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Decellularized extracellular matrices (AECM) have strong regenerative potential as tissue engineering scaffolds;
however, current clinical options for dECM scaffolds are limited to freeze-drying its native form into sheets.
Electrospinning is a versatile scaffold fabrication technique that allows control of macro- and microarchitecture.
It remains challenging to electrospin dECM, which has led researchers to either blend it with synthetic materials
or use enzymatic digestion to fully solubilize the dECM. Both strategies reduce the innate bioactivity of dECM
and limit its regenerative potential. Herein, we developed a new suspension electrospinning method to fabricate
a pure dECM fibrous mesh that retains its innate bioactivity. Systematic investigation of suspension parameters
was used to identify critical rheological properties required to instill “spinnability,” including homogenization,
concentration, and particle size. Homogenization enhanced particle interaction to impart the requisite elastic
behavior to withstand electrostatic drawing without breaking. A direct correlation between concentration and
viscosity was observed that altered fiber morphology; whereas, particle size had minimal impact on suspension
properties and fiber morphology. The versatility of this new method was demonstrated by electrospinning dECM
with three common decellularization techniques (Abraham, Badylak, Luo) and tissue sources (intestinal sub-
mucosa, heart, skin). Bioactivity retention after electrospinning was confirmed using cell proliferation, angio-
genesis, and macrophage polarization assays. Collectively, these findings provide a framework for researchers to
electrospin dECM for diverse tissue engineering applications.

1. Introduction 5]. Tissue-specific dECM has successfully promoted angiogenic,
myogenic, neurogenic, and immunomodulatory behavior by supporting

Tissue engineering scaffolds composed of decellularized extracel- cell recruitment, proliferation, and tissue-specific differentiation

lular matrices (dECM) have shown a tremendous capacity to support
regeneration in numerous applications [1]. The dECM guides tissue
remodeling by providing structural and biological cues with its complex
composition of fibrous proteins, proteoglycans, growth factors, cyto-
kines, and mRNA [1-4]. Cells interact with and resorb the dECM,
leading to the release of bioactive products, such as chemoattractive low
molecular weight proteins, angiogenic growth factors, and mRNA [1,4,
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[6-12]. Small intestinal submucosa (SIS) is one of the most prominent
dECM scaffolds on the market because it contains the high levels of
growth factors and nutrients necessary to support the continual regen-
eration of the intestinal lining. SIS scaffolds have shown success in
regenerating airway [13], abdominal wall [14,15], diaphragm [16],
intestine [17], bladder [18], rotator cuff [19], skin [20-22], and urethra
[23] tissue in clinical trials [1].
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Fabrication of dECM into specialized structures for a target appli-
cation remains challenging. The bioactivity of proteins and growth
factors can be easily deactivated with enzymatic digestion, heat expo-
sure, or harsh solvents [24]. Clinical practice is currently limited to
native form sheets of dECM [4,7]. The macroscopic structure and
microscopic morphology of dECM scaffolds are constrained to the
structure of the harvested tissue, likely sheets or tubes. Current research
strategies to expand the application of dECM scaffolds have been
exploring hydrogels and combination devices like coatings and com-
posites [4]. Hydrogels provide a swollen matrix with the potential for
injection [6,25,26]. However, gel fabrication requires enzymatic
digestion to solubilize the ECM, which can denature and deactivate
important components reducing the functional bioactivity of the dECM
[27,28]. Similarly, dECM coatings and composites can have improved
mechanical properties or structures, but they contain alternative mate-
rials that can alter the foreign body reaction and tissue remodeling
response [29-32]. A method is needed to produce dECM scaffolds with
retained bioactivity, the ability to modulate geometry, and without
additive materials that can produce negative biological responses.

Electrospinning is a fabrication platform that allows control of
macro- and micro-architecture and can be scaled to fabricate meshes
with clinically relevant dimensions. For example, electrospun materials
can be fabricated with complex macrostructures such as valves, grafts,
dressings, and wraps. Additionally, fiber microarchitecture can be
controlled to vary anisotropy, pore size, and surface texture [10,33-38].
For instance, the fibers can be aligned to support the regeneration of
anisotropic tissues like skeletal muscle or randomly oriented to support
the regeneration of isotropic tissue like adipose tissue. The inter-
connected porosity and high surface area of electrospun meshes also
provide a tunable platform for cell interaction and infiltration. Although
electrospinning shows promise for dECM scaffold fabrication with high
bioactivity retention and versatile structure, it remains common to use
polymeric additives to facilitate fiber formation of dECM while elec-
trospinning [39-48]. Conventional electrospinning requires the
mobility of polymeric chains for alignment along the electrostatic field
and chain entanglement to withstand the electrostatic forces [49]. The
polymeric additives provide increased chain entanglement; however,
additives can negatively alter the biological response to the scaffold [29,
30]. Other methods to enhance spinnability utilize enzymatic digestion
to break down the ECM into individual chains, which can reduce
bioactivity through denaturation [27,28]. In contrast with traditional
spinning solutions of digested and dissolved dECM, our recent work
showcased a new suspension electrospinning method using decellular-
ized skeletal muscle. The resulting scaffold retained myogenic bioac-
tivity as indicated by cell attachment, proliferation, and differentiation
[10,50]. Electrospinning ECM suspensions, without complete digestion,
has the potential to maintain higher orders of protein structure which
can translate into ECM scaffolds with a higher retention of bioactivity
and slower resorption rates. Control and extension of ECM scaffold
resorption could abrogate the need for chemical crosslinking agents that
impair remodeling and induce a chronic foreign body response. How-
ever, electrospinning of dECM suspensions is in its nascency, and thus
critical rheological parameters to obtain a spinnable suspension have yet
to be elucidated [10,50,51]. A rigorous evaluation of suspension prop-
erties and their capacity for fiber formation is needed to expand the use
of electrospun dECM scaffolds to a wide range of tissue engineering
applications.

In this study, the critical properties of dECM suspensions that are
required to facilitate electrospinning, or instill “spinnability,” are iden-
tified. We conducted a rigorous rheological evaluation of a wide range of
dECM suspensions fabricated with varying homogenization levels,
concentrations, and ground particle sizes with dECM derived from SIS.
The versatility of the dECM suspension electrospinning method is
showcased by electrospinning different ECM compositions, either pre-
pared with different decellularization techniques or tissue sources. The
level of bioactivity retention was then assessed via cell proliferation,
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macrophage polarization, and angiogenesis. This assessment of the
critical parameters involved in electrospinning dECM aims to provide an
accessible toolbox for research groups to create specialized dECM scaf-
folds with high bioactivity retention for numerous tissue regeneration
applications.

2. Materials and methods
2.1. Materials

All materials were purchased from Sigma Aldrich unless otherwise
noted.

2.2. Small intestinal submucosa isolation

The submucosal layer of a 6-9 month porcine small intestine (Animal
Technologies) was isolated as previously described [52]. The small in-
testine was washed in PBS and cut into 10 cm sections. Each section was
sliced longitudinally to form a flat sheet. The outer layer comprised of
the serosa and muscularis externa was mechanically delaminated, and
the inner mucosa layer was removed with repeated mechanical
shearing. The remaining layer is the SIS. The SIS was stored in PBS at
4 °C for no more than 24 h before beginning decellularization and
preparation.

2.3. Tissue decellularization and preparation

Each SIS decellularization and preparation technique explored has
been named the Abraham [53], Badylak [54,55], and Luo [6,56] tech-
nique based on the prior work. For the Abraham technique [53], 10 cm
SIS sections were first submerged in 5 mL of 100 mM ethyl-
enediaminetetraacetic acid (EDTA) in 10 mM sodium hydroxide (NaOH)
for 16 h. Second, the SIS was transferred to 5 mL of 1M hydrochloric acid
(HCID) in 1M sodium chloride (NaCl) for 8 h. Third, the SIS was trans-
ferred to 5 mL of 1M NaCl in 1X PBS for 16 h. Fourth, the SIS was
transferred to 5 mL of 1X PBS for 2 h. Lastly, the SIS was transferred to 5
mL of DI water for 2 h. All biological composition and cell studies used
SIS prepared with the Abraham technique. For the Badylak technique
[54,55], 10 cm SIS sections were first submerged in 5 mL of 0.1 %
peracetic acid and 4 % ethanol for 2 h. Second, the SIS was transferred to
5 mL of PBS for 15 min. Third, the SIS was transferred to 5 mL of DI
water for 15 min. Fourth, the DI water was exchanged for another 15
min. For the Luo Technique [6,56], 10 cm SIS sections were each sub-
merged in 5 mL of 1:1 methanol and chloroform for 12 h and subse-
quently washed with DI water. Second, the SIS was transferred to 5 mL
of 0.05 % Trypsin-EDTA for 12 h and subsequently washed with saline.
Third, the SIS was transferred to 5 mL of 0.5 % sodium dodecyl sulfate
(SDS) in 0.9 % NacCl for 4 h and subsequently washed in saline. Fourth,
the SIS was transferred to 5 mL of 0.1 % peracetic acid and 20 % ethanol
for 30 min and subsequently rinsed with saline. During each step of the
three different decellularization and preparation techniques, the SIS was
continuously agitated at 37 °C. The prepared SIS was stored at —80 °C
until further use. The native SIS was washed in 1X PBS without addi-
tional chemical treatment and stored at —80 °C until further use.
Decellularization following each technique was confirmed via DNA
quantification. The DNA of the SIS was extracted following the manu-
facturer’s recommended protocol of the DNEasy Blood and Tissue Kit
(Qiagen) and quantified with the Quant-iT™ PicoGreen™ dsDNA Assay
Kit (ThermoFisher Scientific). There were 9 samples (n = 9) in each
group done in triplicate. The DNA content within the decellularized
tissue was confirmed to be less than 50 ng/mg of dried tissue before use
in experiments, Fig. S3.

