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Abstract

Thermoresponsive polymers, such as poly(N-isopropyl acrylamide) (PNIPAM), have been
identified and used as cell culture substrates, taking advantage of the polymer’s lower criti-
cal solution temperature (LCST) to mechanically harvest cells. This technology bypasses
the use of biochemical enzymes that cleave important cell-cell and cell-matrix interactions.
In this study, the process of electrospinning is used to fabricate and characterize aligned
PNIPAM nanofiber scaffolds that are biocompatible and thermoresponsive. Nanofiber
scaffolds produced by electrospinning possess a 3D architecture that mimics native extra-
cellular matrix, providing physical and chemical cues to drive cell function and phenotype.
We present a factorial design of experiments (DOE) approach to systematically determine
the effects of different electrospinning process parameters on PNIPAM nanofiber diameter
and alignment. Results show that high molecular weight PNIPAM can be successfully elec-
trospun into both random and uniaxially aligned nanofiber mats with similar fiber diameters
by simply altering the speed of the rotating mandrel collector from 10,000 to 33,000 RPM.
PNIPAM nanofibers were crosslinked with OpePOSS, which was verified using FTIR. The
mechanical properties of the scaffolds were characterized using dynamic mechanical analy-
sis, revealing an order of magnitude difference in storage modulus (MPa) between cured
and uncured samples. In summary, cross-linked PNIPAM nanofiber scaffolds were deter-
mined to be stable in aqueous culture, biocompatible, and thermoresponsive, enabling their
use in diverse cell culture applications.

Introduction

For decades now, tissue engineers have developed myriad ways to regenerate or replace dam-
aged tissues and organs with tissue-engineered constructs. In the case of cell-based constructs,
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expanding cells in vitro for eventual in vivo transplantation is hindered by using biochemical
enzymes to release cells from tissue culture plastic. These enzymes (i.e. tryspin, EDTA)
degrade cell-cell and cell-matrix interactions, which are critical mediators in cellular function
and phenotype. To circumvent the use of enzymes, thermoresponsive polymers have been
developed and extensively used as cell culture substrates due to their temperature dependent
physico-chemical properties. One thermoresponsive cell culture substrate, Nunc UpCell, is
commercially available and features covalently grafted poly(N-isopropylacrylamide) (PNI-
PAM). Temperature-responsive PNIPAM exhibits a reversible phase change at its lower criti-
cal solution temperature (LCST) of 32°C. Above 32°C, PNIPAM is hydrophobic, supporting
protein adsorption and cell adhesion and proliferation. Upon a temperature switch below
32°C, PNIPAM is hydrophilic and the rapid hydration of the polymer network results in
cellular detachment [1]. Use of thermoresponsive polymers for cell culture substrates, such

as UpCell, allows for the noninvasive collection of a cell monolayer with preservation of the
extracellular matrix (ECM) [2,3] and important cell-cell junctions; therefore increasing the
probability of successful implantation and host integration [4].

The ECM has important nanofibrous architecture that governs cell adhesion, proliferation,
migration, and differentiation [5-7]. Because the ECM also anchors and supports cells physi-
cally, it is desirable to create tissue-engineered scaffolds that mimic native ECM. Various
processing techniques have been introduced to fabricate nanofiber scaffolds, such as phase sep-
aration, self-assembly, and electrospinning, the latter attracting significant attention because of
its ease-of-use and cost-effectiveness. The process of electrospinning creates 3D nanofibrous,
porous mats with a high surface area to volume ratio, allowing for increased cell binding sites
and transport of oxygen or growth factors through the scaffold. This high surface area to vol-
ume ratio has also proven beneficial in the specific case of PNIPAM,; it has been demonstrated
that increasing the surface area to volume ratio of PNIPAM substrates resulted in faster cellu-
lar release times compared to 2D PNIPAM constructs [8]. Several studies have reported on
successful electrospinning of PNIPAM, utilizing different molecular weights, solvents, and
electrospinning parameters [2,9-12]. Cicotte et al. found that electrospun scaffolds of high
molecular weight PNIPAM (300 kDa) were thermoresponsive, biocompatible, and stable in
aqueous culture, but scaffolds of LMW PNIPAM (40 kDa) dissolved instantly upon aqueous
immersion [10]. Allen et al. successfully generated HMW PNIPAM/PCL co-fibers that were
biocompatible, yet reported impaired cell viability on 100% PNIPAM scaffolds [12]. Although
neither of these studies cross-linked the PNIPAM mats, it is known that linear PNIPAM is sol-
uble in water [9,13]. Electrospun PNIPAM nanofibers would therefore lose their desirable 3D
architecture upon introduction to aqueous culture. To circumvent this issue, Wang et al.
developed a methodology to cross-link PNIPAM nanofibers using Octaglycidyl polyhedral
oligomeric silsesquioxane (OpePOSS) as a crosslinker with a strong base catalyst (2-ethyl-
4-methylimidazole, EMI), followed by heating. Their optimized approach produced highly sta-
ble and robust thermoresponsive PNIPAM nanofibers [14].

