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Abstract—Forced expression of transcription factors epige-
netically reprograms somatic cells harvested from routine skin
biopsies into induced pluripotent stem cells (iPSCs). Human
iPSCs are key resources for drug discovery, regenerative
medicine and tissue engineering. Here we developed a
materials approach to explore how culture substrates could
impact factor-mediated reprogramming of human fibroblasts.
A materials library consisting of nanofibrous substrates with
randomly oriented and aligned structures was prepared by
electrospinning four polymers [polylactic acid (PLA), polyc-
aprolactone (PCL), thermoplastic polyurethane (TPU) and
polypropylene carbonate (PPC)] into nanofiber orientations.
Adsorbing protein to each substrate permitted robust attach-
ment of fibroblasts to all substrates. Fibroblasts on aligned
substrates had elongated nuclei, but after reprogramming
factor expression, nuclei became more circular. Reprogram-
ming factors could override the nuclear shape constraints
imposed by nanofibrous substrates, and the majority of
substrates supported full reprogramming. Early culture on
PCL and TPU substrates promoted reprogramming, and
TGF-p repressed substrate effects. Partial least squares

Address correspondence to Krishanu Saha, Department of Bio-
medical Engineering and Wisconsin Institute for Discovery, Uni-
versity of Wisconsin-Madison, Madison, WI 53715, USA. Electronic
mail: ksaha@wisc.edu

This paper is part of the 2014 Young Innovators Issue.

Travis Cordie and Ty Harkness have contributed equally to this
work.

Krishanu Saha is an Assistant Professor in the Department of
Biomedical Engineering at the University of Wisconsin-Madison. He
is also a member of the Wisconsin Institute for Discovery in the
bionanocomposite tissue engineering scaffolds (BIONATES) theme.
Prior to his arrival in Madison, Dr. Saha studied Chemical Engi-
neering at Cornell University and at the University of California in
Berkeley. In his dissertation with Professors David Schaffer and
Kevin Healy, he worked on experimental and computational anal-
yses of neural stem cell development, as well as the design of new
materials for adult stem cell culture. In 2009 he became a Society in
Science: Branco-Weiss fellow in the laboratory of Professor Rudolf
Jaenisch at the Whitehead Institute for Biomedical Research at MIT
and in the Science and Technology Studies program at Harvard
University with Professor Sheila Jasanoff in Cambridge, Massa-
chusetts. Since then, he has performed research on human pluripo-
tent stem cells, disease modeling and synthetic biology.

379

modeling of the biochemical and biophysical cues within
our reprogramming system identified TGF-f and polymer
identity as important cues governing cellular reprogramming
responses. We believe that our approach of using a nanofi-
brous materials library can be used to dissect molecular
mechanisms of reprogramming and generate novel substrates
that enhance epigenetic reprogramming.

Keywords—Pluripotent stem cells, Reprogramming, Bioma-
terials, Electrospinning, Nuclear shape.

INTRODUCTION

Dramatic changes in cell fate and function can be
achieved via forced expression of transcription factors.'*
These changes are coordinated by particular combina-
tions of factors (e.g., Oct4, Sox2, Klf4 and c-Myc, or
Oct4, Sox2, Nanog and Lin28**%) and are molecularly
encoded at the epigenetic level. Such epigenetic repro-
gramming processes are typically multi-step and noisy,
generating many intermediate, partially reprogrammed
cell types during the process.>!” Improving methods to
accelerate reprogramming and generate high quality,
fully reprogrammed cells would advance the field and
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open up new applications in disease modeling,** tissue
engineering*! and drug discovery.'?