A 6-9 month porcine heart (Animal Technologies) was sectioned into
0.5 cm? pieces and prepared using the Badylak technique in 4 L of each
medium described above with constant stirring. Skin tissue was isolated
from Sprague Dawley rats. The hair was removed with Nair™ Hair
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Remover. The skin was sectioned into 10 cm? pieces and prepared using
the Abraham technique in 5 mL/piece of each medium described above.
The prepared heart- and skin-derived ECM were stored at —80 °C until
further use.

2.4. Preparation of dECM suspensions

Electrospinning suspension preparation is represented in Fig. 1A.
The frozen prepared SIS-derived ECM was submerged in DI water and
thawed at 37 °C. The SIS sheets were then homogenized with an OMNI
Tissue Homogenizer TH (OMNI International). The homogenized SIS
was flash-frozen in liquid nitrogen and lyophilized for 2 days. The dried
SIS was broken into particles with an electric blade grinder (Kaffe) and
separated into groups of <250 pm, 250-500 pm, 500-2000 pm, and
>2000 pm with a sieve tower. SIS particles were suspended in chilled
hexafluoroisopropanol (HFIP) at 10-60 mg/mL concentrations and
allowed to mix for over 12 h at 4 °C. Immediately prior to electro-
spinning, the SIS suspensions were loaded into a capped syringe and
homogenized for 20 s. The frozen prepared SIS sheets that were not
homogenized were lyophilized immediately and then followed the same
protocol as the dried SIS described above. The SIS suspensions that were
not homogenized were transferred to a syringe and immediately elec-
trospun. The skin-derived ECM suspension was prepared similarly with
500-2000 pm dried particle size, 70 mg/mL concentration, and both
homogenization steps. The heart-derived ECM suspension was prepared
similarly with 500-2000 pm dried particle size, 55 mg/mL concentra-
tion, and both homogenization steps.

2.5. Rheological assessment

The dECM suspensions were analyzed on a Discovery Hybrid
Rheometer, DHR-3 (TA instruments) with a 25 mm parallel plate ge-
ometry. Descending and ascending strain amplitude sweeps between 0.1
and 1000 % strain were conducted at a constant angular frequency of
1.0 rad/s at 25 °C to identify the amplitude dependence of the storage
and loss modulus of the dECM suspensions. The crossover points of the
storage and loss modulus curves were identified with linear interpola-
tion. A flow ramp was conducted between shear rates of 0.1-1000 s+ at
25 °C to determine the rate-dependent viscosity of the dECM suspen-
sions (n 3). A visual assessment of the particles in suspension

A) Electrospinning Suspension Preparation

1. Decellularize

2. Homogenize
-

3. Dry and grind
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contributing to the variations in rheological behavior was conducted.
The SIS suspensions were diluted 10-fold to 4 mg/mL in HFIP. To pre-
pare for imaging, 20 pL of the diluted suspension was placed between 2
coverslips and imaged immediately before drying on a Nikon TS-100
brightfield microscope. Three samples were analyzed for each group
with 5 images taken of each specimen (n = 15).

2.6. Electrospinning

The dECM suspensions were pumped from a 20 G needle charged
with 18 kV at a flow rate of 0.5 mL/h (Fig. 1B). A grounded copper plate
covered in parchment paper was placed 20 cm from the needle tip.
Electrospinning progressed for 30 min for a single layer of fibers or for
up to 8 h until the mesh reached the target thickness for assays. To
prepare for imaging, the meshes were coated with 5 nm of gold (Sputter
Coater 108, Cressington Scientific Instruments). The meshes were sub-
sequently visualized with scanning electron microscopy (SEM, Phenom
Pro, NanoScience Instruments, Phoenix, AZ) at an accelerating voltage
of 10 kV. Three specimens were taken from each run with 5 micrographs
taken of each specimen in a raster pattern (n = 15). The fiber diameter
distribution was determined by measuring 100 fibers in each mesh with
ImageJ® Software. The polydispersity index (PDI) was calculated as
(5/0:)2, where ¢ is the standard deviation and a is the mean fiber
diameter [57].

2.7. Thermal denaturation profile

The thermal denaturation profiles of SIS samples were determined
with differential scanning calorimetry (DSC 2500, TA Instruments) as a
means to assess the effect of electrospinning on protein denaturation.
Native SIS sheets, decellularized SIS sheets, and electrospun SIS meshes
were compared to positive controls of heat-treated SIS and native SIS
sheets undergoing a second heating cycle. Each sample was cut to 5 mg
and sealed in hermetic pans. A single heating cycle was performed from
—20 to 200 °C at a rate of 5 °C/min. To prepare a heat-treated positive
control for partial denaturation, SIS was submerged in 70 °C DI water for
1 h with constant mixing. A 2nd cycle thermogram of the native SIS was
used as a second positive control with full denaturation occurring in the
first heating cycle. The onset temperature (Tonset), peak temperature
(Tpeax), and enthalpy of denaturation (AH) were measured from the

4. Suspend in HFIP 5. Homogenize

Fig. 1. Schematic of electrospinning method for dECM. A) The preparation of a dECM electrospinning suspension is a five-step process involving decellularization,
homogenization, milling, suspension in HFIP, and a second round of homogenization. Macro images for steps 1-5; scale bar = 1 cm. Inset SEM image of dried SIS
particle in step 3; scale bar = 300 pm. Inset brightfield image of suspended SIS particle in step 4; scale bar = 60 pm. B) The dECM suspension is electrospun by
applying an electric field between the flowing suspension and a collector. Graphic created in BioRender. SEM image of electrospun dECM fibers; scale bar = 30 pm.

642



S. Jones et al.

thermogram using TRIOS software (TA Instruments). Topset Was calcu-
lated as the intersection of the tangent to the heat flow baseline. Tpeax
was calculated as the temperature with the minimum heat flow value.
Lastly, AH was calculated as the area between the heat flow curve and
the tangent line of the heat flow baseline. Representative thermograms
are presented with average thermal transitions reported (n = 3).

