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pH-Responsive Degradable Electro-Spun Nanofibers
Crosslinked via Boronic Ester Chemistry for Smart Wound

Dressings

Sofia Nieves Casillas-Popova, Nishadi Dilkushi Lokuge, Brandon Andrade-Gagnon,
Farhan Rahman Chowdhury, Cameron D. Skinner, Brandon L. Findlay,

and Jung Kwon Oh*

Recent advances in the treatment of chronic wounds have focused on the
development of effective strategies for cutting-edge wound dressings based
on nanostructured materials, particularly biocompatible poly(vinyl alcohol)
(PVA)-based electro-spun (e-spun) nanofibers. However, PVA nanofibers need
to be chemically crosslinked to ensure their dimensional stability in aqueous
environment and their capability to encapsulate bioactive molecules. Herein,
a robust approach for the fabrication of pH-degradable e-spun PVA nanofibers
crosslinked with dynamic boronic ester (BE) linkages through a coupling
reaction of PVA hydroxyl groups with the boronic acid groups of a phenyl
diboronic acid crosslinker is reported. This comprehensive analysis reveals
the importance of the mole ratio of boronic acid to hydroxyl group for the
fabrication of well-defined BE-crosslinked fibrous mats with not only
dimensional stability but also the ability to retain uniform fibrous form in
aqueous solutions. These nanofibers degrade in both acidic and basic
conditions that mimic wound environments, leading to controlled/enhanced
release of encapsulated antimicrobial drug molecules. More importantly,
drug-loaded BE-crosslinked fibers show excellent antimicrobial activities
against both Gram-positive and Gram-negative bacteria, suggesting that this
approach of exploring dynamic BE chemistry is amenable to the development

1. Introduction

Chronic wounds, including large-area
burns, full-thickness wounds, infected
wounds, and diabetic wounds, are patho-
logical conditions characterized by non-
healing injuries requiring long recovery
times.!!] They have become a major health
concern in recent years because of their
prevalence and rising incidence, which
has seriously burdened the healthcare
system.l?] Nowadays, the standard therapy
relies on outdated practices such as nutri-
tional support and infection control, which
has proven to have limitations, particularly
when a patient has co-morbidities,’! and
often leads to lower patient quality of life
and life expectancy, increased health risks,
elevated morbidity rates, and even patient
mortality.¥! Hence, there is a significant
need to develop effective therapies to
replace the existing limited alternatives.

A better and potentially more effective ap-
proach to treat chronic wounds is to use

of smart wound dressings with controlled/enhanced drug release.
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wound dressings based on nanostructured
materials that, in addition to their primary
purpose as shielding materials, actively
promote wound healing and prevent infections.’! Electro-spun
(e-spun) nanofibers based on poly(vinyl alcohol) (PVA) have
been extensively explored as biocompatible nanostructured
materials for wound dressings.l®) PVA possesses remarkable
electrospinnability, thermal and chemical stability, high water-
absorbing capacity, good biocompatibility and biodegradability,
as well as FDA approval for biological uses. Because of its high
water-solubility, PVA-based e-spun fibers need to be crosslinked
in order to retain their dimensional stability in a biological (e.g.,
aqueous) environment. In contrast to physical crosslinking via
heating!”! that frequently results in poor mechanical properties
and short durability, covalent crosslinking has been extensively
explored as an effective means to fabricate e-spun crosslinked
PVA fibers.®] Typically, isocyanate,®! carboxylic acid,'®! and
anhydridel'!! crosslinkers have been used to crosslink PVA
materials through the formation of carbamate or ester crosslinks
with the pendant hydroxyl groups of PVA fibers. Since these
crosslinks are permanent rather than labile in nature, these
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Figure 1. Schematic illustration of our proof-of-concept approach to crosslink PVA e-spun nanofibers via BE chemistry to fabricate pH-degradable BE-
crosslinked e-spun PVA nanofibers for wound dressings exhibiting controlled/enhanced release of encapsulated drugs.

covalent crosslinking chemistries exhibit low degradability in
the biological environment and uncontrolled release of encap-
sulated drug molecules in targeted wound sites. Further, those
crosslinking reactions require harsh chemical processes and
toxic catalysts that are incompatible with the body.!'?]

