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Abstract

Blended and coaxial fibers comprising polycaprolactone and gelatin, containing the endogenous
nitric oxide (NO) donor S-nitrosoglutathione (GSNO), were electrospun. Both types of fibers
had their NO release profiles tested under physiological conditions to examine their potential
applications as biomedical scaffolds. The coaxial fibers exhibited a prolonged and consistent
release of NO over the course of 4 d from the core-encapsulated GSNO, while the blended
fibers had a large initial release and leaching of GSNO that was exhausted over a shorter period
of time. Bacterial testing of both fiber scaffolds was conducted over a 24 h period against
Staphylococcus aureus (S. aureus) and demonstrated a 3-log reduction in bacterial viability. In
addition, no cytotoxic response was reported when the material was tested on mouse fibroblast
cells /n vitro. These fibrous matrices were also shown to support cell growth, attachment, and
overall activity of fibroblasts when exposed to NO, especially when GSNO was encapsulated
within coaxial fibers. From an application point of view, these NO-releasing fibers offer great
potential in tissue engineering and biomedical applications because of the crucial role of NO in
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regulating a variety of biological processes in humans such as angiogenesis, tissue remodeling,
and eliminating foreign pathogens.
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1. INTRODUCTION

The ongoing development of polymeric scaffolds used for cell support has vast potential

as the area of tissue engineering continues to expand. By varying the types of polymers
being used along with the method of processing the scaffold itself, these types of fabricated
materials demonstrate a wide array of applications ranging from wound healing to bone
tissue regeneration. A common characteristic that is important when developing these types
of polymeric cell scaffolds is their ability to promote cell migration in order to successfully
and quickly integrate the material into its surroundings. Highly porous structures, such as
meshes, fibers, and sponges, are excellent at promoting this as they allow for a more uniform
cell distribution across the structure while allowing for efficient diffusion of nutrients for the
attached cells as well.1

A popular method to produce micro- and nanoscale fibers to form these types of

scaffolds is electrospinning, where a polymer solution is subjected to a high voltage while
simultaneously being ejected at a consistent rate via a syringe pump. The polymer ejected
using this method is collected on a grounded target in the form of a fibrous mat. Either
aligned or randomly directed fibers can be fabricated depending on the target being used.
Rotating drums and mandrels are often used to ensure that the fibers are in the same
direction, while stationary plates will collect fibers with no alignment. The scaffolds and
meshes prepared through electrospinning have a variety of applications in fields related to
tissue engineering, wound dressings, angiogenesis, and artificial bone scaffolds.2-> Because
of the porosity and high surface area of electrospun scaffolds, they make excellent artificial
extracellular matrices (ECMs) for cells, allowing for efficient cell migration, attachment,
and proliferation. Electrospun scaffolds also have excellent versatility when adjusting their
physical properties, as a variety of polymers can be used depending on the appropriate
tissue application. The most common ECM component in the body is collagen, where
fibril bundles vary in diameter from 50 to 500 nm, a size that can easily be produced
through electrospinning.® This makes the electrospinning of polymers an ideal solution for
fabricating a scaffold that is able to mimic common cellular interactions that occur within
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the body. A common strategy to improve the efficacy of these fibrous scaffolds is through
the addition of therapeutic components such as growth factors, antibiotics, and cancer
treatments.’~10

Nitric oxide (NO)-releasing molecules are ideal to incorporate into polymeric biomaterials
that are used for wound healing and other scaffold-related biomedical applications. This

is due to the fact that NO can act as both an antibacterial agent and as a method to

increase angiogenesis and collagen deposition to a desired implant site.11-13 Reducing the
overall bacterial burden of a wound is imperative to improve the efficacy and speed at
which the wound healing process is resolved. The use of NO as a strategy to eliminate

even troublesome antibiotic-resistant bacteria has become popular over the past several
years.14-17 This is due to the ability of NO to diffuse across bacterial membranes and

cause direct nitrosative and oxidative damage. Another important antimicrobial mechanism
seen with NO is its ability to disperse and prevent the formation of biofilms, which are
highly resistant bacteria encapsulated within a protective polysaccharide matrix that prevents
effective penetration of antibiotics.18:19 Even low levels of NO have been shown to be able
to disperse biofilms into a planktonic state, making them more vulnerable to traditional
antibiotic treatments.2? In wounds where chronic infections are common, the use of NO as a
potential topical agent is able to address these complications.