2.8. Biochemical composition

The total protein, collagen, and sulfated glycosaminoglycan (sGAG)
content of the native, decellularized, and electrospun SIS samples were
analyzed. For total protein analysis, the bicinchoninic acid (BCA) Protein
Assay Kit II (BioVision) was used. The lysing buffer was prepared with 1
mg/mL proteinase K (Qiagen) in 50 mM Tris-HCl and 5 mM CaCl,. Dried
SIS samples were lysed in the lysing buffer at a concentration of 15 mg/
mL at 50 °C shaking at 150 rpm overnight. Reagent A + B was prepared
with a 50:1 A to B ratio. The BCA Reagent A + B was added to the lysed
samples at an 8:1 ratio and vortexed. The absorbance was measured on a
plate reader (Infinite M Nano+, Tecan) at a wavelength of 562 nm. A
standard curve was generated with bovine serum albumin from a con-
centration of 0-2000 pg/mL. For collagen analysis, a hydroxyproline
assay was used as previously described [58]. The lysing buffer was
prepared with 1 mg/mL proteinase K (Qiagen) in 50 mM Tris-HCl and 5
mM CaCly. Dried SIS samples were lysed in the lysing buffer at a con-
centration of 10 mg/mL at 60 °C shaking at 200 rpm overnight. The
samples were hydrolyzed by adding 100 pL. 10 M NaOH to 100 pL of the
lysed samples and autoclaving for 15 min at 121 °C. Samples were
neutralized with 10 M HCL. Chloramine-T solution was prepared with
342 mg Chloramine-T, 755 mg NaOH, 807 mg citric acid, 1115 mg so-
dium acetate, 193 pL acetic acid, 7.8 mL isopropanol, and 22.2 mL ul-
trapure water. Samples were oxidized by adding 625 L of chloramine-T
solution and incubating for 20 min at room temperature. Ehrlich’s so-
lution was prepared with 1790 mg P-dimethyl-amino-benzaldehyde
(DMAB) in 30 % HCI and 70 % isopropanol. To initiate color change,
625 pL of Ehrlich’s solution was added and samples were submerged in a
60 °C water bath for 20 min. The absorbance was measured on a plate
reader (Infinite M Nano+, Tecan) at a wavelength of 560 nm. A standard
curve was generated with collagen from bovine achilles tendon from a
concentration of 0-40 mg/mL. For sGAG analysis, a 1,9-dimethylmethy-
lene blue (DMMB) assay was used as previously described [50]. Dried
SIS samples were lysed as in the BCA assay. Formate solution was pre-
pared with 104 mg of sodium formate, 10 mL of 1 M guanidine hydro-
chloride, and 116 pL of 85 % formic acid. A 1.53 pM DMMB solution was
prepared in ethanol. The working solution was prepared with 5 mL of
formate solution, 1.25 DMMB solution, and 18.75 mL ultrapure water.
The working solution was added to the lysed samples at a 5:1 vol ratio
and mixed for 30 min at 150 rpm. The samples were centrifuged at 15,
000 rpm for 10 min. The supernatant was decanted, and the sGAG-dye
complex precipitate was isolated. A decomplexation solution was pre-
pared with 82 mg sodium acetate, 2 mL isopropanol, 10 mL 8 M gua-
nidine hydrochloride, and 8 mL ultrapure water. The decomplexation
solution was added to the precipitate at a 5:1 ratio to the original lysed
sample volume and vortexed. The absorbance was measured on a plate
reader (Infinite M Nano+, Tecan) at a wavelength of 656 nm. A standard
curve was generated with chondroitin-4-sulfate from a concentration of
0-100 pg/mL. Samples were run in triplicate for each assay with 3
specimens per group (n = 9).

2.9. Cell proliferation

The bioactivity retention and cytotoxicity of SIS after electrospinning
was first analyzed via cell proliferation. To minimize the risks of uti-
lizing an HFIP solvent system that is known to be cytotoxic, the ECM
meshes were vacuum-dried to remove any residual solvent after elec-
trospinning. Electrospun SIS meshes and decellularized SIS sheets were
cut into 8 mm discs and sterilized with UV irradiation for 15 min on each
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side. Human dermal fibroblasts (hDFs) were expanded in alpha mini-
mum essential media (a-MEM) growth media, supplemented with 10 %
fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA) and 1 % of
penicillin-streptomycin (10,000 U/mL, Thermo Fisher Scientific) at
37 °C and 5 % CO». The cells were seeded on the surface of the SIS
samples at 25,000 cells/cm? and cultured for 1, 3,5, and 7 days at 37 °C
and 5 % CO». The hDF metabolic activity was measured with the Cell-
Titer 96 ® Aqueous MTS Kit (Promega Corp., Madison, WI, USA). At
each timepoint, the samples were removed from the cell media and
incubated with 17 % (v/v) CellTiter 96 ® Aqueous One Solution Reagent
diluted in media at 37 °C and 5 % CO for 1 h. Subsequently, the
absorbance of 100 pL of the media was analyzed on a plate reader
(Infinite M Nano+, Tecan) at a wavelength of 490 nm. Biological du-
plicates of each sample were performed with three specimens in each
group (n = 6).

2.10. Angiogenic assays: in vitro tube formation and chorioallantoic
membrane (CAM) assay

A tube formation assay was performed to evaluate the angiogenic
capacity of the releasate from SIS samples per standard protocol [59].
Basal media (Endothelial Basal Medium 2 with 0.5 % fetal bovine serum,
Fisher Scientific) was conditioned with a decellularized SIS sheet,
electrospun SIS mesh, and vascular endothelial growth factor (VEGF)
positive control. Non-conditioned basal media was used as a negative
control. To prepare the SIS-conditioned media, dried 5 mg SIS samples
were sterilized with UV irradiation and soaked in 1 mL of basal media at
4 °C for 7 days with constant agitation. To prepare the
VEGF-conditioned media, recombinant human VEGF (R&D Systems)
was added to the basal media at 20 ng/mL immediately prior to cell
treatment. Human umbilical vein endothelial cells (HUVECs) were
expanded in Endothelial Growth Medium 2 (Fisher Scientific) until
confluent. The HUVECs were starved for 24 h in basal media prior to the
tube formation assay. Reduced Growth Factor Matrigel (Corning) was
plated in a 96-well plate (50 pL per well) and incubated at 37 °C for 30
min. HUVECs were seeded directly on the Matrigel at 40,000 cells/well
in 25 pL of basal media, and 300 pL of the corresponding conditioned
media was added immediately. The HUVECs were incubated at 37 °C for
4 h. HUVECs were stained with Calcein-AM (Biotium) diluted to 1:2000
for 30 min and imaged with a fluorescent microscope (Nikon TS-100).
The number of networks formed in each media group per image were
manually counted. Samples were run in triplicate with 5 images taken of
each specimen (n = 15).

A chorioallantoic membrane (CAM) assay was used to measure the
angiogenic capacity of SIS samples. The samples tested include a
decellularized SIS sheet, an electrospun SIS mesh, and a 200 pm Nylon
mesh negative control. Fertilized Japanese quail eggs (Southwest
Gamebirds) were incubated horizontally at 37 °C and 50 % relative
humidity for 3 days. The eggshells were sterilized with 70 % ethanol and
allowed to dry. The embryo was removed from the shell and placed in a
50 mm Petri dish. Three 50 mm polystyrene dishes were placed in a 150
mm Petri dish filled with 5 mL DI water to maintain a 100 % humid
environment and incubated at 37 °C for 7 days. The samples were cut to
6 mm discs and placed 2-3 mm to the side of the central anterior vi-
telline vein in the outer third of the CAM as previously described [60].
Images were taken daily for 4 days with a stereoscope to visualize
angiogenesis. Vessel density was quantified as the change in the number
of vessels crossing the outer perimeter of the sample from Day 0 to Day 4
(n =5).

2.11. Macrophage polarization assay

Gene expression of macrophages cultured on SIS samples was
analyzed to evaluate the retention of immunomodulatory bioactivity
after electrospinning [61]. THP-1 monocytes (American Type Tissue
Collection) were expanded with non-adherent culture practices in RPMI
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media with 10 % heat-inactivated fetal bovine serum in an upright T-25
flask. THP-1 monocytes were differentiated into MO macrophages with
5 ng/mL phorbol 12-myristate 13-acetate (PMA) for 72 h. A decellu-
larized SIS sheet and electrospun SIS mesh cut to 5 mm discs were
secured to a PDMS-coated well plate to enhance macrophage adhesion
and contact with the dECM. Macrophages were seeded on the SIS sam-
ples at 1x10° per cm? and cultured for 72 h at 37 °C. Control macro-
phages with no dECM exposure were maintained for the same time
point. RNA was extracted using a RNeasy Mini Kit following the man-
ufacturer’s protocols (Qiagen), and the concentration and purity were
evaluated with a NanoDrop OneC (ThermoFisher Scientific). A
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scienti-
fic) was used to perform reverse transcription. RT-qPCR was used to
detect the expression of NOS2, IL12, CD206, IL10, CHI3L1, VEGF, and
TGFp with a QuantStudio 5 real-time qPCR system (Thermo Fisher Sci-
entific). These gene sets were selected based on their use previously to
detect macrophage activation in response to implantable biomaterials
[61,62]. The 2AACt method was used to quantify gene expression with
GAPDH as the housekeeping control. The fold change in gene expression
was calculated with respect to the control macrophages and the decel-
lularized SIS sheet. Experiments were performed in triplicates, with n >
3 dECM/macrophage biological replicate sets.

