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Abstract

The development of fibrous polymer scaffolds is highly valuable for applications in tissue
engineering. Furthermore, there is an extensive body of literature for chemical methods to pro-
duce scaffolds that release nitric oxide. However, these methods often use harsh chemistries and
leave behind bulk waste. Alkanolamine low-temperature plasma (LTP) is unexplored and single-
step processing to form nitric oxide (NO) releasing constructs is highly desirable. The major
question addressed is whether it is possible to achieve single-step processing of spun polyester
with alkanolamine plasma to achieve nitric oxide releasing capabilities. Herein we report the ex-
periments, processes, and data that support the claim that it is indeed possible to produce such a
bio-functional material for potential biomedical applications, especially in cardiovascular im-
plants. Among the tested alkanolamines, monoethylamine (MEA) plasma treated biomaterial
outperformed in comparison with diethanolamine (DEA) and triethanolamine (TEA) in terms of

NO release and cellular response.
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Introduction

Small-caliber vascular grafts (< 6 mm inner diameter) are highly desirable and currently
unavailable in the vascular graft market. The incidence of vascular graft failure in the small-di-
ameter regime is a due to a combination of factors. These include: the lack of facile, rapid and
confluent development of an endothelial cell layer, mismatch of properties between the host tis-
sue and the graft, and the aggregation/activation of platelets which can lead to thrombosis. It is
well documented that nitric oxide (NO) and nitroxyl (HNO) releasing compounds are potent vas-
odilators, which are often prescribed during treatment for cardiovascular disease (CVD) patients.
There is vast literature regarding the importance and pathways associated with both endogenous
and exogenous NO and especially for CVD pathologies [1]. An example of a prodrug for NO is
nitroglycerin which is often prescribed to patients suffering from chest pains. Compounds with
the moiety S-nitrosothiol represent one of the largest and most well-known classes of chemical
NO donors for research purposes. Thus, nitric oxide releasing scaffolds are established to be a
beneficial target for functional material design. To date, there has been little to no exploration of
organic nitrogenous low-temperature plasmas (LTP) for introducing NO/HNO functionalization.
However, the general idea for NO-releasing scaffolds and plasma activation appears to be gener-
ating much interest in recent reports. NO releasing peptide amphiphilic nanomatrix has been de-
veloped by wet-chemical methods and utilized for nanostructured scaffold fabrication for various
applications [2]. Electrospinning has been widely used for making seamless tubes of any diame-
ter and length for experimental vascular grafts with mimicking nanofiber features of protein ma-
trices [3-5]. We have recently fabricated small diameter kink-free tubular graft by combining
electrospinning and 3D- printing methods [6]. Low temperature plasma (LTP) has been attracted

much attention for surface engineering biomaterials without affecting their bulk mechanical
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properties [7-9]. Specifically for blood contacting vascular materials such as e-PTFE, plasma
polymerization using organosilane plasma has shown favorable blood compatibility by increased
growth of endothelial cells and reduced number of adhered platelets under in vitro conditions
[10]. The focus of this study is to use nitrogenous, organic LTP to directly synthesize NO-re-
leasing layers on poly(ethylene terephthalate) (PET) for the following reasons: (1) PET repre-
sents an established material toward the specific tissue engineering application of synthetic vas-
cular grafts. (2) PET surfaces can be rendered more hydrophilic with LTP processing. (3) NO-
releasing scaffolds offer functional materials for CVD tissue engineering.

In recent years there have been several experimental reports showing a convergence of
the ideas of NO-releasing surfaces and LTP techniques to modify polymers such as PET [11-14].
But, a gap in knowledge exists in the regime of organic vapor plasmas and how these can pro-
duce functional materials that release NO from direct synthesis on the surface. Current literature
still reports the use multi-step processes [11,12,14]. This work aims to address this gap through
an experimental approach that employs LTP processing and fibrous polymer constructs. This
combination is to produce functional materials that release NO from single-step processing.

The scope of this work is limited to investigating the plasma/surface interactions and
their post-processing behavior. Mechanisms of NO bio-pathways and live tissue engineering
shall remain beyond the direct scope although preliminary in vitro data is provided as proof-of-
concept. Previously, this lab has reported electrospinning and LTP techniques toward biomateri-
als applications [15, 16]. One important lesson learned was the propensity for LTP treated sur-
faces to age rapidly. In LTP where the working gas is air it is possible to achieve nitrogen func-
tionalization on the surface, however, it is easily lost during the aging process. In this current ap-

proach organic precursors are employed to provide a more resilient surface processing. It is quite

This article is protected by copyright. All rights reserved.