The uses of NO-releasing fibers can be utilized in a variety of different types of

tissue scaffolds because of its ability to upregulate certain cytokines and growth factors

of certain cells. Exogenous delivery of NO has proven to increase the production of
vascular endothelial growth factor (VEGF) from endothelial cells which as a result can
shorten re-endothelialization time for artificial vascular grafts.21-23 Consequentially, this
will then promote vasculogenesis and angiogenesis, which greatly benefits implanted
scaffolds through significantly increasing the rate at which the graft integrates into the
surrounding tissue. Several types of electrospun fibers have been fabricated with different
types of blended NO donors ranging from nanoparticles containing covalent bound
diazeniumdiolates (NONOates) to S-nitrosothiols (RSNOs) physically blended within the
polymer matrix.242° The limitation with these types of blended fibers is their short-lived
NO lifespan and high initial burst release, which can be unfavorable in certain biological
environments. However, for short-term applications, this can be an effective strategy to
obtain high bactericidal levels, while still providing a platform for cell migration and
proliferation once the NO release is exhausted. A strategy to help slow NO release is
through the use of coaxial electrospinning, where the NO donor is encapsulated within a
protective polymer sheath. In the past, this approach has been used with synthetic NONOate-
based donors, where polyamidoamine dendrimers were functionalized and then encapsulated
within polyurethane composite fibers.28 This method allowed for sustained release for up to
24 h and demonstrated potent antimicrobial capabilities. Because of this encapsulation, the
high burst effect commonly seen with NONOates was lowered, which in turn lowered the
potential cytotoxic effects toward mouse fibroblast cells.

In the current study, the NO-releasing characteristics and physical properties of blended and
coaxial electrospun fibers were investigated and compared using bioabsorbable polymers in
conjunction with an endogenous RSNO, S-nitrosoglutathione (GSNO). The comparison of
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utilizing either a blended or coaxial strategy for incorporating NO was assessed to observe
the potential distinct NO release trends from both types and how these specific trends impact
their biocompatibility. For coaxial fibers, polycaprolactone (PCL) was used to electrospin
the outer sheath, while gelatin-containing GSNO was used as the inner core fiber. Blended
fibers containing the same polymer and GSNO ratios were fabricated to demonstrate the
effectiveness of the PCL sheathe in significantly increasing the NO release longevity of
the coaxial fibers. The combination of PCL and gelatin was used specifically because of
the biodegradability of the polymers along with their excellent biocompatible properties.
The antimicrobial potential and cytotoxic effects of both types of fibers were examined to
demonstrate that the NO release from the incorporated GSNO is effective against bacteria
without causing any detrimental effect. These scaffolds were then directly used in cell
culture to observe the affinity of fibroblasts to attach and proliferate in the presence of this
exogenous delivery of NO.

2. EXPERIMENTAL SECTION

2.1. Materials.

Autoclaved phosphate-buffered saline (1x PBS) was used for all /n vitro experiments.

PCL (M, = 80,000), gelatin from bovine skin, DAPI, hydrochloric acid, sodium nitrite,
copper(ll) chloride, L-ascorbic acid sodium salt, acetone, Cell Counting Kit-8 (CCK-8),
and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) were purchased from Sigma-Aldrich (St.
Louis, MO). L-Glutathione (reduced 98+%) was obtained from Alfa Aesar (Ward Hill,
MA). Alexa Fluor 488 Phalloidin was purchased from Thermo Fisher Scientific (Waltham,
MA). Dulbecco’s modified Eagle’s medium (DMEM) and trypsin~-EDTA were purchased
from Corning (Manassas, VA). The antibiotic penicillin—streptomycin (Pen-Strep) and fetal
bovine serum were purchased from Gibco-Life Technologies (Grand Island NY 14072).
The mouse fibroblast cell line (ATCC 1658) and Staphylococcus aureus (ATCC 5538) were
originally obtained from American Tissue Culture Collection (ATCC).

2.2. Synthesis of S-Nitrosoglutathione.

Synthesis of GSNO was carried out by following a slightly modified protocol developed by
T.W. Hart.2” First, glutathione (2.93 mmol, 900 mg) is dissolved in 4 mL of deionized water
and 1.25 mL of 2 M HCI. The solution is allowed to chill in an ice bath for 10 min before

a slight excess (3 mmol, 207 mg) of sodium nitrite is added, forming a dark red solution.
This solution is further chilled for an additional 40 min. Although still in the ice bath, 5 mL
of acetone is added to the solution and stirred for 10 min. The pink precipitate that forms

is filtered out and washed with cold deionized water and acetone before being dried under
vacuum overnight.