3. Results and discussion

Based on our prior work electrospinning suspensions of decellular-
ized skeletal muscle-derived ECM, SIS suspensions were originally pre-
pared from decellularized SIS that was lyophilized, ground into powder,
and suspended in HFIP [10,50]. HFIP contains two trifluoromethyl
groups that disrupt hydrophobic interactions and a mildly acidic sec-
ondary hydroxyl group that can disrupt hydrogen bonds, both of which
partially disrupt native ECM structures to allow for SIS suspension and
enhance particle interactions that allow for electrospinning [63].
Regardless of concentration or particle size, electrospinning of the SIS
suspension was not successful with substantial fiber breakup and
beading. The viscosity of the suspensions was between 1 and 4 Pa s,
which has previously been shown to be within the electrospinning range
of 0.001-50 Pa s [49,64,65]. Increasing the concentration of the sus-
pension to surpass a viscosity of 4 Pa s resulted in swollen particles
without a liquid phase that could not be electrospun. Although the
viscosity of polymeric electrospinning solutions has been widely used to
predict spinnability and fiber morphology [64,66], it was not sufficient
to predict the spinnability of these suspensions. Rheological assessment
of the SIS suspensions indicated reduced elasticity compared to typical
polymeric electrospinning solutions. Chain entanglements in polymer
solutions instill elastic properties that resist fiber breakup during the
electrostatic drawing of the electrospinning process. We hypothesized
that the lack of interaction between distinct particles did not provide
sufficient elastic behavior within the suspension to withstand electro-
static drawing. Although the composition of ECM is complex with over
600 proteins, high-level hypotheses can be made about the impact of
composition on suspension elasticity. The stiffness of SIS-derived ECM
(~14 MPa) is three orders of magnitude higher than the stiffness of
skeletal muscle-derived ECM (~40 kPa) indicating stronger intermo-
lecular forces binding the ECM components together [67]. Increased
force is required to disrupt strong intermolecular forces and loosen
dense ECM particles which could contribute to the lack of interaction
between particles and overall elasticity of the suspension. Additionally,
SIS-derived ECM contains twice the abundance of non-fibrillar collagens
compared to skeletal muscle-derived ECM, which could also reduce the
interactions between particles [68]. In order to increase entanglement
and elasticity, the SIS suspensions were homogenized prior to electro-
spinning. A stepwise approach was taken by homogenizing the native
form SIS sheet prior to drying and/or homogenizing the SIS suspension
immediately prior to electrospinning. In order to develop robust sus-
pension electrospinning methodology, a systematic assessment of key
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suspension variables was conducted to identify the structural changes
within the suspension and the impact on rheological properties that
correlated to spinnability.

3.1. Effect of homogenization on particle interaction and fiber formation

First, dilute SIS suspensions were imaged with brightfield micro-
scopy to assess structural changes after homogenization (Fig. 2A).
Mixing in HFIP disrupts both hydrophobic interactions and hydrogen
bonds, resulting in greater than a 90 % decrease in particle diameter
from 500 to 2000 pm in the dry state to around 50 pm in the suspended
state. This indicates that the dried particles break down during mixing in
HFIP but not to full dissolution. Additionally, the suspensions contained
fibrillar components with diameters on the order of microns, similar to
the scale of collagen bundles [69]. This indicates protein microstructure
was being retained. Homogenization resulted in suspension particles
that were less dense and exhibited large fibrillar networks protruding
from their core. There was also an increase in free-floating fibrillar
content in the suspension. The homogenization of the SIS sheets had a
greater impact on the density of the particles and the size of fibrils
extending from their core; whereas the homogenization of the suspen-
sions had a greater impact on the concentration of free fibrils in sus-
pension not anchored by a particle. Homogenization of the suspension
also led to a 40 % reduction in particle diameter. We hypothesized that
these structural changes with homogenization would increase the elas-
ticity of the suspension because the reduced density of the particles,
increase in protruding fibrils, and increased fibrillar content would in-
crease particle-particle interaction. To evaluate this hypothesis of par-
ticle interaction facilitating elastic behavior, a rheological assessment
was conducted.

The relationship between the storage and loss modulus of the sus-
pensions across a range of strain amplitudes was characterized (Fig. 2C
and D). In all cases, the suspensions acted as viscoelastic solids at small
amplitudes, as noted by the dominance of the storage modulus over the
loss modulus, and viscoelastic liquids at large amplitudes, where the loss
modulus is larger than the storage modulus. Although the transition
from primarily elastic behavior to primarily viscous behavior is complex
and transient, the yield point can be estimated from the crossover be-
tween the storage and loss modulus. Above the crossover strain, the
suspension flows unrecoverably, while below the crossover strain, the
suspension undergoes more elastic deformation that can be recovered
after the strain is removed. Homogenization of the suspensions had a
direct effect on the crossover point. The suspensions that were homog-
enized had a larger crossover strain amplitude with the homogenization
of the SIS sheet having a greater impact than the homogenization of the
suspension. The amplitude sweep was conducted in both ascending and
descending fashion to determine if the rheological behavior of the sus-
pensions is time-dependent or thixotropic. The suspensions that were
homogenized exhibited a larger hysteresis loop indicating increased
thixotropic behavior. Similar responses have previously been observed
in hydrogels [70]. The homogenization of the SIS sheet had a greater
impact on thixotropy than the homogenization of the suspension. Lastly,
a flow ramp was conducted to evaluate the rate-dependence of the vis-
cosity of the suspensions (Fig. 2E). Although viscosity alone did not fully
predict the spinnability of suspensions, it is an important parameter to
assess the full rheological profile of the suspensions. At shear rates
greater than 10 s™!, all the suspensions had similar viscosities.
Conversely, at shear rates less than 10 s™}, the viscosity increased with
increasing homogenization. There was a similar effect observed with
both SIS sheet homogenization and suspension homogenization.
Collectively, these findings support that homogenization increased the
elastic and thixotropic behavior of the SIS suspensions as indicated by
increased crossover strain amplitudes and time-dependent responses.
We hypothesize that the protruding fibrillar components of the particles
in suspension interact and produce drag between particles that is re-
flected in the increased elasticity of the suspension. When homogenized



S. Jones et al.

Bioactive Materials 41 (2024) 640-656

A) Effect of Homogenization on Particle Morphology in Suspension (Diluted)
Homogenized

()

Sheet (-)

(*+) (+)

(+)

Homogenized ()
Suspension

B) Fiber Morphology
() e

Modulus (Pa)
Modulus (Pa)

(+)

Modulus (Pa)
Modulus (Pa)

0.01 1 100 10000 0.01 1 100 10000 0.01 1 100 10000 0.01 1 100 10000
Strain Amplitude (%) Strain Amplitude (%) Strain Amplitude (%) Strain Amplitude (%)
—o—@ Ascending —— G’ Descending —— G” A ding ——G” D di

D) Storage and Loss Modulus Crossover Strain

__ 2000
1500
1000

500

B ()0 B0
O ()

Crossover Strain (%

Descending Ascending

E) Flow Ramp

100

— 00 )6

) — (M)

Viscosity (Pa-s)

T
10
Shear Rate (1/s)

T 1
100 1000

Fig. 2. Effect of homogenization on suspension particle morphology, rheological properties, and fiber collection. A) Brightfield image of dECM particles in an
electrospinning suspension. Scale bar = 60 pm. B) SEM images of collection morphology. Scale bar = 20 pm. C) Strain amplitude sweep of dECM suspensions in
which solid points were collected with a descending amplitude sweep and hollow points were collected in an ascending manner. The grey dotted line indicates the
crossover from the descending amplitude test and the black dotted line indicates the crossover with ascending applied strain. D) The strain amplitude at which the
storage and loss moduli cross collected with a descending and ascending strain sweep. E) The rate dependence of the viscosity of the dECM suspensions.

suspensions were tested with an ascending strain amplitude, the inter-
action of the particles overcomes the applied deformation until a sudden
breaking point when the particles separate and the suspension flows.
When decreasing the strain amplitude, the particles are initially sepa-
rated by the large strains and are allowed to slowly establish interactions
more gradually. Conversely, the particles within non-homogenized
samples can slide past each other similarly regardless of the applied
strain history because they lack entanglements. These rheological fea-
tures were then correlated with the electrospun fiber formation of each
processing condition to identify key rheological properties that predict
spinnability.

Increased homogenization of the suspensions resulted in a key
transition from beads to fibers (Fig. 2B). The homogenization of the SIS
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sheet had a greater impact than the homogenization of the suspension.
The suspensions fabricated from a non-homogenized SIS sheet resulted
in a bead-like morphology, and only homogenizing the suspension led to
minimal formation of strings branching from the beads. Suspensions
from a homogenized SIS sheet resulted in a fibrous morphology, and
homogenizing both the sheet and the suspension led to more continuity
within the fibers. Based on these results, it was concluded that the
crossover strain and level of fibrils protruding from the particles in
suspension had a greater impact on spinnability than the free fibrils in
suspension. This suggests that the primary mechanism of fiber formation
during spinning is the interaction between particles rather than the free
fibril network. The fibril network is likely too dilute to withstand the
electrostatic forces involved in electrospinning. However, the fibril
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network is expected to support the continuity between occasional
disparate particles as showcased by broken fibers electrospun with the
non-homogenized suspension and continuous fibers electrospun with
the homogenized suspension. The ascending strain amplitude at which
the dynamic moduli cross was more predictive of fiber formation than
the descending crossover point likely because it is more representative
of electrospinning-induced strain that increases as the jet travels from
the needle to the collector. The crossover strain is a measure of the yield
point, at which the suspension behavior changes from being predomi-
nantly recoverable, or elastic, to flowing unrecoverably. However, the
exact value of the crossover strain does not have a direct equivalence in
the spinning process. During electrospinning, the suspensions are drawn
into a thin jet and undergo significant strain. The exact strain induced by
electrospinning is difficult to quantify but is expected to be between 10°
—~ 107 s [71]. In this context, the crossover strain is interpreted as a
measure of elasticity: the larger the crossover strain, the more the
structure can be strained recoverably before yielding and flowing. In this
manner, it can also be thought of as the strain at which the suspension
will break apart into beads during electrospinning. If the applied strain is
above the crossover strain amplitude, the suspension will deform
viscously and essentially fail [72,73]. Therefore, larger values of the
crossover strain represent an enhanced ability to deform elastically
before flowing viscously, which in turn is indicative of a more fibrous
structure that is favorable for spinning. A direct correlation was
observed between this measure of elasticity and the resulting fibrous
structure that permitted the definition of a threshold ascending strain
amplitude that correlates to spinnability. The suspensions with an
ascending crossover strain amplitude of ~400 % resulted in fiber for-
mation; whereas, suspensions with an ascending crossover strain
amplitude of <50 % resulted in bead formation. Although the ascending
crossover strain amplitude does not fully represent the complex rheo-
logical properties that are involved in electrospinning, it is a functional
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predictor of spinnability.