10.1002/asia.202400796

Q@ ‘Bl XILp1981

oe//:sdny woiy

:sd1)Y]) SUONIPUO)) PuE SWID [, A S *[$707/60/C1] U0 AIeIqrT suruQ Ad[IA\ ¢ weySuruwrg - eweqely JO ANSIOATUN - Sewoy], KouIA AQ 96000 BISE/Z00T 0 /10p/wod" K[IA",

10)/W09" KA[IA.

2SU0DI] SUOWWIO)) dAKEaL) A[quatdde oy Kq PALIAOS B1E SA[IIIE VO oSN JO S| 10} A1eIqr] AUUQ ASEAL UO (SUONI



Chemistry - An Asian Journal 10.1002/asia.202400796

common and desirable to introduce nitrogen to surfaces and several recent methodologies advice
the use of different precursors toward surface amination ranging from ammonia to large organic
amines [17-19]. By contrast alcohol-based LTP are rarer and typically procedures are tuned for
alcohol decomposition [20-24]. Herein, three precursors are chosen that combine both alcohol
and amine functionality, hence, they are termed alkanolamines. They are 2-aminoethan-1-ol or
monoethanolamine (MEA, 2,2'-azanediyldi(ethan-1-o0l) or diethanolamine (DEA), and2,2’,2"-
nitrilotri(ethan-1-ol), or triethanolamine (TEA). The given supplementary information S1 and S2
depicts the chemical structures and molecular orbital structures of these molecules showing both
the amine and alcohol functionality. Regarding the molecular orbital structures, the lowest occu-
pied molecular orbital (LUMO) of MEA is asymmetrical with respect to the distribution around
the molecule which is not surprising considering each side is chemically different. The LUMO of
DEA is more symmetrical since each end is the same consisting of hydroxyl groups and the sec-
ondary amine functionality in the center of the molecule. Further, the LUMO of TEA resembles
that of DEA but the third alcohol branch has a smaller orbital distribution. The energies of both
the LUMO and highest occupied molecular orbital (HOMO) were also calculated, and these re-
sults shown in S2. These precursors were subjected to non-magnetized LTP conditions at me-
dium pressures and various exposure times. The influence of these plasmas on electrospun mats

of PET fibers are characterized, documented and reported following.

Experimental Materials and Methods
Electrospinning
Electrospinning was carried out with a custom-built apparatus described in some previous

reporting from our lab [15]. Briefly, a working solution is pumped at a constant rate through a
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needle, across a set distance, with a multi-kilovolt electric potential relative to a grounded collec-
tor, and fibers are obtained which can be collected in mats. First, three different concentrations
were selected at 5%, 10%, and 20% w/v based on the solubility of PET in the solvent 1,1,1,3,3,3-
hexafluoropropan-2-ol, also known as hexafluoroisopropanol or HFIP. Distances of 10, 15, 20,
and 30 cm of needle (25 G, BD syringe) to collector were tested and three potentials of 5, 10, and
20 kV with the needle positive and collector grounded were also tested. It was found, consistent
with expectations, that low-viscosity, low-voltage conditions led generally to electrospray mode.
In electrospray mode the polymer forms particles rather than fibers. Under moderate conditions a
variety of mixed modes, with both fibers and beads, were observed. Finally, under high viscosity
and high voltage conditions pristine, bead-free fibers where observed. An arbitrary choice was
used and set constant for all subsequent experiments. A rotating cylindrical collector (hollow alu-
minum cylinder, 5 cm outer diameter, 150 RPM) was used to obtain large amounts of fiber mats
for experiments. The working solution was 20% w/v and was pumped at 1.0 mL/h through a 25
G needle and the needle was given lateral motion of 150 mm displacement at a rate of 25 mm/s
with a potential of 16 kV (needle positive, collector ground). The Supplementary Information, S3
depicts some images from the optimization experiments.
Plasma Processing and Optical Spectroscopy