2.3. Fiber Fabrication.

To develop coaxial electrospun fibers, separate 10 mL plastic syringes containing either
PCL or gelatin with 20 wt % GSNO were placed onto separate syringe pumps (Razel
Scientific Instruments, St. Albans, VT) and fitted to a custom-built coaxial needle (Ramé-
hart Instrument Co., Succasunna, NJ) (Figure 1). Before blending the GSNO into the gelatin,
it was first pulverized into a fine powder using a mortar and pestle to ensure a more even
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distribution through the solution and to prevent any larger particles from clogging in the
needle during electrospinning. Solutions of gelatin and PCL were dissolved in HFIP at

10 wt %, which were chosen because of previous electrospinning optimization studies.?8
The gelatin~-GSNO-containing syringe was attached to the inner portion of the needle (ID
= 0.413 mm), while the PCL-filled syringe was attached as the outer sheath (ID = 0.838
mm). A high voltage power supply (Gamma High Voltage, Ormond Beach, FL) was used
to supply 10.5 kV between the needle and the grounded collector which was positioned
horizontally from the syringe pumps. The collector was made from aluminum foil and
placed 10 cm away from the tip of the needle. The flow rate for the gelatin~-GSNO solution
was maintained at 0.56 mL h™1, and the PCL solution was at 0.70 mL h™1. After collection,
the coaxial fiber mats were dried under vacuum at room temperature overnight. Blended
fibers followed a similar procedure, but the two solutions are mixed together in a 1:1 ratio
in a single syringe fitted with a needle (ID = 0.838 mm) at a flow rate of 1.13 mL h~1. The
ratio at which the polymers were blended matched the composition seen in the coaxial fibers
along with the final GSNO concentration.

2.4. NO Release Measurements.

Real-time NO release from the fibrous matrices was measured through chemiluminescence
using a Sievers nitric oxide analyzer (NOA), model 280i (Boulder, CO). The fibrous
scaffolds were tested for passive NO release by submerging them into 0.01 M PBS
containing EDTA at 37 °C inside of an amber reaction chamber. Nitrogen gas was then
bubbled through the solution at a flow rate of 200 mL min~2 to carry any NO being emitted
to the NOA. Quantification of GSNO loading into the fibers was carried out by catalytically
cleaving the S—N bond through the use of copper(ll) chloride and ascorbic acid. Subsequent
injections of copper solution are added until all the NO release was exhausted from the
material.

2.5. Characterization of GSNO-Containing Electrospun Fibers.

Fiber morphology for both types of fibers was observed using an FEI Teneo field emission
scanning electron microscope (Hillsboro, OR). Coaxial fiber inner diameters were measured
using an FEI Tecnai 20 (FEI Co., Eindhoven Netherlands). Diameter and percent porosity
were measured from SEM images using NIH ImageJ software (Bethesda, MD).

2.6. Leaching Assay.

Leaching of GSNO from both blended and coaxial electrospun fibers was quantified using
UV-vis spectroscopy and was each tested in triplicate. Samples were initially weighed and
then submerged under a known volume of PBS at 37 °C. After 24 h, absorbance was
measured at the GSNO’s characteristic S-nitrosothiol peak in the UV region at 340 nm.2’

2.7. Quantification of Viable Bacterial Cells on Fibrous Surfaces.

A standard bacterial adhesion test was used to measure and compare the viability of adhered
bacteria on the surface of the fibrous matrices.2%30 S. aureus, one of the most common
causal agents for biofilm formation and nosocomial infection, was used in the study as a
proof of concept. A single colony of S. aureus was incubated in LB broth overnight, and
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optical density at 600 nm was measured (ODgqg) using a UV-vis spectrophotometer. The
bacteria were then washed twice with sterile PBS (pH 7.4) followed by centrifugation at
2500 rpm for 8 min. The fibers of each type and their respective control (without GSNO)
were exposed for 24 h at 37 °C in triplicate to the bacterial culture, which was maintained
at 108—101° colony forming units (cfu) per mL. After 24 h, the fibrous sheets were rinsed
gently to remove any loosely adhered bacteria and transferred to a fresh 2 mL sterile PBS
solution. The material was then sonicated for 45 s using an Omni-Tip homogenizer to detach
the adhered bacteria into the solution. The bacteria detached from the fibrous mats were
then collected, serially diluted (1071 to 107°), and plated in premade agar Petri dishes at a
concentration of 20 g L1 of LB agar. After 20 h of incubation at 37 °C, the cfu’s were
counted and inhibition of attached bacteria was calculated using the formula below.

cfu in control samples — . in test samples | X 100

2 cm?2

. c
% Bacterial inhibition =
cfu

5 in control samples

cme

2.8. In Vitro Cellular Response.

In the current study, using a protocol developed by Pant et al., the leachates were collected
by soaking both types of fibrous mats containing GSNO in DMEM for 24 h followed by
exposing the media to cultured mouse fibroblast cells.2? Briefly, the cell culture of the
mouse fibroblast cells was carried out by seeding cells in a 75 cm? T-flask and incubating
them for approximately a week in a CO5 incubator at 37 °C until the cells became 80-90%
confluent. The cell culture media (DMEM) were changed intermittently every second day.
Thereafter, cells were seeded (5000 cells mL™1) in a 96-well plate by first detaching them
from the T-flask using trypsin~-EDTA (0.18% trypsin with 5 mM EDTA) and allowed to
incubate for another 24 h. After 24 h, when the cells formed a monolayer with the well plate,
10 (L of the respective leachate solution was added to the cells and exposed for a further
24 h. WST-8 dye-based standard cell cytotoxicity kit (CCK-8, Sigma-Aldrich) solution (10
L) was then added to quantify the viability of the cells in the presence of leachates from
control and NO-releasing fibers. The WST-8 forms an orange color product, formazan, on
reacting with NADH from the living cells only, which was measured at 450 nm using

a spectrophotometer microplate reader. The relative cell viability was measured using the
formula below.