Apart from the PNIPAM/PCL co-fibers reported by Allen et al. in 2017, electrospun PNI-
PAM nanofibers have been collected as nonwoven mats on grounded collector plates. The
resulting random fiber orientation, albeit 3D, biocompatible, and thermoresponsive, does
not mimic the anisotropic architecture of native ECM found in tissues such as nerve, heart,
and muscle. However, by placing a rotating mandrel in the electric field gradient during the
electrospinning process, nanofibers can be aligned in the direction of rotation, thereby pro-
viding the biophysical cues that drive cellular alignment, guide cell migration and extension,
and subsequently influence cell phenotype that more closely mimics native tissues [15-17].
Thus, the present study optimizes the electrospinning process to create thermoresponsive,
aligned PNIPAM nanofibers capable of supporting cell adhesion and proliferation for use in
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tissue engineering applications where uniaxial alignment is ideal, such as vascular, bone, or
neural grafts.

In this study, we employ factorial design of experiments (DOE) to systematically determine
the effects of different electrospinning process parameters on PNIPAM nanofiber diameter
and alignment. Few studies have utilized a DOE for the optimization of electrospun nanofiber
diameter and alignment [18-21]. Here, we present the range of parameters tested and aim to
highlight the robustness of a statistical DOE approach in identifying an optimal parameter set
for the electrospinning of PNIPAM. We demonstrate that HMW PNIPAM can be electrospun
into random or uniaxially aligned nanofiber mats by simply altering speed of the rotating man-
drel collector. Importantly, fiber diameter was the same for random vs. aligned fibers, allowing
for an accurate comparison in future studies that examine the effects of alignment on cell func-
tion and phenotype. The optimized cross-linked nanofibers were stable in aqueous culture,
biocompatible, and thermoresponsive.

Materials and methods
Materials

High molecular weight (HMW) poly(N-isopropyl acrylamide) (PNIPAM, MW = 300,000 Da)
was purchased from Scientific Polymers (Ontario, NY). Octaglycidyl polyhedral oligomeric sil-
sequioxane (OpePOSS) was purchased from Hybrid Plastics Inc. (Hattiesburg, MS). 2-ethyl-
4-methylimidazole (EMI), tetrahydrofuran (THF), and dimethylformamide (DMF) were pur-
chased from Sigma Aldrich (St. Louis, MO). PNIPAM, OpePOSS, and EMI were dissolved by
vortexing in 1:1 THF: DMF (by volume) at room temperature at a ratio 100:20:0.3, respec-
tively. The final PNIPAM concentration was 12% by mass. The following materials were used
for cell culture: Dulbecco’s Modified Eagle Medium (DMEM) from Gibco (11885-084), 0.25%
trypsin/2.21mM EDTA 1x from Corning (25-053-CI), penicillin streptomycin solution 100x
from Corning (30-001-CI), and Qualified, US Origin fetal bovine serum from Gibco (26-140-
079). Nunc 48-well multidishes with UpCell surface were purchased from Thermo Scientific.

Nanofiber fabrication and characterization

Fiber morphology optimization. A vertical electrospinning set-up was utilized to fabri-
cate PNIPAM nanofibers. Voltage was supplied by a DC power supply (Omega High Voltage
Research, FL), and flow rate was controlled using a syringe pump (New Era Pump Systems,
NY). All samples were collected on a grounded collector plate, wrapped in aluminum foil, and
vacuum desiccated overnight before further use. A fractional factorial design of experiment
(DOE) with three factors and two levels was constructed to identify electrospinning process
parameters influencing PNIPAM fiber diameter. The factors and levels examined were: col-
lecting distance (10 and 20cm), applied voltage (10 and 25 kV), and syringe pump flow rate
(0.1 and 1.0 mL/hr). The PNIPAM solution was loaded into a 5 mL glass syringe, fitted with a
22-gauge (0.41mm ID) needle.

Imaging and analysis. The morphologies of nonwoven and aligned PNIPAM nanofiber
scaffolds were analyzed using a scanning electron microscope (SEM; Phenom ProX micro-
scope) at an accelerated voltage of 5 kV). Prior to imaging, samples were coated with 250 Ang-
stroms of gold via a Denton Desk V Sputter Coater. Fiber diameters were quantified using the
SEM micrographs and Image J software (NIH). For each sample, 5 random field images were
taken and 20 fibers were measured in each image. Fiber alignment was quantified as a coher-
ency value using the Orientation J plug-in for the dominant direction in Image J [22].