3.2. Effect of dECM concentration on rheological properties and fiber
formation

Using this framework, we next investigated the effects of additional
suspension preparation parameters on rheological properties and
resulting fiber collection. The impact of solution concentration on
electrospun fiber morphology has been extensively reported [49,64,
74-78]. Surface tension and the applied electric field overcome the
chain entanglements in low-concentration polymeric solutions causing
them to break into beads. At higher concentrations, the chain entan-
glements can withstand electrostatic drawing into a fiber. Suspensions
do not follow the same chain entanglement paradigm,; rather, it is par-
ticle interactions that are the primary mechanism to prevent electro-
static break-up. To characterize the effect of dECM concentration on
suspension electrospun fiber morphology, SIS suspensions were pre-
pared with concentrations from 10 to 60 mg/mL. Each suspension was
prepared with the Abraham decellularization and preparation technique
with a dried particle size of 500-2000 pm and dual homogenization
(both the SIS sheet and SIS suspension were homogenized). Suspensions
were electrospun and the resulting suspension rheological properties
and fiber morphology were characterized (Fig. 3). The ascending
crossover strain amplitude of the 10-50 mg/mL suspensions were all
similar and greater than 400 % (Fig. 3B and C). This indicates the sus-
pensions are viscoelastic solids and deform elastically at high strains.
Interestingly, the 60 mg/mL suspension exhibited a significantly
reduced crossover strain amplitude compared to the 10-50 mg/mL
suspensions. A flow ramp indicated that the viscosity generally increases
with increasing suspension concentration, especially at high shear rates
(Fig. 3D). Increasing the concentration of the suspension increases the
density of particles and thus, particle interaction. Under shear, increased
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Fig. 3. Effect of SIS concentration on suspension rheological properties and fiber collection. A) SEM images of fiber morphology. Scale bar = 20 pm. B) Strain
amplitude sweep of dECM suspensions in which solid points were collected with a descending strain sweep and hollow points were collected with an ascending strain
sweep. The grey dotted line indicates the crossover with descending applied strain and the black dotted line indicates the crossover with ascending applied strain. C)
The crossover strain of the storage and loss modulus curves collected with descending and ascending strain sweeps. D) dECM suspension viscosity with respect to

shear rate.
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particle interaction imparts an increased resistance to deformation to
the suspension. However, the applied force at which these interactions
break remains the same, as seen with the similar crossover strain
amplitude required to make the suspension flow. Although the 10-50
mg/mL suspensions resulted in fibrous structures, higher concentrations
improved fiber continuity. The 10-20 mg/mL suspensions contained
both fibers and beads; whereas, fibers spun from 30 to 50 mg/mL sus-
pensions had continuous fibers without substantial beading (Fig. 3A).
Thus, the crossover strain amplitude remains a good predictor of
spinnability and fiber formation, but viscosity can be used to improve
fiber morphology. The limited particle interaction in low-concentration
suspensions is overcome by the electrostatic forces in electrospinning
and these suspensions begin to break into beads, as often occurs in dilute
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polymeric solutions due to limited chain entanglement. Additionally,
electrospinning the 10 mg/mL suspension creates a largely fused mesh
because the elevated solvent content is unable to sufficiently evaporate
before collecting. There was no collection when the 60 mg/mL sus-
pension was electrospun. Voltage was increased up to 30 kV and no
Taylor cone was observed. It was hypothesized that the viscosity of the
60 mg/mL suspension was too high for electrostatic drawing even at
these higher voltages. Interestingly, the SIS concentration did not
significantly impact the fiber diameter distribution of the electrospun
mesh (Fig. S1). This is in contrast to polymer solution electrospinning in
which increased concentration correlates to increased fiber diameter
[77]. Altogether, the observed trends regarding concentration and
electrospun fiber morphology of dECM suspensions, except for fiber
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Fig. 4. Effect of dry particle size on suspension particle morphology, rheological properties, and fiber collection. A) Brightfield image of dECM particles in an
electrospinning suspension. Scale bar = 60 pm. Inset stereoscope image of dried dECM particles. Scale bar = 3 mm. B) SEM images of fiber morphology. Scale bar =
20 pm. C) Strain amplitude sweep of dECM suspensions in which solid points were collected with a descending strain sweep and hollow points were collected with an
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applied strain. D) The crossover strain of the storage and loss modulus curves collected with descending and ascending strain sweeps. E) dECM suspension viscosity
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diameter, remain consistent with electrospinning polymeric solution
literature [49,79]. Thus, the impact of the concentration of particle
interaction in suspensions is analogous to chain entanglement in
solutions.

3.3. Effect of particle size on rheological properties and fiber formation

Next, we investigated the effect of lyophilized and ground ECM
particle size that was suspended in HFIP on suspension electrospinning
to determine the level of precision that is required for grinding and
filtering tools. The particle size range of ground ECM can vary widely
with different grinding techniques, from a scale in nanometers to mil-
limeters. The dual homogenized SIS suspension was prepared with four
size ranges of dried SIS particles with an electric blade grinder, including
<250 pm, 250-500 pm, 500-2000 pm, and >2000 pm. Each suspension
was prepared with the Abraham decellularization and preparation
technique and a concentration of 40 mg/mL. Interestingly, the dry
particle size from <250 pm to >2000 pm did not significantly impact
suspension particle morphology, electrospun fiber morphology, or sus-
pension dynamic moduli (Fig. 4, Fig. S1). Each suspension contained
particles on the scale of tens of microns with protruding fibrils and free
fibrils similar to the dual homogenized suspension deemed “spinnable”
in Fig. 2. These results suggest that the dry SIS particles break down to a
consistent equilibrium size and morphology during mixing, regardless of
the initial size. Based on this structural analysis, it was not surprising
that there was minimal effect of dry particle size on rheological prop-
erties or fiber morphology. At low shear rates, there was a small decrease
in suspension viscosity with increasing dry particle size, but at high
shear rates, there was not a significant effect of particle size. We
concluded from these findings that the size of the ground particles does
not need to be precisely controlled between 250 and 2000 pm. Thus,
expensive tissue grinding methods such as cryo-milling and bead-milling
are not required for dECM suspension electrospinning.

Collectively, these studies provide a functional assessment of the
critical parameters needed to fabricate dECM meshes using suspension
electrospinning. Homogenization is critical to prepare a suspension that
deforms elastically under elevated strain amplitudes and can withstand
the electrostatic forces in electrospinning (Fig. 2). Instead of chain en-
tanglements that dominate solution electrospinning, dECM suspensions
are strongly influenced by inter-particle interactions instilled by loose
fibrillar networks protruding from individual particles. Homogenization
reduces the density of the particles and increases the fibrillar component
within the suspension, which in turn increases the particle interaction
and suspension elasticity. Once a spinnable, dual-homogenized sus-
pension was prepared, the impact of concentration and particle size on
fiber morphology was evaluated (Figs. 3 and 4). The dECM concentra-
tion in the suspension had a similar impact as polymer concentration
does in solution electrospinning, with a lower concentration threshold
that results in beading and a higher concentration threshold that be-
comes unspinnable due to resistance to electrostatic drawing. Thus,
particle interaction may be considered analogous to chain entanglement
with regard to the spinnability of suspensions. In contrast, dry particle
size between 250 and 2000 pm did not have a significant impact on
suspension properties or electrospun fiber morphology. The dried par-
ticles break down to a consistent size and morphology which suggests an
equilibrium state of the suspended particles. In addition, preliminary
testing indicates that the SIS suspensions are stable for up to 4 days. A
stability assessment was conducted by electrospinning SIS suspensions
after storage for up to 4 days at 4 °C (Fig. S2). No differences were
observed in the electrospinning, fiber collection, or fiber morphology at
these time points indicating that the suspensions are not settling or
changing significantly over time (Fig. S1). The stability can be attributed
to the partially dissolved fibrils entangled with surrounding fibrils and
the high concentration of SIS. The stable behavior of the SIS suspensions
is similar to the characteristics of colloids and overcomes the traditional
limitations of settling in suspensions. Altogether, the input parameters
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to control electrospun fiber morphology have been characterized with a
mechanistic rationale based on particle interaction and elastic rheo-
logical behavior. To expand the utility of this methodology, we next
examined the effect of the decellularization and preparation techniques
and tissue sources on spinnability. Three common SIS decellularization
techniques and three tissue sources were used to prepare dECM elec-
trospinning suspensions and the effects on suspension rheology and fiber
formation were examined.