While extensive studies have been conducted on the
roles of transcription factors, miRNA, small molecules
and other soluble factors,'*'® very little is known
about how biophysical properties of cell culture sub-
strates influence somatic cell reprogramming. Recent
work with mouse fibroblasts indicated that altering the
biophysical microenvironment through the use of
microgroove channels and electrospun fibers induced
hyperacetylation of histones that synergized with Oct4,
Sox2, KIf4 and c-Myc reprogramming factors.'®
Hyperacetylation of histones has been shown to pre-
vent chromatin from compacting into a 30-nm fiber.*®
Such hyperacetylation could promote promiscuous
transcription by favoring a more open chromatin
conformation that permits binding of the reprogram-
ming factors and transcriptional machinery. Indeed, an
open chromatin structure induced by two histone
variants, TH2A and TH2B, was linked to enhanced
reprogramming.” Further, hyperacetylation of specific
sites in the genome or at specific lysines on histone 3
could directly serve as recognition sites for factors that
promote transcription.' For instance, acetylation of
lysine 27 on histone 3 (H3K27ac), an enhancer mark,
was increased in MBD3-depleted cells that had accel-
erated reprogramming kinetics.>* Acetylation machin-
ery could complex with other cofactors (e.g., WDRS)
and reprogramming factors to hyperacetylate chro-
matin at specific loci to locally enhance transcrip-
tion'*® to enhance reprogramming.'®'® Together,
these results suggest that materials that force nuclei to
have a more open chromatin environment by increas-
ing acetylation both globally and at specific sites in the
genome could synergize with reprogramming factors to
drive epigenetic reprogramming.

Because nanofibrous materials were successful in
mouse reprogramming'® and may be able to perturb
nuclei to adopt a more open conformation amenable to
reprogramming, we have taken an empirical approach
to identifying nanofibrous materials that could pro-
mote human reprogramming. Synthetic poly-
mers—PCL, PLA, PPC, and TPU—are commonly
used in manufacturing and polymer processing to
produce highly-aligned scaffolds that may be able to
alter nuclear shape. Furthermore, these materials can
be synthesized to mimic the fibrous nature of native
extracellular matrix (ECM), which has been shown to
change the degree of cellular adhesion to substrates
(e.g., through variations in ligand density, integrin
clustering and cytoskeletal organization?).

Here we describe the synthesis and characterization
of a material library of nanofibrous substrates gener-
ated by electrospinning PCL, PLA, PPC, and TPU.
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Reprogramming of human fibroblasts by transcription
factors was performed on this library to identify sub-
strates that enhanced factor-mediated reprogramming.
We found that nuclear shape can be perturbed on these
nanofibrous substrates, but reprogramming factors
rapidly erase these perturbations and induce a circular
shape early in the process. Several nanofibrous sub-
strates promoted reprogramming, and elevated repro-
gramming did not correlate with materials-induced
global hyperacetylation of histone 3. Regression of our
experimental dataset indicated a multivariate response
of cells to the biochemical and biophysical properties
of their microenvironment during reprogramming. We
expect this work to inform the development of design
rules for materials that can drive the epigenetic
reprogramming of patients’ cells.

MATERIALS AND METHODS

Materials

Polylactic acid (PLA, 2002 D) and poly(propylene
carbonate) (PPC, QPAC® 40) were purchased from
Natureworks LLC and Empower Materials Inc.,
respectively. Medical grade thermoplastic polyure-
thane (TPU, Texin® Rx85A) was generously donated
by Bayer Material Science Inc. Polycaprolactone
(PCL, Mn = 80000 g/mol), polyacrylic acid (PAA,
Mn = 50000 g/mol), chloroform (CF, ACS regent),
N,N-dimethyl formamide (DMF, ACS regent) and
pentyl acetate were all purchased from Sigma-Aldrich
(Milwaukee, WI, USA). Manufacturers for all other
reagents are listed below within the text.

Substrate Preparation

Each polymer solution was prepared at various
concentrations as described in Supplementary Table 1.
Electrospinning was carried out using a custom-built
electrospinning device as previously described.”® The
prepared solution was loaded in a plastic syringe
connected to an 18-gauge blunt-end needle and then
mounted on a digital syringe pump (Harvard Biosci-
ence Company). Spinning conditions consisted of a
voltage of 18 kV, a 15 cm needle-to-target distance,
and a 0.5 mL/h flow rate. Two parallel steel plates
separated by a 3 cm distance were used to collect the
aligned fibers. Fibers were then applied to sterilized,
round stainless steel washers (inner diameter of
8.33 mm, McMaster-Car; Part C0532R) to maintain
structural integrity for cell culture applications. Ran-
dom fibers were spun directly onto the washers.

