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ABSTRACT: In recognition of the potential of calreticulin (CRT) protein in [Synergistic Functions:

enhancing the rate and quality of wound healing in excisional animal wound ; :::;?;”CCRF;Tb"iZ':::iSn

models, this study was to incorporate CRT via polyblend electrospinning into 3 Provide blomimetic r¥1atrices Protection 1 proliferation

polycaprolactone (PCL)/type 1 collagen (Coll) nanofibers (NFs; 334 + 75 nm [, wmodulate mechanical cues W

diameter) as biomimetic extracellular matrices to provide a novel mode of delivery | 3 , . : éTF'e't'l'c'dl'u'n"('é'ﬁ')""‘

and protection of CRT with enhanced synergistic activities for tissue regeneration. " / TR iy * i|sustained

Release kinetic studies using fluoresceinated CRT (CRT-FITC) polyblend NFs —f G R, ) release
. . . . ., polycaprolactone (PCL)

showed a burst release within 4 h reaching a plateau at 72 h, with further intervals -

of release upon incubation with fresh phosphate buffered saline for up to 8 weeks.

By measuring fluorescence during the first 4 h of release, CRT-FITC-containing

NFs were shown to protect CRT from proteolytic digestion (e.g., by subtilisin) compared to CRT-FITC in solution. CRT

incorporated into NFs (CRT-NFs) also showed retention of biological activities and potency for stimulating proliferation and

migration of human keratinocytes and fibroblasts. Fibroblasts seeded on CRT-NFs, after 2 days, showed increased amounts of

fibronectin, TGF-f1, and integrin $1 in cell lysates by immunoblotting. Compared to NFs without CRT, CRT-NFs supported cell

responses consistent with greater cell polarization and increased laminin-5 deposition of keratinocytes and a more motile phenotype

of fibroblasts, as suggested by vinculin-capping F-actin fibers nonuniformly located throughout the cell body and the secretion of

phosphorylated focal adhesion kinase-enriched migrasomes. Altogether, CRT electrospun into PCL/Coll NFs retained its structural

integrity and biological functions while having additional benefits of customizable loading, protection of CRT from proteolytic

degradation, and sustained release of CRT from NFs, coupled with innate physicochemical cues of biomimetic PCL/Coll NFs. Such

- -

Proteolytic  Skin Cells

...........................

CRT-containing PCL/Col1 biomimetic nanofi bers

synergistic activities have potential for healing recalcitrant wounds such as diabetic foot ulcers.

KEYWORDS: calreticulin, electrospun fibers, proteolytic protection, chronic wounds, fibroblast, keratinocyte, cell migration,

cell proliferation

1. INTRODUCTION

Chronic wounds such as diabetic foot ulcers (DFUs) remain a
devastating clinical challenge and cost the U.S. healthcare
system over 25 billion dollars annually." It has been estimated
that 34% of people diagnosed with diabetes will develop a
DFU over their lifetime.” DFUs resist most traditional healing
treatments, showing a recurrence rate of 65% within S years
after healing,” an amputation rate of 15% within 1 year,’ and of
amputees, a 5 year mortality rate of 40%." Clearly, DFUs
present a substantial healthcare burden. Regranex, a gel
containing platelet-derived growth factor BB, is the only
FDA-approved cytokine treatment for cutaneous wound repair.
Although one study showed that 34% of DFUs treated with
Regranex healed within 20 weeks,” other studies on diabetic
mice and treatment of DFUs showed lack of efficacy.”’
Conversely, there are many cellular and tissue-based products
(CTPs), formerly referred to as skin substitutes, on the U.S.
market, but these also display less-than-desirable healing
outcomes.® ™"
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Previous work from our group showed that topical
application of calreticulin (CRT), an endoplasmic reticulum
chaperone protein, markedly enhanced the rate and quality of
wound healing in porcine partial-thickness'' and diabetic
mouse full-thickness excisional wounds.'"” In the porcine
wounds, CRT-treated wounds were fully reepithelialized with
all four layers of epithelium by 10 days post-wounding
compared to Regranex-treated wounds, which lacked epitheli-
alization in the center of the wounds. CRT-treated wounds
also had greater collagen-rich granulation tissue than the
Regranex-treated wounds. Uniquely, CRT healed the diabetic
(db/db, lepr null) murine wounds via a tissue regenerative
process exemplified by epidermal appendage neogenesis and
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lack of scarring. Specifically, thick black pigmented hair and
sebaceous glands were regenerated following their complete
removal in experimental excisional wounding. In vitro studies
using human cells demonstrated that CRT affects key cellular
functions essential to the wound healing process including
promotion of the migration of keratinocytes, macrophages, and
fibroblasts,' "> the proliferation of keratinocytes and fibro-
blasts,""'* the synthesis of extracellular matrix (ECM) proteins
(e.g., collagen, elastin, and fibronectin) by fibroblasts,>'* the
upregulation of integrins a5 and A1 by fibroblasts and
keratinocytes,'* and the activation of macrophages to
phagocytose debris and release cytokines important to the
wound healing process."” Clearly, CRT promotes wound
healing through diverse and broad-range mediation pathways
and can notably correct many of the defects that prevent
healing of chronic poor-healing or non-healing and recurrent
wounds, such as DFUs.

Electrospun fibers have seen increasing utilities in wound
healing, particularly in the repair of animal wound models, as
biomimetic ECM substitutes with tailorable physicochemical
cues to effectuate cellular responses.''® Polycaprolactone
(PCL)- and type I collagen (Coll)-blended or -modified
electrospun fibers, in particular, have been studied by our
group and others for skin tissue engineering applications.'” >
The major goal of this study was to combine the beneficial
effects of PCL/Coll nanofibers (NFs) and CRT and thereby
create a topical therapeutic with potential to improve poor-
healing chronic wounds such as DFUs. CRT was topically
applied for 4 consecutive days in the aforementioned porcine
and murine wound healing experiments. Notably, repeated
topical applications of CRT become essential to maintain the
desirable functions, causing unwanted inconvenience in clinical
practice and unnecessary consumption of more CRT. There-
fore, another objective of electrospinning CRT into PCL/Coll
NFs was to improve delivery of CRT with one application that
would have sustained release over time. In addition, for better
maintenance of the biological activity of CRT, the structural
integrity of the protein needs to be retained despite the
challenges of the deteriorated local environment of chronic
wounds, which introduce proteolytic”** and pH-unstable™
conditions. In this regard, it would be highly beneficial to have
CRT sustainably released locally while protecting it from these
environmental challenges. Other bioactive molecules have
demonstrated benefit by being incorporated into drug delivery
systems (DDSs).”*"* In this manner, a final objective of
electrospinning CRT into PCL/Coll NFs was to better protect
the structural integrity of CRT against relevant environmental
threats.