Plasma conditions were accessed with a Harrick PDC-001 plasma cleaner (Harrick
Plasma, NY, USA). The 45 W setting was employed, and no feed gas used. The organic precur-
sors were added in 100 uL increments per run with the use of a 96-well plate which also served
as a sample holder. During evacuation with a pump the pressure was recorded during processing
(Supplementary information S4 and S5). Only the evaporation rate of the precursor controlled

the mass flow in the system. The For optical emission measurements an Ocean Optics USB
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4000 spectrometer (Florida, USA) was employed by tilting the optical slit toward the window of
the Harrick chamber by clamping in a ring stand; positioning was marked with tape to repeat the
location. The OceanSuite software was used to capture live spectra with a 500 ms integration
time, 4 scan averaging, value of 2 for the boxcar average width, and electronic dark correction
and nonlinear correction added. The live output was subtracted from a dark spectrum to correct
for baseline. The spectrometer was uncooled and used at ambient conditions. Immediately after
processing some samples were taken for temperature measurements with a FLIR C2 imager
(Teledyne FLIR LLC, Oregon, USA). These images were taken against a cutting mat as a back-
ground with the optical image overlaid for additional detail (S 6).
FT-IR Functional Group Analysis

For bulk chemical information Fourier-transform infrared (FTIR) spectroscopy was em-
ployed using a Nicolet 4700 FTIR instrument. Small discs of material were cut with a biopsy
punch and pressed onto the attenuated total internal reflection (ATR) diamond window. The
spectra were captured with 32 scans at 2 cm™! resolution from the range 500 — 4000 cm™. ATR
corrections were applied along with automatic baseline and smoothing in the OMNIC software
supplied with the instrument.
Contact Angle Experiment

For the aging and surface analysis study a custom-built contact angle goniometer was
constructed. It used a machined aluminum optical table (4” x 4”) that served as the sample stage.
The measurements were taken with a Canon TV zoom lens 12 - 75 mm with the shutter at /16
and a +10-macro attachment added. The 5 pL drop of DI water was added with a calibrated sy-
ringe and images taken by CCD sensor attached to a 2012 MacBook Pro running USB Pluggable

Digital Viewer microscope software. Angles were taken from the angle tool in ImagelJ software.
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Aging was carried out by keeping samples at various conditions in the freezer, benchtop, and a
warming plate. The samples all were kept inside 12-well plates to keep out contamination. Fur-
ther, since the electrospun samples were too porous to measure, samples of mylar were used as a
stand-in and subjected to the sample treatments with LTP as the electrospun sheets.

Thermal Characterization (DSC)

Thermal characterization was carried out with a Q-600 differential scanning calorimeter
(DSC) from TA Instruments. For DSC small samples were carefully cut with a biopsy punch and
loaded into hermetic aluminum pans available from TA. The runs were set from RT to 300 °C at
10 °C/min heating rate with 50 mL/min dry nitrogen flow. For the analysis was done in TA Uni-
versal Analysis Software.

Mechanical Characterization (Tensile test)

Mechanical characterization by tensile method was conducted with a RSA-G2 dynamic
mechanical analyzer (DMA) by TA instruments with the tensile fixture attached and samples of
material cut carefully into tensile bars with an average thickness of 0.2mm, a 20 mm gauge
length, 5 mm width, and with 5 mm of tab to clamp on each side. The tensile specimens were
subjected to a linear rate of 0.5 mm/s and stress/strain data collected at 5 pts/s at RT.

Bovine Serum Albumin-fluorescein isothiocyanate modified (BSA-FITC) assay

The protein adsorption assay was conducted by taking biopsy punch samples of the mate-
rials and soaking them in 1.0 mg/mL solutions of BSA-FITC in 1X PBS buffer (7.4 pH) at RT
for 12 h. Subsequently, the samples were rinsed for 12 h at RT in 1X PBS and the resultant solu-
tions analyzed in a gel-doc imaging system with a Canon Rebel SLT camera equipped with a 28

— 80 mm lens set to 50 mm with f/11 at 2.5 s shutter speed or adjusted according to the onboard
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light meter. The images were processed in ImageJ and data collected from the output tables for
line profiles to measure the intensity as a function of fluorescent intensity.

Fibroblast cell culture on electrospun sheets and MTT assay

Human fibroblast cells were obtained and cultured in Growth media. Cells were grown to 70%—
80% confluence at normal culture conditions (37°C, 95% humidity, 5% CO2) before being
seeded onto the electrospun sheets.

Samples of biopsy punched materials were loaded into well plates and seeded at 300k
cells/well with growth media and incubated under typically culture conditions. MTT assay was
performed as per kit instructions and reported as absorbance values for each well.

