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Current biomaterials for trauma-associated tissue repair often fail to recapitulate the complex signaling
environment required for effective integration and regeneration, particularly in modulating immune
responses post-implantation. To address these limitations, we developed a multi-cue electrospun
scaffold incorporating physiologically relevant chemical, electrical, and physical signals. Using blend
electrospinning, we functionalized poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) with cell-
secreted, decellularized extracellular matrix (dECM) to enhance cellular responses and limit foreign body
reactions. The resulting scaffolds were systematically characterized in vitro for their structural, biochemi-
cal, and piezoelectric properties, and evaluated for their ability to support Schwann cell adhesion, metab-
olism, and repair-associated morphology in the context of peripheral nerve injury (PNI). In vivo sub-
cutaneous implantation in rats demonstrated reduced foreign body giant cell formation at 7 days, and by
28 days, signs of regenerative healing, including vascularization and nerve tissue formation, were observed
near the implantation site. Overall, these dECM-integrated PVDF-TrFE scaffolds effectively modulate
immune responses and promote regenerative cell phenotypes. This work highlights the potential of bio-
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1. Introduction

Peripheral nerve injuries (PNIs) caused by blunt or penetrating
trauma, including motor vehicle accidents, sports injuries,
combat-related incidents, and tumor resections, can result in
pain, numbness, muscle weakness, and functional loss."
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Although peripheral nerves possess limited regenerative
capacity, injuries involving gaps greater than a few millimeters
generally require surgical repair.” The clinical gold standard,
autologous nerve grafting, is constrained by donor nerve avail-
ability, the need for additional surgeries, donor site morbidity,
neuroma formation, and limited success for nerve gaps exceed-
ing a few centimeters.’* To address these limitations, engin-
eered biomaterials are being investigated as alternatives for
nerve repair. Among these, electrospun scaffolds have emerged
as promising candidates due to their ability to mimic the
aligned architecture of native extracellular matrix (ECM),
offering physical and biochemical cues that support cell
attachment, migration, and axonal guidance.>® Scaffold pro-
perties such as fiber alignment, stiffness, and surface chem-
istry are critical in modulating cellular behavior and directing
regeneration.’™** Importantly, the ECM plays an active role in
regeneration by providing dynamic reciprocity, which is bi-
directional signaling between cells and their microenvi-
ronment that governs homeostasis and healing."*'® Materials
that replicate this dynamic ECM environment are more likely
to support functional regeneration. Our group and others have
explored poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE)
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as an electrospun scaffold for nerve repair due to its piezoelec-
tric properties.'””>* These scaffolds enable the generation of
local electric fields through mechanical deformation, which
has been shown to enhance debris clearance, modulate
Schwann cell behavior, promote neurite extension, and upre-
gulate  neurotrophic  factors in  nervous  system
regeneration.>*** Furthermore, electrical stimulation has also
been shown to benefit skin and bone tissue repair.*>>”

In addition to electrical and physical signaling, chemical
properties of a biomaterial are vital for seamless integration
within the body leading to clinical success.*® For example, bio-
chemical signaling is crucial in wound healing and occurs in
PNS repair.’**! Despite its advantages, PVDF-TrFE lacks native
cell-binding motifs, limiting its bioactivity. To address this, we
developed a method that integrates decellularized ECM
(dECM) from cultured cells into PVDF-TTFE scaffolds via blend
electrospinning.’” Compared to scaffolds functionalized with
individual ECM proteins (e.g., collagen, laminin), dECM more
closely recapitulates the complexity and functionality of native
tissue.*>** While singular components are all vital to the
dynamic reciprocity occurring between the cells and ECM, a
more relevant and physiological ECM is necessary to drive an
appropriate regenerative response in PNS injury. The inclusion
of dECM not only enhances cell adhesion and signaling but
may also reduce inflammatory responses, a common challenge
associated with synthetic implants.**™*”

To address these challenges, we fabricated and character-
ized multi-cue, bioactive electrospun PVDF-TrFE scaffolds
incorporating varying concentrations of dECM (Fig. 1). These
scaffolds were evaluated for their chemical composition and
tested both in vitro with primary cells and in vivo through sub-
cutaneous implantation in rats as a preliminary study to
ensure safety of the biomaterial. Our results demonstrate that
the incorporation of dECM into electroactive PVDF-TrFE
scaffolds improves biocompatibility, modulates immune
responses, and promotes a regenerative microenvironment.
This work shows great promise in the development of

Biofunctionalized Electrospinning Workflow
—

Lyophilization

Cultured fibroblasts

Decellularized ECM

Detergent-based
decellularization
_—

Blended Precursor Solution Solubilization

Blend Electrospinning

Fig. 1 Diagram of the preparation of scaffolds. Fibroblasts were cul-
tured to produce abundant cell-derived ECM, then decellularized. ECM
was collected, lyophilized, solubilized and added to a PVDF-TrFE solu-
tion. The blended precursor solution was electrospun into a spinning
rotor to produce aligned scaffolds for testing.
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advanced biomaterials for improving outcomes in PNI repair
as well as general wound repair.

2. Materials and methods

2.1. Preparation of dECM

To produce dECM, NIH/3T3.2 fibroblasts (CRL-1658.2,
American Type Culture Collection, Manassas, Virginia) were
cultured and decellularized according to previously established
methods.*® In brief, cells were cultured at 1.38 x 10* cells
per cm® in 150 mm tissue culture-treated polystyrene
(Fisherbrand, Fisher Scientific, Waltham, MA) in a basal
medium containing Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco) supplemented with 10% heat-inactivated
bovine calf serum (BCS) (Cytiva, Marlborough, MA) and 1%
penicillin/streptomycin (1x) (Gibco, Waltham, MA). Cells were
maintained in a cell culture incubator at standard culture con-
ditions for 7 days past confluence. Following culture, cells
were washed twice with PBS, threefold with washing buffer
and incubated in lysis buffer at 37 °C for 15 min. Lysis buffer
was replaced with fresh buffer for an extended 60 min incu-
bation period, washed three times with a final wash buffer.
Wash buffer was replaced with PBS, dECM was scraped from
the plate, and dECM with PBS was stored at —80 °C overnight
to prepare for lyophilization. ECM was lyophilized using a 2.5
L Freezone Freeze Dry System (Labconco, Kansas City, MO).
Dried ECM was enzymatically digested in a 0.01 N pepsin-HCl
solution at room temperature for 48 h with the ECM : Pepsin
ratio set at 10:1, as previously described by Freytes et al.*®
dECM mass values contained within this pepsin-HCI solution
were used to quantify the mass:volume percentage of dECM
contained in each electrospun scaffold.

2.2. Preparation of standard and bioactive PVDF-TrFE
scaffolds

PVDF-TIFE resin (70/30) from PolyK Technologies (State
College, PA) was prepared as detailed in our previous work."®
Briefly, PVDF-TrFE resin was dissolved in a 6:4 volume-
volume ratio mixture of N,N-dimethylformamide (DMF) and
acetone at a 20% PVDF-TrFE weight to solvent volume ratio.
Following dissolution, dECM solution was added to
PVDF-TrFE solution and mixed thoroughly prior to blend
electrospinning. When mixed, the solution was loaded into a
5 mL syringe fitted with a 20-gauge needle for electrospinning
(Spinbox, Nanoscience Instruments, Phoenix, AZ) with the
needle tip distanced 10 cm away from the rotating collector set
to 2000 rpm. An 18 kV voltage was applied between the needle
tip and collector and a sweeping motion was initiated with the
needle and syringe. The solution was ejected from the needle
at a rate of 1 mL h™". Following a spin time of 3 h, the aligned
nanofibrous mat was removed from the collector and sec-
tioned for use in experiments. Four types of PVDF-TrFE
scaffolds with varying concentrations of dECM were blend-
electrospun in this study: 0% dECM, 0.2% dECM, 0.3% dECM,
and 0.4% dECM. These percentages were calculated as a mass:
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volume ratio of dECM mass to PVDF-TrFE solution. To limit
the variability in scaffold production, non-bioactive and bio-
functionalized scaffolds were electrospun with the same para-
meters. Scaffolds functionalized with dECM were stored at
4 °C until used. Polycaprolactone pellets from Sigma-Aldrich
(St Louis, MO) were electrospun into scaffolds with similar
specifications (27-gauge needle, 14 cm needle-to-collector dis-
tance, 15 kV voltage, 1.5 mL h™" flow rate, 2000 rpm collector,
3 h spin time).