Stimuli-responsive degradation (SRD) has been integrated
into the fabrication of e-spun nanofibers of various polymeric
materials mostly based on hydrophobic polymers.['*l These SRD-
exhibiting nanofibers have been designed to degrade in response
to external stimuli, typically pH change, thus to achieve slow,
on-demand, or targeted release of encapsulated drugs.' Glu-
taraldehyde (GA) has been typically used to fabricate e-spun
crosslinked PVA fibers through the formation of acid-labile ac-
etal crosslinks.[’) However, there has been a growing concern
over the cytotoxicity of unreacted GA residues left in the final
products, which might eventually impair protein functioning and
inhibit cellular processes.['®! Moreover, the formed alkylacetal
crosslinks could exhibit slow cleavage through acid-catalyzed hy-
drolysis, similar to acetaldehyde acetal linkages in acidic pH at
4.0-5.0.17]

Boronic ester (BE) bonds are labile and can be cleaved to
the corresponding boronic acid and diol when exposed to reac-
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tive oxygen species or pH change.[®®] Diols can be as diverse as
aliphatic diols or aromatic catechol derivatives, which broaden
the applicability of degradable BE-based crosslinks to various
polymeric materials. Owing to these features, BE bonds have
been explored as biocompatible crosslinks for PVA materials, un-
fortunately, focusing mostly on three-dimentionally crosslinked
hydrogels without considering other processing forms.!"] A few
reports describe the feasibility of inorganic boric acid (B(OH);) to
crosslink PVA e-spun nanofibers.[?l However, to our best knowl-
edge, the use of organic diboronic acids, particularly phenyldi-
boronic acids, has not yet been explored as an effective means to
fabricate BE-crosslinked e-spun PVA nanofibers exhibiting pH-
responsive degradation and drug release, much less their poten-
tial application to smart wound dressings.

Herein, we report our proof-of-concept approach exploring
pH-degradable BE chemistry in fabrication of effective pH-
degradable BE-crosslinked e-spun PVA nanofibers (Figure 1).
A phenyldiboronic acid was chosen as a model crosslinker as
it can react with the pendant hydroxyl groups in PVA chains
through esterification to form pH-cleavable BE crosslinks in
e-spun nanofibrous mats. Our comprehensive characteriza-
tion of BE-induced crosslinking, pH-responsive degradation,
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Figure 2. a) SEM image of uncrosslinked PVA nanofibers; b) %BDB incorporated into PVA mats (y1-axis) and %OH groups reacted with BA in PVA mat,
c) %insoluble PVA, and d) SEM images of BE-crosslinked PVA mats at various mole equivalent ratio of BA/20H = 0.25, e) 0.5/1, f) 1/1, and g) 2/1.
Insets in (d—g) are the digital images of mats after being immersed in water for 24 h and then dried. Scale bar for all SEM images = 1 um.

encapsulation, and controlled drug molecule release con-
firms that this approach allows for the fabrication of novel
dimensionally-stable BE-crosslinked PVA e-spun nanofibers
degradable in acidic and alkali pHs. Furthermore, drug-loaded
nanofibers possessed antimicrobial properties against both
Gram-positive and Gram-negative bacteria (Figure 1).

2. Results and Discussion

Our experiments began with investigating the important param-
eters that significantly influence e-spinning and optimization
of our lab-made instrument (see Figure S1, Supporting Infor-
mation) with the goal of fabricating well-defined e-spun PVA
nanofibers with uniform diameters across fibers and negligible
presence of droplets or beads. Commercially-available PVA gran-
ules, with a molecular weight of 89-98 kg mol~! as given by the
supplier, were chosen to prepare a 10 wt% aqueous solution. The
transparent, viscous PVA solution was e-spun with varying pro-
cessing parameters including voltage (22, 25, or 27 kV), needle
type (21G or 25G 1Y4), chamber temperature (23 or 30 °C), needle-
collector distance (7, 9, or 14 cm), and feed rate (0.6-1.1 mLh™1).
The detailed experimental design, observations, and nanofibers
produced are summarized in Table S1 (Supporting Information).
Additionally, the undesired formation of micron-sized droplets,
nanofibers with inconsistent diameters, or wavy nanofibers dur-
ing e-spinning was illustrated in scanning electron microscopy
(SEM) images (Figure S2, Supporting Information). Under the
optimized conditions including 25 kV, 9 cm needle-collector dis-
tance, 25G 1% needle, and 0.85 mL h~! feed rate at 30 °C, well-
defined e-spun PVA fibers were fabricated on aluminum sub-
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strates (digital images shown in the inset of Figure 2a). Their aver-
age diameters were determined to be 139.3 + 34.7 nm, confirmed
by SEM analysis (Figure 2a for images and Figure S3, Supporting
Information, for diameter histogram).