X-ray photoelectron spectroscopy (XPS) surface analysis

Surface chemistries for the optimization study were collected with a Phi Versaprobe XPS
system and used in accordance with standard procedures in previously reported literature from
the lab [15-17].

Nitric oxide (NO) release measurements

A standard Griess assay procedure adopted from Promega was conducted with sourced
components and measured with a BioRad 580 absorbance plate reader. Samples were incubated
at various time points to elucidate the released NO profiles in 1X PBS at RT. 100 pL of test sam-
ple was added to 100 pL of Griess reagent solution and incubated for 10 min at RT to an end
point measured with dual-wavelength mode of 415 nm monitor and 530 nm measure filters on
the plate reader. Samples were replicated in triplicate.

Endothelial Cell Culture on Fibrous Sheets and MTS assay
Human aortic endothelial cells (HAECs) were obtained from Lonza, Inc and cultured in

Endothelial Growth Media (EGM-2 BulletKit; Lonza, Walkersville, MD). Cells were grown to
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70%—-80% confluence at normal culture conditions (37°C, 95% humidity, 5% CO2) before being
seeded onto electrospun sheets.

Samples for quantitative analysis of cell proliferation were prepared by cutting electro-
spun sheets into circles with a diameter of 6.4 mm. These sheets were then sterilized with UV
light for 3 hours before being loaded into 96 well plates. 9,000 HAEC cells were then seeded
onto each sheet along with 200 puL of media. The cells were cultured at 37 °C for 3 days. Next,
an MTS [3-(4,5-dimethylthiazol-2-yl)—5-(3-carboxymethoxyphenyl)—2-(4sulfophenyl)-2H-te-
trazolium] assay (CellTiter 96 solution, Promega Co.) was performed to measure HAEC prolifer-
ation on the sheets. Cell proliferation on each treatment condition on the electrospun sheets was
measured with sample size n=5.

LIVE/DEAD Assay and Imaging for Fibrous Sheets

Electrospun fibrous sheets of varying treatments were cut into circles with a diameter of
9.5mm and UV sterilized for 3 hours. After placing the cut sheets into 48 well plates, 25,000
HAEC cells along with 400 pL of media were seeded onto each sheet. The cells were cultured
for 3 days at 37 0C after which living cells were stained by using a Live/Dead Viability (Molecu-
lar Probes Inc., OR). These living cells were then visualized using a Nikon fluorescent micro-
scope and ImageJ software.

The sample preparation procedure for the LIVE/DEAD assay was repeated for cell imag-
ing. 25,000 HAEC cells along with 400 pL of media were seeded onto each electrospun PCL
sheet after being placed into 48 well plates. After culturing the cells at 37 OC for 3 days, the sam-
ples were fixed with paraformaldehyde. The electrospun sheets were imaged using a Quanta 650
FEG (FEI Co.) with an accelerating voltage of 10 kV. Also, they were imaged with a Nikon fluo-

rescent microscope
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Results and Discussion

The major questions that were tested included whether nitric oxide could be released by
the LTP treated materials and whether the choice of precursor had an effect. Initially, it was sus-
pected that the MEA would have the greatest potential of working compared to the DEA and
TEA. First, the MEA molecule is smaller and the nitrogen is primary, thus, less hindered than in
DEA or TEA. Next, as shown in S2 the LUMO is quite asymmetrical in MEA especially with
respect to the location near the nitrogen. We surmise that this asymmetry is the source of a diver-
sity of LTP products of which some are capable of degrading into nitric oxide in aqueous condi-
tions that we observed as a nitrite end product detectable by the Griess assay.
Optical emission during plasma processing

In the initial period, once the MEA plasma is activated, it has the characteristics of an air
plasma. This is due to the residual air in the chamber and conveniently acts as an oxidative
plasma to activate the surfaces of the materials. Next, as more precursor is evaporated several
striking features are noted. The emergence of a strong hydrogen-alpha line is observed along
with a possible hydrogen-Fulcher band. Also, nitrogen molecular lines are seen. There are strong
lines associated with carbon monoxide (CO) in the 400 — 600 nm range along with a broad back-
ground that overlaps with the C; Swan bands. This indicates various molecular fragments in the
plasma resulting from the breakdown and ionization of the parent precursor molecules. These
species can then land, attach, and react with other species forming a variety of surface products
rich in nitrogen, oxygen, and carbon containing functionality. Presumably, there is also a flux of

energetic electrons that can contribute to surface reactions, surface radicals and rearrangements.