Aligned fiber optimization. A rotating mandrel design was utilized in conjunction with
the vertical electrospinning set-up described above to fabricate a PNIPAM scaffold with
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aligned nanofibers. An aluminum mandrel was placed between the needle tip and grounded
collector plate to interrupt the electric field and collect the fibers. Two different mandrel set-
ups were used: an IKA RW 16 basic overhead stirrer with speeds ranging between 50 and 1545
RPM and a Dremel 300 with variable speed range of 10,000 to 33,000 RPM. Two factor, two-
level DOE was designed to optimize nanofiber alignment and diameter. In the first study,
mandrel diameter was varied from 0.75 inches (19mm) to 1.25 inches (32mm) and mandrel
speed from 675 RPM to 1356 RPM. The collecting distance, applied voltage, and syringe pump
flow rate were held constant at 13 cm, 15 kV, and 0.1 mL/hr, respectively. In the second study,
mandrel diameter was varied from 0.156 inches (4mm) to 0.195 inches (5mm) and mandrel
speed from 10,000 RPM to 33,000 RPM. Collecting distance, applied voltage, and syringe
pump flow rate were held constant at 11 cm, 20 kV, and 0.1 mL/hr, respectively. The PNIPAM
solution was loaded into a 5 mL glass syringe, fitted with a 22-gauge needle. To remove nanofi-
bers from the mandrel, the scaffold was carefully cut using a razor blade along the length of the
mandrel, unwrapped, placed on aluminum foil and vacuum desiccated overnight.

Crosslinking reaction. After dessication overnight, electrospun scaffolds of PNIPAM:
OpePOSS:EMI were chemically crosslinked to improve the stability of the scaffold in aqueous
solutions, based on the methods described by Wang et al. [14]. All samples were cured in an
oven at 120°C for 4 hours. After curing, samples were stored in a dessicator until needed.

Fourier-transform infrared spectroscopy. To verify inclusion of OpePOSS and reaction
of epoxide functionalities, attenuated total reflectance (ATR)-FTIR was performed on dried
nanofibers using a ThermoScientific Nicolet iS50 spectrometer with a single-bounce diamond
ATR crystal. The spectra were collected over a range of wavenumbers (600 to 4000 cm™') with
16 scans and a resolution of 8 (0.964 cm™). To verify the crosslinking reaction extended
beyond the material surface, transmission-mode FTIR experiments were conducted using the
Nicolet iS50 equipped with a DTGS KBr detector. Spectra were collected using 16 scans with a
resolution of 8 and analyzed with Omnic software (Nicolet).

Dynamic mechanical analysis. DMA measurements were performed on a TA Instru-
ments Q800 dynamic mechanical analyzer. Samples were measured using a strain amplitude
0f 0.10% at 1 Hz with a preload force of 0.1 N in oscillatory film tension mode at room temper-
ature in the unaligned direction. Reported values contain averaged data of storage modulus
values measured in triplicate from three independently prepared samples. Error bars represent
standard error of the mean.

Aqueous stability and phase transition. The stability of the scaffold in aqueous solutions
was quantified by measuring mass loss over time. The cured samples were first massed and
then immersed in deionized water at 37°C for 24 hours and 7 days. The samples were removed
from the water and vacuum desiccated for 48 hours to ensure complete water removal. The
samples were massed again after drying. These experiments were conducted in triplicate. To
qualitatively assess scaffold stability and physically observe the phase transition due to a tem-
perature shift, the cured samples were immersed in deionized water and incubated overnight
at 37°C and 5% CO,. The samples were removed from the incubator and allowed to cool to
room temperature (~22°C) (below their LCST) to facilitate the hydrophobic-hydrophilic
phase transition. This phase transition of the immersed samples was qualitatively assessed by
observing the phase change of the scaffold from relatively opaque above the LCST to relatively
transparent below the LCST.