3.4. Effect of decellularization and preparation method on fiber formation

SIS-derived ECM is one of the most widely used dECM materials in
clinical practice and current research because of its high growth factor
content and proven track record for tissue regeneration [1,4]. With its
wide use, numerous decellularization and preparation techniques have
been established to meet different needs due to the potential impact on
dECM composition and bioactivity [52]. Herein, the Abraham [53],
Badylak [54,55], and Luo [6,56] decellularization and preparation
techniques were investigated to characterize the impact of preparation
methodology on SIS suspension properties and spinnability (Fig. 5). The
impact of each preparation method on SIS composition has been
robustly characterized by Ji et al. [52]. Briefly, the Abraham technique
is a strong chemical treatment involving sodium hydroxide and hydro-
chloric acid. The strong acid and base exposure is effective at removing
DNA but can accelerate degradation and remove non-crosslinked
collagen. The Badylak technique is a weak chemical treatment with
peracetic acid. This method is not as effective at removing DNA but has
minimal impact on matrix composition. In contrast to the Abraham and
Badylak chemical-only treatment methods, the Luo technique combines
an enzymatic treatment of trypsin-EDTA and SDS with a medium
chemical treatment of chloroform, methanol, and peracetic acid. The
chloroform/methanol treatment is effective for the delipidation of tis-
sues; however, the use of organic solvents can denature globular pro-
teins. Additionally, SDS is a strong detergent that removes
glycosaminoglycans and increases susceptibility to collagen denatur-
ation. Overall, stronger treatments are more effective at removing cell
components, but they also remove and/or denature ECM components in
the process [52]. Thus, the proper preparation method must be chosen
based on the application to balance immunogenicity and the preserva-
tion of the native ECM for bioactivity retention. Due to the impact of
decellularization and preparation on the ECM components, each elec-
trospinning suspension must be tailored for spinnability. Each suspen-
sion was prepared with a dried particle size of 500-2000 pm. Viscosity
ranges were determined from the previous study to guide suspension
preparation that would be spinnable and limit beading. The Abraham
suspension was prepared with a concentration of 40 mg/mL, the Bady-
lak suspension was prepared with a concentration of 60 mg/mL, and the
Luo suspension was prepared with a concentration of 70 mg/mL. The
varied concentration required to prevent beading may be due to the
level of intermolecular forces within the ECM retained after the decel-
lularization and preparation treatment. According to Ji et al., Abraham,
Badylak, and Luo SIS retain 717, 644, and 135 different types of pro-
teins, respectively, which inversely correlates to the SIS concentration
required to prevent beading [52]. Electrospun meshes were successfully
fabricated from all three of the decellularization and preparation tech-
niques tested, but the suspension properties and electrospun fiber
morphology from the Luo technique differed from the Abraham and
Badylak techniques (Fig. 5). The Abraham and Badylak techniques show
more similar particle morphology with similar size and fibril pro-
trusions; whereas, the Badylak suspension had more dense particle cores
(Fig. 5A). This was attributed to the reduced chemical treatment
maintaining stronger protein-protein interactions that are more difficult
to disrupt with homogenization. The Luo suspensions contain larger
conglomerates of suspended fibrils on the order of 100 pm. The Luo
dECM is likely more homogenous due to increased digestion and pro-
cessing; whereas, the Abraham and Badylak suspension particles likely
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Fig. 5. Effect of SIS decellularization and preparation method (Badylak, Abraham, and Luo) on suspension particle morphology, rheological properties, and fiber
collection. A) Brightfield image of dECM particles in an electrospinning suspension. Scale bar = 60 pm. B) SEM images of the electrospun dECM fibers. Scale bar = 20
pm. C) Strain amplitude sweep of dECM suspensions in which solid points were collected with a descending strain sweep and hollow points were collected with an
ascending strain sweep. The grey dotted line indicates the crossover with descending applied strain and the black dotted line indicates the crossover with ascending
applied strain. D) The crossover strain of the storage and loss modulus curves collected with a descending and ascending strain sweep. E) dECM suspension viscosity

with respect to shear rate.

break along areas of weaker protein binding innate to a heterogeneous
mixture of ECM components. In terms of rheology, the ascending
crossover strain amplitude remained consistent across techniques indi-
cating that their ability to resist flowing and breaking under electrostatic
forces is similar (Fig. 5D). This is supported by the continuous fiber
formation seen in each electrospun mesh (Fig. 5B). However, the raw
dynamic moduli curves with respect to strain amplitude differed
(Fig. 5C). Although the loss and storage modulus crossover strain
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amplitude were the same, the negative slope of the dynamic moduli at
low strain amplitudes was unique to the Luo suspension. The Abraham
and Badylak suspensions exhibited a plateau in the dynamic moduli at
low strain amplitudes. This suggests that the particles in the Luo sus-
pension were continuously deforming as strain amplitude increased
until the particle interactions were overcome, and the suspension began
to flow. In contrast, the particles in the Abraham and Badylak suspen-
sions were expected to remain static and hold together more consistently
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until a threshold was reached to separate the particles and initiate flow
of the suspension. It was hypothesized that the enzymatic treatment in
the Luo technique disrupts protein interaction via denaturation and
reduces the binding or attraction force between the particles in sus-
pension. This allowed the particles to deform with greater ease under
applied strain. When electrospinning, the Luo suspensions can deform
gradually and more homogenously to form fibers with a reduced
diameter and more narrow fiber distribution (Fig. S1). The proteins can
rearrange more easily under applied strain without completely breaking
apart due to the weaker protein interaction and bigger particle con-
glomerates. These results further support the use of the ascending
crossover strain amplitude as a predictor of spinnability. Although the
Luo suspension has complex rheological properties that impact fiber
morphology differently compared to the Abraham and Badylak sus-
pensions, the spinnability and fiber formation remain consistent. Addi-
tionally, the more narrow fiber diameter distribution within the mesh
electrospun from the Luo suspension further reinforces the idea that
increased digestion of dECM is beneficial to homogenous processing and
mesh fabrication. However, it is well established that enzymatic diges-
tion denatures proteins and reduces the bioactivity of dECM [24]. It is
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expected that increased homogenization and processing of the
Abraham- and Badylak-derived ECM could similarly reduce the fiber
diameter distribution of the meshes. However, excess heat from pro-
longed homogenization or enzymatic treatment would increase the risk
of altering the bioactivity of the ECM via denaturation. Considering that
the same tissue source and electrospinning parameters resulted in varied
fiber morphology shows that decellularization method plays a direct
role in electrospinning characteristics and final mesh architecture.
Therefore, researchers must recognize the interplay between mesh
morphology and denaturation and balance the need for homogenous
fiber structures with the retention of bioactivity.