The e-spun fibrous mats contained only PVA (not crosslinked)
and were readily dissolved in water. To introduce crosslinking
into the nanofibers with BE bonds, the PVA fiber mats were
immersed in tetrahydrofuran (THF) containing a boronic acid
crosslinker to induce the formation of BE linkages by the reac-
tion of two hydroxyl groups in PVA and a boronic acid group in
the crosslinker without aid of a catalyst at ambient temperature.
1,4-Benzenediboronic acid (BDB; functionality = 2) is commer-
cially available and has been used as effective crosslinker for the
fabrication of BE-crosslinked bulk hydrogels without aid of a cat-
alyst at ambient temperature.[*!?2 THF was chosen as it is a poor
solvent for PVA and has a relatively low boiling point (66 °C) al-
lowing for it to be removed from fibrous mats.

To gain insights into crosslinking PVA mats with BDB, the
amount of BDB was varied as a mole equivalent ratio of boronic
acid (BA)/2 hydroxyl (OH) group (BA/20H) ranging from 0.25/1
to 2/1. Note that two OH groups react with one BA group to form
one BE bond. The pieces of e-spun PVA mats (after the removal
from the aluminum foil) were immersed in BDB-containing
THF for 48 h and dried in a vacuum at 40 °C for 24 h to remove
residual THF. All dried mats appeared to be opaque, suggest-
ing that their nanofibrous structures were preserved during
crosslinking in THF. To investigate the efficiency of crosslinking
through the formation of BE bonds by the reaction of BA and OH
groups, the amount of BDB incorporated into the mats was esti-
mated by the weight difference of the PVA mats before and after
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treatment with BDB. Comparisons of the weight with the amount
of BDB used in the recipe allowed the estimation of the %BDB
incorporated. As seen in Figure 2b (yI-axis), <0.4 mol% BDB
was incorporated when the BA/20H = 0.25/1 and 0.5/1. Upon
increasing the mole equivalent of BA, the %BDB increased, but
interestingly, it only reached a maximum of 5.3% even in the
presence of large BA excess (BA/20H = 2/1). Next, the amount
of BDB incorporated into the fibrous mats was used to determine
the mole% of the OH groups, in PVA, that had reacted with
BDB to form the BE crosslinks (e.g., extent of crosslinking). As
seen in Figure 2b (y2-axis), it was calculated to be 0.1 mol% with
BA/20H to 0.25/1 and increased to 8.5 mol% at BA/20H to
2/1. Our analysis suggests that the extent of crosslinking of PVA
fibers appears to be limited to a maximum of 10 mol%.

Further, to confirm that the fabricated PVA mats were
crosslinked, the dried mats after being treated with BDB were
immersed in deionized water (pH = 6.2) for 24 h. As shown in
the Supporting Information (Video clips S1 and S2), PVA mats
treated with BDB (BA/20H = 2/1) did not appear to dissolve
in water, while uncrosslinked mats were quickly dissolved. Such
comparison could suggest that BDB-treated PVA mats were es-
sentially crosslinked and thus remained insoluble, rather swollen
in an aqueous solution. The weight of the dried mats was mea-
sured before and after exposure to water to determine gel content.
This method compared the weight of crosslinked nanofibers be-
fore and after being immersed in water as an indirect measure of
the extent of crosslinking based on the amount of PVA insoluble
in water. As seen in Figure 2¢, the gel content was negligible with
<5% for mats with no BDB and even 0.25/1 BA/20H. Upon in-
creasing BA/20H, it increased and reached a maximum of 85%
(15% loss of mass) with BA/20H = 2/1, even though only 5.6%
BDB was incorporated into the PVA mats. Given these results,
SEM analysis was conducted to investigate the morphologies
of crosslinked fibers (Figure 2d—g). PVA mats crosslinked with
BA/20H greater than 1/1 were opaque in their digital images and
retained their fibrous forms in their SEM images (Figure 2ef).
Their average diameters were determined to be 137.6 + 30.6 nm
with BA/20H = 1/1 and 133.9 + 21.2 nm with BA/20H = 2/1
(Figure S4, Supporting Information, for diameter histogram),
which do not appear to be significantly changed upon crosslink-
ing (139.3 + 34.7 nm for uncrosslinked fibers). In contrast, mats
crosslinked with a less amount of BDB as BA/20H = 0.25/1 and
0.5/1 became transparent in their digital images and no fibrous
forms were observed in their SEM images after being immersed
in water (Figure 2d,e).