10
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However, due to the short lifetimes and hinderance from the PET polymeric chains their influ-
ence does not affect the inner layers of the fibrous materials. Figure 1 summarizes the OES data
for the MEA plasmas.

In the initial period, once the DEA plasma is activated, it has the characteristics of an air
plasma like the behavior of the MEA plasma. Likewise, this is also due to the residual air in the
chamber and conveniently acts as an oxidative plasma to activate the surfaces of the materials
similar to the MEA plasma. Next, however, as more precursor is evaporated several differing
features are noted. The emergence of a strong hydrogen-alpha line is observed along with a pos-
sible hydrogen-Fulcher band and is of much greater intensity that in the MEA plasma. This could
be the result of since more hydroxyl groups are present and the strength of the alkoxide ion lead-
ing to ease of hydrogen cleavage and excitation to account for the higher H-alpha output. Also,
nitrogen molecular lines are seen and stronger that in the MEA. There are weak lines associated
with carbon monoxide (CO) in the 400 — 600 nm range along with a broad but more subtle back-
ground that overlaps with the C2 Swan bands, although not to the degree found in MEA plasma.
There would be a different diversity of products from the DEA-LTP that could land on the PET
fibers. Thus, the resulting treated material would behave differently from the MEA-LTP. Figure
2 summarizes the OES data for the DEA plasmas.

In the initial period, once the TEA plasma is activated, it has the characteristics of an air
plasma like the behavior of the MEA or DEA plasma. Likewise, this is also due to the residual
air in the chamber and conveniently acts as an oxidative plasma to activate the surfaces of the
materials similar to the other plasmas. Next, however, as more precursor is evaporated several
differing features from the MEA-LTP but similar to the DEA-LTP are noted. There is still the

emergence of a strong hydrogen-alpha line is observed along with a possible hydrogen-Fulcher
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band and is of much greater intensity that in the MEA plasma but similar to the DEA plasma.
This could be the result of since even more hydroxyl groups are present that for MEA/DEA.
Also, nitrogen molecular lines are seen and stronger that in the MEA similar to the DEA. There
are weak lines associated with carbon monoxide (CO) in the 400 — 600 nm range along with a
broad background that overlaps with the C> Swan bands, although not to the degree found in
MEA plasma and more similar to the DEA. There would be a different diversity of products
from the TEA-LTP that could land on the PET fibers. Thus, the resulting treated material would
behave differently from the MEA-LTP and likely behave more like DEA-LTP treated material.
Figure 3 summarizes the OES data for the TEA plasmas.

Contact Angle Wettability Studies

The wetting behavior associated with plasma treated samples is desirable for biomaterial
type applications. However, an unfortunate effect is the tendency to have hydrophobic recovery
in the days post treatment. This is quite well known and still unavoidable. In the contact angle
data, there are time points of 1, 3, 5, and 14 days along with various temperature conditions of 0
°C, RT, and body temperature to gauge the effects of temperature on aging.

It was found that the MEA treated samples had the most hydrophilic behavior post LTP
treatment and the data is shown in Figure 4. In fact, some samples were difficult to measure
since the drop spread out so broadly. Overall, the longer the treatment time the more the hydro-
philic behavior dominated the earlier time points or 1 and 3 days. However, by 5 days hydropho-
bic recovery had set in. Since the OES data indicated a diversity of potential products that most
likely are polar since oxygen and nitrogen might easily attach these data taken together support
the idea of a greater array of surface products are the result of a small, orbitally asymmetric pre-

cursor, than for the larger more symmetric molecules.
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It was found that the DEA treated samples had less hydrophilic behavior post LTP treat-
ment compared to the MEA treated samples and the data is shown in Figure 5. Overall, the
treatment time did not have as dramatic of an effect as the MEA-LTP samples. Hydrophobic re-
covery had set in earlier around the 3-day time frame and the aging behavior was more subtle
than MEA. Since the OES data indicated a different, more hydrogen dominated plasma which
could provide a more reducing environment and with more alkyl groups available, the notion of a
less hydrophilic surface is substantiated.

It was found that the TEA treated samples had less hydrophilic behavior post-LTP treat-
ment compared to the MEA treated samples and similar to the DEA treated samples and the data
is shown in Figure 6. Overall, the treatment time did not have as dramatic of an effect as the
MEA-LTP samples and more closely resembled the DEA treated samples. Hydrophobic recovery
had set in earlier around the 3-day time frame and the aging behavior was more subtle than MEA
and more closely matched the DEA. Since the OES data indicated a different, more hydrogen
dominated plasma which could provide a more reducing environment and with even more alkyl
groups available similar to the DEA plasma, the similar noted behavior is expected.