For these reasons, we sought to determine if PCL/Coll
electrospun fibers could be used as an effective carrier for
CRT, particularly with regard to retaining its biological activity,
protecting it from proteolytic degradation, and sustaining its
release, while at the same time introducing further wound
healing capability through the synergy of biological and
physicochemical cues. Our results showed that CRT could
be uniformly incorporated into PCL/Coll fibers by direct
blending into the electrospinning solution, forming PCL/
Coll/CRT (PCC) NFs. Importantly, this blending process
neither altered the diameter distribution of obtained NFs nor
caused loss of bioactivity of CRT. CRT was able to be
sustainably eluted from these NFs under physiological
conditions [37 °C in pH 7.4 phosphate buffered saline
(PBS)] and was persistently present within NFs as long as last

measured at 8 weeks. Upon challenge by enzymatic exposure,
CRT in NFs exhibited greater resistance to proteolytic
degradation. With a clear trend though not statistically
significant, PCC NFs retained the function of inducing
fibroblast migration in in vitro wound healing gap closure
assays. In comparison, PCC NFs stimulated significantly faster
keratinocyte migration and more complete gap closure.
Furthermore, PCC NFs elicited a migratory cell phenotype
represented by cell polarization and laminin-S deposition by
keratinocytes and cell polarization, vinculin-capped F-actin
fibers, and phosphorylated focal adhesion kinase (pFAK)
localization in fibroblasts. PCC NFs also promoted prolifer-
ation of both fibroblasts and keratinocytes. In addition, PCC
NFs upregulated the synthesis of transforming growth factor
(TGF)-f1, a key protein involved in upregulation of ECM
proteins and integrin 1 receptor involved in migration. Taken
together, PCC hybrid NFs exhibit potential for healing
recalcitrant wounds such as DFUs with a synergistic action
that is not observed with PCL/Coll NFs or with CRT alone.

2. MATERIALS AND METHODS

2.1. Materials. Recombinant human CRT expressed in Escherichia
coli was obtained from Intas Pharmaceuticals Ltd. (Ahmedabad,
India) and used from a 6.4 mg/mL stock solution in Tris-Ca buffer
(TC; 10 mM Tris, 3 mM CaCl,, pH 7.0). For selected experiments,
CRT was fluorescently tagged with fluorescein isothiocyanate isomer I
(FITC, from Sigma-Aldrich) under basic conditions to obtain CRT-
FITC.*® Glass coverslips and calcium chloride solution (1.0 M) were
obtained from Carolina Biological Supply Company. Tris buffer
solution (2 M) and sodium carbonate were purchased from Acros
Organics. Collagen type I (Coll, lyophilized from calf skin) was from
Elastin Products Company. 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) was obtained from Oakwood Products. Polycaprolactone
(PCL, average Mn 80 kDa), branched polyethylenimine (BPEI,
average Mw 750 kDa), mitomycin C [10 mg/mL in dimethyl
sulfoxide (DMSO)], and sodium bicarbonate were obtained from
Sigma-Aldrich. Elastase from human neutrophils, cathepsin G from
human neutrophils, proteinase K from Tritirachium album, and
subtilisin A from Bacillus licheniformis were purchased from
MilliporeSigma and reconstituted per the manufacturer’s protocol.
All cell culture media and additives were from Gibco with the
exception of keratinocyte basal medium (KBM, Lonza), L-glutamine
(Corning), fetal bovine serum (FBS, Atlanta Biologicals), and
trypsin—ethylenediamine tetraacetic acid for primary cells and trypsin
neutralizing solution from the American Type Culture Collection
(ATCC).

2.2. Fabrication and Characterization of CRT-Containing
Fibrous Matrices. Glass coverslips were cleaned with isopropanol
and then coated with BPEI (0.2 mg/mL, pH 9) for 20 min and
blotted dry to improve subsequent adherence of electrospun fibers.
NF matrices were prepared using an established electrospinning
technique with modification.’*> Briefly, PCL and Coll (3:1 w/w)
dissolved in HFIP overnight at 4 °C were mixed with CRT/TC
solution at a volume ratio of 7:3 for 1 h at 4 °C under stirring (final
polymer concentration of 10% w/v PCL/solvent). The final
concentrations of CRT in various polyblend electrospinning solutions
are shown in Table 1. For the study of CRT release kinetics and
stability in the presence of enzymes, CRT-FITC was similarly
electrospun into NFs (PCCf-100n). Upon loading into a 1 mL syringe
with a 21G stainless steel blunt-tip needle, the electrospinning
solution was dispensed at a flow rate of 0.6 mL/h through an electric
field of 1 kV/cm to fabricate NFs, which were collected onto the
BPEI-coated glass coverslips on top of ground aluminum foil. A 4 min
collection time was chosen to assure sufficient NF coverage of the
glass coverslips. Ambient conditions during electrospinning were 10—
58% relative humidity and 20.5-27.9 °C temperature. The
morphology of various NF matrices was examined by scanning
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Table 1. Design of CRT-Containing PCL/Coll Nanofiber
(NF) Matrices”

designated anticipated CRT

abbreviation of NF CRT concentration in concentration releasable
matrices electrospinning solution from NFs

PCX none none

PCC-1u 900 pug/mL 1 pg/mL

PCC-100n 90 ,ug/mL 100 ng/mL

PCC-10n 9 pg/mL 10 ng/mL

PCC-1n 900 ng/mL 1 ng/mL

PCC-100p 90 ng/mL 100 pg/mL

PCC-1p 900 pg/mL 1 pg/mL

“CRT, calreticulin; PCL, polycaprolactone; Coll, type I collagen;
PCX, PCL/Coll; PCC, PCL/Coll1/CRT.

electron microscopy (SEM; Zeiss Auriga Small Dual-Beam Field
Emission) with a voltage of 1 kV and a working distance of
approximately S mm. Fiber diameters were determined by using
Image] to measure 50 fibers across 5 randomly selected SEM fields.
Localization of CRT-FITC within NF matrices was examined with an
EVOS M7000 Imaging System (Thermo Fisher Scientific).

2.3. CRT Release from CRT-Containing NFs. Release experi-
ments were performed with 15 mm-diameter PCX and PCCf-100n
NF samples inside a 24-well plate with receiver volumes of 700 uL of
PBS each. Plates were sealed with a plate sealer and wrapped in
parafilm and aluminum foil to prevent evaporation and light exposure
followed by incubation at 37 °C. At designated timepoints, a 70 uL
sample (ie, 10%) was removed from each well and replaced with
fresh PBS to maintain a constant receiver volume. The fluorescence
intensity of these samples was immediately recorded with a BioTek
Synergy H1 Microplate Reader through a green filter and used to
calculate the cumulative mass of CRT-FITC released from the NFs
against a standard curve. For prolonged release studies, the receiver
volume was completely replenished (i.e., 100%) with fresh PBS every
2—5 days, and the NF matrices were also imaged immediately after
submerging in fresh PBS with an EVOS M7000 Imaging System
(Thermo Fisher Scientific).

2.4. Proteolytic Resistance of CRT-Containing NFs. To
examine the susceptibility of CRT to proteolytic degradation
following electrospinning into NFs, CRT-FITC (free) or PCCf-
100n (CRT-FITC incorporated into NFs) was subjected to treatment
with elastase, subtilisin, cathepsin G, and proteinase K separately.
CRT-FITC/PBS solution (3.1 nM) or 15 mm-diameter PCCf-100n
samples submerged in PBS were incubated with elastase or cathepsin
G at a molar ratio of 1:10 or with subtilisin or proteinase K at a weight
ratio of 1:10 or 1:100 (enzyme/CRT), and the reaction was carried
out under static conditions at 37 °C. Starting at 15 min and then
every 20 min thereafter, a sample of the supernatant was collected
followed by measuring its fluorescence intensity using a BioTek
Synergy Neo2 Hybrid Multi-Mode Microplate Reader (excitation
wavelength: 485 nm, emission wavelength: 528 nm). After 275 min,
the reaction was terminated by addition of 1 mM phenyl-
methylsulfonyl fluoride. The data were expressed as fold change in
fluorescence intensity of the sample (free CRT-FITC or PCCf-100n)
with or without enzyme treatment at 275 min to fluorescence
intensity of the same sample type without enzyme treatment at 15
min referred as CRT initial (CRT1).