To confirm the formation of BE crosslinks, Fourier-transform
infrared (FT-IR) spectroscopic analysis was conducted with
PVA mats crosslinked with BA/20H = 2/1. As compared in
Figure S5 (Supporting Information), the FT-IR spectrum for
BDB-crosslinked PVA mat exhibits two characteristic vibrational
modes at 1302 and 660 cm~! which correspond to B—O—C bend-
ing and O—B—O stretching frequencies, respectively.?!?3] These
modes confirm the formation of BE bonds through the reac-
tion of BA groups in BDB with OH groups in PVA, fabricating
BDB-crosslinked PVA nanofibrous mats. Moreover, a large vibra-
tional mode at 3320 cm™! appeared in their FT-IR spectrum cor-
responds to the large excess of unreacted OH groups from the
PVA, which is consistent with our analysis of %BDB and %OH
groups in BDB-crosslinked mats.
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Further, the BDB-crosslinked fibrous mats were characterized
for their thermal properties using differential scanning calorime-
try (DSC) analysis. As seen in Figure S6 (Supporting Informa-
tion), the mats exhibit an increased glass transition temperature
at 91.3 °C and a relatively broad melting transition at 207.6 °C,
compared 80.8 and 224.1 °C for uncrosslinked mats respectively.
Such increase in glass transition and decrease in melting transi-
tion is expected from successful crosslinking of PVA chains due
to decreased mobility and packability of the PVA chains.

Overall, these results suggest that e-spun PVA fibers were
crosslinked with BDB to form BDB-crosslinked PVA mats
through the formation of BE crosslinks. To limit solubility of
the fibers, in aqueous environments, a mole equivalent ratio of
BA/20H >1/1 is required.

In a separate experiment, methanol (MeOH) alone (with
no BDB crosslinker) was tested for crosslinking e-spun PVA
nanofibers since it has been used as a common solvent. Fol-
lowing a similar protocol, uncrosslinked e-spun PVA nanofi-
brous mats were immersed in MeOH, dried, and then immersed
in water. As seen in Figure S7 (Supporting Information), the
gel content (insoluble species in water) gradually increased and
reached a plateau at 63% after immersion for 3 days in MeOH.
This result means that PVA e-spun mats had 63% insoluble
species (e.g., extent of crosslinking) in MeOH even without BDB
crosslinker, which is quite different from that (<5%) when THF
alone was used. The plausible reason is that MeOH induces phys-
ical crosslinking through hydrogen bonding in e-spun nanofibers
as described in literature.l**]

Given the effect of the amount of BDB on crosslinking through
the formation of BE crosslinks, BDB-crosslinked PVA mats fab-
ricated with BA/20H = 2/1 were investigated for their pH-
responsive degradation. Pieces of the mats were incubated in
aqueous buffer solutions across a broad range of pHs from 5
to 10.4. As seen in Figure 3a, gravimetry results determined the
%degradation to be 12.4% at human pH (7.4) but increased in
both acidic (25.7%) and alkali pHs (46.7%). The plausible reason
for degradation loss at neutral pH could be ascribed to loosely
intertwined polymer chains within the nanofibers. BE bonds are
known to be sensitive to pH and were more extensively cleaved in
both acidic and alkali conditions through mechanisms illustrated
in Figure S8 (Supporting Information).?>! The digital images of
the degraded mats incubated at the pHs appeared to be transpar-
ent (Figure 3b). Further analysis of their morphologies, as shown
in SEM images of Figure 3c—f, reveals the loss of fibrous forms at
all the pH ranges. An interesting observation was that the fibrous
forms were slightly retained for mats incubated at pH = 7.4, com-
pared with mats incubated at acidic and alkali pHs. These results
illustrate increased %degradation at both acidic and alkali pHs,
likely by hydrolysis of the BE bonds in PVA mats.

Despite the high solubility of PVA in water, the degraded
crosslinked mats did not appear to fully dissolve in water. The
most plausible reason is that during the crosslinking process
intra- and inter-molecular hydrogen bonds between OH groups
in the PVA chains are also created and are responsible for pre-
venting the dissolution of PVA chains even after cleavage of the
BE bonds.

