca. 72 °C, and there is no effect of Ag NP
addition in the case of the 3D scaffold. As regards the enthalpy
change (ACy), the lowest value is found for pure ERS, 0.287 J (g
K)™", for pure PMMA 0.326 J (g K)™, and for their blend 0.316 ]
(g K)". The addition of OCT increases AC,, evidently to almost
0.4 J (g K)™', while adding Ag NPs in the case of the 3D scaffold
reduces it back to 0.3 J (g K)'(Fig. 4d).

Drug loading and encapsulation efficiency of the 2D
membrane and 3D scaffold

The loading content and encapsulation efficiency of OCT from
the nanofibers were studied, and for the 2D nanofiber mem-
brane they were similar to the theoretical concentration (3%
w/w in solid state) (Table 1). The high encapsulation efficiency
of OCT is due to its non-volatile nature as well as high solubi-
lity in the composite polymer solution. On the other hand, a
significant decrease in the encapsulation efficiency was
observed from the 3Docr@Ag scaffold, which implies there
was a loss of OCT during the transformation of the 2D nano-
fiber membrane into the 3D scaffold by subsequent immersion
in the aqueous solution.

Table 1 Drug (OCT) loading content and drug encapsulation efficiency
in the 2D membrane and 3D scaffold. Data are expressed as a mean +
standard deviation (n = 3)

Loading Encapsulation
Samples content + SD (%) efficiency + SD (%)
2Docr 2.75+0.14 91.88 + 3.98
3Docr@Ag 2.09 £ 0.17 69.66 + 5.04

This journal is © The Royal Society of Chemistry 2023
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In vitro drug release

The cumulative release of the drug from the 2Docr membrane
and 3Docr@Ag scaffold was quantified in PBS buffer at 25 °C,
32 °C, and 37 °C, respectively, to assess the effect of tempera-
ture on OCT release. As shown in Fig. 5a, biphasic release can
be distinguished in the release profiles; after the first 4 hours
of rapid release, the following time interval showed sustained
release of OCT from the 2D sample up to 144 h at 32 °C and
37 ©°C. It is well known that the surface wettability of electro-
spun fibers has a significant effect on the release behavior of
their loaded drugs.*® Hence, the initial rapid-release phase can
be mainly related to the hydrophilicity of the 2Docr mem-
brane. Moreover, the membrane also exhibited temperature-
dependent drug release trends. At 25 °C and 32 °C, the OCT
release was suppressed, and the release rate decreased after
24 h. The accumulated release amounts were less than 33%
and 41% after 144 h. As the temperature increases, the drug
release rate accelerates drastically. The accumulated release of
OCT was determined to be 79.16 + 2.86% at 37 °C by the same
release time. These results suggested that the 2D membranes
with optimized T, can be used as the precursor nanofibers to
retain the loaded drugs during the post-processing of the 2D
membrane at room temperature; thus, the 3D scaffold provides
a controlled delivery at body temperature.

—_
&
~

100 -
et 25°C

1 —a—=32°C

Cumulative release (%)

0 = T T T T ,
0 30 60 90 120 150
Time (hour)
(b)
100 4
ceiteee 25 °C
1 —a—32°C

80 { ——37°C

Cumulative release (%)

0 +¥—TF—"—"—T—"—" 71—
0 30 60 90 120 150

Time (hour)

Fig. 5 Cumulative OCT in vitro release from the (a) 2Doct membrane
and (b) 3Doct@Ag scaffold at three different temperatures (25 °C, 32 °C,
and 37 °C).
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In the case of the 3Docr@Ag scaffold, a similar biphasic
release trend was noted at all temperatures (Fig. 5b).
Regarding the different temperatures used for the release test,
the change between 25 °C and 37 °C had a tiny effect on the
OCT release profiles. At 37 °C, the OCT release from scaffold
3Docr@Ag was slightly lower than its counterpart, the 2Dgcr
membrane; however, it is expected that this is not significant
in terms of its antibacterial properties due to the combination
with Ag NPs. The little difference in OCT release was probably
due to the decreased encapsulation efficiency. Considering the
acquired results, a multifunctional 3D nanofibrous scaffold
that shows burst biphasic drug release characteristics may be
advantageous for application on the infected wound, where an
immediate effect is necessary. In addition, it is expected to
have another advantage that of being easily attached to the
infected wound as compared to other wound dressings due to
the presence of cationic ERS polymer,*® and it provides a
simple clinical translation.