2.5. Cell Culture. Primary human neonatal foreskin fibroblasts
(HFF; CRL-2091, CCD-1070Sk, ATCC) were cultured in complete
minimum essential medium (MEM) containing 10% FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, S0 IU/mL penicillin, and 50 ug/
mL streptomycin with medium refreshed every 3—4 days. Cells were
passaged at 60—70% confluency and used for experiments at passages
8—11. Telomerase-immortalized human keratinocytes (HEKs), a past
gift from Dr. James Rheinwald (NIH Harvard Skin Disease Research
Center), were cultured in complete keratinocyte serum-free medium
(KSF) containing SO yg/mL bovine pituitary extract (BPE), S ng/mL
epidermal growth factor (EGF), and 0.3 mM additional CaCl,, 100

IU/mL penicillin, and 100 ug/mL streptomycin with medium
refreshed every 2—3 days. Cells were passaged at 50—60% confluency.
All cellular experiments on NFs were performed using 22 X 22 mm
samples with the exception of the wound healing gap closure assay
which was performed using 15 mm-diameter samples. All NF samples
were sterilized using ultraviolet irradiation (20 min per side) prior to
use, and all treatment media contained 1% TC to equalize the effects
of the exogenous CRT vehicle.

2.6. Resazurin Assay for Cell Proliferation. To evaluate
proliferation, cells were seeded onto NF matrices in a 6-well plate
or directly onto tissue culture plastic (TCP) of a 96-well plate. For
HFFs, cells were seeded at a density of 5.7 X 10% cells/cm? and
allowed to adhere for 6—8 h prior to further treatment. Complete
MEM medium with reduced FBS (i.e., 0.5%) was used to minimize
the contribution of serum, except for the FBS positive control (i.e.,
PCX-FBS with 5% FBS). Conditioned medium (CM) refers to
medium containing released CRT that was obtained by soaking PCC-
100n NFs in FBS-reduced complete medium for 1 day and,
respectively, diluted 10-fold and 100-fold with fresh FBS-reduced
complete medium to obtain the estimated CRT concentrations of 10
and 1 ng/mL. For HEKSs, cells were seeded at a density of 1.0 X 10*
cells/cm? and allowed to adhere overnight prior to further treatment.
Complete KSF medium was used throughout the experiment. For
groups with exogenous CRT treatment, cells were seeded on PCX
NFs, and then, CRT was supplemented into the medium to reach the
designated concentration (e.g., 10 ng/mL for the PCX-10n group). At
predetermined timepoints, resazurin (Biotium) was mixed with either
0.5% FBS-complete MEM (for HFFs) or KBM (for HEKs) at a 1:9
volume ratio and then incubated with cells (1 mL/well). After an
appropriate incubation period, 100 yL of the supernatant from each
well was transferred to a 96-well plate, and the absorbance at 570 and
600 nm was recorded using the BioTek Synergy H1 Microplate
Reader. The net absorbance of each sample at each timepoint was
normalized to the average value of the negative control at the initial
timepoint in order to determine proliferation.

2.7. Cell Motility Assay. To evaluate motogenic capacity, samples
of NF matrices on glass coverslips were secured inside wells of a six-
well plate.*® HFFs were seeded at a density of 5.7 X 10° cells/cm? and
allowed to adhere for 6 h prior to various treatments using 0.5% FBS-
complete MEM. Immediately following treatment, samples were
automatically imaged every 20 min for the next 12 h using a BioTek
Cytation C10 Confocal Imaging Reader. Acquired images were
analyzed in Image]. Boolean OR and subtraction operators were first
used to attenuate the NF background and identify individual cells, and
the Manual Tracking plugin in Image]>* was used to track 10 cells per
condition.

2.8. Wound-Gap Closure Assay. To further evaluate motogenic
capacity, a wound-gap closure analysis was performed with both HFFs
and HEKs on NF matrices. Briefly, samples of NF matrices on glass
coverslips were secured inside wells of a 24-well plate.*® To better
monitor the gap closure, cells were labeled with Vybrant DiD
(Invitrogen) according to the manufacturer’s instructions (15 min for
HFFs, 10 min for HEKs). CytoSelect Wound Healing Assay inserts
(Cell Biolabs, Inc.) were used to create a wound gap of 0.9 mm on the
surface of each NF sample; cells were seeded onto each side of the
insert (4.5 X 10* per side for HFFs, 1.0 X 10° per side for HEKs) and
allowed to adhere overnight. Immediately upon removal of the inserts,
the cells were treated with mitomycin C (S5 pg/mL, 1 h) to block
proliferation (n.b. so that migration of cells observed would not be
due to proliferation into the wound gap). Then, the cells were
incubated in respective treatment medium (0.5% FBS-complete MEM
for HFFs, complete KSF without BPE and EGF for HEKs), and gap
closure was monitored periodically by imaging with the EVOS M7000
Imaging System (Thermo Fisher Scientific). Gap closure with DiD
labeling was analyzed in Image]. First, red channel images of the full
surface (stitched using EVOS M7000 software) at different timepoints
were aligned using the StackReg plugin available in Image]** and
cropped to the area of interest. Then, gap area was quantified using a
macro based on a previous report,”” and the gap closure was
quantified as a percent relative to the initial timepoint. In some
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Figure 1. Incorporation of CRT into PCL/Coll NFs. (A) SEM images of PCX-0, PCC-100n, and PCC-1u NFs. (B) Matching brightfield and
fluorescence images of PCCf-100 NFs taken in the same field of view and magnification. Green fluorescence is CRT-FITC.

experiments where DiD-labeling and mitomycin C pretreatment was
not used per our previously published method,* the culture was fixed
at the designated time, and then, the cells were stained with
methylene blue (0.25 mg/mL, 15 min) and imaged using the EVOS
M7000 Imaging System.

2.9. Immunofluorescent Staining. Cultures were fixed with 4%
paraformaldehyde for 10 min at room temperature and stored in PBS
at 4 °C until use. Cells were then permeabilized with 0.1% Triton X-
100 for 5 min and blocked for nonspecific binding with 3% w/v
bovine serum albumin (BSA)/PBS for S min. All antibodies were
diluted in 3% w/v BSA, and the primary or secondary antibody
incubation was performed at room temperature for 1 h with gentle
shaking. Primary antibodies used were as follows: rabbit anti-
phosphorylated FAK (anti-pFAK; Abcam, 1:400), mouse anti-
keratin-1/10 (K1/10; Santa Cruz Biotechnology, 1:50), mouse anti-
laminin-S (EMD Millipore, 1:200), FITC-conjugated mouse anti-
vinculin (Sigma-Aldrich, 1:100), FITC-conjugated mouse anti-Ki67
(Santa Cruz Biotechnology, 1:50), Texas Red-conjugated phalloidin
(Biotium, 1:100), and Alexa Fluor 488-conjugated phalloidin
(Invitrogen, 1:200). All conjugated secondary antibodies were from
Jackson ImmunoResearch (1:50—1:100). Immediately following
staining, samples were washed with PBS, mounted with 4,6-
diamidino-2-phenylindole (DAPI), and sealed with clear nail polish.
Imaging was performed using a Nikon Eclipse 80i epifluorescence
microscope. The number of pFAK" vesicles was semi-quantified using
CellProfiler image analysis software.*® Briefly, green and blue channels
were subtracted from the red channel images to reduce artifacts using
the ImageMath module. Then, the number of pFAK" vesicles in each
image was counted using the IdentifyPrimaryObject module, with a
pixel size threshold set between 3 and 60.