Cell studies

Thermoresponsive cell release. Cell studies were performed using murine L-929 fibro-
blasts (ATCC) cultured in DMEM, supplemented with 10% fetal bovine serum and 1%
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penicillin/streptomycin. L-929 fibroblasts were passaged using trypsin/EDTA. Nanofiber scaf-
folds were cut into 1.0 cm-diameter circles using a biopsy punch and fixed to the bottom of a
48-well plate with vacuum grease to prevent them from floating. TCP and PNIPAM UpCell
were used as controls. All wells (n = 3 per group) were incubated overnight at 37°C and 5%
CO, in full serum media for preconditioning prior to cell-seeding [23]. Cells were seeded at a
density of 30,000 cells/cm®. After an initial 16 hour attachment period (i.e. overnight), the
attached cells were washed with room temperature media (~22°C) to facilitate temperature-
stimulated detachment for 5 minutes. After the 5 minute detachment period, the supernatant
was transferred to an empty well of the culture plate. The number of viable cells in the superna-
tant was determined using a CellTiter 96 AQ,eous One Solution Cell Proliferation Assay (Pro-
mega, WI), according to the manufacturer’s directions. Warmed culture medium (37°C) was
added to the original cell-seeded wells, along with MTS reagent, to measure the number of via-
ble cells still attached to the substrate. After the 2-hour MTS incubation period, 100ul of solu-
tion from each experimental well was measured using a BioTek Synergy HT Microplate
Reader, and absorbance at 490nm was converted to cell number using a standard curve. The
percentage of thermoresponsive cell release was calculated as the number of cells released
divided by the total cell number (cells released plus cells remaining).

Cell proliferation assay. To measure cell growth over the course of 48 hours, TCP,
UpCell, and nanofiber scaffolds were preconditioned as described above and seeded with L-
929 fibroblasts at a density of 25,000 cells/cm? in triplicate. The number of viable cells was
determined at each time-point using the MTS assay. After 4, 24, and 48 hours in culture, sam-
ple media was refreshed and MTS reagent was added. After the 2-hour incubation period at
37°C, 100 pL of supernatant was transferred to a 96 well plate and absorbance was measured at
490nm using the BioTek plate reader.

Statistical analyses

Minitab 18 Statistical Software was used for all DOE design and statistical data analysis. 2-sam-
ple t-tests were used to determine significance between two experimental groups, while single-
factor analysis of variance (ANOVA) coupled with Tukey’s post hoc test was employed to
assess statistical difference between three or more sample groups. General Linear Model
Regression Analysis was used to determine significance in the slopes of the linearized cell
growth model. Statistical significance was asserted at p-value < 0.05.

Results and discussion
Nanofiber fabrication

The fabrication of tissue-engineered scaffolds that mimic the native 3D architecture of the
ECM is necessary to facilitate the complex interactions that occur between cells and their
microenvironment in native tissues. The process of electrospinning is a well-studied method-
ology for creating nanofiber scaffolds with desirable features, such as high surface area and
porosity [5,24,25]. In this first experiment, we designed a two-level fractional factorial design
of experiment (DOE) to determine the influence of the electrospinning process parameters of
collecting distance, applied voltage, and flow rate on PNIPAM nanofiber morphology and
diameter. The SEM images presented in Fig 1(A)-1(D) show the results of varying collecting
distance and voltage at a flow rate of 0.1 ml/hr. As shown, nanofiber morphology is qualita-
tively comparable for the parameters tested, and the parameters yield uniform fibers in a ran-
dom orientation. Fiber diameter was quantified for all groups and is presented in Fig 1E.
There was no statistical difference in fiber diameter across the four different groups at 0.1
ml/hr (ANOVA). At 1 ml/hr flow rate, nanofibers electrospun at 15 kV, and 10 cm, were
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Fig 1. Non-woven PNIPAM nanofiber diameter as a function of collecting distance, flow rate, and voltage. The
images in panels A-D are samples at the 0.1 ml/hour flow rate. (A) 10 cm collecting distance, 15 kV applied voltage. (B)
10 cm, 25 kV. (C) 20 cm, 15 kV. (D) 20 cm, 25 kV. Scale bar (lower left of each image) is 20 um. Electrospinning
parameters held constant: 12% (w/w) PNIPAM:OpePOSS:EMI (100:20:0.3) in a solution of THF:DMF (1:1), 22 ga.
needle. (E) Quantitative effects of process parameters on fiber diameter. * p<0.05 relative to other samples at Iml/hr
flow rate. (F) Pareto Chart of the Effects for analysis of the factorial design shows that flow rate effects fiber diameter
the most, although not significantly at the ranges tested.

https://doi.org/10.1371/journal.pone.0219254.9001

statistically greater than the other groups at that same flow rate. Analysis of the factorial design
in Minitab yielded the Pareto chart of the effects, as shown in Fig 1F. A Pareto chart of the
effects is useful for determining the magnitude and importance of an effect. Any effect that
extends past the statistical reference line (o = 0.05) on the chart is considered significant [26].
As shown in Fig 1T, flow rate, voltage, or collecting distance do not significantly influence
fiber diameter at the values tested. While not statistically significant, flow rate is shown to have
the most impact on average fiber diameter. As a result, we elected to use the 0.1 ml/hr flow rate
at 15kV and 10cm for all studies moving forward, as the fiber morphology was uniform and
average fiber diameter was in acceptable ranges-approximately 400-600nm.