2.3. Physical analysis of scaffolds

Fiber morphology was assessed using scanning electron
microscopy (SEM), (ApreoC SEM, Thermo Fisher, Waltham,
MA). Two samples of each scaffold type were sputter coated
(Desk V, DentonVacuum) with a gold/palladium layer for 10
seconds (~1 nm). Five images per sample were taken at a
5 mm working distance and an acceleration voltage of 2 kv
using an FEI XL-30 Philips microscope (Low-Vac). Fiber dia-
meter and fiber alighment measurements were conducted
using acquired SEM images in Image] software (version 1.52p),
following established protocols.’**

Scaffolds of each dECM percentage underwent tensile
strength testing to determine bulk scaffold properties.
Samples were cut into rectangular pieces sized 2 x 5 cm and
analyzed wusing a wuniversal testing machine (100R6;
TestResources, Shakopee, MN). Scaffolds were stretched paral-
lel to the direction of fiber alignment until failure at a rate of
1 mm min~". Using MtestWR software, force and displacement
values were recorded to assess mechanical integrity and deter-
mine mechanical properties of each scaffold type. Given
PVDF-TTFE is stable under normal physiological conditions,
highly resistant to hydrolytic, enzymatic, and microbial degra-
dation and is already a commonly used material in long-term
biomedical applications, degradation studies not
performed.

dECM and control scaffolds were also analyzed using
atomic force microscopy (AFM) (NanoWizard 1V, JPK
Instruments, Berlin, Germany). An AFM head with a silicon
nitride cantilever (CSC37, k = 0.3-0.8 N m™*, f = 20-40 kHZ,
MikroMasch, Sofia, Bulgaria) was mounted on a fluorescence
stereo microscope (M205 FA, Leica, Wetzlar, Germany) coupled
with a Z-axis piezo stage (JPK CellHesion module, JPK
Instruments). A sample slide was situated onto the AFM stage
to record micrograph images in non-contact and Qi mode.
Force-distance curves in a 10 x 10 um square were measured
from each nanofiber group under ambient conditions. The
Young’s moduli (E, Pa) of the nanofibers were determined by
fitting the obtained force-distance curves with the modified
Hertz model®” and resulting stiffness values were analyzed (n =
100 per group).

were

2.4. Chemical and electrical analysis of scaffolds

To confirm the presence of dECM within blend-electrospun
scaffolds, energy-dispersive X-ray spectroscopy (EDX) (EDAX,
AMETEK, Berwyn, PA) was utilized to examine the ratio of
carbon to fluorine in scaffolds. Spectra were recorded for each
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field of view and chemical composition was measured as a
ratio of atomic percentages (Table S1 and Fig. S1). At least 5
images were measured from at least 3 different scaffolds per
condition.

The crystalline structure of the scaffolds was assessed
through X-ray diffraction (X’Pert Pro Diffractometer, Malvern
Panalytical, UK). Samples were exposed to monochromatic
CuK, radiation at a scan rate of 0.013° s, with 26 values
maintained between 15° and 43°.

Scaffolds were also evaluated using Attenuated Total
Reflectance (ATR) Fourier transform infrared spectroscopy
(FTIR) (Nicolet 6700 FTIR with Smart Orbit diamond ATR,
Thermo Fisher) following methods previously described.'® In
short, the spectral range was configured to range from 4000 to
400 cm™' with a resolution of 4 cm™". FTIR findings were
engaged to quantify the percentage of the crystalline structure
with the largest dipole moment, the B-phase, in each bioactive
sample. Calculation methods relied on the assumption that
absorption spectra adhere to the Lambert-Beer Law, which
allows the estimation of the fraction of f-phase content to be
estimated in a manner similar to methods described in
Orkwis et al.'®

To determine electric potential generated by the piezoelec-
tric effect, PVDF-TrFE scaffolds comprising 0% dECM and
0.4% dECM groups were crafted into piezo-responsive chips.
This was accomplished by cutting scaffolds into rectangular
pieces sized 1.5 x 3 cm and situating a cantilever beneath the
scaffold. The ends of the scaffold were affixed to a glass slide
using a layer of conductive silver paint (Ted Pella Inc.,
Redding, CA) serving as an adhesive for electrodes. Opposing
electrodes were connected to a x10 voltage amplifier (Charge
Amplifier for Piezo Sensor, Polyk Technologies, Philipsburg,
PA), which was connected to an oscilloscope (Infiniium
S-Series Oscilloscope, Keysight, Santa Rosa, CA) for voltage
measurement (n = 6) in response to a mechanical stimulation.
Stimulation was created by deforming the scaffolds using the
installed cantilever. Deformed scaffolds underwent stimulation
approaching ultimate tensile forces through maximum defor-
mation to record measurable electrical signals. Captured
signals were then filtered for analysis in MATLAB (The
MathWorks, Inc. (2024b), ver. 24.2.0.2790852) followed by
peak-to-peak electrical response calculation. Peak-to-peak
voltage measurements were compared between 0% dECM and
0.4% dECM scaffolds.

2.5. Cell culture

Schwann cells were extracted from sciatic nerves of postnatal
day 1-3 Sprague-Dawley rat pups (Charles River, Wilmington,
MA). Whole nerve sections were cut into small pieces
(2-3 mm) and placed in a pre-warmed trypsin-collagenase
solution (2.5% : 1%) (Worthington Biochemical, Lakewood, NJ)
for 30 min for tissue digestion. Sciatic nerve pieces were added
to basal media, 10% Fetal bovine serum (FBS) from Cytiva
(Marlborough, MA), and 2 mM GlutaMAX (Gibco), and centri-
fuged for 5 min at 50 rcf. The supernatant was discarded, and
centrifugation was repeated. Immediately following, the super-
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natant was decanted and fresh basal media supplemented
with penicillin/streptomycin (1x) (Gibco) was added to the
sciatic nerves. Trituration of the nerve pieces proceeded until
no tissue fragments were visible. Cells were plated on 60 mm
culture plates (Corning, NY) and incubated for 24 h under
standard cell culture conditions to allow full adherence.
Following incubation, cells were washed twice with Hanks
Balanced Salt Solution (HBSS) and fibroblasts were removed
via an anti-metabolic treatment. Briefly, basal media contain-
ing 10 uM Ara-C from Sigma-Aldrich (St Louis, MO) was added
to cell cultures and incubated as above for 72 h. After culture,
cells were washed 2x with HBSS and remaining fibroblasts
were treated with anti-Thy-1.1 antibody (1 mg mL™") from
BioRad (Hercules, CA) and rabbit complement serum (BioRad)
for a duration of 30 min to 3 h to remove fibroblasts until near
99% purity of Schwann cells was achieved. Monitoring of this
process occurred under a phase contrast microscope (Nikon
Eclipse TE2000-U, Melville, NY) at 40x magnification. Upon
fibroblast removal, basal medium supplemented with 10%
FBS, forskolin (2 pM) from Thermo Fisher (Waltham, MA) and
EGF-D (10 ng mL™") from R & D Systems (Minneapolis, MN)
was added to the Schwann cell culture and cells were either
placed in culture for experiments or frozen down for future use.