2.10. Western Blot Analysis. To determine protein induction by
CRT on NFs, Western blot analysis was employed. Briefly, HFFs were
seeded onto NFs at a density of 5.7 X 10% cells/cm? and allowed to
attach for 6—8 h and treated with appropriate medium (ie., FBS-
reduced complete medium with or without 100 ng/mL CRT) for 48
h, and cell lysates were prepared with 1X radioimmunoprecipitation
assay lysis buffer (Sigma) containing 1X protease inhibitor cocktail on
ice. The protein concentration of each sample was determined using a
Micro-BCA protein assay kit, and 15 pg of each protein sample in
Laemmli buffer containing 5% f-mercaptoethanol was loaded on a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%
acrylamide) and transferred onto a polyvinylidene fluoride membrane
for immunoblotting. The blots were blocked in 5% of nonfat dry milk
in tris-buffered saline with 0.1% Tween (TBST) for 1 h followed by

overnight incubation in primary antibodies at 4 °C: mouse anti-
human fibronectin (BD Biosciences, 1:1000) or mouse anti-integrin
B1 (Santa Cruz Biotechnology, 1:500). To determine the levels of
TGF-p1, the membrane was blocked overnight in 5% nonfat dry milk
at 4 °C before incubating with the rabbit antibody®” (2 ug/mL in 3%
of nonfat milk in TBST) for 4 h at room temperature. f-actin
(1:10,000 in 5% nonfat dry milk) was used as a loading control in all
experiments. After incubation with primary antibodies, the mem-
branes were washed thrice with TBST followed by addition of the
secondary antibody for an incubation period of 1.5 h: goat anti-mouse
(Invitrogen, 1:2000 in TBST in 5% nonfat dry milk) or goat anti-
rabbit (Invitrogen, 1:2000 in TBST in 5% nonfat dry milk). The
proteins transferred onto the membranes were detected using
chemiluminescence-based SuperSignal West Femto Maximum
Sensitivity Substrate (Invitrogen), and the image was captured using
a ChemiDoc MP Imaging System (Bio-Rad). Densitometric scanning
was performed using Image], and the intensity of each band was
normalized to f-actin. The data are expressed as fold change for each
target protein in treatment groups over the PCX-0 control.

2.11. Statistical Analysis. All values are shown as average =+
standard deviation. Statistical testing is described in the Results
section; p < 0.05 was considered significant [p < 0.05 (*); p < 0.01
(**); and p < 0.0001 (**¥*)] and 0.05 < p < 0.1 was considered
borderline significant (#).

3. RESULTS

3.1. Fabrication of CRT-Containing PCL/Col1 NFs.
Following the established electrospinning conditions, CRT-
containing PCL/Coll NFs were fabricated. Successful
incorporation of CRT into PCL/Coll NFs was confirmed
using attenuated total reflection-Fourier-transform infrared
(ATR-FTIR), in which semi-quantification of signature
absorption peaks showed a correlation with increasing
concentrations of CRT (Supporting Information, Figure S1).
SEM examination (Figure 1A) revealed a comparable fiber
diameter (Supporting Information, Table S1) and organization
despite addition and increasing concentrations of CRT at least
up to PCC-100n conditions [322 + 80 nm (PCX-0) vs 331 +
80 nm (PCC-100n), p = 0.57 by a two-sided t-test assuming
unequal variances]. However, at a 10-fold higher concentration
(PCC-1p), a noticeable change in fiber diameter was seen [p <
1 X 107 by single factor analysis of variance (ANOVA)],
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Figure 2. Sustained release of CRT out of CRT-containing NFs. (A) Schematic illustration of the experimental methodology used. (B) Cumulative
mass of CRT-FITC released from PCCf-100n NFs on 15 mm-diameter glass coverslips over time. Color changes accompanied by black arrow
heads indicate timepoints at which the receiver volume was fully replenished with fresh PBS. Insets: zoomed-in release graphs of the first and final
round. (C) Green fluorescence images of PCCf-100n NFs and PCX-0 NFs submerged in PBS for different lengths of time. Green fluorescence

above the background of corresponding PCX-0 images is CRT-FITC.

yielding smaller fibers with larger variability when using the
same electrospinning parameters (Figure 1A). To better
visualize CRT distribution in NFs, CRT-FITC was used to
fabricate PCCf-100n NFs. As shown in Figure 1B, CRT-FITC
was distributed uniformly throughout the NFs, suggesting that
CRT was well dispersed in the electrospinning solution prior
to the formation of NFs.

3.2. Sustained Release of CRT from CRT-Containing
PCL/Col1 NFs. An initial release experiment was performed at
37 °C with shaking at 80 rpm to determine sufficient sampling
timepoints to establish the release profile (Supporting
Information, Figure S2). More appropriate release experiments
were conducted at 37 °C under static conditions (i.e., without
shaking) to better emulate the circumstances of in vitro cell
culture and in vivo topical application. Within each round of
the prolonged release study, samples were collected and
replaced with PBS (70 uL) at 4 h, 24 h, and 48—120 h
following complete removal and PBS replenishment (700 uL),
with 2—5 day-long rounds repeating 11 times over a span of 6
weeks (Figure 2A,B). As noted, a significant amount of CRT-
FITC was burst released within 4 h (52 + 11 ng) followed by a
slower release during the first round (red graph of the inset in
Figure 2B), with 77 + 16 ng of CRT-FITC released within the
first 72 h and no further release observed thereafter (p = 0.19
by the paired t-test) until replenishment with fresh PBS (i.e.,

starting a new “round” of release). During every subsequent
round, smaller amounts of CRT-FITC (9—19 ng) were
released from the PCCf-100n NFs, with a total of 210 + 32
ng released after 11 rounds of PBS replenishment. Importantly,
the smaller amounts of CRT-FITC released during rounds 2—
11 remained distinguishable above background levels, as
demonstrated for “round 11” in the top inset (blue graph) of
Figure 2B. To determine this background, PCX-0 NF samples
were subjected to the same release experiment at the same
time, and the baseline in all graphs of Figure 2B (4.8 + 0.9 ng)
represents the average false mass calculated from PCX-0
samples across all 11 rounds of the prolonged release study
independently, akin to a limit of blank (LOB).*® To visually
confirm the CRT-FITC release, fluorescence images were
taken with PCCf-100n NFs throughout the release experiment
(Figure 2C). The fluorescence signal decreased in the PCCf-
100n group yet remained clearly distinguishable even after 8
weeks. Interestingly, after 8 weeks submersion in PBS, very
faint fluorescence was seen with PCX-0 NFs, most likely due to
the autofluorescence of Coll.