Because we were unable to make aligned TPU fibers
without the addition of PAA, 1 wt% PAA was added
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to the TPU solution before electrospinning to improve
conductivity. However, dense fiber mats of random
TPU fibers could be created for water contact angle
(WCA) and Brunauner-Emmett-Teller (BET) assay
without the addition of PAA. To prepare the PCL
nanofibrous substrates with a ‘“‘shish kebab” structure
(PCL-SK), 30 uL of 0.8% PCL in the pentyl acetate
was dropped onto the prepared PCL nanofibers and
the samples were placed in the fume hood to let sol-
vents evaporate overnight.

Scanning Electron Microscopy Imaging and Analysis

Each nanofibrous substrate was imaged by scanning
electron microscopy (SEM, JEOL 6500, Nikon) using an
accelerating voltage of 10 kV. The electrospun substrates
were cut with a scalpel and sputter-coated with gold for
40 s before imaging. Images were converted to binary
format using ImagelJ, where the fibers appeared black and
the pores white. Fiber alignment, fiber diameter and
substrate porosity were determined by ImageJ software
analysis. The percentage of the white pixels relative to the
total scaffold surface area in each image was defined as the
percent porosity.>® For alignment and diameter mea-
surements, 50 fibers were profiled for each sample from 3
images. The fiber diameter was the average value of at
least 50 fibers measured using 3 images.

Water Contact Angle

WCA was calculated for each substrate in the ran-
dom orientation and before protein adsorption. Each
polymer sample was electrospun for up to 3 h in order
to create the proper thickness to support a water
droplet. Each sample was tested using the sessile drop
method during atmospheric conditions using a video
contact angle instrument (Dataphysics OCA 15) and a
droplet size setting of 4 ul.. Three samples for each
substrate were tested.

Mechanical Properties and Flexibility

Electrospun membranes and TCPS were configured
into a rectangular shape, with the dimensions of
50 x 10 mm.* Tensile tests were performed on an In-
stron 5565 universal testing machine using a 250 N load
cell with a crosshead speed of 5 mm/min. At least four
samples were tested for each type of electrospun fibrous
membrane. The Young’s modulus and elongation-at-
break were obtained from the stress—strain curves.

BET Surface Area

Surface areas of PLA, PCL and TPU substrates
were measured by a Brunauner—Emmett-Teller

instrument (Micromeritics Gemini VII Version 2.00)
using a nitrogen gas physical adsorption method. The
instrument accuracy had a lower limit of 0.1 m® and
therefore only randomly oriented substrates, which
could be synthesized at large scale, were measured.
Prior to the BET measurement, samples were degassed
in a vacuum oven at 45 °C for 24 h. A relative pressure
range, P/P,, of 0.05-0.25 was used for calculating the
BET surface area using the Gemini VII software. The
individual mass of each substrate (used in surface area
per substrate calculations) was assayed by measuring
the mass of each polymer (n = 15) with washer and
then subtracting the washer’s mass.

Protein Adsorption

The amount of protein adsorbed to each substrate
was calculated using the Pierce BCA Protein Assay Kit
and protocol (Thermo Fisher Scientific Inc., 2013) per
manufacturer’s instructions. Proteins were allowed to
adsorb onto the materials overnight, using the same
media conditions that were used when seeding cells. A
standard graph was made following the BCA standard
kit protocol using bovine serum albumin (BSA) as
standards. Absorbance at 560 nm of each sample
(n = 3) was measured using a plate reader (Promega
GloMax®-Multi Microplate Multimode Reader), and
protein content was inferred from the standard graph.

Substrate Processing for Cell Culture

After electrospinning, each fiber substrate was
allowed to air dry in a fume hood for at least 24 h, to
allow full dissipation of any residual solvents. Samples
were sterilized via ultraviolet light from the biosafety
cabinet (Baker Company) for 20 min on each side of
the scaffold. All cell culture experiments were con-
ducted in 24-well plates that were pre-treated with
polyhydroxyethylmethacrylate (poly-HEMA) (Sigma)
to prevent cell attachment to culture wells. Poly-
HEMA, 2 wt% solution was made with 100% ethanol
(Pharmco-AAPER, ACS/USP Grade). Each scaffold
was immersed in a protein solution to allow for protein
adsorption before cells were seeded. The protein solu-
tion contained the following components: DMEM-
high glucose (Life Technologies), supplemented with
5% FBS (Life Technologies), 2% Penicillin/Strepto-
mycin (Life Technologies) and growth-factor-reduced
Matrigel (BD) coated at a concentration of 0.02 mg per
well, for a minimum of 1 h inside an incubator at 37 °C.