For in vitro studies, PVDF-TrFE scaffolds were partitioned
into 1.5 x 1.5 cm squares and placed on 18 mm round cover-
slips (Fisher Scientific, Waltham, MA) in a 12-well, polystyrene
culture plate (Corning, Fisher Scientific). Polytetrafluoroethylene
(PTFE) rings sized 11 mm in diameter (Wilmad-Labglass,
Vineland, NJ) were placed on top of each scaffold to ensure
scaffolds did not float when culture media was added.
Scaffolds were placed under UV light for 15 minutes followed
by a 70% ethanol wash prior to experiments. Scaffolds were
rinsed three times with sterile PBS following the ethanol wash.
Primary Schwann cells were plated at a density of 26 000 cells
per cm” on sterilized scaffolds.

2.6. Invitro scaffold assessment

An  MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide) assay was used to monitor in vitro metab-
olism and serve as a surrogate for cell number. MTT powder
(MilliporeSigma, Burlington, MA) was dissolved into PBS to
form a 12 mM stock solution. For the assay, cells were plated
and incubated for 3 h in the cell culture incubator. Following
the 3 h culture time, media was aspirated and replaced with
fresh DMEM. Then, the MTT reagent was added, and cells
were further incubated for 2 h. Dimethyl sulfoxide (DMSO) was
then added to each well to solubilize the MTT and the con-
tents were mixed thoroughly before reading relative absor-
bance at 540 nm after 10 min (iMark, BioRad).

Cell alignment and aspect ratio were both quantified using
microscopy images from fluorescein-phalloidin labeling.
Briefly, primary Schwann cells were plated with a density of
10 000 cells per cm” on each scaffold type. Scaffolds were incu-
bated in culture media for both 3 and 24 hours before under-
going fixation, permeabilization, and labeling. Twelve images
of each scaffold type at each time point were taken with a
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Nikon Eclipse Ti2 inverted microscope equipped with a Nikon
DS-Qi2 camera and processed in Image] software. For cell
alignment, following a method established for analyzing
matrix alignment, images were processed using a fast Fourier
transform analysis (FFT).*® FFT images were analyzed, and
intensity values drawn from the original image were normal-
ized and plotted. Full width at half maximum (FWHM) values
were computed and averaged across the twelve images of each
scaffold type, then directly compared across all scaffold types.
For aspect ratio, the ratio between the major axis length and
minor axis length of each cell was calculated. At least three
images per scaffold type per time point were analyzed.

2.7. Invivo implantation and tissue processing

A total of 32 Sprague Dawley adult rats were purchased from
Charles River Laboratories and housed in the animal facility at
Veterans Affairs Medical Center, Cincinnati, OH, USA. All sur-
geries and care for animals were conducted in AAALAC-accre-
dited laboratories under the supervision of veterinarians. All
procedures adhered to the regulations approved by the
Institutional Animal Care and Use Committee of the Veterans
Affairs Medical Center (Cincinnati, OH) and were in accord-
ance with the guide for the Care and Use of Laboratory
Animals (National Academies Press, Washington, DC, USA).
Experimental groups consisted of electrospun scaffolds com-
posed of PCL, PVDF-TrFE, and PVDF-TrFE + 0.4% dECM (5
rats per group) at 2 time points: 7 and 28 days.

Rats were anesthetized with isoflurane (4-5% induction,
1-3% maintenance) (Baxter Healthcare Corporation, Deerfield,
IL). To prepare the surgical area of each rat, the dorsal
midbody was shaved leaving an approximate skin area of 6 x
6 cm. This area was cleaned three times with alternating
Betadine Scrub (McKesson Corporation, Irving, TX) and 70%
alcohol (Thermo Fisher), then the rats were administered
analgesics: Buprenorphine hydrochloride injectable at 0.1 mg
kg™ (Par Pharmaceutical, Chestnut Ridge, NY) and Meloxicam
at 2 mg kg™ (Covetrus, Portland, ME). Immediately following,
a superficial incision was made to form a skin flap on the
dorsal side proximal to the hip. A sterilized, dry scaffold piece
size 1 x 1 cm was placed in the surgical opening and situated
to avoid doubling. For ease of scaffold placement, large
incision wounds were made. To minimize suture wounds
affecting foreign body response measurements, ample space
was ensured between the scaffold and incision. Wounds were
sutured and animals were allowed to recover. Each scaffold
group utilized 5 rats per time point.

On 7- and 28-days post-implantation (DPI), rats were eutha-
nized by approved methods, shaved, and skin with attached
mesh was harvested. Tissue samples were fixed in 10% forma-
lin, placed in 70% ethanol, paraffin-embedded, and sectioned
to be placed onto slides.

2.8. Immunofluorescent staining, microscopy, and image
analysis

Sectioned tissue samples sliced at 4 pm were bake-dried at
60 °C for 20 min. After baking, slides were loaded onto a

This journal is © The Royal Society of Chemistry 2025
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Ventana Discovery Ultra system to be deparaffinized (3 cycles
at 8 min each at 69 °C) and subjected to a mild EDTA-based
antigen retrieval. Thereafter, slides were washed with DI water
and dish soap and submerged in reaction buffer. Following
this, tissue samples were tagged with immunofluorescent anti-
bodies to quantify macrophage polarization. Recombinant
rabbit anti-CD68 antibody (Abcam, EPR23917-164) was used
for labeling M1-type macrophages. In adjacent sections, rabbit
anti-mannose receptor antibody (Abcam, ab64693) was used to
tag M2-type macrophages. A secondary antibody (anti-rabbit
Alexa 594, Invitrogen, Waltham, MA, A11037) was used to label
both M1 and M2 macrophages. Cells were then labeled using
fluorescein phalloidin (Thermo Fisher, F432). All nuclei were
labeled using DAPI (Abcam).

Fluorescent images were captured with a Nikon Eclipse Ti2
inverted microscope and a Nikon DS-Qi2 camera, using a 20x
objective. Individual scaffold sections were stitched together to
form whole-field scaffold images and the percentage of macro-
phages to total cells was measured in Image]. A threshold was
applied to each image and a region of interest (ROI) was
drawn around each scaffold to include the area of foreign body
reaction. Each foreign body reaction area was visually charac-
terized based on the number and arrangement of cell nuclei
and their location adjacent to the surface of the implant. From
this ROI, percentages of the area of macrophage stain to area
of nuclei stain were measured at 7 and 28 DPI and presented
in bar plots. Sets of measurements were performed by two sep-
arate investigators and averaged.