3.3. Resistance to Proteolytic Degradation of CRT in
CRT-Containing PCL/Col1 NFs. To determine whether CRT
electrospun into NFs is putatively protected from proteolytic
degradation compared with CRT without NFs (i.e., free CRT),
elastase, subtilisin, cathepsin G, and proteinase K were
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Figure 3. Proteolytic resistance of CRT-containing NFs. Effect of (A) elastase (at a molar ratio of 1:10) and (B) subtilisin (at a weight ratio of 1:10
and 1:100) on free CRT-FITC and PCCf-100n NFs submerged in PBS measured as fluorescence intensity of solution over time. (C) Fold change
is presented as fluorescence after 275 min with or without the enzyme relative to fluorescence of CRT-FITC or PCCf-100n at 15 min without the

enzyme (CRTi), respectively.

separately incubated with CRT-FITC or PCCf-100n NFs, and
protein stability was assessed by measuring the fluorescence
intensity of the solution or supernatant, respectively. As shown
in Figure 3A, over a period of ~4.5 h, a similar incremental
increase in fluorescence was observed for untreated free CRT-
FITC compared to that in elastase-treated free CRT-FITC,
both showing a 2.8-fold change in fluorescence units (Figure
3C). However, the relative increase in fluorescence intensity
over time following elastase treatment was less for CRT-FITC
sequestered in NFs at 1.6-fold compared to 1.4-fold.
Treatment of CRT-FITC with subtilisin at a ratio of 1:10
and 1:100 (enzyme to protein) gave a dose-dependent increase
in fluorescence intensity (Figure 3B) with a remarkable fold
change of 5.3 at the 1:10 enzyme dilution and 3.6 at 1:100
(Figure 3C). Interestingly, as with elastase, there was a
consistent unchanged fluorescence intensity in the PCCf-100n
NFs in the presence or absence of subtilisin during the
incubation period. PCCf-100n NFs treated with subtilisin at

1:10 and 1:100 ratios showed a fold change of 1.6 and 1.5,
respectively (Figure 3C). Therefore, the data suggest that CRT
sequestered in NFs (PCCf-100n) is well protected from
proteolytic digestion within a 4.5 h digestion period by
subtilisin, an enzyme that could be high in an infected wound.
Moreover, within the NFs, even at a 10 times higher
concentration of subtilisin, CRT was nearly equally stabilized.
Furthermore, incubation of PCCf-100n and CRT-FITC
separately with cathepsin G, another enzyme released by
cells in the wound, and proteinase K, a proteolytic enzyme
with broad substrate specificity, gave similar results such that
CRT sequestered in the NFs (PCCf-100n) increased fewer
relative fluorescence units over time upon enzyme exposure
than an equal amount of CRT-FITC free in solution
(Supporting Information, Figure S3).

3.4. Retention of Fibroblast Response to CRT in CRT-
Containing PCL/Col1 NFs. To determine whether CRT
incorporated into NFs retained its ability to stimulate cell
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proliferation, a function important for increasing cell numbers
in the wound,'"”'* HFFs seeded onto PCC NFs were assessed
for their proliferative capacity compared to those cultured on
PCX-0 NFs. Examination of the culture under phase-contrast
imaging revealed a higher number of HFFs on PCC-100n NFs
relative to PCX-0 NFs (Figure 4A). HFFs appeared well

Oday 1 mday2 =Sday3

A PCC-100n B 175% +

zno CRT
Sexo 1n
2CM ~1n
Sexo 10n
@mCM ~10n
Sexo 100n

Figure 4. Proliferation of HFFs in response to various CRT
conditions. (A) Phase contrast images of HFFs seeded at 5.2 X 10°
cells/cm* on NFs containing CRT (PCC-100n) or without CRT
(PCX-0) and cultured for 7 d. (B) Quantified proliferation of HFFs
seeded at 5.7 X 10 cells/cm? on NFs and cultured over 3 d. NFs
containing CRT (PCC-100n) were compared to NFs without CRT
(PCX-0), with exogenous CRT (PCX-100n) and FBS (PCX-FBS)
serving as controls. (C) Proliferation of HFFs in response to CRT
released from NFs (conditioned medium: CM) and unprocessed
CRT (exo) compared to that of control without CRT (no CRT).
HFFs were seeded at 5.7 X 10° cells/cm* on TCP and then treated
and cultured over 6 d. (B,C) * indicates p < 0.05, and # indicates p <
0.10 by means of unpaired t-tests assuming unequal variance
compared to the control without CRT [PCX-0 in (B) or no CRT
in (C)] at the same timepoint.

attached and spread on both PCC-100n and PCX-0 NFs. The
observed increase in HFF proliferation was also verified using a
resazurin assay (Figure 4B). No differences existed between all
groups tested on day 1 (p = 0.42 by single-factor ANOVA),
indicating that initial cell seeding was equal such that future
timepoints could be directly compared to elucidate prolifer-
ation differences. Accordingly, statistically significant differ-
ences were identified between groups on day 2: the PCC-100n
group (143 + 7%) was significantly greater than the PCX-0
group (88 + 28%) (p = 0.04 by the one-sided t-test assuming
unequal variances), and borderline significance was found
when comparing the PCX-100n (132 + 17%) and PCX-FBS
(137 + 8%) groups to the PCX-0 group (0.05 < p < 0.053 by
one-sided t-tests assuming unequal variances). Interestingly, no
statistical differences existed again between all groups on day 3
(p = 0.38 by single-factor ANOVA), suggesting that the cells
had reached confluency with no further space available to
observe proliferation. Confluency of the cell cultures was
confirmed by subsequent immunofluorescence staining (data
not shown).

To demonstrate whether the CRT released from NFs
exhibits a similar bioactivity to the unprocessed CRT (i.e., not
electrospun into NFs and therefore without exposure to the
organic solvent and electric field), HFFs cultured on TCP were

incubated with either CM containing NF-released CRT or
medium containing unprocessed CRT. Upon confirmation of
the comparable cell number in each well (Supporting
Information, Figure S4, p = 0.97 by single-factor ANOVA),
the cells were subsequently cultured with the different media
for a total of 6 days. As shown in Figure 4C, the normalized
proliferation of the negative control (“no CRT”) and positive
control (“exo 100n”) was 111 + 13% and 179 + 17%,
respectively, and groups with either CM or exo showed values
between these controls: 139 + 11% for “exo 1n”, 132 £+ 15%
for “CM ~ 1n”, 130 + 11% for “exo 10n”, and 129 + 7% for
“CM ~ 10n”. Therefore, the presence of CRT in the culture
medium, whether unprocessed (exo) or released from NFs
(CM), similarly promoted cell proliferation compared to the
cultures receiving medium without CRT (p < 0.05 by one-
sided t-tests assuming unequal variances).

Another biological function important for wound healing is
the migration of fibroblasts into the wound for granulation
tissue formation. Previous studies have shown that free CRT
could induce chemotaxis and motility of fibroblasts.'""'*'* To
determine whether CRT electrospun into NFs retained the
ability to mediate migration, HFFs seeded onto PCC
compared to those seeded on PCX-0 NFs were examined for
cumulative motogenic behavior using in vitro wound-gap
closure assays and for single-cell directional and velocity
migration using time-lapse imaging in a motility assay. In an
initial experiment in which proliferation was not blocked, the
PCC-100n NFs appeared to promote greater wound-gap
closure compared to the PCX-0 control after 51 h (Figure SA).
To more accurately quantify gap closure and exclude the
contribution of cell proliferation, cells were fluorescently
labeled with DiD prior to seeding and then pretreated with
mitomycin C after adhesion. Through time-lapse fluorescence
imaging, periodic gap closure was readily quantified (Figure
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Figure 5. Motogenic behavior of HFFs on CRT-containing NFs.
(AB) Migration of HFFs on CRT-containing NFs using wound-gap
closure assays. (A) Brightfield images of methylene-blue-stained HFFs
allowed to migrate and proliferate on NFs for 51 h. The initial gap is
approximated in red. (B) Quantified continuous gap closure of HFFs
allowed to migrate on NFs over 91 h. Inset: 44 h timepoint. #
indicates p < 0.10 by means of the unpaired t-test assuming unequal
variances compared to that of the control without CRT (PCX-0) at
the same timepoint. (C) Motility of HFFs on CRT-containing NFs.
Migration paths of 10 individual cells on NFs containing CRT (PCC-
100n) or without CRT (PCX-0) over a minimum of 4 h. Circles
represent 320 and 640 pm distance marks.
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Figure 6. Protein expression of HFFs on CRT-containing NFs. (A,C) HFFs immunofluorescent-stained for (A) pFAK (red), F-actin fibers (green),
and cell nuclei (blue) or (C) vinculin (green), F-actin fibers (red), and cell nuclei (blue) after 24 h culture on NFs containing CRT (PCC-100n) or
without CRT (PCX-0). White arrows indicate (A) pFAK" vesicles or (C) vinculin® focal adhesions. Inset in (A): higher magnification of a single
cell showing pFAK" vesicles being secreted. (B) Quantification of the number of pFAK" vesicles found in (A) segregated by size. (D—F) Western
blot analysis of HFFs after 48 h culture on CRT-containing NFs (PCC-100n) or corresponding controls (PCX-100n and PCX-0). Densitometric
analysis of (D) integrin 1, (E) fibronectin, and (F) TGF-f1 using f-actin as a control. Fold change was calculated over PCX-0. ** indicates p <
0.01, and **** jndicates p < 0.0001 by means of unpaired ttests compared to those of the control without CRT (PCX-0).