Media Conditions

Fibroblast cells were maintained in a ‘““fibroblast
medium” consisting of DMEM-high glucose (Life
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Technologies), supplemented with 10% FBS (Life
Technologies), ] mM L-glutamine (Life Technologies),
1% nonessential amino acids (Life Technologies) and
Penicillin/Streptomycin (Life Technologies). Fibro-
blast medium was used during routine maintenance of
the cells as well as during seeding onto the scaffolds.

“E8 medium” was made in house following the
previously published protocol.* E8 medium was then
modified by excluding TGF-f, which is then referenced
as “E7 medium.” Both E8 and E7 are a defined, xeno-
free human pluripotent stem cell culture media and do
not contain serum. Both E8 and E7 were used to cul-
ture human embyronic stem cell (hESC) lines, WAOI
and WAO1 +H2B-mCherry cells, as well as the C1.2
iPSC line.

Generation of H2B-mCherry Transgenic Cells

hESC line WAOl (WiCell Research Institute)
underwent genome modification to create an H2B-
mCherry positive stem cell line via CRISPR/Cas9 gene
editing. The H2B-mCherry plasmid was generated by
cloning the H2B-mCherry sequence (Addgene # 20972)
into the GFP sequence of the AAV-CAGGS-EGFP
plasmid (Addgene #22212). This plasmid was electro-
porated with Cas9 plasmids as described previ-
ously.?®*® TIsolated cell lines retained constitutive
expression during culture and differentiation into
HEF1 (fibroblast) cells (see next section). The hESC
WAO1 + H2B-mCherry cell line was used for cell
attachment and proliferation data. The cells were
maintained on 6-well plates coated with Matrigel at a
concentration of 8.6 ug/cm®. All stem cell lines were
maintained with E8 medium, fed on a daily basis and
typically passaged every 4 days using EDTA (Versene,
Life Technologies).* Before seeding the hESCs onto
the corresponding substrates the cells were pretreated
with a ROCK inhibitor (Y-27632, Selleck Chemical) at
a 10 uM concentration for a minimum of 2 h. ROCK
inhibition prevents apoptosis of single cells during
passaging of human pluripotent stem cells.”%*%* The
passaged cells were seeded at a density of 4 x 10* cells
per well with E§ medium for attachment and prolif-
eration studies. Cells were fed on a daily basis and
cultured at incubator settings of 5% CO, and 37 °C.

Fibroblast Differentiation

WA09-H2B-mCherry hESCsand C1.2 iPSCs were
made into embryoid bodies via the Aggrewell method
(Stem Cell Technologies) per manufacturer’s instruc-
tions and cultured in non-adherent cell culture plates
(Corning Inc.) to form aggregates in ‘“‘differentiation
medium” comprised of 80% knockout Dulbecco’s
modified Eagle’s medium (KO-DMEM) (Invitrogen),
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I mM r-glutamine, 20% FBS, and 1% nonessential
amino acids. After 4 days in suspension, aggregates
were transferred onto matrigel-coated plates and cul-
tured for an additional 9 days. After three passages in
differentiation medium, cells were transitioned to
fibroblast media. Most cells in culture appeared
fibroblast-like after three to five passages. To confirm a
fibroblast phenotype after differentiation, cells were
stained with anti-prolyl 4-hydroxylase beta (mouse
monoclonal clone #3-2B12A, Acris Antibodies) as
described previously."

Fibroblast Reprogramming

C1.2 fibroblasts contain the doxycycline (DXC)-
inducible transcription factors Oct4, Sox2, Klif4 and
c-Myc."” The C1.2 cell line was prepared by infecting
C1 fibroblasts with a inducible c-Myc virus'® to gen-
erate a C1.2 iPSC line that could be differentiated into
“secondary” fibroblasts as described previously.'” C1.2
fibroblasts were cultured in fibroblast medium. Cells
were maintained between 5 and 15 passages with media
changes every 2 days and passaged every 67 days with
TrypLE (Invitrogen) on TCPS plates or flasks.