Adjacent sections were stained with hematoxylin and eosin
(H&E) using standard procedures and mounted on a coverslip
to be imaged. Images were captured with a Leica DMi8
Widefield Fluorescent microscope, using bright field optics,
and a Leica MC170 HD microscope camera. Whole-field
scaffold images were captured with a 40x objective and parti-
tioned into at least three separate scaffold sections per animal.
From these sections, one was chosen at random and at least 3
whole-field images were taken per chosen section, which
resulted in 15 images per scaffold group for foreign body
response analyses using two separate metrics. First, different
aspects of the immune response to scaffolds were given a
semi-quantitative histologic score adapted from Brown et al.>
A list of the scoring criteria used for our study can be viewed
in Table S2. Scoring involved identifying foreign body giant
cells (FBGCs) and encapsulation. FBGCs are large immune
cells formed by the fusion of macrophages in response to a
foreign material. Their presence often indicates a negative
foreign body reaction to the implant. FBGCs were counted
only if it was clear that one cell contained multiple nuclei;
nuclei were most often in a horseshoe pattern, suggesting that
these could alternatively be designated as Langhans cells.
Counting FBGCs provides a quantitative measure of the
immune response and helps evaluate the biocompatibility of
the material. Encapsulation refers to the formation of a
fibrous tissue layer around the implant. This is a common
outcome of the foreign body reaction and serves to isolate the
implant from surrounding tissues. The thickness, compact-
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ness, and density of collagen are used to measure the degree
of tissue reaction (negative being more of each measure).
Upon counting and identifying, each metric was given a
number between 0 and 3. Higher scores were more indicative
of a thinner, less dense capsule and therefore a constructive
remodeling response. Lower scores suggested potential scar
tissue or an adverse foreign body response. Scores were pro-
vided by two different investigators and averaged. To count
FBGCs, a square grid was placed over each scaffold image with
each square sized to the area of a 40x field of view of the
microscope and camera system used to capture H&E images
(309 pm x 235 pm). Squares were numbered from left to right
starting in the top right corner. Beginning with square one,
FBGCs were counted and continuing every fourth square there-
after assuming each square to be counted met the inclusion
criteria. Inclusion criteria were determined such that for a
square to be counted, it must include any portion of the area
of inflammation and must contain at least 50% imaged tissue
or scaffold. For this study, inflammation was defined as an
influx of neutrophils and mononuclear macrophages sub-
sequently followed by FBGCs surrounding the implant inter-
face. If squares to be counted did not meet inclusion criteria,
the square immediately to the right was selected until
inclusion criteria were met. FBGCs were counted and averaged
from a total of 5 images per scaffold type and given a score.
For encapsulation, scores were given upon examining full-field
scaffold images. A total remodeling score was then calculated
as an average of combined metrics for each scaffold group.
Scores with half values were rounded down to the nearest
whole number. As an additional metric, FBGCs were num-
bered and calculated as a percent density to total number of
cells surrounding the scaffold within the area of inflammation.
A total of three fields of view were analyzed per tissue slice and
five total tissue slices were analyzed per scaffold group. FBGC
percentages for 7 DPI were presented in bar plots.

2.9. Statistics

Statistical analyses were performed using GraphPad Prism
version 5.03 for Windows (Boston, MA), R (R Core Team, 2022),
RStudio (RStudio Team, 2022) and the multcomp package
(Hothorn, 2023). Significance values were set at p < 0.05.
Statistics were evaluated using two-way analysis of variance
(ANOVA) tests followed by a Tukey’s post hoc comparison of all
pairs of columns for cellular alignment and aspect ratio. A
Bonferroni and Holm comparison was used for analyzing cell
metabolic activity. All data is reported as a mean + one stan-
dard deviation. XRD, FTIR, and tensile testing were all per-
formed with n values of 3 scaffolds. Cell metabolic activity was
measured with n = 3 separate wells per scaffold group and cell
alignment was measured with n = 12 images per group. Cell
aspect ratio was quantified with n = 3 images per group.

For in vivo measurements, macrophage percentages of
immunofluorescent images at 7 days were quantified using at
least n = 13 slides per group for M1 macrophages and n = 7
slides per group for M2 macrophages. Each slide included the
entire scaffold piece in the field of view. Macrophages at 28
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days underwent a qualitative analysis. For H&E images at 7
days, each scaffold image was partitioned into at least three
sections. From this total number of sections per animal, three
images were randomly chosen and quantified. Five separate
scaffold images per chosen section were analyzed per scaffold
grouping for a total of 15 measurements per group. H&E
images obtained from scaffolds implanted for 28 days were
qualitatively assessed. All animals were assessed for 7-day
in vivo studies, but not all animals for 28 days due to an
inability to locate scaffold when sectioning tissue slices.
Outliers for all statistical measurements were calculated using
a Grubbs’ test and removed accordingly. Plots to represent
quantified data were performed using GraphPad Prism.

3. Results

3.1. Mechanical characterization of bioactive scaffolds via
blend electrospinning

Solubilized dECM was thoroughly mixed with PVDF-TTFE pre-
cursor solution to formulate blend-electrospun nanofibrous
scaffolds of increasing dECM concentrations. Scaffolds with
dECM concentrations ranging from 0%-0.4% displayed
different morphological characteristics (Fig. 2A). dECM pre-
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sented as three-dimensional web-like structures dispersed
throughout the scaffold, most visible in the 0.4% SEM image.
The 0.4% scaffold group was the only group with fiber dia-
meters approaching 2 microns and averaged fiber diameters
much larger than any other group (Fig. 2B and C) with statisti-
cal differences existing between all other scaffold types. All
other groups presented with much lower fiber diameters with
no differences seen between 0% unaligned (UA), 0% aligned
(AL), and the three dECM scaffolds (ANOVA, Tukey’s post hoc, p
<0.05, n = 3 scaffolds per group).

Alignment indices varied for the differing scaffolds. The 0%
dECM aligned (AL) scaffold (positive control) and 0.4% dECM
group showed no differences in alignment. Both groups were
statistically different from all other dECM groups and the 0%
UA group (negative control) (Fig. 2D). Although statistically
different from the positive control, the 0.2% and 0.3%
scaffolds were not statistically different from unaligned fibers,
suggesting some degree of alignment. Polar plots used to cal-
culate alignment indices are presented in Fig. S2. While
blended scaffolds were electrospun with identical collector
parameters, the voltage and flow rate also affect fiber
alignment.>** The differences seen in 0.2% and 0.3% dECM
scaffolds compared to aligned scaffolds could be caused by
variations in these factors. Flow rate differences could occur
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Fig. 2 Characterization of the physical and mechanical properties of scaffolds. (A) SEM images of the final scaffolds show fiber alignment and size
with various dECM concentrations. These highlight visible dECM content as a coating and as webbing between fibers (scale bar = 5 pm). (B, C) Fiber
diameter distribution and average diameter sizes of the scaffolds. (D) Alignment indices varied amongst all scaffold groups. (E) Young's modulus cal-
culated from stress—strain curves at the macroscopic level exemplified forces the material would experience at a tissue-like level. (F) Young's
modulus obtained from atomic force microscopy provides detailed material characterization at the atomic level giving insight into the potential
forces cells might experience. All data are reported as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
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amongst scaffold groups due to viscosity changes in the solu-
tion from the addition of water within the dECM solution.
Further exploration of the effects of viscosity and water content
on electrospinning could detangle this relationship.

Bulk mechanical properties were assessed on a tissue level
scale via tensile tests and at a cellular level with AFM. Young’s
modulus was determined from the stress-strain curves pro-
duced by each respective test (Fig. 2E). 0.4% dECM scaffolds
possessed the highest Young’s Modulus which agrees with
studies showing fiber diameter directly correlates with a change
in total material stiffness.>® Furthermore, its magnitude (39.6 +
3.3 MPa) was the only one most closely associated with human
peripheral nerve tissue magnitudes (~38 MPa).”” Micro-level
measurements using AFM nanoindentation showed Young’s
modulus increased from 0% to 0.3% groups. However, 0.4%
scaffolds were significantly lower (51.4 + 12.2) than all other
scaffold groups (Fig. 2F). All pairs were significantly different
from each other (ANOVA, p = 0.05, Tukey’s post-hoc test).

3.2. Chemical and electrical analysis of functionalized
scaffolds

EDX imaging was performed on the different scaffold groups
to chemically confirm the presence of dECM on the surface of
the blended scaffold groups. Composed purely of hydrogen—
carbon-fluorine bonding, the spectrum obtained from
imaging demonstrates peaks characteristic of carbon and fluo-
rine atoms present (Fig. 3A). Additional quantification demon-
strated the atomic percentages of each element within the
sample. As a baseline, the atomic C:F ratio in 0% PVDF-TrFE
was approximately 1.5 (Fig. 3B). As biological material is
heavily saturated with carbon, the incorporation of biological
matter introduced more carbon matter into the scaffold. As
expected, 0.4% dECM scaffolds contained more carbon to fluo-
rine than controls, providing evidence our scaffolds contained
biological content (p < 0.001).