SB). No statistical difference in gap closure was found between
groups with or without CRT, particularly at the earliest
timepoint (i.e., at 18 h: p = 0.67 by single-factor ANOVA).
However, at later timepoints, there did appear to be a trend
that the presence of CRT either in NFs or exogenously
supplied slightly increased cell migration, and a borderline
significance was seen between PCC-In and PCX-0 groups
(0.05 < p < 0.10 by one-sided t-tests assuming unequal
variances at 44, 72, and 91 h). It is notable that the untreated
control consistently showed a large standard deviation in
individual experiments. The inset of Figure 5B highlights the
gap closure of different groups at 44 h, wherein PCC-1n was
66 + 6% compared to 50 + 12% for PCX-0, and the other
groups were 63 + 3% (PCC-10n), 60 + 6% (PCC-100n), and
62 + 12% (PCX-10n). In terms of single cell motility, time-

lapse observation showed that HFFs on PCC-100n NFs were
more motile than those on PCX-0 NFs (Figure SC).

To further characterize the migratory phenotype supported
by CRT electrospun into NFs, immunofluorescent staining for
pFAK, vinculin, and F-actin was performed for HFFs cultured
on PCX-0 and PCC-100n NFs for 24 h. As shown in Figure
6A, pFAK (red fluorescence) was predominantly distributed in
the perinuclear region of HFFs cultured on PCX-0 NFs,
whereas a higher expression of pFAK was localized at the cell
peripheries and, remarkably, in extracellular vesicles left behind
by the cells (Figure 64, inset) on PCC-100n NFs. This trail of
extracellular vesicles was also observed in the brightfield images
of an HFF culture on PCC-10n NFs (Supporting Information,
Figure SS). Semi-quantification of the pFAK-enriched vesicles
(red fluorescence) showed that a greater amount was present
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in the PCC-100n group (Figure 6B). Although HFFs on both
types of NFs were spread with an elongated morphology, cells
on PCC-100n NFs appeared more uniformly stretched with
more lamellipodia and filipodia than those on PCX-0 NFs
(Figure 6A). Typical vinculin (green fluorescence)-capping F-
actin fibers (red fluorescence) were seen in HFFs cultured on
both types of NFs but were much more pronounced on PCC-
100n NFs (Figure 6C, arrows). Although evenly distributed F-
actin fibers were seen across HFFs cultured on PCX-0 NFs, F-
actin fibers were mainly located in the peripheral region of cells
on PCC-100n NFs, suggesting a migratory cell phenotype.

Additionally, to determine whether CRT electrospun into
NFs retained the ability to induce ECM proteins and integrin
p1,'"* HFFs were cultured on NFs containing CRT (PCC-
100n), NFs without CRT (PCX-0), or NFs without CRT but
with CRT supplied exogenously as a control (PCX-100n) and
compared for levels of integrin f1, fibronectin, and TGF-f1 (a
key inducer of ECM proteins). The level of fibronectin was
shown to be induced in HFFs seeded on both PCX-100n and
PCC-100n NFs (Figure 6E, Supporting Information, Figure
S6). However, the difference was not statistically significant as
compared to that of PCX-0. HFFs seeded on PCC-100n and
PCX-100n NFs showed an increased expression of integrin 41,
which was significant at 1.4-fold higher than that of cells
cultured on PCX-0 (Figure 6D, Supporting Information,
Figure S6). HFFs seeded on PCC-100n showed a statistically
significant induction of TGF-f1 as well marked by the ~1.4-
fold change as compared to those of both PCX-0 and PCX-
100n groups as shown in Figure 6F and Supporting
Information, Figure S6.

3.5. Retention of Keratinocyte Response to CRT in
CRT-Containing PCL/Col1 NFs. Similar to that of HFFs,
proliferation of HEKs on various NFs was assessed by
resazurin assay. As shown in Figure 7A, no significant
difference in cell proliferation (p = 0.40 by single-factor
ANOVA) were seen on day 1 among PCX-0, PCC-100p, and
PCX-100p groups. However, after culture for 3 days,
proliferation on PCC-100p NFs was significantly greater than
that on PCX-0 NFs (1266 + 145% vs 852 + 193%, p = 0.02 by
the one-sided t-test assuming unequal variances). Fascinatingly,
this was not true when the PCX-100p group, in which CRT
was added exogenously, was compared to the PCX-0 group
(817 + 187% vs 852 = 193%, p = 0.41 by the one-sided t-test
assuming unequal variances). By day S, the normalized
metabolic activity was decreased for all the groups (PCX-0,
PCC-100p, and PCX-100p reaching 393 + 61%, 524 + 39%,
and 423 + 32%, respectively) despite the statistical difference
between the PCC-100p and PCX-0 groups (p = 0.03 by the
one-sided t-test assuming unequal variances). Cell detachment
was observed in all groups, likely accounting for this decrease,
which could have been caused by the long incubation with
resazurin.”” Notably, live/dead staining showed negligible cell
death (data not shown). To further confirm the promotion of
HEK proliferation by PCC-100p NFs, immunofluorescent
staining for Ki67 was performed immediately after the
resazurin assay. Apparently, substantially more Ki67-positive
cells (green fluorescence) were found on the PCC-100p NFs
than on the PCX-0 NFs (Figure 7B). Staining for F-actin and
nuclei (DAPI) did confirm more cells on PCC-100p NFs than
on PCX-0 NFs (Figure 7C).

As CRT was shown to stimulate migration of keratinocytes
accounting for the rapid reepithelialization in vivo,"' the
retention for CRT electrospun into NFs to induce HEK
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Figure 7. Proliferation of HEKs on CRT-containing NFs. (A)
Quantified proliferation of HEKs seeded at 1.0 X 10* cells/cm® on
NFs and cultured over S d. NFs containing CRT (PCC-100p) were
compared to NFs without CRT (PCX-0), with exogenous CRT
(PCX-100p) serving as a control; * indicates p < 0.05 by means of
unpaired f-tests assuming unequal variances compared to the control
without CRT (PCX-0) at the same timepoint. (B) HEKs
immunofluorescently stained for Ki67 (green) after S day culture
on NFs containing CRT (PCC-100p) or without CRT (PCX-0). (C)
HEKs immunofluorescently stained for F-actin fibers (red) and cell
nuclei (blue) after 8 d culture on NFs containing CRT (PCC-100p)
or without CRT (PCX-0).