Ag content and Ag release profile

As the synergistic antibacterial property of the 3Docr@Ag
scaffold is due to the release of silver elements from the nano-
particles, its actual amount and release study were conducted.
IPC-MS measurements revealed that the amount of silver
species in the sample was 5.45 wt% (based on the actual
weight of the scaffold). Moreover, the silver release kinetic dis-
played an initial burst effect, and then a gradual and pro-
longed silver release was observed (Fig. 6). After 144 h of reac-
tion, the 3Docr@Ag scaffold consequently lost only 2.25%
(data not shown) of its silver, indicating good aqueous stability
of Ag NPs. In other words, a successful chemical interaction
occurred between the decorated Ag NPs and the nanofibrous
scaffold during in situ synthesis.>"

Antibacterial activity analysis
The antibacterial activity of the materials was determined

using a disc diffusion assay and bacterial suspension test against
E. coli (Gram-negative) and S. aureus (Gram-positive), two typical
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Fig. 6 Ag release profile from the 3Doct@Ag scaffold determined by
ICP-MS analysis.
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microorganisms associated with wound infections.> The inhi-
bition zones appeared around both drug-loaded materials, reach-
ing significantly higher values around the 3Docr@Ag scaffold;
they were, however, minimal around 2Docr on E. coli (Fig. 7a and
b). This clearly indicated greater antibacterial activity of Ag NPs-
decorated 3D scaffold compared to 2Docr membrane against
both strains. The zones around the 3Docr@Ag scaffold were of
equal size in both microorganisms. No inhibition zones
appeared around the 2D,,.,c membrane neither on S. aureus, nor
E. coli inoculated plates.

In the bacterial suspension test, both of the drug-loaded
materials proved to be effective against both of the microor-
ganisms after just 4 hours of contact time, showing a detection
limit 5-log reduction compared to the CFU ml™" of the bac-
terial cells in positive controls and in contact with 2D, e, mem-
branes, where the growth was unhindered (Fig. 7c and d). In
contrast to the equally extraordinary performance of both
drug-loaded materials against the selected strains in the sus-
pension test, the difference in the antimicrobial efficacy of the
3Docr@Ag scaffold compared to that of 2Docr shown in the
disc diffusion test results might be important when consider-
ing different moisture levels in an infected wound, where
diffusion might be locally hindered, thus favoring the
3Docr@Ag scaffold. The advantage of the 3Docr@Ag scaffold
over 2Docr was undoubtedly caused by Ag ion activity, as OCT
release from this material was of an even slightly lower rate
than from 2Dgcr at the physiological temperature.

Two antimicrobial agents have been responsible for the
results — OCT, dispersed in the polymer matrix of the nano-
fibers, and silver (Ag), in the form of NPs decorating their
surface. OCT induces rapid cell death by disrupting their lipid
barrier, acting in a detergent-like manner.>>** The antibacter-
ial mode of action of Ag results from the generation of reactive
oxygen species, blocking expression of proteins supporting
bacterial life, disruption of the membrane permeability, and
mutations of the bacterial genome, leading to bacterial cell
death.>®*® The wish to increase the time of antibacterial
activity of silver resulted in the vast development of silver NPs,
as the gradual release of silver from Ag NPs allows a sustained
antibacterial effect, uninterrupted by silver precipitation.>
While OCT acts against various microorganisms, including
drug-resistant isolates, silver ions activity is narrowed to Gram-
negatives due to Gram-positive’s thick cell wall.>**> Previous
studies on Ag NPs reported, however, that these are, in turn,
more effective against Gram-positives the Gram-negatives.?”>
Besides acting as a simple Ag ions reservoir, Ag NPs possess a
unique ability to penetrate bacterial membranes, followed by
ion release inside the cells.”>° Thanks to a synergistic effect
of OCT and Ag NPs, there was no difference in the antibacterial
performance of 3Docr@Ag material samples against Gram-
positive and Gram-negative strains in our study (Fig. 7a and c).

Biocompatibility analysis

In vitro hemocompatibility results. The fundamental
requirement of new material that directly contacts the wound
is that it must be a blood-biocompatible and non-cytotoxic

This journal is © The Royal Society of Chemistry 2023
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character. According to ISO 10993-4, hemolysis tests should be
done to describe blood compatibility. Hemolysis is the ruptur-
ing of erythrocytes and the release of their contents into the
plasma. The hemolytic potential of 100% (non-diluted) extracts
and serially diluted (50% and 25%) extracts of 2Dpeat, 2Docry
and 3Docr@Ag were investigated, and the results were pre-
sented in Fig. 8a. The hemolytic percentage of 2D, Sample
has been observed as below 2%, which is in agreement to ISO
10994-requirements and this material is blood-compatible. No
hemolytic rates were detected for 2Docr membrane only in
extraction 25%, probably due to the higher amount of drug
release. However, the 3Docr@Ag scaffold showed dramatically
different results in comparison to its counterpart from 2Dgcr.
Considering the same amount of OCT molecules loaded in
both samples, the decreased hemolysis at the 3Docr@Ag
scaffold is very likely caused by OCT loss during the transform-
ation of the 2D nanofiber membrane into the 3D scaffold.
Furthermore, it was reported that scaffolds containing Ag NPs
had a lower hemolysis effect on human RBC than the scaffold,
which had no nanoparticles.®® Their study was supportive of
our results, and it can therefore be concluded that the
3Docr@Ag scaffold is blood compatible and could be used as
wound dressings.