We then investigated the feasibility of using BDB-crosslinked
nanofibers exhibiting controlled release of drug molecules for
wound dressings. Levofloxacin (LF), an antibiotic frequently
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Figure 3. a) %Degradation and b) digital images of BDB-crosslinked PVA mats incubated at pHs ranging at 5-10.4 for 24 h as well as SEM images
incubated at acidic ¢) pH = 5.4, d) physiological pH = 7.4, and alkali pHs e) 8.4 and f) 9.4.

used to treat skin infection was chosen as a model compound
and loaded in BDB-crosslinked PVA nanofibrous mats. The
e-spinning and BDB crosslinking protocol was repeated except
the aqueous PVA solution contained 10 wt% LF. Figure 4a shows
their SEM images with average diameter of 151.5 + 29.0 nm
(Figure S9, Supporting Information, for diameter histogram),
which appeared to be slightly larger compared to the “bare”
BDB-crosslinked nanofibers (133.9 + 21.2 nm), which could be
due to the presence of the LF during electrospinning.

The skin is the largest organ in the body, and its main func-
tion is to protect the body from the external environment. One
of the key mechanisms by which the skin exerts its protective
role is through its pH. Typically, healthy skin and healing wounds
are slightly acidic (pH = 5-6) due to keratinocytes secreting fatty

Macromol. Biosci. 2024, 2400217 2400217 (5 of 9)

acids and amino acid compounds into the skin. Within this pH
range, alkaline-based chemicals are neutralized, opportunistic
bacteria growth is inhibited, and skin microbiota is encouraged.
Chronic wounds compromise the integrity and functionality of
the skin, disrupting lipid synthesis and pH balance of the skin.
Therefore, the pH of chronic wounds is generally alkaline (pH =
7-9), which promotes bacterial colonization.[2¢!

The LF-loaded PVA mats were examined for pH-responsive
release of encapsulated LF using UV-vis spectroscopy. LF is
soluble in water and has absorption bands from 200-350 nm.
UV spectra were recorded at increasing concentrations at pH =
5.4 (acidic), 7.4 (neutral), and 8.4 (alkali) (Figure S10, Supporting
Information). However, parts of the UV spectrum of LF overlaps
with BDB in the region at 200-300 nm (Figure S11, Supporting
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Figure 4. a—c) SEM images with different magnifications of LF-loaded BDB-crosslinked PVA nanofibers and %release of LF at pH = 5.4, 7.4, and 8.4 over

incubation time in d) short and e) long time scale.

Information) and thus three LF calibration curves were con-
structed at 330 nm (Figure S12, Supporting Information), one
for each pH due to LF’s sensitivity to pH (Figure S13, Supporting
Information). Next, pieces of LF-loaded BDB-crosslinked mats
were immersed in aqueous buffer solution at pH = 5.4, 7.4, and
8.4 and the UV spectra of the aqueous solutions were recorded
at given time intervals (Figure S14, Supporting Information). As
seen in Figure 4D, %release rapidly increased within 30 min and
slowly increased upon further incubation time for all three pHs.
Interestingly, release reached 40% at acidic pH = 5.4% and 60%
at pH = 8.4, while only 20% at pH = 7.4. The observed trend
of %release versus pH is consistent with their acid-responsive
degradation behavior (Figure 3).

LF-loaded BDB-crosslinked PVA mats were assessed for an-
timicrobial activity through a disk diffusion method to fore-
cast their potential for wound dressings. Three bacterial species
were examined, including the Gram-negative Escherichia coli (E.
Coli; ATCC 25922) and Salmonella enterica Typhimurium (S. Ty-
phimurium; ATCC 14028) and the Gram-positive Staphylococ-
cus aureus (S. aureus; ATCC 29213). Our assay includes 10 ng
ciprofloxacin (Cipro) as a positive control and LF-loaded non-
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crosslinked PVA mat as a negative control. All tested groups were
intended to receive the same amount of LF.