Cc

migration was evaluated using wound-gap closure assays and
immunostaining for selected markers. Figure 8A displays the
quantified results of a wound healing gap closure assay in
which HEKs were labeled with DiD and pretreated with
mitomycin C. After 6 h, only HEKs on PCC-100p NFs showed
significantly higher gap closure than those on PCX-0 NFs (p =
0.05 by the one-sided t-test assuming unequal variances).
Throughout the course of the experiment, percent gap closure
progressively increased in all groups, though it appeared to
level off in the PCX-0 group at approximately 36 h. At the final
timepoint examined (60 h, Figure 8B), the presence of CRT—
both incorporated in NFs (PCC groups) or supplemented
exogenously into the medium (PCX-10p group)—significantly
promoted gap closure via cell migration relative to the PCX-0
control. A borderline significance (p = 0.08 by the one-sided t-
test assuming unequal variances) was seen between the PCC-
Ip and PCX-0 groups at this timepoint, but all other PCC
groups were statistically significant at p < 0.0S. The calculated
gap closure at 60 h was 29 + 2% for PCX-0, 39 & 7% for PCC-
1p, 50 + 8% for PCC-100p, 47 + 7% for PCC-10n, and 41 +
6% for PCX-10p. Immunofluorescent staining of samples
previously used in the proliferation study revealed a higher
extracellular deposition of laminin-5 (red fluorescence) in the
PCC-100p group than that in the PCX-0 group (Figure 8C).
Notably, HEKs grown on PCC-100p NFs were also generally
larger and more elongated than those on PCX-0 NFs (Figures
7C and 8C). These findings suggest a migratory phenotype
consistent with the bioactivity of PCC-100p NFs shown in
Figure 8A,B.
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Figure 8. Migration of HEKs on CRT-containing NFs. (A) Quantified continuous gap closure of HEKs allowed to migrate on NFs over 60 h in a
wound-gap closure assay. (B) Zoom in on the 60 h timepoint from (A). * indicates p < 0.05, and # indicates p < 0.10 by means of unpaired t-tests
assuming unequal variances compared to those of the control without CRT (PCX-0) at the same timepoint. (C) HEKs immunofluorescently
stained for laminin-S (red, white arrows), F-actin fibers (green), and cell nuclei (blue) after S day culture from an initial seeding density of 1.0 X
10* cells/cm?* on NFs containing CRT (PCC-100p) or without CRT (PCX-0).

4. DISCUSSION

It is well documented that cells are sensitive to stimulation by
topography of their residing microenvironment.”” Therefore,
possible topographical effects (such as through differing fiber
morphologies) needed to be ruled out for the cell studies of
CRT effects (presence vs absence) herein. PCX-0 and PCC-
100n NFs were comparable in terms of fiber uniformity and
fiber diameter. As CRT is negatively charged,41 the
degenerated fiber morphology seen in the PCC-1u NF group
is likely due to the high CRT content altering the conductivity
of the polymer solution beyond a certain threshold, thereby
changing the electrospinnability.*”*’ Even at this high CRT
concentration, NFs comparable to the PCX-0 and PCC-100n
groups could still be obtained, for example, by increasing the
polymer concentration as previously shown.*™* Since fibroblasts
were previously demonstrated to be sensitive to exogenously
provided CRT at ng/mL levels'"'” and keratinocytes at pg/
mL levels,'" the need for a higher concentration of CRT within
the NFs did not appear to be warranted. Therefore, due to the
apparent morphological similarities, PCX NFs and PCC NFs
containing CRT at PCC-100n concentrations and below
(outlined in Table 1) were used in these studies.

The concentration gradient was expected to be the main
driving force affecting the release of CRT from NFs through
simple diffusion, considering that PCL, the main comgonent of
the NFs, is a slow-eroding, hydrophobic polyrnerfL Accord-
ingly, in the prolonged release experiment, the full receiver
volume was replenished with fresh PBS every 2—5 days to
mimic cell culture medium changes. This is consistent with the
in vivo situation wherein the CRT concentration gradient
would be reduced by diffusion out of the immediate wound
area, adsorption to the surrounding ECM, and/or uptake by
cells. In this way, release of CRT-FITC from PCCf-100n NFs

was confirmed to be concentration-dependent since the
complete replenishment of the receiver volume resulted in a
short burst release period of about 4 h at each round (even
when the previous round had leveled off release), followed by a
period of more steady release over the course of 2—5 days.
Notably, the burst release is a result of the simple blend
method used in this proof-of-concept study and could be
reduced in future studies by various means, as reviewed by
Chou et al.*® Fluorescent imaging conducted throughout the
release experiment corroborated the finding that CRT-FITC
release was to a certain degree sustained over the course of at
least 6 weeks since green fluorescence attributed to CRT-FITC
was still seen throughout the PCCf-100n NFs after 8 weeks
submersion in PBS.

The wound environment contains abundant enzymes
released by cells that are important in the process of healing
a wound and derived from commensal and pathogenic
bacteria. Although proteases are key players in wound
debridement necessary for normal healing,"’ the abundant
presence of proteases is a notable feature of chronic wounds,
greatly contributing to their tissue damage and chronicity.** As
such, the chronic wound proteolytic environment can degrade
and inactivate therapeutic biological molecules rendering their
topical application ineffective. One of the goals of this study
was to demonstrate whether CRT incorporated into NFs by
means of electrospinning would protect the molecule from
proteolytic degradation. Fluorescence intensity of CRT-FITC
in PBS contributed by PCCf-100n NFs compared to that of
free CRT-FITC was used as an estimate of CRT stability
afforded by NF protection. Notably, CRT appears not to be
degraded by cathepsin G or elastase (two abundant enzymes in
wound fluid) since fluorescence intensity remained unchanged
for free CRT-FITC (i.e., without NFs). Importantly, the results
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suggest that in comparison to free CRT-FITC in solution,
CRT in NFs (PCCf-100n) was protected from proteolysis by
subtilisin, a bacterial enzyme, and proteinase K, a potent broad
substrate specific enzyme. Whether the increase in fluorescence
intensity upon incubation with these enzymes reflects the
generation of proteolytic fragments or a conformational change
in CRT exposing FITC-labeled amines is not known.

A highly cellular granulation tissue with abundant collagen
and other ECM proteins is critical for reconstruction of the
wound defect. Fibroblasts are the most prominent cells of the
dermis which migrate into the wound, proliferate and produce
granulation tissue,”” providing a substrate for keratinocytes to
migrate from the wound edge for reepithelialization. Previous
studies have demonstrated that CRT functions as a chemo-
attractant to recruit fibroblasts to reconstruct the wound,
stimulates proliferation, upregulates a-smooth muscle actin
(for wound contraction) and integrins, and induces ECM
proteins.' ' >'**° Importantly, CRT incorporated into NFs
retained its biological activities of inducing proliferation
(Figure 4), migration (Figure S), and ECM protein and
integrin expression (Figure 6) by HFFs.