Overall, the major factor in aging was the time. The most the samples could retain hydro-
philic behavior was 3 days before succumbing to the effects of ageing. The temperature did not
have as dramatic of an effect as did the time. Thus, for application purposes these materials must
be used rapidly to maintain their functionality. The stability of surface functionalities is still a
challenge for long-term applications of plasma modified materials. However, the plasma en-
hanced coating by polymerization may alleviate this issue on aging stability [10].

Bulk Chemical Functional Group Characterization
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The FTIR spectra indicated various functional groups such as alkyl, carbonyl, and aro-
matic which are present in the parent PET polymer. Thus, this technique was unable to distin-
guish among the untreated or LTP treated samples. Figure 7 provides a summary of the data.
Thus, it can be concluded that the chemical effects were relegated to the surface and did not sub-
stantially alter the bulk chemical properties.

Thermal Properties by Differential Scanning Calorimetry (DSC)

The DSC experiments indicate that the thermal properties remained largely unchanged.
The large broad peaks for both the cold crystallization and melt were roughly located at the same
temperature ranges for each of the samples both treated and untreated. Although, there seemed to
be a dramatic reduction in glass transition that was associated with the LTP treated of DEA and
TEA might indicated that some of the LTP products could be acting a plasticizer. Although,
there was doubt since the deflection of the thermogram was subtle and the software might not be
as sensitive to such a small deflection. Table 1 summarizes the findings from DSC analysis in-
cluding the calculated enthalpies of the melt and cold crystallization peaks.

Tensile Mechanical Properties

In general, the stress/strain behavior of the fibers showed sharp initial linear regions from
which the Young’s moduli were extracted. After yield, nearly perfect plastic deformation behav-
ior is noted, and a rapid decline of the stress curve is seen after fracture. Residual fibers still at-
tached account for the non-zero values after the breaks. The deformation behavior is governed by
rearrangement of the fibers and is very noisy. Thus, the statistically significant differences might
be due to bonding effects between the fibers that accounts for the different mechanical proper-
ties. However, since the data are quite noisy it is not conclusive. Further, this type of noise has

been encountered by previous attempts in the lab to elucidate the true mechanical properties of
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these fibers. The tensile data are provided in Figure 8. The inherently random nature of the fi-
brous nature would be expected to contribute to these effects.
Protein Adsorption Tests

The protein bovine serum albumin (BSA) was chosen as a model protein to mimic the
potential for absorbing proteins in a biologically relevant setup. BSA-fluorescein isothiocyanate
(BSA-FITC) is a well-known BSA modification that allows quantification by fluorescence. The
overall trend was that the LTP treated samples adsorbed more protein than the control with DEA
samples adsorbing the most and TEA adsorbing the least with MEA intermediate among LTP
treated samples. The exposure times did not seem to make as dramatic of a difference as did
whether or not the samples were exposed to plasma. From this data it can be surmised that all the
plasma treated samples may behave well toward biological situations. These data are shown in
Figure 9. The adsorption of BSA is quite complex as there are dozens of residues with both po-
lar and non-polar qualities which could influence the tendencies toward surface adsorptions.
However, it is clearly seen that the control fibers are avoidant toward adsorption and this effect
can be attributed to their very hydrophobic character as demonstrated with the contact angle ex-
periment.
Fibroblast Cytocompatibility Assay

The BSA-FITC assay demonstrated that the time point of LTP exposure was not very im-
portant toward protein adsorption. Therefore, it was decided to use only the 10-minute exposure
time for the MEA, DEA, and TEA LTP treated samples and to compare this to the plate grown
cells and untreated samples using the well-known MTT assay reported as absorbance values in
Figure 10. Overall, the electrospun PET material is very cytocompatible with fibroblast cells and

the LTP treated samples exhibited excellent compatibility on par with the tissue culture plate.
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The control untreated samples were significantly different from the plated cells whereas the LTP
treated samples were not. Thus, it can be concluded that any of the LTP treated samples would
be excellent for using in fibroblast culture applications.