Figure 5 shows the results with their diameter of inhibition
(DOI) and digital images as a measure of antimicrobial activ-
ity. Larger DOI values indicate greater antimicrobial activity.
Promisingly, LF-loaded BDB-crosslinked mats had their DOI
values nearly equal to the non-crosslinked samples for the
two Gram-positive bacteria, and even slightly greater for the
Gram-negative bacteria. These results confirm that the devel-
oped LF-loaded BDB-crosslinked PVA nanofibrous mats possess
excellent antimicrobial activities against the Gram-positive and
Gram-negative bacteria tested here. Note that the antimicrobial
activity of the developed mats appeared to be greater against
E. coli and S. aureus, compared with S. Typhimurium, which
could be attributed to different susceptibilities of those bacteria
to antibiotics. Furthermore, BDB-crosslinked mats had greater
antimicrobial activity than mats crosslinked with GA (a conven-
tionally used crosslinker for e-spun PVA nanofibers) (Figure
S15, Supporting Information). As anticipated, the LF-loaded un-
crosslinked PVA nanofibers mats displayed greater DOI against
E. coli and S. aureus than did the LF-loaded BDB-crosslinked
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Figure 5. a) Diameter of inhibition (DOI) and b) digital images of three samples over Gram-negative E. coli and S. Typhimurium as well as Gram-positive
S. aureus. Refer to Figure S16 (Supporting Information) for the entire petri dish caption.

mats. In an aqueous environment, uncrosslinked fibers did not
exhibit the same stability as BDB-crosslinked fibers, prompting
a faster PVA dissolution, a larger release of LF amount, and
greater antibacterial effect. Beyond its well-known stabilizing
role, BDB enabled control over drug release.

3. Conclusion

We explored a new approach to crosslinking e-spun PVA
nanofibers. This approach used commercially available BDB to
produce BE-PVA bonds that are largely degraded to their corre-
sponding boronic acid and diol under elevated/reduced pH. By
loading the nanofibers with a model drug during the crosslinking
the pH-degradable PVA nanofibrous mats displayed controlled
drug release. The intended goal is to use this methodology to
develop wound dressings, but other applications are also pos-
sible. Qualitative analysis by FT-IR and quantitative analysis by
gravimetry and gel content measurement confirmed the fabrica-
tion of dimensionally-stable PVA mats crosslinked through the
formation of BE crosslinks. In addition, structure-property rela-
tion studies revealed that the incorporation of BDB (e.g., extent
of crosslinking) appeared to be as low as 10% boronic acid to hy-
droxyl groups. Despite this, the gel contents of crosslinked mats
were greater than 80% and the crosslinked mats retained their
original fibrous forms during crosslinking procedure in organic
solvents. The crosslinked fibers exhibit pH-responsive degrada-
tion and their degradation appeared to be greater in both acidic
(pH =5.4) and alkali (pH = 8.4) conditions through acid- or base-
catalyzed hydrolysis of BE bonds, leading to rapid release kinetics
of encapsulated LF in both alkali and acidic pHs. Promisingly,
LF-loaded BE-crosslinked e-spun nanofibers exhibited excellent
antimicrobial properties against both Gram-positive and Gram-
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negative bacteria. These results demonstrate the proof of prin-
ciple applicability of this approach toward the fabrication of BE-
crosslinked PVA nanofibers for smart wound dressings exhibit-
ing controlled/enhanced drug release.

4. Experimental Section

Instrumentation: Lab-made electrospinning setup included a spin-
neret directed toward a conventional stationary collector consisting of an
aluminum foil target inside a Fisher model 630D incubator (Figure S1,
Supporting Information, right). The collector was held at negative high
voltage (e.g., —25 kV) while the needle/spinneret and metal-body incuba-
tor were grounded. A small muffin fan (75 mm, 6 W) was used in the in-
cubator to circulate the air. The spinneret consisted of a square cut single-
nozzle needle connected to a Spellman CZET000R high-voltage direct cur-
rent power supply (5-30 kV) and whose feeding rate was controlled by a
syringe pump (LEGATO110 KD Scientific).

SEM images were obtained using a Phenom ProX with a resolution
equivalent to, or less than, 8 nm and an acceleration voltage of 10 kV.
Nanofibers were dried in vacuum oven for 24 h, mounted on a stub using
double-face carbon tape, and coated with a 5 nm thick layer of gold us-
ing a Cressington 108 Auto Sputter Coater. Their average diameters were
calculated from more than 100 nanofibers using Image| software. UV-vis
spectra were recorded on a Cary 60 UV-vis Agilent Spectrophotometer
using a rectangular quartz cuvette with an optical path length of 1 cm.
FT-IR spectra were collected with a Thermo Scientific Nicolet iS5 spec-
trometer equipped with an iD5 attenuated total-reflection accessory. DSC
measurements were performed in DSC Q20 Instrument with nitrogen flow
(50 mL min~"). For analysis, the samples were hermetically enclosed in an
aluminum pan and equilibrated at —80 °C. Two cycles were run for each
sample, each cycle consisting of heating up to 250 °C at a rate of 10 °C
min~" and subsequently cooling to —80 °C at a rate of 5 °C min~".