absorbance of the test samples

absorbance of the control samples x 100

Relative cell viability (%) =

The cells obtained after trypsinization were also used to observe how both blended and
coaxial NO-releasing fibers are able to support cell growth. In a six-well plate, fibrous mats
were kept and then sterilized through UV exposure for 30 min. Thereafter, cell cultures
containing 5000 cells mL~1 were seeded on top of the electrospun fibers and allowed to
attach and grow on the surface by placing the plate in the CO, incubator at 37 °C for 24

h. The cells were then stained with 4”,6-diamidino-2-phenylindole (DAPI) to observe cell
nuclei, while the cytoskeletal structure was visualized with Alexa Fluor 488 Phalloidin.
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Briefly, the cells within the fibrous scaffolds were first fixed in 0.01 M PBS containing
5% paraformaldehyde. A dilution of 1:500 of phalloidin in PBS was then administered for
20 min followed by DAPI (300 nM in PBS) for 3 min. Finally, the overall cell growth

and attachment were observed under a fluorescent microscope (EVOS XL, Thermo Fisher
Scientific, Waltham, MA).

2.9. Statistical Analysis.

Data obtained were expressed as mean + standard deviation. Statistical analysis was carried
out using a Student’s #test with SAS JMP software. The P value <0.05 was considered
statistically significant for all experiments throughout the study.

3. RESULTS AND DISCUSSION

3.1. Electrospinning of Blended and Coaxial Fibers Containing S-Nitrosoglutathione.

The utilization of fibers for producing environments to mimic the ECM in various parts of
the body has been successfully used in areas such as artificial vascular grafts, bone scaffolds,
platforms for stem cell differentiation, and wound healing patches.31-38 Nanofiber-based
scaffolds are a much more preferred structure for biomedical applications as they encourage
cell attachment, proliferation, and directed migration.37-39 By incorporating an endogenous
NO donor such as GSNO into a fibrous platform, these beneficial properties become even
more effective as NO has been shown to promote angiogenesis, act as a potent antimicrobial
molecule, and reduce the overall foreign body response to blood and tissue contacting
materials.0-43 Specifically, this combination of NO release from a fibrous scaffold would be
the most beneficial as a wound healing patch or scaffold.

The two polymers being utilized for the proposed fibrous scaffolds are PCL and gelatin.
Composite fibers containing these two polymers have been previously fabricated into
scaffolds as a method for neuronal regeneration, skin grafts, and promoting osteogenic
differentiation of stem cells.#4-46 The combination of these two polymers have displayed
excellent properties for cell attachment and ECM mimicry. The fibers that were fabricated

in this study utilized this polymer combination in different ways, while incorporating GSNO
as the endogenous NO donor in both blended and coaxial systems. Solutions were fabricated
and adjusted to contain 10 wt % GSNO for the output electrospun fibers.

Blended fibers formed from different combinations of synthetic and natural polymers have
been fabricated because of the complementary traits they possess.#’~49 Although natural
polymers often have weak mechanical strength and high hydrophilicity as a standalone
material, they possess excellent biocompatible properties and have been shown to promote
cell adhesion, proliferation, migration, and differentiation when electrospun as nanofibers.>0
For polymer blends containing gelatin specifically, the fibrous mat becomes more porous as
time passes because of its quick rate of degradation. For wound healing applications, this is
a beneficial quality as it will allow more cell migration into the scaffold.

Coaxial fibers, specifically, have been used for scaffolds that deliver precise amounts of
a drug or protein to the surrounding environment. Electrospinning of PCL—gelatin coaxial
fibers has been previously reported as a controlled drug delivery system.51:52 The fabricated
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GSNO fibers are able to utilize the PCL layer as a protective sheath to maintain structural
integrity, while preventing large burst releases of NO from the fibrous scaffolds. This allows
for a consistent, leveled flux of NO to be maintained over a prolonged period of time, while
blending the GSNO within the polymer matrix demonstrates a large burst release which

can potentially be cytotoxic and significantly limit the release life of the material. An often
primary reason why researchers will use a coaxial system as the target therapeutic molecule
to be released is that it can be more controllable as it is protected from its surrounding
biological environment.53 The use of GSNO is an ideal molecule in this case as NO is a
small molecule that is permeable through the PCL sheath, while the GSNO molecule itself is
protected. The electrospinning setup for the fabrication of coaxial fibers is shown in Figure
1.