The process of electrospinning PVDF-TrFE powder into
nanofibrous scaffolds has previously been shown to enhance
the piezoelectric potential of the final product in comparison
to powder.'® To ensure blend electrospinning did not alter the
B-phase crystallinity of scaffolds, X-ray diffraction (XRD) pat-
terns were collected. Patterns of each scaffold presented with
strong diffraction peaks at 26 = 19.9° (Fig. 3C), corresponding
to the (110) and (200) crystallographic planes of the p-phase
structure of PVDF-TrFE, which suggests the addition of dECM
prior to electrospinning does not alter p-phase crystallinity in
blended scaffolds.”®>°

To provide a more quantitative metric and individually
address the amount of B-phase content in each scaffold type,
FTIR spectra were obtained and the Lambert-Beer Law was
applied to return content percentages (Fig. 3D). The 0% dECM
and all blended scaffolds were in the range of 70 to 74 content
percentage, with no significant differences between groups.
These values are similar to findings from our lab with non-
blended scaffolds,'””'® further confirming that the piezoelec-
tric capacity of the scaffolds is retained during the blend-
electrospinning formulation process.

This journal is © The Royal Society of Chemistry 2025
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To quantify retained electrical output of blended piezoelec-
tric scaffolds, rectangular scaffold pieces were sealed at each
end to electrodes, then connected to an oscilloscope. The 0%
aligned and 0.4% dECM scaffolds were repeatedly pulled from
the center via a cantilever system, and corresponding electrical
activity was recorded. Results showed a spike in signal when
pressure was exerted and repeated signaling from periodic
deformations were also seen (Fig. 3E and Fig. S3). Electrical
activity from the 0% and 0.4% scaffold groups produced
approximately 10 mV upon each surface deformation (Fig. 3E),
and values were not statistically significant. The ability of the
0.4% dECM scaffolds to produce electric potentials equivalent
to that of standard PVDF-TTFE scaffolds confirmed retention
of electric potential following blend electrospinning.

3.3. Invitro cell-biomaterial interactions

Initial cellular attachment to scaffolds after 3 hours in cell
culture medium was assessed in vitro using primary Schwann
cells with metabolic activity assayed with an MTT colorimetric
assay. Following a 3 h period of adhesion and growth, cells on
0.3% and 0.4% dECM scaffolds showed significantly increased
MTT absorbance versus 0% scaffolds consistent with greater
numbers of attached cells (Fig. S4).

Primary Schwann cells grown on bioactive dECM scaffolds
were examined for morphology and growth at 3 h and 24 h. At
3 h, by visual examination (Fig. 4A), cells on 0.2% and 0.3%
scaffolds looked less aligned and appeared to have fewer long
processes than on 0% and 0.4% scaffolds. At 24 h, cells on all
scaffold types visibly appeared to have lengthened mor-
phologies in the direction of the aligned nanofibers (Fig. 4B).
Cell alignment was quantified using image analysis as detailed
in Harris et al*® All average FWHMs detailing alignment
metrics were compared across groups and time points using a
two-way ANOVA. Statistical differences were absent between
time points, but present amongst scaffold groups within each
time point. At 3 h, cell alignment was greatest on 0% scaffolds
(average FWHM was lowest at 61.75 + 1.35) and was signifi-
cantly different from 0.4% (avg. 74.50 + 5.24) (Fig. 4C and E).
As indicated by the wider spreading cell shape, 0.2% scaffolds
(avg. 82.58 + 5.26) and 0.3% scaffolds (avg. 82.83 + 3.48) pos-
sessed significantly less aligned indices than 0%, but were not
different from 0.4%. At 24 h, cells on all scaffold types showed
the same degree of aligned growth (Fig. 4D and E).

At an individual cell level, cell aspect ratios were measured
at 3 h and 24 h and compared using a two-way ANOVA
(Fig. 4F). Above, at 3 h, we showed that cells on 0% scaffolds
were more aligned than any other group. Here cell aspect
ratios of the 0.4% dECM group were the greatest at 3 hours of
all groups, suggesting that the presence of greater amounts of
protein improves cell aspect ratio. While the aspect ratio of
cells on 0% scaffolds was greater than 0.2% dECM scaffolds, it
was not different from 0.3% scaffolds. At 24 h, fewer differ-
ences were present. Scaffolds with 0%, 0.3%, and 0.4% dECM
were not different from each other, but all three groups were
different from 0.2% scaffolds. This suggests 0.2% dECM
protein content is not a significant amount of protein to over-
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Fig. 3 Chemical and electrical properties of standard and blended scaffolds. (A) EDX analysis of the 0% and 0.4% dECM scaffolds showed the
chemical spectrum of the material. (B) The carbon to fluorine ratio was measured using a ratio of atomic percentages. (C) XRD analysis detailing
material crystallization of all scaffold types yielded 20 measurements at approximately 19.8°, consistent with the p-phase conformation of
PVDF-TrFE. (D) B-Phase percentages calculated from FTIR data show blended scaffolds maintained B-phase content similar to our PVDF-TrFE
control. (E) Piezoelectric behavior (voltage changes in response to pressure) was preserved in the blended electrospinning process.

come disparities in fiber alignment. Overall, however, as time
increased, so did cell growth. Aspect ratios of all groups were
statistically higher at 24 h compared to 3 h.

3.4. Invivo implantation and tissue response

Scaffolds of PCL, 0% dECM PVDF-TrFE, and 0.4% dECM
blended PVDF-TrFE were surgically implanted under the skin
of adult male rats (Fig. S5). PCL scaffolds were chosen as a
negative control due to their having FDA approval, common
use already in medical devices, nonpiezoelectric nature, and
the extensive rodent work already published that allow us to
compare inflammatory profiles.®*®* The 0.4% dECM scaffolds

5776 | Biomater. Sci, 2025, 13, 5769-5785

had many favorable mechanical and biological characteristics
which made it the optimal choice for implantation of our bio-
functionalized scaffold groups.

In histological sections of tissue samples (Fig. 5A-C),
scaffolds (denoted by black arrows) of each type did not
appear morphologically different. Each group appeared to
fold and curl on itself and where folding did occur, cell
infiltration between folds was usually present (asterisks in
Fig. 5A-C). Both scaffolds appeared to remain similar in
thickness with no indications of material expansion that
would lead to further irritation and inflammation of
tissue.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Primary Schwann cell behavior in vitro on blend-electrospun PVDF-TrFE scaffolds. (A) After 3 hours, primary Schwann cells attached to all
scaffolds and showed some alignment with the fiber direction. Scale bars are 100 pm. White arrows denote fiber direction. (B) After 24 hours, cells

on all bioactive scaffolds again showed cell elongation and alignment. (C,

D) Fourier transformed pixels of stained images at 3 h and 24 h, respect-

ively were radially summed around 360 degrees providing cellular alignment intensities graphed from 0 to 180 degrees. Sharper peaks are indicative
of greater alignment. (E) Full width-half maximum values (FWHM) were calculated for each curve at 3 h and 24 h. A larger value is indicative of less

aligned cellular growth. No differences were observed between time poin

ts, but were observed between groups within time points. (F) Aspect ratios

of cells were quantified at 3 and 24 h after plating. Some differences were observed between groups and there was a difference between time
points. All data are post-hoc p values after a two-way ANOVA was significant and are reported as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

Scaffolds were assessed at 7 DPI for the formation of
foreign body giant cells (FBGC) and fibrous capsule formation,
both can indicate negative tissue reactions to the material
(Table 1). When a material is implanted within the body,
macrophages will surround the material in an effort to dissolve
it. If the implant is not readily dissolved by a single macro-
phage these cells will fuse into a FBGC.®® If a foreign body
stimulates tissue irritation, then fibroblasts create a fibrous
capsule that is characterized by dense collagen formation. The
thickness and density of the collagen indicate the intensity of
the tissue reaction. The host tissue remodeling response to
PCL at 7 DPI was the creation of an accumulation of histiocytic
macrophages (epithelioid cells) on the surface of the PCL, sur-
rounded by immune cells, all characteristic of a mild foreign
body granulomatous inflammation, with a paucity of FBGCs
among the histiocytes on the surface of the material (Fig. 5A).