Cells were seeded at a density of 4 x 10* per well of a
24-well plate (BD) for reprogramming experiments.
DXC-treated cells were cultured with doxycycline hyclate
(Sigma Cat. D9891) at a final concentration of 2 ug/mL.
During reprogramming, cells were fed daily with fibro-
blast medium with DXC and 1 uM hydrocortisone*
(Sigma). The DXC stock concentration of 2 mg/mL
solution was typically vortexed prior to addition.

Immunofluorescence

Samples were washed with PBS, fixed with 4%
paraformaldehyde in PBS for 15 min, and permeabi-
lized with 0.5% Triton X-100 in PBS for 30 min. Pri-
mary antibodies were allowed to bind overnight at
4 °Cin a 5% donkey serum blocking buffer. Secondary
antibodies were obtained from Life Technologies and
used at a 1:400 dilution in 5% donkey serum for an
incubation period of 1 h at 4 °C. Primary antibody
dilutions are listed in (Supplemental Table 2). Imaging
was performed using a Nikon Eclipse Ti.

Flow Cytometry

Data was acquired with an Accuri C6 (BD Biosci-
ences) and analyzed using FlowJo (TreeStar). Samples
that were antibody-stained were detached from sub-
strates by two incubations of 10 min each in Accutase
(Life Technologies) at 37 °C followed by the immuno-
fluorescence staining protocol as described above. For
attachment and proliferation studies, flow cytometry
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data was collected 24 h post-seeding for initial cell (0%). 0* was validated by 14-fold cross validation so
attachment data (n = 3), and again 72 h post seeding that each observation was left out exactly once.!' In-
for proliferation data (n = 3). Each well containing the puts to the model consisted of an explanatory matrix.
substrate was initially washed twice with PBS to ensure Columns in the matrix represented biochemical and
that the cells collected were not growing in suspension biophysical cues. Each row represented a different
within the poly-HEMA coated well. For cell counting, combination of cues. A response matrix was generated
TrypLE (Life Technologies) was used to detach the cells from experimental data with columns representing
for 5 min at 37 °C. After incubation the cells were col- different cellular responses and rows corresponding to
lected and centrifuged at 200xg for 5 min. The super- the above cue combinations. Raw explanatory and
natant was then aspirated, and the cells were response values were mean centered and variance

resuspended in 600 uL. of PBS and filtered through a scaled prior to analysis.
100 um mesh (BD) prior to analysis.

Nuclear Shape and Size Analysis RESULTS

Nuclear size and shape index was calculated by Materials Library Characteristics
manually tracing ellipses around individual Hoescht- A biomimetic substrate library with ECM-like
stained nuclei. Nuclear shape index is given by the nanofibrous structure was successfully generated
formula through electrospinning.** Synthetic polymers PCL,
4 PLA, PPC and TPU were individually electrospun as a

A . :

NSI = 7 membrane onto electrically conductive parallel plates
to align fibers. Electrospinning without an organized
where A and P represent the area and perimeter of a electric field at the collector plate created substrates
nucleus, respectively. Analysis was performed using that were not aligned in a particular direction, termed
Fiji software.®’ “random” substrates (Fig. 1 and Supplementary
Fig. 1). Scanning electron microscope (SEM) analysis
Sratistics confirmed a nanofibrous structure with fiber diameters
of 500-1000 nm within the range of native ECM?
Statistical analysis was performed using Microsoft (Table 1). For the aligned substrates, the distribution
Excel via an unpaired, 2-tailed Student’s ¢ test for of fiber diameter of TPU, PPC and PCL fibers were
single-variable analysis and a two-factor ANOVA test fairly concentrated within 10° of the desired direction
with replicates for two-variable analysis. of alignment (Table 1 and Supplementary Fig. 2).

Aligned substrates also differed from randomly spun
substrates in porosity (Table 1). Finally, a “‘shish ke-
bab” structure was prepared with PCL nanofibrous

Analysis was performed in MATLAB using the substrates (PCL-SK) to produce a variant topology
SIMPLS method.® The model was analyzed for compared to standard PCL substrates*’ (Supplemental
goodness of fit (R*Y) as well as goodness of prediction Fig. 1 and Supplemental Table 3).