3.2. NO Release from Blended and Coaxial Electrospun Fiber Mats.

Blended and coaxial electrospun fibers containing GSNO were tested for NO release in real
time using chemiluminescence. The total NO release was monitored until the fibrous mats
were exhausted, and their flux measurements on each day are shown in Figure 2. Even
though the GSNO content within both fiber types is identical, each composition gives a
distinct NO-releasing profile because of the nature of how the NO donor is dispersed within
the fibers. When blended, a large initial burst of NO (3.91 + 0.96 x 10710 mol mg~! min~1)
was seen, which then quickly dropped to the recorded flux (approximately 0.21 + 0.14 x
10710 mol mg=1 min~1) over a 4 h period. Coaxially sheathed fibers demonstrated a low
initial flux that slowly crept to a higher leveled release in comparison as the gelatin~-GSNO
core is dissolved. This higher sustained release is due to the slower rate at which the fibers
ramp up to the final flux from the encapsulation effect that the PCL sheath provides. The
largest difference in NO release was observed within the first 24 h of testing, while the
following days showed no significant difference. Coaxial fibers were able to demonstrate a
more prolonged release after this 24 h timepoint, which in turn may be the more preferential
delivery of NO from a fibrous scaffold. Depending on the required application, either
blended or coaxial electrospun fibers may be the more preferred method of NO delivery.
Situations that require high levels of NO over a short period of time (<4 h) would benefit
from using blended fibers, where the GSNO component can be allowed to leach out into the
surrounding environment, while certain long-term, controlled applications would prefer the
coaxial delivery of NO. In terms of biodegradable fibers, the sustained release demonstrated
from the coaxial GSNO fibers exceed currently published NO-releasing fiber technology.
Other NO fiber strategies tend to utilize NO-releasing particles that have a low total NO
capacity or diazeniumdiolates molecules that release a majority of their NO within the first
few hours, limiting their long-term potential.2426 In terms of total NO release, the fibers
surpass the previously mentioned NO-releasing fiber strategies because of the large reservoir
of GSNO we are able to compact within the core.

Wound healing would be an ideal example application for these types of GSNO-containing
fibers as the sustained NO release can help facilitate angiogenesis and VEGF production,
while acting as an antimicrobial agent simultaneously.>* Direct delivery of GSNO as a

NO carrier specifically has shown many beneficial effects in topical applications, allowing
blended GSNO fibers, specifically, to have the potential to act as a localized GSNO delivery

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hopkins et al.

Page 9

vessel.55:56 Because GSNO is an endogenous NO donor, direct delivery of low amounts of
GSNO into surrounding tissue has been demonstrated in past studies to have no localized or
systemic detrimental effects.>’

For situations where a longer, steady level of NO release is required, it would be more
beneficial to use coaxial fibers where the NO donor is dispersed within the inner gelatin
core, while being encapsulated by the hydrophobic, degradable PCL sheath. This release
can be further turned using different outer sheath polymers with varying degradation rates
and degrees of hydrophilicity. However, if certain hydrophilic polymers such as chitosan or
alginate are used as shell polymers, extra cross-linking steps would need to be carried out to
ensure that the fibers do not completely disassociate when placed under aqueous conditions.
The blended GSNO composition could also be tuned in a similar manner but will most likely
still exhaust a majority of its NO within the first 4 h simply because of the high surface area
in combination with the hydrophilic properties of GSNO. Prolonging the longevity of the
NO release kinetics or any type of drug release from fibrous polymers will revolve around
using a coaxial strategy to ensure a more controlled release rate.

3.3. Physical Properties of Fibrous Matrices.

As shown in the SEM images in Figure 3, there is an observable difference between the
blended and coaxial electrospun fibrous mats. Particles of GSNO are clearly visible on
the surface of the fibers when the polymer solutions are blended together with GSNO,
while the coaxial fibers had virtually none. This accounts for the higher initial NO release
seen in the blended fibers which was shown earlier. The SEM images were also used to
obtain the diameter distribution of the fibers, and it was calculated using ImageJ software
(Figure 4). The blended fibers displayed a much wider variation of fiber diameters (781.4
+ 528.4 nm) compared to coaxial fibers (779.5 £ 279.4 nm). This could be due to the
disruption the GSNO particles suspended within the polymer blend, causing irregularities
as the polymer solution is ejected from the needle tip. More consistent fibers were clearly
observed from the coaxial fibers as the GSNO is encapsulated within the inner needle during
the electrospinning process.