This journal is © The Royal Society of Chemistry 2025

For PCL, a quantitative score of 3 (<1 macrophage per 40x
field) was given for the very low numbers of FBGCs observed.
Additionally, there was no evidence of dense collagenous
capsule formation surrounding PCL scaffolds at 7 DPI (quanti-
tative score = 3, total remodeling score = 3). The host tissue
remodeling response to 0% PVDF-TrFE scaffolds was similar
to that of PCL and minimal at 7 DPI (Fig. 5B). Slightly more
FBGCs were observed, with an estimated score of 1 per 40x
field (quantitative score = 2). Encapsulation formation in
response to 0% dECM, PVDF-TrFE control scaffolds was non-
existent (quantitative score = 3) yielding a total remodeling
score of 2. This is, again, a very limited foreign body response.
The host tissue remodeling response to 0.4% dECM
PVDF-TrFE scaffolds was similar to the other scaffolds
(Fig. 5C). Quantitatively, 0.4% dECM scaffolds presented with
at least 1 FBGC aggregate per field (quantitative score = 2).

Biomater. Sci, 2025,13, 5769-5785 | 5777
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Fig. 5 Characterization of the host macrophage responses at 7 days post implantation. (A—C) In H&E-stained images of tissues surrounding PCL,
0% PVDF-TrFE, and 0.4% dECM scaffolds it was possible to see the accumulation of macrophages and FBGCs (arrows) on the scaffold surface and
mild inflammation surrounding the scaffolds. Some clusters of cells and collagen were found within the scaffold material (asterisks). (D) The ratio of
counted FBGCs to total number of cell nuclei within areas defined as containing inflammation provides a quantitative metric of the tissue reaction
to the materials. (E-G) Immunofluorescent staining for M1 macrophage polarization types using anti-CD68 (red). (H) Total M1 macrophages
measured as a ratio of M1 cells to total cells. (I-K) Immunofluorescent staining for M2 macrophages was done using an antibody against the
mannose receptor (red). (L) Percentages of M2 macrophages were limited in all blended PVDF-TrFE scaffolds. Scale bars = 100 pm and numeric data

are reported as mean + SD. * p < 0.05, *** p < 0.001.

Table 1 Histological scoring as a metric of the foreign body response
after 7 DPI. Higher scores represent a reconstructive response (see
Table S2 for scale explanation). PCL offered the most favorable response
in having fewer FBGCs, but all of the scaffold groups had moderately
loose collagen around the material, showing no significant encapsula-
tion after 7 days

Multi-nucleated Remodeling
giant cells Encapsulation  aggregate score
PCL 3 3 3
0% PVDF-TrFE 2 3 2
0.4% PVDF-TTFE 2 3 2

Formation of fibrous capsules were absent (quantitative score
= 3) giving the bioactive scaffolds a total remodeling score of 2.

To further analyze the tissue remodeling response at 7 DPI,
a more detailed quantification was conducted to measure the
number of FBGCs as a ratio to the total number of cells in the
area of inflammation surrounding the implant. Scaffold
images were subject to a counting threshold in Image] to yield

5778 | Biomater. Sci, 2025, 13, 5769-5785

total counts (Fig. S6). The ratio of FBGCs to total cells sur-
rounding the scaffold was analyzed as a percentage and can be
visualized in Fig. 5D. As was consistent with its remodeling
score above, PCL implants expressed the lowest percentage of
FBGCs (0.40%), and were significantly lower than the amounts
for the 0.4% dECM scaffolds (1.43%) and the 0% dECM
scaffolds (2.59%). While the 0% dECM average percentage was
higher than 0.4% dECM, it was not significantly different.
Thus, the base scaffold material stimulates more FBGCs than
PCL and there is a suggestion that, if our numbers were
increased, there might be an advantage of adding ECM.

3.5. Macrophage polarization surrounding scaffolds at 7 DPI

Macrophages are characterized across a spectrum of pheno-
types depending on what signals activate them (classical or
alternative stimuli) and what functions they perform when
activated.®® In the most simplistic classification scheme,
however, they are treated as one of two ends of this spectrum:
the classically activated, pro-inflammatory phenotype (M1) or
the alternatively activated, pro-regenerative phenotype (M2).

This journal is © The Royal Society of Chemistry 2025
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For this study, macrophages were analyzed and identified as
either M1 or M2 macrophages based on antibody staining for
two specific macrophage protein markers, CD68 for M1 sub-
types and the Mannose Receptor (CD206) for M2 subtypes. In
a typical response to tissue injury or wounding, pro-inflamma-
tory macrophage subtypes will arrive within the first 48 h of
injury followed by an influx of pro-regenerative
M2 macrophages as the cellular response shifts from the
inflammation stage to the repair stage.®® To examine this M1
response and potential shift towards an M2 response, implants
were examined after an initial 7 d period.

At 7 d after implantation, a limited presence of the M1
subtype was noted in cells adjacent to PCL implants compared
to the 0% dECM and 0.4% dECM blend (Fig. 5E-G). To quan-
tify this, in designated ROI areas drawn around the area con-
sidered inflammatory (see Fig. S6), we measured the total area
stained for M1 macrophages (CD68 staining) and expressed
this as a percentage of the total number of cells (area of DAPI
signal) (Fig. 5H). In each group, approximately half the cells
surrounding the scaffold at 7 DPI were polarized towards the
M1 phenotype, but there were no significant differences
between the three scaffolds. This suggests that the three types
of scaffolds elicited similar responses.

The M2 response was exceedingly limited at 7 DPI com-
pared to the M1 response (Fig. 5I-K). The number of
M2 macrophages was extremely low and there were no statisti-
cal differences in M2 presence between scaffold groups
(Fig. 5L). Although still limited compared to the presence of
M1 macrophages, there appeared to be more resident
M2 macrophages surrounding the inflamed tissue area in
areas farther than 133 pm away from our 0.4% scaffolds and
outside our ROI areas (Fig. S7).

3.6. Immune response and scaffold appearance at 28 DPI

To analyze the progression of the host immune response to
our scaffolds, we examined implants post-28 days, as shown in
Fig. 6. At the time of sacrifice, all rats were reported to be
healthy, did not express signs of discomfort, and all injury
sites appeared fully healed and recovered. In sections stained
with H&E, tissue responses to the scaffolds were very similar to
those at 7 DPI. This is consistent with a continuation of a low-
grade chronic (granulomatous) inflammation (two-sided
maroon arrow in Fig. 6). This is characteristic of a mild host
response to a biomaterial implant that may continue until the
implant either dissolves or is passivated, ie. by a dense
capsule. Within the epithelioid macrophages directly on the
surface of the implants, there were several FBGCs (arrow with
triangle head, Fig. 6A-E). An issue with analyzing the 28-day
results was that it was not possible to find the scaffold rem-
nants in every sample and the amount of scaffold that was
present was highly variable in size. When remnants of the
scaffold were visible, there was no evidence of a significant
increase in inflammation compared to 7 DPI, which speaks to
the biocompatibility of our experimental scaffolds (Fig. 6).
Uniquely in the 0% and 0.4% groups, but not the PCL group,
in either sections without detectable scaffolds or adjacent to