Surface Chemistry Investigation and In vitro Data

The question of whether these PET fiber mats could release nitric oxide was tested using
the well-known Greiss assay which measures nitrite as the end product of a nitric oxide releasing
situation. The reaction produces an intensely colored compound as it shown in Figure 11. The
MEA treated samples seemed to have the highest response with DEA showing a little response
and the TEA showing no response. Thus, we decided to further investigate the degree of release
for MEA-LTP treated fibers as a NO-releasing functional material. The dual-filter method was
employed to eliminate the effect of the potential side products from the 1 min MEA samples. To
understand what might be occurring, though, an investigation with XPS was employed to track
the surface nitrogen to oxygen ratio and see if it was possible to tune the surface with plasma ex-
posure time. The XPS results show 10 min exposure to be the ideal time point since the system
achieve a 1:1 N/O ratio. The XPS data are shown in Figure 12.

Since it was not observed that N/O ratio goes above 1:1 as nitrogen appears to reach a
maximum surface concentration around 10 min, this time point was chosen for the endothelial
cell test. But first, it was desirable to highlight the quantitative release profiles with a more thor-
ough NO assay and the data are shown for cumulative release in Figure 13.

The cumulative release profiles show that the time frame for release of NO from the sur-

face occurs between 10 min and 100 min and further flux is negligible after 100 min for all sam-
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ples. Furthermore, it seems that the 10 mins treatment time with the 1:1 N/O surface concentra-
tion has the greatest amount of NO released. The 10 min MEA sample was compared to the con-
trol untreated sample and well plate in an endothelial cell study.

The results of the endothelial cell study were lackluster when comparing the samples to
the well plate and are shown in Figure 14. Although, the geometry of the test samples may not
be optimized since endothelial cells are quite sensitive and difficult to culture. The positive in-
crease in MEA treated sample compared to the control sample, however, is encouraging that the
LTP treatment does help. However, the SEM micrographs (Figure 15) apparently indicate
spreading of the endothelial cells showing strong affinity for the LTP treated fibers, whereas they
do not for the control fibers. Furthermore, the live/dead fluorescent micrographs show the field
of view is vibrant with many more endothelial cells in the treated samples vs. the control. This
seems to indicate that the LTP treatment indeed made a functional surface on the otherwise inert,
hydrophobic, unmodified electrospun PET fibers. NO-releasing fibro-porous constructs could be
useful for wound healing applications [25,26] when combined with anti-bacterial properties as
recently published plasma electroless reduction process [ 27,28]. However, sustained release of
NO and functional dosage in dynamic environment is still needed to be investigated to warrant

application for vascular graft or tissue scaffolds.

Conclusions
There is strong support for the hypothesis that the LTP treatments can indeed produce a
functional material that releases nitric oxide and the measured amounts are in the micromolar

range over timescales of 100 minutes. The data show that LTP treatment has a minimal effect on
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the bulk properties and that most of the changes are on the surface. Thus, engineering of a
macro-construct can be separated from the surface engineering. In an application such as a vas-
cular graft where both fibroblast and endothelial cells would be present this material system pro-
vides an attractive candidate for future studies. In short, MEA plasma treated biomaterial outper-

formed in comparison with DEA and TEA in terms of NO formation/release.
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Figure 1. Shown are optical emission spectra of various MEA plasmas as an evolution in time.
The time points of 10 s, 1 min, 5 min, and 10 min are shown in the top left, top right, bottom left
and bottom right, respectively.
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Figure 2. Shown are optical emission spectra of various DEA plasmas as an evolution in time.
The time points of 10 s, 1 min, 5 min, and 10 min are shown in the top left, top right, bottom left

and bottom right, respectively.
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Figure 3. Shown are optical emission spectra of various TEA plasmas as an evolution in time.
The time points of 10 s, 1 min, 5 min, and 10 min are shown in the top left, top right, bottom left