The presence of high porosity within a polymer scaffold has been proven to accelerate tissue
integration and remodeling.>8:59 In a fibrous system, the pores that are formed are due to

the layer-by-layer deposition of fibers loosely overlapping with each other, compared to the
fabrication of other porous materials that require the use of porogens or gas bubbles. The
percent porosity was 47.0 £ 2.09% for blended fibers, while coaxial fiber porosity was found
to be 50.9 + 4.76%. Over time, the blended fibers will exhibit a more dynamic porosity
when placed under physiological conditions because of the solubility and quick degradation
of the gelatin portion. PCL—gelatin fibers have been demonstrated in the past as a polymeric
combination capable of creating more spaces for cell migration over time while in cell
culture because of this effect.*> Although coaxial fiber porosity will remain consistent and
not follow this trend, the overall structural integrity will be consistent, which may be a more
favorable strategy for certain tissue engineering or wound healing applications.

Evidence of gelatin encapsulation of the coaxial fibers was verified using TEM and is
shown in Figure 5. The inner diameter of the coaxial fibers was found to be 187.9 + 46.68
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nm. The incorporation of GSNO into the core was also proven by observing the inside of
ruptured fibers, where visible GSNO particles are seen. Although the inner gelatin core was
properly incorporated into these fibers, there is some variation of the orientation of this inner
component in terms of size and location. Having a wide range of inner core diameters can
also explain the variation in NO release characteristics previously shown. Gelatin~-GSNO
cores that are more encapsulated by PCL will have a more delayed NO release, while fibers
that have a larger inner core and thinner PCL sheath will be more likely to have increased
NO release. Once this burst effect is finished, there is still a sustained and consistent NO
release which is most likely attributed to the fibers containing the smaller core diameters.

3.4. Leaching of GSNO from Electrospun Scaffolds.

A direct relationship can be made between the amount of GSNO diffusion through the
fibrous scaffolds and the NO release profiles shown previously. Typically, as a NO donor

is brought out of a polymer matrix into solution, high bursts of NO will be initially seen

and followed by a decay over a short time period. The blended fibers, in particular, had a
characteristic burst release when placed under physiological conditions, so a high amount of
leaching is to be anticipated. Although coaxial fibers should have a majority of the GSNO
encapsulated, there will be instances of leaching as the inner core is degraded when placed
in an aqueous environment. This NO donor leaching can be quantified to give insight into
the longevity and release kinetics of a material.

Detection of the amount of GSNO leaching from the scaffolds was tested through UV-

vis spectroscopy. Samples of both blended and coaxial fibers were weighed and tested in
triplicate as absorbance was measured at 340 nm over the course of 24 h (Figure 6). By the
end of the study, 139.7 £ 29.5 g of GSNO per mg of the polymer was released from the
blended scaffolds, while 66.4 £ 12.7 pg of GSNO per mg of the polymer was released from
the coaxial scaffolds. Over this period, this indicates that approximately 69.9 + 14.8% of the
GSNO is being leached from the blended fibers, while 33.2 + 6.35% is leached from the
coaxial fibers. This observation was to be expected as the protective sheath from the coaxial
fibers is able to slow the initial diffusion of GSNO to the surrounding environment, but it
does not completely prevent it. Because of irregularities within the coaxial fiber structure,
there is still some leaching present after 24 h. This could also be due to the high surface area
of the fibrous scaffolds tested in combination with the high hydrophilicity of the gelatin—
GSNO core as water is swelled within the fibers. Ruptured fibers during the electrospinning
process would also assist in this leaching process, as this would propagate the dissolution of
the core structure over time. However, the remaining GSNO within both fiber types explains
the prolonged NO release seen after the first 24 h, which is typically not seen with most
fabricated NO-incorporated fibrous matrices.

3.5. Antibacterial Characterization of Fabricated Fibers.

Infection is a major complication associated with tissue engineering, often prolonging the
resolution of the healing process and leading to increased hospital stays and discomfort
for the patient. One of the most common hospital-acquired infections (HAIS) is S. aureus.
Materials capable of releasing NO have demonstrated effectiveness against a variety of
bacteria by directly impacting DNA through deamination, denaturing important enzymes,
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and lipid oxidation.8961 A major complication with tissue contacting biomaterials is when
bacteria form biofilms, they encase themselves in a matrix consisting of a variety of proteins
and polysaccharides, thus becoming resistant to the administration of antibiotics.52 Due

to the small size of NO, it is able to penetrate through this outer protective matrix and
disrupt normal bacterial function. The use of NO is also unlikely to promote the production
of antibiotic-resistant strains of bacteria because of their rapid action, short half-life, and
nonspecific bacterial Killing.