Aligned nanofibers are advantageous for replicating the ECM in anisotropic tissues. This
macro-level anisotropy of the uniaxially aligned fibers can provide guidance for cell growth,
proliferation, migration, and differentiation [27,28]. Several techniques for aligning nanofibers
have been reported in the literature, including electrospinning onto grounded parallel elec-
trodes [24,29,30], rotating disk [31,32], and rotating drum [24,33,34]. In this study, we
employed a rotating mandrel set-up and designed a two-level full factorial design of experi-
ment (DOE) to determine if mandrel diameter or mandrel speed affect fiber orientation. The
flow rate, voltage and collecting distance were held constant at 0.1 mL/hr, 15 kV, and 13 cm,
respectively. The lower and upper limits of mandrel diameter and speed were 0.75 inches and
1.25 inches and 675 RPM and 1,356 RPM, respectively. The representative SEM images in Fig
2(A)-2(D) show uniform morphology, but no uniaxial alignment of nanofibers. Fiber align-
ment is quantified as a coherency value from Orientation J in Fig 2E; a coherency coefficient
close to 1 indicates a strongly coherent orientation of fibers in the direction of the long axis.
All coherency values are low—under 0.40 —indicating little alignment of the nanofibers in the
scaffold. The Pareto chart in Fig 2F shows no statistical significance of the mandrel diameter
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Fig 2. PNIPAM nanofibers as a function of mandrel diameter and mandrel speed. (A) 0.75” (19mm) mandrel
diameter, 675 RPM. (B) 0.75”, 1356 RPM. (C) 1.25” (31.8mm), 675 RPM. (D) 1.25”, 1356 RPM. Scale bar (lower left of
each image) is 20 um. Alignment is not affected by mandrel diameter or mandrel speed, as shown in (E) as coherency
values and (F) in the analysis of the factorial design.

https://doi.org/10.1371/journal.pone.0219254.9002

or speed on coherency factor, as tested at an alpha level of 0.05. However, the Pareto chart
does indicate that mandrel speed may have a greater influence on coherency factor, as shown
by the factor bar having the highest standardized effect.

To test the hypothesis generated from the results in Fig 2, we used another two-level facto-
rial DOE to determine the effect of greater mandrel speeds on nanofiber alignment. A Dremel
300 was used for its range of speeds: 10-33k RPM. However, the Dremel chuck is more limited
in size, so only a very narrow range of mandrel diameters could be tested safely. The lower and
upper limits of mandrel diameter and speed were 0.156 inches and 0.195 inches and 10,000
RPM and 33,000 RPM, respectively. Representative SEM micrographs in Fig 3(A)-3(D) quali-
tatively demonstrate that alignment is achievable at the highest mandrel speed (Fig 2B and
2D). The Pareto chart in Fig 3E confirms the statistical significance of mandrel speed on nano-
fiber alignment, represented by the coherency factor from Orientation ]. Average fiber diame-
ter for the PNIPAM scaffold electrospun on the 0.156 inch diameter mandrel is shown in Fig
3F. Importantly, fiber diameters of scaffolds electrospun at mandrel speeds of 10,000 and
33,000 RPM were found to be statistically similar; this will prove important in future studies
when comparing the cellular effects on random vs. aligned fibers. Alignment of the PNIPAM
scaffold electrospun on the 0.156 inch diameter mandrel is presented in Fig 3G as the coher-
ency factor from Orientation J. Scaffolds electrospun at a mandrel speed of 33,000 RPM had a
significantly higher coherency factor (0.74)-indicating a high degree of alignment for a scaf-
fold electrospun on a high speed mandrel. These results indicate that alignment of PNIPAM
nanofibers is dependent on the speed of the collecting mandrel. A high degree of nanofiber
alignment obtainable at high collecting mandrel speeds, while still maintaining a desirable
fiber diameter.

PNIPAM has been studied extensively for various biomedical applications ranging from
drug delivery to tissue engineering. The polymer is typically fabricated into a thermorespon-
sive gel, and only recently has the idea of electrospinning PNIPAM come into the literature.
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Fig 3. Effect of mandrel diameter and speed on fiber diameter and coherency. (A) 0.156” (4mm) mandrel diameter, 10,000
RPM. (B) 0.156”, 33,000 RPM. (C) 0.195”, 10,000 RPM. (D) 0.195”, 33,000 RPM. (E) Factorial design analysis shows mandrel
speed to be a significant factor on Coherency (alignment). (F) Fiber diameter and (G) Coherency of nanofibers spun at 33,000
RPM and mandrel diameter 0.156”. Scale bar (lower left of each image) is 20 um. *p<0.05 by 2-sample t-test.