3.5. Effect of tissue source on fiber formation

The bioactivity of dECM scaffolds is strongly dependent on the tissue
source of the dECM. Each tissue has a specialized set of proteins, pro-
teoglycans, and growth factors that are tailored to the functions of the
tissue [68]. For example, SIS and dermal tissues contain a high con-
centration of growth factors, such as VEGF, TGFp, and bFGF, to support a
high level of tissue remodeling. Alternatively, cardiac tissue contains an

e on Fiber Morphology

‘{‘3 “

Modulus (Pa)

100 10000 0.01 1 100 10000

Strain Amplitude (%)

D) Flow Ramp

Viscosity (Pa‘s)

1000
100
10
1_
0.1 T T T 1
0.1 1 10 100 1000
Shear Rate (1/s)

Fig. 6. Effect of tissue source (SIS, skin, heart) on suspension particle morphology, rheological properties, and fiber collection. A) SEM images of the electrospun
dECM fibers. Scale bar = 20 pm. B) Strain amplitude sweep of dECM suspensions in which solid points were collected with a descending strain sweep and hollow
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abundance of fibronectin to maintain homeostasis and recruit myofi-
broblasts for repair [4,68,80,81]. Tissue engineering scaffolds used to
treat various tissues and diseases may require a broad range of dECM
tissue sources. Thus, the established suspension electrospinning must be
functional with many types of dECM. In this study, dECM suspensions
were prepared from SIS, skin, and cardiac tissues (Fig. 6). Each sus-
pension was prepared with a dried particle size of 500-2000 pm. For
adequate decellularization efficiency, the SIS- and skin-derived ECM
were prepared with the Abraham technique, and the heart tissue was
prepared with the Badylak technique. To ensure the suspensions had a
viscosity that prevented beading, the SIS suspension was prepared with
a concentration of 40 mg/mL, the skin suspension was prepared with a
concentration of 70 mg/mL, and the Luo suspension was prepared with a
concentration of 55 mg/mL. The viscosity flow ramps of the suspensions
composed with each dECM tissue source were similar. The ascending
crossover strain amplitude of the SIS and skin suspensions were also
similar (~400 %); whereas, the heart suspension had an ascending
crossover strain amplitude that was significantly lower (~150 %)
(Fig. 6C). This indicates that there was reduced particle interaction in
the cardiac suspension. Given that these suspensions were all prepared
with dual homogenization, these differences were attributed to the
specific composition of the cardiac dECM that reduces the particle
interaction forces within the suspension. The complex makeup of ECM,
including over 600 proteins, makes it difficult to pinpoint specific
components that are impacting the overall rheological properties of the
ECM composition. Briefly, cardiac-derived ECM has a lower collagen
content than intestine- and skin-derived ECM, of which the
cardiac-derived ECM contains a higher percentage of non-fibrillar
collagen [68]. Fibrillar collagen can form fibril protrusions from the
suspended particles and could contribute to the bulk elasticity of the
suspension. Additionally, cardiac-derived ECM has been reported to
have less fibrillin-2 than intestine- and skin-derived ECM [68].
Fibrillin-2 contributes to the elasticity of tissues allowing them to
stretch. In suspension, the presence of fibrillin-2 could contribute to the
elevated crossover strain amplitude which facilitates electrospinning.
Once electrospun, a mesh composed of continuous fibers was fabricated
with each dECM tissue source indicating that a crossover strain ampli-
tude of 150 % is sufficient to maintain elasticity and withstand the
electrostatic drawing involved in electrospinning. This further refines
the acceptable range of suspension properties for spinnability, where
<50 % crossover strain amplitude is primarily beads and >100 % forms
continuous fibers when electrospun. Although these suspensions were
all spinnable, the fiber morphology differed. The mesh composed of
skin-derived ECM contained localized areas of fusion and webbing, and
the mesh composed of heart-derived ECM contained flat ribbon-like fi-
bers with a larger fiber diameter than the fibers in the SIS- and
skin-based meshes (Fig. S1). Skin tissue has localized areas of hydro-
phobic and hydrophilic domains to provide a sufficient external barrier
and prevent infection [82,83]. The varying compositions may phase
separate during homogenization and mixing and cause localized areas of
altered fiber morphology. For the cardiac-derived ECM mesh, ribbon
formation has been previously attributed to reduced drying of the sol-
vent leading to fiber collapse and the reduced stretching or elasticity of
the solution during drawing [49]. Since each suspension contains the
same solvent and spinning conditions, it is unlikely that the evaporation
rate of HFIP during electrospinning was different between the SIS-,
skin-, and heart-derived ECM suspensions. However, the reduced
crossover strain amplitude of the heart dECM suspension indicates a
reduction of elasticity of the suspension at higher strains. Thus, the
suspension was drawn less under electrostatic forces resulting in bigger
fibers that dried quickly on the outside and collapsed before the inner
fiber could completely dry and retain its shape.

These studies demonstrate the versatility and robustness of the dECM
suspension electrospinning technique. The rheological framework that
we have developed provides mechanistic explanations for differences in
electrospun fiber morphology and can be used to rationally design the
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suspension preparation to balance design requirements. Enzymatic
treatment can be used to create more homogenous fibrous meshes but
risks a reduction in the bioactivity of the mesh via denaturation. Addi-
tionally, these initial studies indicate that the dECM tissue source will
likely impact the suspension rheological properties and fiber
morphology of the electrospun mesh based on different compositions,
but spinnable suspensions have a consistent ascending crossover strain
amplitude above 100 %. To prepare ECM suspensions from different
compositions, an ascending crossover strain above 100 % was targeted
with the implementation of homogenization. Afterward, concentration
was tuned to achieve a suspension viscosity that supports fiber forma-
tion without beading, in this case between 3 and 6 Pa s. The concen-
tration required to prevent beading varied between compositions due to
varying intermolecular forces and surface tension. A table comparing
the preparation parameters of each suspension composition is included
in Supplemental Information to provide guidance on how to prepare
spinnable suspensions from a new composition (Table S1).

3.6. Effect of electrospinning on the biochemical characterization of
dECM

Given that the dECM suspensions retained protein microstructure
above the tertiary organization level, as indicated by fibrillar compo-
nents on the same scale as collagen bundles, it was hypothesized that the
electrospun dECM meshes would retain the bioactivity of native dECM.
To test this hypothesis, we next examined the biochemical composition
and biological activity of the SIS dECM before and after electrospinning.
The following biological characterization was conducted on native SIS
isolated from porcine small intestine washed in PBS (native SIS), SIS
decellularized and prepared with the Abraham technique (decellular-
ized SIS), and a mesh electrospun from SIS also decellularized and
prepared with the Abraham technique (electrospun SIS) to isolate the
impact of electrospinning from SIS preparation. Each protein has a
specific conformation, or 3-dimensional structure, that dictates its bio-
logical function. This conformation is the thermodynamically stable
form of the specific amino acid sequence that composes the protein and
environmental conditions [84]. Protein denaturation, the unfolding of
proteins due to the disruption of intermolecular bonds, in response to
processing conditions such as heat, detergents, and chemical reagents
[85-87] can change cell and enzyme binding site presentation. Dena-
tured proteins lose their bioactivity, or native biological function, and
are more readily digested by proteolytic enzymes [88]. Because dena-
turation is an endothermic process, DSC was conducted to evaluate the
impact of the suspension electrospinning processing conditions on the
SIS thermal denaturation profile (Fig. 7A). Native SIS, decellularized
SIS, and electrospun SIS were compared to isolate the impact of decel-
lularization and electrospinning. Each SIS group exhibited a similar
thermal denaturation profile, as indicated by statistically similar (p >
0.05) onset temperature, peak temperature, and enthalpy of denatur-
ation. In contrast, when native SIS is partially denatured with a 70 °C
heat treatment, the onset temperature, peak temperature, and enthalpy
of denaturation are increased. Full denaturation of the native SIS was
observed after a full heating ramp to 200 °C, as indicated by complete
loss of the denaturation peak in the second cycle (Fig. S1). This indicates
that DSC thermograms can characterize the impact of processing on
denaturation by measuring the endothermic protein unfolding and loss
of intermolecular bonding. Because the thermal denaturation peaks of
the three SIS groups (native SIS, decellularized SIS, electrospun SIS)
were similar, it was concluded that neither the Abraham preparation
process nor the suspension electrospinning process significantly dena-
tured the SIS.

In addition to denaturation, the total protein, collagen, and sulfated
glycosaminoglycan (SGAG) content of the native, decellularized, and
electrospun SIS were evaluated. Proteins are primarily responsible for
the mechanical integrity and structure of ECM. Specifically, collagen is
the most abundant protein in ECM that regulates tensile strength, cell
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adhesion, and chemotaxis among many other characteristics [89].
Lastly, sGAGs including heparin sulfate and chondroitin sulfate,
sequester growth factors, modify cell hydration, and mediate cell
signaling [90]. The total protein content per mg tissue within the
decellularized and electrospun SIS was elevated compared to the native
SIS, which was attributed to the loss of cell mass during SIS decellula-
rization and preparation. As expected, the total protein content was
similar between the decellularized and electrospun SIS. The collagen
composition was reduced in the decellularized SIS compared to the
native SIS. Strong acids and bases disrupt the hydrogen bonds within
dECM, which may have resulted in partial solubilization and removal of
collagen content during decellularization and preparation. In contrast,
the collagen content was increased by 13 % in the electrospun SIS
compared to the decellularized SIS. This could be due to the digestion
impacting the assay. The decellularized SIS is thicker with a lower sur-
face area, so the presentation of hydroxyproline may be reduced. The
SGAG content was similar between the native, decellularized, and
electrospun SIS, indicating that neither the SIS decellularization and
preparation process nor the electrospinning process significantly
impacted the percent sGAG composition in the SIS. Although no large
changes were seen after electrospinning, these assays do not completely
represent the complex compositional makeup of SIS. In the future,
proteomics, involving tissue-specific proteins, could provide a more
comprehensive review of the impact of electrospinning on SIS compo-
sition and denaturation. However, parsing out the biological impacts of
each compositional change will take extensive study. To evaluate the
functional impact of electrospinning on SIS bioactivity efficiently, in
vitro and in ovo biological assays assessing cell proliferation, angiogen-
esis, and immunomodulatory properties were conducted.