Materials: BDB (>95%), LF (>98%), phosphate buffered saline (PBS)
tablets, Mueller Hinton Broth 2 (MHB) microbiology culture medium,
agar powder (quality level 100), and PVA (89-98 kDa, 99+% hydrolyzed)
were purchased from Millipore Sigma and used without any further purifi-
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cation unless otherwise mentioned. THF (ACS grade) was treated with 3
A molecular sieves (8-12 mesh) to remove residual water.

Fabrication of E-Spun PVA Nanofibers: An aqueous solution of PVA
(10% w/v) was prepared by dissolving PVA powder in deionized water
at 80 °C under stirring for 60 min. Prior to electro-spinning, the formed
solution was degassed and allowed to settle overnight. To fabricate well-
defined PVA nanofibers, the solution (1 mL) was subsequently e-spun at
a flow rate of 0.85 mL h™! through a square cut BD 25G 1% needle using
the syringe pump with a nozzle-collector distance of 9 cm with an applied
potential of 25 kV at 30 °C.

Crosslinking of E-Spun PVA Nanofibers with BDB: The fabricated PVA
nanofibrous mats were immersed in THF with defined concentrations of
BDB crosslinker as various mole equivalent ratios of BA/20H of 0.25/1,
0.5/1, 1/1, and 2/1 for 48 h, yielding BDB-crosslinked PVA mats. They
were dried in a vacuum oven set at 40 °C for 24 h and their masses were
recorded. To estimate %insoluble PVA mats (or gel content), the mats
were immersed in deionized water for 24 h and dried in vacuum oven set
at 40 °C for 24 h.

pH-Responsive  Degradation: Pieces of BDB-crosslinked e-spun
nanofiber mats fabricated with the mole equivalent ratio of BA/20H were
immersed in 0.2 m buffer solutions at various pHs for 24 h. Acetate buffer
for pH = 5.0-5.4, phosphate buffer for pH = 6.0-8.4, and carbonate
buffer for pH = 9.4-10.4 were used. Either 1 m NaOH or 1 m HCl was
used to adjust pH values.

Fabrication of LF-Loaded BDB-Crosslinked PVA Nanofibrous Mats: A
10% w/v PVA solution containing 10% w/w LF was prepared and subjected
to electrospinning and crosslinking with BDB using the same protocols to
fabricate fibrous mats with no LF.

pH-Responsive Drug Release Studies: Weighed pieces of LF-loaded
BDB-crosslinked mat (15 mg) were immersed in 25 mL of either 0.2 m
acetate buffer (pH =5.4) or 0.2 m PBS solution (pH =7.0 and 8.4) at 37 °C
under stirring. Aliquots were taken periodically and their UV spectra were
recorded. The experiments were performed under sink condition.

The calibration curve of LF was constructed with the absorbance at
330 nm over the concentration of LF at 1-15 ug mL~". Each solution was
prepared by diluting a 20 ug mL™" stock solution. The blank was the cor-
responding buffer solution, depending on which buffer solution was used
for the release study or calibration curve.

Antimicrobial Studies: Kirby-Bauer disk diffusion method was em-
ployed in compliance with the European Committee on Antimicrobial
Susceptibility Testing Guidelines. E. Coli (ATCC 25922), S. aureus (ATCC
29213), and S. Typhimurium (ATCC 14028) were seeded onto a petri dish
with MHB culture medium (expected pH 7.3 + 0.2 according to manufac-
turer) from an inoculum with a density of 0.5 McFarland Turbidity Standard
(=1-2x 108 CFU mL™"). The inoculum was prepared via direct colony sus-
pension. Within 15 min of inoculation disk-shaped (8 mm diameter, 0.085
+ 0.05 mg), LF-loaded, BDB-crosslinked mats were placed on the surface
of the inoculated agar and incubated at 35 + 2 °C for 14 h. Cipro (10 ng)
and LF-free BDB-crosslinked mats were examined as positive and negative
control groups, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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