https://doi.org/10.1371/journal.pone.0219254.9003

Several groups have examined the effect of polymer solution concentration, composition and
solvent choice on PNIPAM fiber diameter [9,12,35]. All of the groups reported a “dog bone”
morphology in the cross sections of the electrospun PNIPAM fibers, attributing this phenome-
non to the electric charge distribution in fibers during electrospinning [9]. Molecular weight
of the polymer reflects the entanglement of polymer chains in solution, or the solution viscos-
ity, and has been shown to have an important effect on fiber morphology [25,36]. All groups
report the feasibility of electrospinning nonwoven scaffolds of HMW PNIPAM, composed of
fibers with average diameters on the order of microns [9,12,35]. Alignment of nanofibers is
desirable to drive a certain cell phenotype and encourage growth of cells in the direction of
alignment. Previously, Edwards et al. examined the influence of a rotating collector on the
internal and external structure of electrospun PCL fibers, reporting reduced fiber diameter as
speed of the collector increases and the ability to control fiber structure for specific applica-
tions [37]. More recently, Allen et al. reported on aligning PNIPAM/PCL polymer blends by
electrospinning onto a rotating mandrel, achieving fiber alignment at varying concentrations
of PCL; however their studies only included a narrow range of rotating speeds, and their fibers
maintained diameters in the micron range a [12]. Here we report electrospun PNIPAM fibers
(using the Dremel) with a uniform morphology and diameters in the range of 700-900 nm,
which more closely mimics native ECM components with the goal to enhance cell adhesion
[38]. We provide a method for aligning PNIPAM nanofibers without chemical modification
or use of another polymer. The results further provide an understanding of the effect of man-
drel diameter and speed on the alignment of nanofibers in the scaffold.

Nanofiber crosslinking and characterization

PNIPAM has shown to be soluble in aqueous solutions [1]; therefore, to maintain stability in
cell culture, we chemically crosslinked the electrospun PNIPAM scaffolds. SEM micrographs
in Fig 4A and 4B depict the nanofiber morphology before and after curing at 120°C for 4
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Fig 4. PNIPAM nanofiber morphology before and after curing. (A) Aligned nanofibers before heat treatment. (B)
Aligned nanofibers after heat treatment. Scale bar (lower left of each SEM image) is 20 um. (C) FTIR spectra of
PNIPAM-only fibers and PNIPAM:OpePOSS:EMI fibers before and after curing. Characteristic OpePOSS peaks at
1110 cm™ are present in the cured and uncured samples. After curing, the epoxide peak at 910 cm™ disappears (inset).
(D) Modulus of aligned and unaligned nanofiber scaffolds increases significantly after curing.

https://doi.org/10.1371/journal.pone.0219254.9004

hours. Fibers maintain uniformity, but develop a characteristic waviness. ATR-FTIR spectros-
copy was used to confirm the crosslinking reaction (Fig 4C). A PNIPAM nanofiber scaffold
electrospun without OpePOSS and EMI in solution was used as a negative control. As seen in
the spectra, the PNIPAM sample lacked the characteristic OpePOSS peak at 1110 cm™, which
was present in both the uncured and cured samples. Additionally, as shown in Fig 4C inset,
the characteristic epoxide peak at 910 cm™ disappears after heat treatment, confirming the
crosslinking via ring-opening of epoxide groups in OpePOSS [39]. To verify if the crosslinking
reaction occurred beyond the surface of the scaffold, FTIR spectra of PNIPAM:OpePOSS:EMI
scaffolds before and after curing were obtained in transmission mode. Similar to the ATR-F-
TIR spectra, the epoxide peak at 910 cm™ disappeared after curing, indicating that the cross-
linking reaction occurred throughout the scaffold (S1 Fig) Based on this measurement and the
100:20 PNIPAM:OpePOSS ratio used in this study, the percent crosslinking of the -NH groups
on the PNIPAM is approximately 14%, which is slightly higher than that reported by Wang
et al,, an expected result given the 100:15 PNIPAM:OpePOSS ratio used in their study. Nearly
identical FTIR spectra were acquired in various locations in the same cured sample, indicating
a high level of spatial uniformity in our samples.

The mechanical properties of the scaffolds, namely storage modulus (MPa), were quantified
using dynamic mechanical analysis (DMA). As shown in Fig 4D, the modulus increased
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significantly (by an order of magnitude) after curing. There was no significant difference
between aligned and unaligned samples in either uncured scaffolds or cured scaffolds. Due to
limitations in the size of scaffolds produced on the Dremel 300 mandrel (4mm diameter), the
modulus was not measured in the uniaxial direction of alignment. Although not statistically
significant (p = 0.087), the unaligned uncured sample had a higher modulus than the aligned
uncured scaffold, confirming the difference in fiber morphology (physical entanglement of
nanofibers). In aligned nanofiber scaffolds, the modulus increased significantly after curing
(measured perpendicular to alignment direction), confirming crosslinking between adjacent
fibers [40,41].