In vitro cytotoxicity assay results. According to rules
described in International Organization for Standardization (ISO)
10993-1, Biological Evaluation of Medical Devices — Part 1:
Evaluation and Testing within a Risk Management Process, one
of the main essential aspects is noncytotoxic character. Therefore,
cytotoxicity was determined on L929 fibroblasts by Presto Blue
assay in contact with the extracts of 2Dyeat, 2Docr, and 3Doct@Ag
compared to TCP after 24 h (Fig. 8b). Extracts of 2D, indicated
higher cellular viability than 2Docr membrane and 3Docr@Ag
scaffold. All 25% and 50% extracts were noncytotoxic for cells,
and the viability was higher than 70% of TCP. Two-way ANOVA in
Tukey’s multiple comparisons of 2Dy,e,; and 2Docry 2Dpear, and
3Docr@Ag depicted significance at non-diluted extracts (100%) (p
< 0.001) and 50% extract (p = 0.017 > 0.01). Additionally, the cell
number determined according to sufficient methodology is in
agreement with the Presto blue test (Fig. 9).

L929 fibroblasts are a type of eukaryotic, adherent, connec-
tive cell line in a living tissue responsible for producing an
extracellular matrix, and a fibrous environment is their natural
habitat.® After 24 h of cultivation, the fibroblast’s amount and
shape in contact with extracts of 2Dy cat, 2Doct, and 3Docr@Ag
samples were similar to that in the control, which corresponds
with cellular viability (Fig. 9). Cells indicated a morphology
similar to the morphology of cells seeded on TCP (Fig. 9). They
are well-spread and exhibit good intercellular interactions.
Cells extend their filopodia and lamellipodia to attach them-
selves to the surface, which is characteristic of enhanced cell-
material interaction.

Regarding the presence of antimicrobial agents such as
antibiotics, anti-inflammatory drugs, and inorganic NPs in the
delivery system, the concentration-dependent reduction in cell
viability has been reported in prior studies.®*** Van Meurs
et al. found that OCT concentration below 2 x 107> mg mL™*
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Fig. 9 L1929 cells cultured for 24 h in contact with samples extracts in
comparison with TCP as a control: cellular nucleus in blue (right
column), actin skeleton on green (middle column), merged nucleus and
actin images (left column), (a) magnification 100x, (b) magnification
400x.

does not affect cellular viability,®® while Klaue et al. decreased
this amount to 5 x 10~* mg mL™" and confirmed the ability to
provide significant antimicrobial activity at the same concen-
tration.®® Qur 100% extracts exhibited much higher OCT con-
centration (1.2 x 107> mg mL™'). However, as reported, this
value might be decreased in the subsequent investigations
without losing microbial activity. Bearing in mind the results
of the antibacterial activity of 3D scaffolds against E. coli

This journal is © The Royal Society of Chemistry 2023
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(Gram-negative) and S. aureus (Gram-positive), eukaryotic cell
viability and their morphology in vitro, it is expected that the
developed 3D scaffolds will promote diabetic wound healing
and skin repair in vivo.

Conclusions

In summary, we have simply fabricated a multilayered macro-
porous 3D scaffold based on drug-eluting nanofibers.
Nanofiber membranes with different surface wetting behaviors
(hydrophobic 2Dy, and hydrophilic 2Dgcr) were subjected to
post-processing treatment to functionalize the scaffold. Due to
the encapsulation of OCT, the hydrophilic-modified 2Docr
membrane led to the successful fabrication of drug-eluting 3D
nanofiber scaffolds decorated with Ag NPs by sodium boro-
hydride treatment. SEM revealed the in situ assembly of Ag
NPs on the surface of nanofibers, and what is more, Ag NPs
were distributed without aggregation on the nanofibers. The
fabricated 3D scaffold exhibits a biphasic release behavior con-
sisting of initial fast release, followed by sustained release, and
this characteristic may be advantageous for application on the
infected wound, where an immediate effect is necessary.
Moreover, the difference in the antimicrobial efficacy of the
3Docr@Ag scaffold compared to 2Docr shown in the disc
diffusion test results might be important when considering
different moisture levels in an infected wound, where
diffusion might be hindered, thus favoring the 3Docr@Ag
scaffold. The in vitro cell viability assay indicates the biocom-
patibility of the multifunctional 3D nanofiber scaffold, particu-
larly when encapsulating a low concentration of OCT in the 2D
membranes. In conclusion, this scaffold would be promising
and suitable for diabetic wound healing and skin repair.
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