The increased mitogenic response of HFFs compared to that
of PCX-0 (no CRT) was similar for PCC-100n (CRT
electrospun into NFs) and PCX-100n (PCX plus 100 ng/mL
exogenous CRT). Thus, the increased proliferation observed in
the PCC-100n and PCX-100n groups on day 2 indicates that
the mitogenic activity of CRT was retained during its
processing into NFs. Furthermore, the CRT released from
the NFs, as CM, stimulated proliferation of HFFs grown on
TCP in a comparable manner to the intact (unprocessed)
CRT. Although CRT induced a statistically significant
proliferative response in these NF experiments, the induction
of HFF migration on NFs by CRT as measured by the gap
closure rate was not statistically significant. Significance
appeared not to be attained because the PCX-0 group showed
a high standard deviation, which might be related to random
motility of individual cells on NFs. In contrast, HFFs cultured
on PCC-100n NFs showed little variation in the motility assay
(Figure SC). Despite the lack of statistical significance, there
was nonetheless a trend of CRT increasing the rate of gap
closure observed at timepoints after 18 h, which was of
borderline significance in the PCC-1n group. As the peak
response of HFF migration in a scratch assay on TCP was
previously reported to occur at 1 ng/mL CRT with decreased
activity obtained at higher concentrations,'" it partially makes
sense that borderline significance was only found with the
PCC-In NFs in this experiment since with higher CRT
concentrations, the migratory response may diminish. None-
theless and importantly, these migration experiments were
performed in the presence of mitomycin C to block
proliferation. Clearly, the gap closure of HFFs on CRT-NFs
was wholly related to motogenicity.

Many cell adhesion complexes have been shown to elicit
mechanosensing effects, and vinculin is a particularly well
characterized focal adhesion protein that links transmembrane
adhesion receptors such as integrins to cytoskeletal compo-
nents such as F-actin fibers to form adhesion complexes.’’
Although there was no apparent distinction between induction
of migration for gap closure of HFFs by CRT on NFs, related
to adhesion and migration, more prevalent vinculin staining
was observed in HFFs cultured on PCC-100n NFs than in
those cultured on PCX-0 NFs, suggesting the formation of
more mature cell adhesion complexes at cell-NF contacts.

Previous work has uncovered a relationship between vinculin
(i.e., focal adhesion complex) size and cell migration speed,””
suggesting that HFFs on PCC-100n NFs may be more motile,
which agrees with the observations in Figure SC. In addition to
vinculin, the F-actin staining stretched across the cells suggests
a more motile phenotype, and the stretched morphology with
lamellipodia and filopodia observed in Figure 6A,C evidently
supports cell motogenicity, as widely established.”” Similar to
vinculin, FAK, a cytoplasmic protein tyrosine kinase, is
associated with mechanosignaling.”* Notably, the increased
lamellipodium protrusion, which is associated with Rac-
dependent functions, and the pFAK staining observed for
HFFs on PCC-100n NFs are consistent with cell adhesion and
the migratory phenotype.” Interestingly, another unique
observation of HFFs cultured on PCC-100n NFs was the
trail of pFAK-positive extracellular vesicles released by the
cells. Based on the size, these vesicles implicate a migration-
specific exosome recently identified as migrasomes.”
Previously, CRT was shown to induce ECM proteins and
TGF-B1 by fibroblasts in vitro.'* Furthermore, CRT could
induce ECM proteins via TGF-f/1 Smad2/3 signaling, which
was modulated by CRT ostensibly to ameliorate scarring.”” In
addition, both a5 and p1 integrins were induced by CRT. The
studies herein demonstrate that HFFs seeded on CRT-NFs
showed a comparable increase in integrin f1 in response to
CRT for both NFs electrospun with CRT and NFs with CRT
added exogenously. Therefore, in addition to the ability of
CRT to promote cell motility and proliferation upon
incorporation into NFs, the induction of integrin A1, an
important receptor for cell migration,58 and the presence of
fibronectin, an important component of granulation tissue and
collagen org.;anization,59 were also retained, consistent with
known CRT bioactivities. A mechanism for CRT-induced
migration of HFFs might be related to the upregulation of
fibronectin as a substrate for integrin aSpA1 signaling. It is
interesting to note that high levels of TGF-f1 were detected
on HFFs cultured on PCC-100n NFs, and since CRT
modulates TGF-f1 to favor tissue regeneration, this suggests
that CRT in PCC-100n NFs could have the same effect in vivo.
Similar to previous findings in both in vitro and in vivo
porcine and diabetic mouse wound experiments,u’12 CRT
electrospun into NFs was able to retain its inductive functions
to promote proliferative and migratory responses of HEKs.
Distinct from the results obtained with HFFs, in which CRT
electrospun into NFs (PCC-100n) or added exogenously to
NFs (PCX-100n) exhibited similar support to cell prolifer-
ation, there was statistically significant increase in HEK
proliferation only on CRT-NFs and not when cells were
exposed to exogenously added CRT. A possible explanation of
such might be based on the timing of the release of CRT from
the NFs in comparison to adding exogenous CRT. As such,
HEKs are exposed to CRT within the NFs immediately upon
seeding in the PCC-100p group, rather than adhesion to NFs
prior to exogenously supplying CRT to the cells on NFs in the
PCX-100p group. Accordingly, certain cellular effects may be
elicited even prior to their attachment by the burst-released
CRT from the CRT-NFs. Regardless, subsequent immunos-
taining with Ki67 of the HEKs supported the differences
obtained between NFs with and without CRT. With respect to
induction of HEK migration by CRT-NFs, while HEKs
showed a greater response to CRT electrospun into NFs
(e.g., PCC-100p vs PCX-0), exogenously added CRT to HEKs
on NFs (PCX-10p; used as the 10 pg/mL exogenous
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control'") also supported a migratory response of these cells.
Moreover, consistent with migration, an increase in laminin-
5% was observed in extracellular deposits near the migrating
cells.

5. CONCLUSIONS

In this study, CRT, a biological molecule that was previously
shown to be effective topically in animal wound healing
models,""'* was incorporated into PCL/Coll-based electro-
spun NFs as a biomimetic ECM, with the idea that this hybrid
scaffold might (1) retain the biological activity of CRT while
sustaining its release and protecting it against degradation by
enzymes in a chronic wound bed and (2) provide synergism of
biological and mechanical cues to further promote wound
healing functions of cells. Although this study provides proof of
concept for the potential of CRT-NFs to be developed as a
new therapeutic modality for both acute and chronic wounds,
future studies are needed to select an ideal scaffold formulation
to proceed with studies for clinical translation. Important
considerations in this process would include fiber diameter
(e.g, a smaller diameter may be more favorable for
keratinocyte migrationlg), polymeric matrix composition
(e.g., polymers with different degradation properties could
alter the release of CRT), optimal dosage of CRT and also, for
consideration, different layers of NF scaffolds supporting
various cell types and functions for cutaneous tissue
regeneration.
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CRT, calreticulin

PCL, polycaprolactone

Coll, collagen type I

NF, nanofiber

PCX NF, PCL/Coll NF

PCC NF, PCL/Coll/CRT NF

FITC, fluorescein isothiocyanate isomer I
CRT-FITC, FITC-labeled CRT

PCCf NF, PCL/Coll/CRT-FITC NF
HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol
TC, Tris-Ca buffer

PBS, phosphate buffered saline

MEM, Minimum Essential Medium
FBS, fetal bovine serum

KSF, keratinocyte serum-free medium
BPE, bovine pituitary extract

EGF, epidermal growth factor

KBM, keratinocyte basal medium
BPEI, branched polyethylenimine
DMSO, dimethyl sulfoxide

BSA, bovine serum albumin

FAK, focal adhesion kinase

pFAK, phosphorylated FAK

TGF-p1, transforming growth factor-p1
ECM, extracellular matrix

LOB, limit of blank

SEM, scanning electron microscopy
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ATR-FTIR, attenuated total reflection-Fourier-transform
infrared spectroscopy

DFU, diabetic foot ulcer

CTP, cellular and tissue-based product

DDS, drug delivery system

HFFs, primary human neonatal foreskin fibroblasts

HEKs, telomerase-immortalized human keratinocytes
ANOVA, analysis of variance

TCP, tissue culture plastic

CM, conditioned medium
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