To confirm crosslinking and determine aqueous stability over time, the cured PNIPAM
scaffolds were immersed in deionized water and incubated overnight. Fig 5 shows the scaffolds
immediately after being removed from the incubator at 37°C (A), and after cooling to 22°C
(B), which took about 15 minutes. The scaffolds were opaque at 37°C, because of being above
the polymer LCST in a collapsed, hydrophobic state. The scaffolds maintained their physical
shape (i.e. minimal contraction) after cooling and appeared relatively translucent, because of
being below the polymer LCST in a swelled, hydrophilic state. Notably, these nanofiber scaf-
folds were cycled through thermoresponsive phase changes once a day for 7 consecutive days
to determine long-term stability for cell culture. The scaffolds continually cycled through the
phase transitions with no observable changes in scaffold size or shape, demonstrating feasibil-
ity of use for tissue engineering applications. Mass loss of the scaffolds was measured after 1
and 7 days of immersion in deionized water. The average percent mass loss was not statistically
different between 1 and 7 days in culture, as shown in Fig 5C. Since PNIPAM is not biodegrad-
able [42], the observed percent mass loss may be attributed to fraying edges of nanofibers after
the scaffolds were cut for experimentation.

PNIPAM has been electrospun previously in combination with other biocompatible and
biodegradable polymers for use in cell culture applications [11,12]. However, pure electrospun
PNIPAM has had limited success [10] for in vitro applications because it solubilizes in aqueous

®

o—
o
L

Percent Mass Loss (%)
l\ _ =

1day 7 days

Fig 5. Aqueous stability and observable phase transition of cured PNIPAM nanofiber scaffolds after 1 or 7 days of
immersion in deionized water. Qualitative scaffold images taken at 24 hours at 37°C above LCST (A) and 22°C, below
LCST (B). Scale bar is 1cm. Aqueous stability is quantified as percent mass loss (C). Mass loss does not change
significantly with increasing time in culture (p = 0.710).

https://doi.org/10.1371/journal.pone.0219254.9005
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solutions due to its imperfect hydrophobicity [43]. Cicoette et al. reported the presence of ther-
moresponsive properties in HMW PNIPAM scaffolds electrospun in methanol [10]. Swelling
and collapsing of the polymer scaffold, below and above the LCST, was observed with an
inverted optical microscope to show the thermoresponsive properties of the scaffold and the
stability in aqueous solutions [10]. Maeda et al. also electrospun HMW PNIPAM fiber meshes
and demonstrated dynamic shrinking behavior upon heating above the LCST due to the high
surface area and porosity of the meshes. Although very promising as a temperature-modulated
cell capture and release system, the dynamic shrinking of the scaffold is problematic for cell
sheet growth [36]. Slemming-Adamsen et al. developed a method using N-hydroxysuccini-
mide (NHS) and N-(3-dimethylaminopropyl)-N’ethylcarbodiimide hydrochloride (EDC) to
chemically crosslink an electrospun scaffold made of gelatin and an N-hydroxysuccinimide
ester terminated PNIPAM chain [44]. The scaffolds exhibited thermoresponsive properties

by undergoing conformational changes above and below the LCST; however the fiber size
changed, shrinking from 700 nm to 400 nm when heated to 37°C. Furthermore, NHS ester-
terminated PNIPAM is not commercially available without custom synthesis, while the cross-
linking methodology using OpePOSS is simple to incorporate, inexpensive, and readily avail-
able. Allen et al. observed greater than 75% mass loss for scaffolds containing 90% or more
PNIPAM, which is not surprising without chemical crosslinking [12]. To this end, the present
study expands upon the crosslinking methodology reported by Wang et al. to align PNIPAM
nanofibers in the nanometer range without the use of additional polymers [14].

Cell culture applications

To further examine the thermoresponsive properties of the scaffold, the release of L-929 fibro-
blasts was measured after 16 hours of initial attachment to the electrospun PNIPAM scaffold,
UpCell, and TCP surfaces. Fig 6A quantifies the percentage of cellular release as a function of
culture surface. The UpCell surface and electrospun PNIPAM scaffold exhibited no significant
difference in thermoresponsive cellular release; however, as expected, both thermoresponsive
substrates released statistically more cells than the TCP negative control.