This journal is © The Royal Society of Chemistry 2025
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remnants (Fig. 6C, bottom), there were areas that appeared dis-
rupted compared to neighboring connective tissues. These
areas contained irregular collagen, arterioles and venules
(small but with several layers of smooth muscle, blue arrow-
heads in Fig. 6C), and small nerve fascicles (fascicles with
multiple axons surrounded by an established perineurium, red
arrowheads in Fig. 6C). These areas could have been remnants
of the tissue reactions to a fully degraded scaffold or continued
reaction to remaining small pieces of scaffold out of the plane
of view. Significantly increased density of collagen and devel-
opment of a thick capsule were not seen around either the
scaffolds or these areas. Additional observations from our
implants showed that existing close to the scaffolds or in adja-
cent tissues were an abundance of subcutaneous fat cells
(Fig. 6, black arrow), consistent with similarly spun scaffold
polymers also implanted beneath the skin. Over longer time
periods (not tested) it will be important to monitor the extent
and duration of chronic inflammation and characterize other
long-term tissue responses to the remnants of PVDF-TrFE.
PVDF-TrFE, so it is possible that, over time, the remnants
might become a scar (an accumulation of a dense core of col-
lagen), and a more significant capsule may develop that would
separate this material from surrounding tissues. If the areas
were to grow significantly over time, this could reduce motion
or create further inflammation.*’

4. Discussion

4.1.
ECM

Blend-electrospun scaffolds incorporate physiological

Blend electrospinning PVDF-TrFE and dECM proteins into a
heterogenous scaffold forms a biomaterial capable of provid-
ing physical, electrical, and biochemical cues essential for
desired cell behavior. Demonstrated here with SEM and EDX
mapping, dECM was present throughout scaffolds as a coating
on the fibers and as visible, web-like structures. This presence
of proteins was confirmed by the increase in C:F ratio with
the 0.4% versus the 0% scaffold (Fig. 3A and B). Fiber analysis
showed that both the 0.2% and 0.4% dECM scaffolds had
larger fiber diameters than the other groups, with 0.4% larger
than 0.2%, and we attribute this increase to the addition of
dECM content affecting solution viscosity. Fiber diameter is
known to increase in the presence of more viscous
solutions,®*®” and when combining dECM and PVDEF-TrFE,
the viscosity of the precursor solution visibly increases, but
not to a degree that causes adverse needle clogging, as noted
by the absence of beading and fiber-fiber bonding in our SEM
analysis.®® Further studies would be required to decouple the
relationship between dECM addition and viscosity; however,
the importance of fiber diameters here is that fibers with
micron-sized diameters (as seen with 0.2% and 0.4%) have
been shown to improve neurite length and increase cell
area.®®’® The fact that the 0.4% scaffolds had the largest fiber
diameters was one reason, among others, why this was chosen
for in vivo experiments and that we propose might be the most
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4 FBGC

M Fat cells

Granulomatous
inflammation

A Vasculature

A Nerve

Fig. 6 Tissue samples were harvested and stained with H&GE at 28 days post implantation. (A—E) Scaffold materials were identifiable in the PCL, 0%
dECM, and 0.4% dECM groups and all displayed macrophages and FBGCs (triangle-headed arrows) at the implant surface and a surround of cell
types characteristic of a mild foreign body granulomatous inflammation (two-sided maroon arrows), similar to that seen at 7 DPI. (C, E) The 0% and
0.4% samples occasionally had smaller amounts of identifiable scaffold material than with PCL, while all three scaffold types had similar amounts of
collagenous tissue aligned around the implant. (C) The 0% (not shown) and 0.4% blended scaffolds, but not the PCL scaffolds displayed islands of
disorganized collagen structure that contained aggregations of larger than capillary sized blood vessels (blue arrowheads) and small nerve fascicles
(red arrowheads). These were found only adjacent to scaffold remnants or in areas where scaffold remnants had been expected. Fat cells (non-tri-
angle-shaped black arrows) and were present close to all scaffold types. Scale bars = 100 pm.

advantageous among all tested here in a wound healing
setting.

Fiber alignment in our piezoelectric biomaterial was
chosen for two distinct reasons; it affects the overall piezoelec-
tric capacity of the material and it helps facilitate directional
cell growth and migration.”* Through geometric confinement,
aligned networks of nanofibers inherently align molecular
dipoles within the polymer material to enhance polarization,
thereby generating larger piezoelectric values.”"”* 0.4%
scaffolds showed the addition of dECM content still allows for
the spinning of aligned fibers with bioactive material.

4.2. Mechanical properties of blended scaffolds are
physiologically relevant

Bulk stiffness properties of the whole scaffold allow analysis of
how the full scaffold compares with the stiffness of normal
tissues. Our measurements in Fig. 2E showed that our 0.4%
dECM scaffold had the highest Young’s modulus of all groups.
Additionally, the Young’s modulus approached a value similar
to that of a human peripheral nerve (~38 MPa).”” This is
advantageous because matching biomaterial stiffness to native
tissue stiffness is important for long-term integration and
managing the fibrotic response to implants.

The Young’s modulus of individual fibers was also
measured by nanoindentation analysis (Fig. 2F). This is a
measure that shows the stiffness that cells are directly experi-
encing from the substrate. Here, all scaffold types differed
from each other and 0.4% had the lowest stiffness (~50 kPa).
Localized stiffness at the cellular level has been shown to
direct cell shape, function and migration.”>”’® For instance,

5780 | Biomater. Sci, 2025, 13, 5769-5785

macrophages interacting with substrates between 35 and 63
kPa stiffnesses were shown to shift towards the regenerative
M2 phenotype in wound settings compared to substrates with
softer stiffnesses near 3 kPa.”’”

The noticeable difference between increasing stiffness at
the tissue level versus the reduced stiffness at the cellular level
of the 0.4% scaffold, we hypothesize, is due to the complex
relationship between fiber diameter and fiber alignment.
Larger fibers are known to decrease fiber stiffness, but fiber
orientation greatly enhances bulk stiffness of scaffolds at the
tissue-like level when fibers are unidirectional aligned in the
direction of stretching.”®”°

4.3. Cell-biomaterial interactions were altered by the ECM
content of scaffolds

In healthy tissue, the ECM is responsible for creating physical
pathways for cell movement and interacting with growth
factors and signal receptors to direct cell function.'® At the
onset of injury, cell-ECM communication becomes even more
important as cell motility and phenotype are responsible for
directing healing.®® These cell-ECM interactions, mediated by
transmembrane receptors known as integrins, sense forces
exerted by their surrounding microenvironment that result in
changes in cytoskeleton organization and contractility during
migration, both of which are energy-intensive and closely
associated with metabolic changes.®"®” In a situation where
cells have low adhesion to the ECM, a decrease in mitochon-
drial metabolism is seen.®* The attachment assay at 3 h
showed that the initial attachment and therefore presumably
support of metabolism was greatest with the 0.3 and 0.4%

This journal is © The Royal Society of Chemistry 2025
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scaffolds, supporting our idea that the addition of the dECM is
advantageous. A fibroblast cell line was chosen for initial
testing due to the amount of ECM produced in vitro, as well as
the high concentration of fibronectin, like seen in injuries.
Moving forward, a natural next step is to use tissue specific
cells to create dECM for certain applications.

The benefits of using aligned, nanofibrous scaffolds to
enhance cell growth are well documented.'®®*” Cellular
alignment is suspected to be a FAK-mediated mechanism by
which downstream signaling cascades of RhoA kinase affect
cellular elongation along the direction of the nanofibers.***
Aspect ratio was greatest on 0.4% scaffolds at 3 h. We hypoth-
esize the increase in aspect ratio is due to fiber diameter and
dECM content. The presence of larger fibers and focal
adhesion proteins in the dECM would be expected to prompt
individual cell spreading along those fibers, thus exhibiting an
elongated shape. This changed, however, at 24 h when aspect
ratios on all scaffold groups increased, suggesting time is
more influential on cells elongating along fibers than fiber dia-
meter or dECM content. As cell alignment and adhesion are
widely associated with regenerative behavior,***° given our
data to date, we cannot say for certain yet that our blended
scaffolds demonstrate the ability to serve as a regenerative
guide in a wound healing environment, but all scaffolds
prompted elongated shapes in Schwann cells, which is a key
regenerative phenotype in repair situations.