and bottom right, respectively.
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Figure 4. Shown are compiled contact angle data of various MEA-LTP treated samples as an
evolution in time and temperature as well as the control in the top left, which is untreated. The
time points of 10 s, 1 min, 5 min, and 10 min are shown in the top left, top right, bottom left and
bottom right, respectively, and are the various LTP treatment times. Within the graphs are ageing
times of 1, 3, 5, and 14 days. Bars are the standard error for 5 samples yielding 2 measurements
each for n=10 per group and the values plotted are the numerical average.
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Figure 5. Shown are compiled contact angle data of various DEA-LTP treated samples as an
evolution in time and temperature as well as the control in the top left, which is untreated. The
time points of 10 s, 1 min, 5 min, and 10 min are shown in the top left, top right, bottom left and
bottom right, respectively, and are the various LTP treatment times. Within the graphs are ageing
times of 1, 3, 5, and 14 days. Bars are the standard error for 5 samples yielding 2 measurements
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each for n=10 per group and the values plotted are the numerical average.
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Figure 6. Shown are compiled contact angle data of various TEA-LTP treated samples as an
evolution in time and temperature as well as the control in the top left, which is untreated. The
time points of 10 s, 1 min, 5 min, and 10 min are shown in the top left, top right, bottom left and
bottom right, respectively, and are the various LTP treatment times. Within the graphs are ageing
times of 1, 3, 5, and 14 days. Bars are the standard error for 5 samples yielding 2 measurements
each for n=10 per group and the values plotted are the numerical average.
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Figure 7. Show are overlaid FTIR spectra of the PET as received with the untreated control fi-
bers and the LTP treated fibers with the MEA, DEA, and TEA LTP.
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Figure 8. Compiled mechanical data from tensile tests for Young’s Modulus, Ultimate Tensile
Stress, and Elongation at Break for the control and LTP treated fiber samples. The bars are 1
standard deviation calculated from the best 5 samples per group of n=10 and the values are the
numerical average. The statistical comparisons are from calculated Student’s T-Test with 1 tail,
unpaired, and assumed unequal variance.
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Figure 9. BSA-FITC adsorption tests comparing the untreated controls to the various MEA,
DEA and TEA LTP treated samples for 1, 5, and 10 min exposure times. The bars are the stand-
ard error from at least 100 - 150 separate pixel measurements from triplet group trials of the fluo-
rescent analysis in ImagelJ. The values are the numerical average.
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Figure 10. Compiled data from the fibroblast biocompatibility assay comparing the growth after
48 h on the culture plate, the control fibers, and the LTP treated fibers with MEA, DEA, and
TEA all at the 10 min plasma exposure time point. The bars are 1 standard deviation calculated
from the best triplicate samples for each group and the value is the numerical average. The statis-
tical comparison is from Student’s T-Test with 1 tail, unpaired, and assumed unequal variance.
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Figure 11. Spot test for NO release using the Griess assay. The comparisons of untreated control
vs. 1 min, 5 min, and 10 min LTP exposure times for MEA, DEA and TEA are shown. The or-
ange color in the MEA 1 min could be accounted for by undesirable side products.
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Figure 12. XPS analysis for the surface are shown in the graph on the left for the various condi-
tions where 0 min is the untreated PET fiber mats and the 1, 5, 10, and 20 min are the LTP expo-
sure times for MEA plasmas. The bars are 1 standard deviation for 3 surface measurements and
the surface atomic percent for oxygen, carbon, and nitrogen are shown. The graph on the right
are the plotted ratios of the various elements.
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Figure 13. Cumulative release profiles for the MEA-LTP treated fiber samples are shown as a
function of time. The measurements are numerical averages of triplicates for each time point and
the bars are the standard error. The control is omitted since it did not have a detectable signal.
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Figure 14. The results of the MTS assay of the endothelial cell study are shown. The bars are 1
standard deviation for the best 4 measurements of n=5 samples. The large amount of noise still
yielded stastistical differences using Student’s T-Test with 1 tail, unpaired, and assumed unequal

variance.
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Figure 15. SEM micrographs of the control fibers with cells and the MEA treated fibers with
cells are shown in the top panels. Live/dead fluorescence images of the same conditions are
shown in the bottom panels with green channel live and dead channel red. Note that the field is
flooded with green signals. And almost no visible red signals. In the SEM micrographs red cir-
cles are used to indicate the cells.
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Table 1. DSC analysis is summarized in the following and includes the measured glass transi-
tion, cold crystallization peak temperature and enthalpy, and the melt peak and enthalpy.

10.1002/asia.202400796

DSC Analysis
Sample Glass Cold Cold Melt Melt
Transition Crystallization Crystallization Peak (°C) Enthalpy

(9] Peak (°C) Enthalpy (J/g) J/g)

Control 60.5 126.80 16.45 251.99 28.33
MEA 10 min 63.32 127.92 18.52 252.60 32.34
DEA 10 min 49.14 130.38 20.90 251.88 27.79
DEA 10 min 46.34 130.48 20.23 251.44 34.57
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