50 | 11.0 1 l e . +
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Fig 6. L929 cell attachment, thermorelease, and proliferation on cured PNIPAM nanofiber scaffolds compared to TCP and Nunc
PNIPAM UpCell Surface. (A) Thermoresponsive release of L929 cells after 16 hours in culture. Cured PNIPAM nanofiber scaffolds were
statistically similar compared to commercially available Nunc PNIPAM UpCell Surface. Tissue culture plastic (TCP) was used as a negative
control. (*p < 0.05 compared to TCP). (B) L929 cell attachment and proliferation on cured PNIPAM nanofiber scaffolds compared to TCP and

Nunc PNIPAM UpCell Surface. Cell growth rates (a comparison of slopes) were statistically similar on all substrates. (p = 0.169 by General
Linear Model Regression).

https://doi.org/10.1371/journal.pone.0219254.9006
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UpCell temperature-responsive cell culture dishes have become the standard of practice
in the field of cell sheet engineering. From a technical bulletin produced by the company, the
acceptable detachment from UpCell is 50% [45]. Due to their comparable thermoresponsive
cell release, electrospun PNIPAM scaffolds could become a reasonable alternative to UpCell
for cell sheet harvesting. Additionally, electrospun PNIPAM scaffolds offer the advantage
of a 3D architecture more closely replicating ECM and the potential for anisotropic tissue
formation.

Following confirmation that the scaffolds could support initial cell attachment and release
cells in response to a temperature-induced phase shift, we cultured L-929 cells on the scaffolds
over 48 hours to determine longer-range biocompatibility and quantify cell proliferation. As
described above, TCP and UpCell were used as control groups. In Fig 6B, cell density of L-929
cells was measured at 4, 24, and 48 hours of culture on PNIPAM scaffolds, UpCell, and TCP
and plotted as a natural log of cell number. Statistical analysis shows that cell density is statisti-
cally different between all three surfaces at 4 and 24 hours. At 48 hours, cell density converges,
yet the cell density on PNIPAM remains significantly lower. Because our nanofiber scaffolds
contain OpePOSS, it is important to note that OpePOSS has been confirmed to be non-cyto-
toxic and biocompatible [46]. POSS was synthesized to improve the thermal response rates of
PNIPAM hydrogels and has been shown to enhance glass transition temperatures, as well as
thermal stability when compared to plain PNIPAM networks [47]. A recent study by Tong
et al. also demonstrated enhanced cell adhesion and proliferation on POSS-PNIPAM hydrogel
scaffolds compared to PNIPAM hydrogels without POSS [48].

It is reasonable to interpret the 4-hour time-point as the initial level of attachment. Due to
lower initial cell density on PNIPAM scaffolds, we used the linearized form of the growth
equation to examine cell growth over time, as shown in the following equation:

In(X) =1n (X,) + ut,

where X is the concentration of the cells on the substrate at time t, X, is the initial concentra-
tion of cells adhered to the substrate, and p is the cell growth rate.

Fig 6B plots the linearized growth equation to more easily compare the growth rates, as
shown by the slopes of the linear trendlines. Using regression analysis, the slopes were deter-
mined to be 0.039, 0.0334, and 0.0224 for the PNIPAM Scaffold, UpCell, and TCP, respec-
tively. The General Linear Model Regression Analysis in Mintiab was used to compare these
slopes. The p-value for the general regression analysis was 0.169, indicating the growth rate of
cells on each scaffold is not statistically different. To this end, data presented in Fig 6 confirm
that OpePOSS-containing PNIPAM nanofiber scaffolds are thermoresponsive and capable of
supporting fibroblast cell growth over time, albeit with a lower initial cell density. To circum-
vent this low initial attachment rate and improve cell adhesion, PNIPAM nanofibers could be
coated with ECM proteins, such as Matrigel [12], fibronectin [28], or collagen [49].

Conclusions

In this study, we employ factorial design of experiments to systematically determine the effects
of different electrospinning process parameters on PNIPAM nanofiber diameter and align-
ment. Here, we present the range of parameters tested and aim to highlight the robustness of a
statistical DOE approach in identifying an optimal parameter set. We demonstrate that HMW
PNIPAM can be electrospun into random or uniaxially aligned nanofiber mats by simply alter-
ing speed of the rotating mandrel collector. Importantly, fiber diameter was the same for ran-
dom vs. aligned fibers, allowing for an accurate comparison in future studies that examine the
effects of alignment on cell function and phenotype. The optimized cross-linked nanofibers
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were stable in aqueous culture, biocompatible, and thermoresponsive. The PNIPAM scaffolds
fabricated in the present study show promise for tissue engineering applications where uniax-
ial alignment is ideal, such as vascular, bone, or neural grafts.

Supporting information

S1 Fig. FTIR spectra PNIPAM:OpePOSS:EMI fibers before and after curing. After curing,
the epoxide peak at 910 cm™ disappears, indicating that the crosslinking reaction occurred
throughout the fiber scaffold.
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