4.4. Blended Scaffolds with 0.4% dECM for implants

The 0.4% dECM scaffolds were chosen as the blended scaffold
for in vivo implants due to their advantageous mechanical and
biological characteristics. This group contained the highest
proportion of micron-sized fiber diameters (Fig. 2B) and
micron-sized fibers have been shown to improve neurite
length and increase cell area.®® The 0.4% scaffolds supported
greater early cell attachment than 0% scaffolds (Fig. S4).
Tissue-level stiffness of the 0.4% group was the only group
closest to ideal nerve tissue values and stiffness at the cellular
level of this group was also the only scaffold group to have
ideal cell-level stiffness (~50 kPa) where macrophages have
been shown to promote M2 phenotypes (~60 kPa).””
Biologically, we showed cells on 0.4% scaffolds demonstrated
aligned growth after 24 h and larger aspect ratios than
scaffolds without protein at 3 h and larger than 0.2% scaffolds
at 24 h, which is a desired morphology in the regenerative
Schwann cell phenotype.

4.5. Tissue inflammation and macrophage response to
scaffolds

Our observations of implanted scaffolds at 7 DPI show that
there was minimal inflammation occurring and that
M1 macrophages accumulated at the edges of the implants
comprising between 50 and 60% of cells. The lack of much
larger pockets of M1 macrophages is good and the accumu-
lation of M1 macrophages is normal for 7 days after a wound
injury to the skin.®® Interestingly, there were no differences in
the amount of M1 macrophages between the FDA-approved

This journal is © The Royal Society of Chemistry 2025
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PCL and the 0% and 0.4% scaffolds over the PCL. There were
slight differences in numbers of quantifiable FBGCs, with
both the 0% and 0.4% scaffolds having increases relative to
PCL. This suggests that the electrospun PVDF-TTrFE material
might cause a minor increase in immune responses. This
might reflect the fact that the PVDF-TrFE material in the
scaffold is not biodegradable, while PCL is well-known to be
degradable. Another possible explanation may be the electro-
active nature of the piezoelectric scaffold. Although not the
primary factor, electrical stimulation is an additional variable
thought to play a role in FBGC formation.’* There might have
been a trend towards fewer FBGCs with 0.4% (Fig. 5D), so
further studies exploring either higher contents of dECM or a
combination of ECM proteins to overcome this slight differ-
ence are needed to confirm this hypothesis. In the literature, it
is known that implanted medical devices coated with fibronec-
tin and fibrinogen form lower numbers of FBGCs compared to
uncoated implants,®® suggesting our blended scaffolds may
replicate a native cell environment. Adverse and foreign
responses in the immune response progression would show as
a robust and organized fibrous capsule, not constructive remo-
deling.”® Although no robust encapsulation was present after
28 d, extending these studies past 28 d might provide a clearer
picture of encapsulation surrounding our implants.

No differences in the M1 or M2 macrophage response were
seen across scaffold groups at 7 DPI, suggesting there is no
negative effect of the piezoelectric component or dECM com-
ponent of the PVDF-TrFE material. Because the M2 response
was limited in all groups, it is suspected 7 DPI was either too
short or too long of a period to visualize the influx of pro-
regenerative M2 macrophages. A time point of 7 DPI might
represent the entire M1 response, but
M2 macrophages may only appear after the implant has been
degraded to complete the tissue repair process, which
becomes difficult to analyze in polymer scaffolds with extre-
mely slow degradation rates.

a wave of

4.6. Tissue appearance and capsule formation at 28 DPI

Implants that are not completely phagocytized through the
initial phases of the immune reaction lead to an increase in
fibroblast activity.”” Fibroblasts deposit collagen that forms
bands around the implant to encapsulate the implant and sep-
arate it from other tissues. If the implant persists and the col-
lagenous capsule is not resorbed or reduced, this tissue can
become scar tissue.®””** Our implant showed limited capsule
formation surrounding our scaffolds overall. This is indicative
of a reduced foreign body response, at least at 7 and 28 DPI.
This is consistent with previous studies where dECM added to
nanofibrous scaffolds improved cellular alignment, prolifer-
ation, and the secretion of actin and focal adhesion genes of
fibroblasts in vitro after 4 d and showed regenerative-like
promise compared to PCL scaffolds in vivo after 14 d.”
Following fibroblast proliferation and migration, neovascu-
larization begins via the sprouting of new small blood vessels
from preexisting vasculature in the surrounding area in a con-
structive remodeling response.’>°® While not consistent with
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an angiogenic environment, seen in our study was an accumu-
lation of small arterioles and venules neighboring our 0.4%
dECM scaffolds. Previous in vitro findings have shown electri-
cal stimulation of endothelial cells activates the NOS pathway
and upregulates FGF2 which activates the MAPK/ERK pathway
and promotes VEGF expression.'”?” Although future studies
past the 28-day mark detailing in vivo electrical currents ema-
nating from our scaffolds would be required to confirm this,
the electrical activity in our PVDF-TrFE scaffolds may have
some effect in the presence of this vasculature. Deformations
in the piezoelectric scaffold due to natural movement in the
tissue might have activated the electrical activity required to
alter endothelial cell growth.

It is also known there is a strong connection between the
nervous system and the skin involving various cytokines that
promote nerve integration during advanced stages of wound
healing.’®°® While further research would be required to
isolate and identify the neuromodulatory and cytokine behav-
ior involved, it is well known electrical activity accelerates the
wound healing process and facilitates optimal
regrowth.>*?7*1*® Hence, we believe the increased presence of
nerves surrounding our wound area is potentially attributed to
the electrical activity emerging from our piezoelectric
scaffolds, which would be exciting if it held true in another
study with larger numbers of animals and with a more
expanded time scale than 28 d.

axonal

4.7. Clinical relevance of blended scaffolds

Our findings provide a method to fabricate a scaffold capable
of being manipulated into a nerve guidance conduit that
merges the necessary requirements to promote functional
recovery over extended nerve gap injuries. Directional growth
from aligned structures, electrical cues from piezoelectric
nanofibers (that could be noninvasively stimulated), and bio-
chemical cues from native, whole decellularized extracellular
matrix were bulk functionalized into a single engineered
material that might be capable of promoting enhanced nerve
regeneration. Our previous work has shown PVDF-TrFE can be
electrospun into aligned nanofibrous conduits capable of
retaining their piezoelectric potential.'” We have expanded
upon this with a blended precursor solution that could intro-
duce additional chemical and substrate cues directly involved
with jump-starting Schwann cell and epithelial cell migration
that might be capable of nurturing healthy and essential cell
and neuronal growth, while reducing negative host immune
responses.

5. Conclusion

Conventional biomaterial implants for tissue repair are often
limited by poor immunological compatibility and insufficient
support for regenerative healing. To overcome these chal-
lenges, we developed a piezoelectric scaffold composed of
PVDF-TrFE, functionalized with cell-derived decellularized
extracellular matrix (dECM) to deliver integrated physical, elec-
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trical, and biochemical cues. Electrospun into aligned fibers
mimicking native ECM architecture, these scaffolds were evalu-
ated through in vitro and early in vivo studies to assess their
potential as a biomaterial geared towards tissue engineering
applications.

Our findings demonstrate that this streamlined biofunctio-
nalization approach yields scaffolds that are non-cytotoxic,
support pro-regenerative cellular responses, and exhibit the
capacity to modulate the immune environment favorably. The
combination of structural mimicry, piezoelectric signaling,
and ECM-derived biochemical functionality positions these
scaffolds as promising candidates for future tissue repair
applications, particularly in the peripheral nervous system.
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