3.7. Bioactivity retention of electrospun dECM

As an initial assessment of cytocompatibility, cell attachment and
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proliferation were evaluated by culturing human dermal fibroblasts on
electrospun SIS meshes, and the metabolic activity of the cells was
measured using an MTS assay after 1, 3, and 7 days. The metabolic ac-
tivity of the cells cultured on each substrate increased over time with no
significant difference between the electrospun SIS mesh and the decel-
lularized SIS sheet that had no contact with HFIP (Fig. S4). This indi-
cated that the suspension in HFIP and the electrospinning process did
not have a negative impact on cell attachment and proliferation to the
SIS substrate. Additionally, these results highlight the capacity of elec-
trospun ECM meshes to support cell growth and tissue formation and
indicate their potential use as tissue scaffolds. Considering that ECM
meshes were fabricated from a variety of tissue sources, the suspension
electrospinning platform has the potential to fabricate ECM scaffolds
from tissue sources that have been relegated to powders thus far and
mimic the native ECM composition of a target organ system.

The angiogenic capacity of SIS has been widely studied and is one of
the primary considerations when selecting SIS as a regenerative scaffold
material [5,6,91-93]. An in vitro tube formation study and an in ovo
chorioallantoic membrane (CAM) assay were both conducted to robustly
assess the impact of electrospinning on SIS angiogenic bioactivity. For
the tube formation study, HUVECs were cultured on Reduced Growth
Factor Matrigel® in SIS-conditioned media for 4 h (Fig. 8A). The number
of capillary-like networks formed in response to the conditioned media
was compared between a blank control, a positive VEGF control (20
ng/mL), a decellularized SIS sheet, and an electrospun SIS mesh. All
media groups supported some level of tube formation due to the
angiogenic cues in Matrigel. However, the increase in networks that
formed in response to the positive VEGF control compared to the
negative blank control indicated that the network-forming capacity of
the HUVECs was not saturated. Further, both SIS substrates supported
elevated network formation compared to the blank control and are
similar to the VEGF control. Also, the electrospun SIS-conditioned media
supported similar network formation to the decellularized SIS
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sheet-conditioned media. This indicates that the electrospinning process
did not negatively impact the angiogenic capacity of the SIS with regard
to release products. Since the tube formation assay is limited to the
assessment of release products and is artificially inflated by the Matrigel,
a CAM assay was conducted for a more robust analysis of the SIS
angiogenic capacity. After 10 days of quail embryo culture, a nylon mesh
(negative control) [94], decellularized SIS sheet, and electrospun SIS
mesh were placed on the CAM for an additional 4 days (Fig. 8B). The
change in vasculature was assessed over time with daily imaging. After 4
days of treatment, the primary change in vasculature expected to be seen
is small capillary-like vessels, so the vessel density was quantified as the
number of vessels intersecting the sample perimeter instead of a vessel
area calculation that is heavily skewed by large vessels and sample
placement. The Nylon mesh negative control did not significantly
impact the vessel density after 4 days on the CAM, indicating that
angiogenic cues are needed to increase the vasculature within this
timeframe and merely agitation or sample placement on the membrane
does not impact angiogenesis. Both of the SIS substrates supported
elevated vessel formation compared to the Nylon mesh, and the elec-
trospun SIS mesh supported similar levels of vessel formation compared
to the decellularized SIS sheet. Both of the SIS substrates also reduced in
size after 4 days on the CAM meaning cells likely migrated into the
samples and contracted the ECM. Together, the tube formation assay
and CAM assay supported that the angiogenic capacity of the SIS was
retained and not negatively impacted after being electrospun.

Lastly, the immunomodulatory bioactivity of the electrospun SIS was
evaluated via a macrophage polarization assay. The macrophage
response to a material has been used to assess whether a material will
elicit pro-inflammatory versus regenerative host response [95,96]. For
this reason, THP-1-derived macrophages were cultured on the decellu-
larized SIS sheet, electrospun SIS mesh, and a PDMS control. Fold
change in gene expression of the macrophages after 72 h of exposure to
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dECM was quantified in the following genes: NOS2, IL12, CD206, IL10,
CHI3L1, VEGF, and TGFp (Fig. 8C). The SIS substrates induced a
reduction in inflammatory NOS2 and IL12 gene expression and
increased gene expression of IL10, CHI3L1, and TGFf compared to the
MO naive control. This indicated that SIS substrates drove macrophages
toward tolerogenic polarization. The expression of macrophages
cultured on the electrospun SIS mesh was largely similar to the decel-
lularized SIS sheet, with statistically similar (p > 0.05) expression of
NOS2, IL12, CD206, IL10, CHI3L1, and VEGF. The only gene impacted
differentially by the electrospun mesh was TGFf, where there was a
10-fold increase in TGFf expression between the electrospun SIS mesh
and the decellularized SIS sheet. Physical characteristics of the electro-
spun wrap, including the random fiber morphology, are known to alter
macrophage activation and could be a potential driving factor in this
differential gene expression response [97,98]. TGFp plays a role in tissue
remodeling by supporting tissue regeneration without scar formation
and increasing expression of IL10 and CD206 in macrophages [99,100].
Electrospinning did not largely impact the immunoregulatory bioac-
tivity of SIS via macrophage gene expression with the exception of TGFf
and supports a tolerogenic and anti-inflammatory immune response at
the time point evaluated. Classically pro-inflammatory genes were not
induced suggesting that these electrospinning methods do not funda-
mentally alter the macrophage response to SIS nor is there residual
solvent that induce a stress or damage response. Collectively, the
angiogenic and immunomodulatory bioactivity of SIS was not signifi-
cantly impacted by suspension electrospinning. This is largely attributed
to the lack of enzymatic digestion and additives required in processing
and the retention of protein microstructure above the tertiary organi-
zation level.

Collectively, these findings outline the critical suspension parame-
ters required to electrospin ECM without digestion or additives for
diverse tissue engineering applications. Although promising, the
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bioactivity assessment in this work was limited to an in vitro setting.
Evaluation of the cytocompatibility, angiogenesis, and immunoregula-
tion of the electrospun ECM mesh in a subcutaneous rat model is
currently under investigation. In addition to bioactivity retention as-
sessments, the impact of processing and electrospinning on mesh
resorption rate will be determined. Additionally, the use of HFIP in this
ECM electrospinning system limits the scale-up and clinical translation
of ECM scaffolds due to the associated environmental hazards and health
risks. Recent work on electrospinning natural polymers with biologically
benign solvents like acetic acid and a 20X PBS/ethanol mixture suggests
that ECM electrospinning could transition to a green solvent system in
the future [101,102].

4. Conclusion

In this study, we conducted a rigorous evaluation of dECM suspen-
sion properties necessary to support fiber formation during electro-
spinning. Homogenization was used as a mechanism to increase particle
interaction and elastic behavior of the dECM suspensions. The crossover
strain amplitude of the loss and storage modulus curves above 100 %
was identified as a functional rheological predictor of a spinnable dECM
suspension. The sensitivity of fiber morphology to suspension concen-
tration was similar to polymer solution concentration trends in elec-
trospinning. Interestingly, fiber morphology and spinning were
relatively independent of the dried particle size as the suspended par-
ticles broke down to a consistent state. The versatility of this dECM
suspension electrospinning approach was showcased by utilizing three
different decellularization and preparation techniques and three
different dECM tissue sources with varying compositions which in-
dicates the potential to fabricate ECM scaffolds from tissue sources that
have been relegated to powders thus far and mimic the native ECM
composition of a target organ system. These groups displayed similar
rheological predictors of spinnability; namely, a crossover strain
amplitude above 100 %. These studies illustrate the impact of each of the
dECM preparation steps on fiber collection so that the protocol can be
readily adapted for a specific tissue source and application. Our primary
goal in developing this new suspension electrospinning method was to
increase bioactivity retention of the mesh after processing, which is a
primary limitation of current dECM spinning methods that use synthetic
polymer blends or enzymatic digestion. The regenerative capacity of
these electrospun SIS meshes was shown to be similar to the decellu-
larized SIS sheet controls with regard to cell proliferation, angiogenesis,
and immunomodulation. Overall, this study elucidated the critical pa-
rameters that guide dECM suspension electrospinning to provide re-
searchers with a framework to use this new approach to create dECM
scaffolds that retain their native regenerative capacity.
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