In vitro bacterial testing of both blended and coaxial GSNO fibers demonstrated to be
effective in significantly reducing the amount of S. aureus adhesion over a 24 h testing
period (Figure 7). There was very little difference in bacterial viability between the coaxial
and blended GSNO fibers, displaying approximately a 3-log reduction in bacterial viability
with both fiber types when compared to their respective controls. The preliminary prediction
was that the leached GSNO and higher initial release from the blended fibers would play a
larger role in the antibacterial properties. One hypothesis is that the sustained NO release
profile plays a more important role compared to larger, burst releases of NO over a short
period. As the inner core of the coaxial fibers is degraded when in an aqueous environment,
a higher sustained NO release is seen over the course of the testing period, which was
observed in the initial NO release trends. Over the course of the 24 h testing period,
approximately 0.0675 and 0.0820 pmol of NO per mg of the fiber was released from the
blended GSNO and coaxial GSNO fibers, respectively. Although there was a substantial
burst release initially from the blended fibers, most likely because of the increased leaching,
the coaxial fibers were able to display similar antimicrobial capabilities and a higher

total NO release. This again reinforces the claim that the initial NO-releasing kinetics

from a material within the first 24 h is a key consideration when designing antibacterial
biomaterials containing RSNOs.

3.6. Noncytotoxicity and Induction of Cell Adhesion, Proliferation, and Patterned
Mammalian Cell Growth.

The diffusion of GSNO into its environment can prove to have cytotoxic effects on cells at
certain levels. This is due the nitrosative and oxidative stress NO can demonstrate toward
mammalian cells when at increased concentrations. Although GSNO itself is an endogenous
molecule and is overall noncytotoxic at low levels, it is important to confirm there is high
cell viability when exposed to the previously recorded leachate levels. Quantification of

cell viability was carried out by first soaking the GSNO fibrous mats for 24 h in DMEM
before transferring it to a culture of mouse fibroblast cells. Results showed that both types of
fibers possessed no cytotoxic leachates, further emphasizing the capabilities of these fibrous
scaffolds in biomedical applications. Figure 8 shows the relative cell viability compared to
control fibrous scaffolds. This noncytotoxic trend is further proven from past studies that
have demonstrated the safe application of materials that have incorporated GSNO.55:63 This
is a significant stride in the field of biomedical engineering as several antibacterial agents
including antibiotics and silver nanoparticles can be cytotoxic to the mammalian cell system.
This study therefore assures that NO-releasing fibrous mats containing GSNO in the blended
or coaxial form are completely harmless to the mammalian cells at the concentration used in
this study.
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An observation of fibroblast attachment and proliferation was observed on the electrospun
fibrous mats after 24 h of incubation. Cell nuclei were stained with DAPI, while cytoplasmic
F-actin filaments were stained with phalloidin to observe the relative activity of the attached
cells. There was a noticeable increase in attached fibroblast cell density on the fibrous
scaffolds with NO release compared to their relative controls for the duration of the study
(Figure 9). Without GSNO, comparison between the blended and coaxial fibers with no
GSNO showed a slight increase in the blended composition when compared to the coaxial
scaffolds. This is most likely due to the high favorability in cell attachment to gelatin, as it
closely resembles the structure of native collagen. Both blended and coaxial fibers displayed
an increase in fibroblast attachment when exposed to NO release, but a substantial increase
was seen specifically in the coaxial GSNO fibers. This is most likely due to the difference in
NO release kinetics between the two samples, as the burst release of NO is short lived within
the blended sample, while the coaxial samples were able to maintain a relatively high and
steady flux for the duration of the 24 h study. Although the role of NO in terms of fibroblast
proliferation is still debated, this particular instance shows that steady elution of NO from

a fibrous platform has a large impact on the attachment and proliferation behavior. These
results give insight into designing NO-donating fibrous scaffolds that promote a high cell
density, while simultaneously providing antimicrobial capabilities.

In the past, gelatin- and PCL-containing materials have shown excellent cell adhesion
properties in separate studies.846° Thus, the combination of both gelatin and PCL as the
basal material in addition to NO release was expected to display a significant improvement.
A closer examination on cell morphology along the fibrous scaffolds was also observed

at higher magnification and is shown in Figure 10. Pseudopodia extension across the

fibers was seen on all scaffolds, as electrospun matrices have been demonstrated in the

past to direct cell migration.3” The NO-releasing scaffolds displayed enlarged nuclei and
greater cytoplasmic features compared to their relative controls, signifying an increase in
fibroblast activity. For engineering tissue and wound healing scaffolds and dressings, this is
an important quality to have as it increases the rate of collagen formation and remodeling of
the ECM, ultimately leading to earlier healing resolution.

The delivery of NO from an exogenous RSNO source, S-nitroso-A-acetylpenicillamine
(SNAP), directly into cell media has been investigated in the past to have limited to no
proliferative effects on fibroblasts at certain concentrations.56:6” However, the delivery of
NO from a fibrous surface on which the fibroblasts are directly attached seems to invoke a
much different response as shown from the previously mentioned results. This is the first
time that this type of proliferation and attachment has been investigated from an electrospun
fibrous structure using GSNO as the primary delivery mechanism. It is important to note
that the leaching effect from the blended GSNO fibers still promoted a noticeable increase in
viable attached cells to the scaffolds when compared to its relative control. However, more
controlled and stable NO release Kinetics as seen from the coaxial GSNO fibers demonstrate
a more dramatic response from the fibroblasts in terms of overall activity and attachment.
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4. CONCLUSIONS

Electrospun fibers consisting of gelatin and PCL were further modified with GSNO to form
a NO-releasing scaffold with potential wound healing and tissue scaffolding properties. Two
specific types of fibers were constructed where both polymer components along with GSNO
are blended together and then electrospun or the gelatin-containing GSNO is coaxially
electrospun with a PCL outer sheath. The NO-releasing characteristics were observed from
both fiber types where blending the GSNO displayed a high burst effect followed by a

low leveled off flux, while encapsulating the GSNO in coaxial fibers showed only a slight
burst release, while demonstrating a steady increase in NO release as the inner core was
degraded. SEM imaging of the fiber types displayed visible GSNO particles not completely
encapsulated within the fibers in the blended GSNO combination, explaining the high
leaching and burst release, while virtually no GSNO was present on the coaxial GSNO
combination. Both fiber types were found to have nearly identical antimicrobial properties
against S. aureus over a 24 h incubation period, indicating that burst and sustained NO
release mechanics can express similar short-term bactericidal capabilities at the appropriate
flux levels. Fibroblast adhesion and proliferation were also shown to be increased with

the presence of NO release from the scaffolds when compared to their relative controls,
with a substantial increase in cell count specifically on the coaxial GSNO fibers, which
exhibited a much more sustained NO flux compared to the blended composition. This gives
a new insight into GSNO’s potential role in enhancing fibroblast activity with regard to

the medium in which it is delivered. Because of this high affinity for cell attachment and
proliferation, while simultaneously demonstrating significant antimicrobial properties, this
proposed biodegradable combination of PCL and gelatin with incorporated GSNO has the
potential for being applied as an effective wound dressing or cell scaffold for a multitude of
tissue engineering applications.
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Figure 1.
Electrospinning setup for the fabrication of core—shell GSNO-containing fibers. The inner

core contains 10 wt % gelatin in HFIP with 20 wt % GSNO thoroughly mixed in. The outer
sheath contains 10 wt % PCL in HFIP.

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hopkins et al.

Page 19

5 W Coaxial GSNO
OBlended GSNO
=
c
=4
£
A
o 0.2
£
& 0.15
3
X 0.1 m
x
=1 0.05 '
w2
= o exl |
4 24 48 96
| -l {l — - -
0 j - —
0 4 24 48 96
Time (Hours)
Figure2.

Measured NO flux from electrospun dressings over the course of 96 h for both coaxial and
blended incorporated GSNO samples.
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Figure 3.
SEM images of (A) blended GSNO and (B) coaxial GSNO fibers. Scale bars = 20 ym.
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Figure 4.
Diameter distribution of (A) blended GSNO fibers and (B) coaxial GSNO fibers. Fiber

analysis was carried out using ImageJ software.
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Figure5.
TEM images of coaxial fibers. (A) Red bar indicates the inner core diameter within the

fibrous structure (left). (B) Proof of encapsulation of GSNO particles is shown within a
ruptured coaxial fiber.
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Cumulative leaching from blended and coaxial GSNO fibers over the course of 24 h when

submerged in PBS at 37 °C.
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Figure7.
Bacterial viability study of fabricated fibrous materials against S. aureus after 24 h. A

significant reduction in viability was seen between both NO-releasing fibrous scaffolds with
respect to their relative controls (P < 0.05).
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Figure8.

Cell cytotoxicity of leachable components from electrospun fibrous materials to the mouse
fibroblast 3T3 cell line.
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Figure9.
Cell nuclei (DAPI, blue)- and F-actin (phalloidin, green)-stained mouse fibroblasts cultured

for 24 h on (A) blended fibers, (B) blended GSNO fibers, (C) coaxial fibers, and (D) coaxial
GSNO fibers. Fibers were electrospun onto glass coverslips. 40x magnification; scale bars
represent 1000 pm.
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Figure 10.
Cell nuclei (DAPI, blue)- and F-actin (phalloidin, green)-stained mouse fibroblasts cultured

for 24 h on (A) blended fibers, (B) blended GSNO fibers, (C) coaxial fibers, and (D) coaxial
GSNO fibers. Fibers were electrospun onto glass coverslips. 200x magnification; scale bars
represent 200 gm.
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