Partial Least Squares Regression

TABLE 1. Properties of nanofibrous substrate library.

TCPS PLA-R PLA-A PCL-R PCL-A TPU-R TPU-A
Fiber diameter (nm) N/A 960 + 76 788 + 93 617 + 84 537 + 59 594 + 29 669 + 59
Fiber alignment (°) N/A 0+277 0£7.0 0+254 0+£86 0+236 0+£54
% porosity N/A 38+6 65+ 4 49 + 4 84 +3 43+5 73+9
Surface area per substrate (cm?) 1.9 1724 + 355 1690 + 5 808 + 107 684 + 5 26 +7 6+2
Water Contact Angle (°) 64.6 + 6.1 116.1 £ 6.5 N/A 126.6 + 1.1 N/A 1109 + 1.3 N/A
Elastic modulus (MPa) 533 £ 47 40+1.5 N/A 102+ 1.5 N/A 7.4+ 0.1 N/A
Elongation at break (%) 51+2 71.7 £ 9.3 N/A 148.6 + 3.8 N/A 1509 + 11.2 N/A

Mean values + 95% confidence intervals are listed for all values except fiber alignment which is listed as mean values + standard deviation.
All TCPS data refers to 24-well plate dimensions. A standard deviation of 0° would indicate perfect alignment. The average fiber diameter is
not applicable to TCPS. We were unable to fabricate aligned fibers with the proper requirements for WCA, surface area analysis and tensile
testing. N/A, not applicable.

TCPS tissue culture polystyrene; PLA-R polylactic acid, random; PLA-A polylactic acid, aligned; PCL-R polycaprolactone, random; PCL-A
polycaprolactone, aligned; TPU-R thermoplastic poly-urethane, random; TPU-A thermoplastic poly-urethane, aligned.
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FIGURE 1. Nanofibrous substrate library with attached fibroblasts. Electron microscopy images of each polymer substrate
[polylactic acid (PLA), polycaprolactone (PCL), thermoplastic polyurethane (TPU)]. Below each image is an immunocytochemistry
image of HEF1 fibroblasts grown on each substrate. Cells were fixed after 5 days in culture. Nuclei and F-actin were stained by
Hoechst dye and phalloidin, respectively. Arrows indicate fiber orientation. TCPS tissue culture polystyrene.

Each substrate in the library was characterized for its
surface area, surface hydrophobicity, elastic modulus,
flexibility and porosity. A nitrogen adsorption isotherm
on a large electrospun sample was utilized for surface area
calculations. Areas per substrate reached three orders of
magnitude higher than tissue culture polystyrene (TCPS,
Table 1). The surface hydrophobicity of the substrates
were characterized via WCAs and were higher than 90°,
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indicating that all the prepared substrates were hydro-
phobic (Table 1). TCPS had the smallest WCA, which is
consistent with prior reports.>* The mechanical proper-
ties of substrates were significantly softer than TCPS but
stiffer than native ECM.” with a Young’s Modulus range
between 7and 40 MPa (Table 1). Flexibility of substrates
was assessed by elongation at break. Nanofibrous sub-
strates were more flexible than TCPS (Table 1).
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Prior to cell seeding, nanofibrous substrates were
pre-coated with a thin adsorbed layer of Matrigel,
because pre-coating synthetic polymeric substrates
with proteins can be important for cell-surface inter-
action with human pluripotent stem cells.>® Matrigel
adsorbed well to nanofibrous substrates as measured
through a bicinchoninic acid assay (Supplementary
Fig. S3; Supplementary Table 3). Shortly after seeding,
fibroblasts on randomly oriented fibers exhibited a
morphology similar to fibroblasts grown on TCPS
(Fig. 1). On all of the aligned substrates, fibroblasts
were more elongated in comparison to cells on random
substrates and TCPS (Fig. 1, white arrows indicate fi-
ber orientation). Despite these differences in cell mor-
phology, fibroblasts on all substrates were able to
attach and proliferate at similar levels (Supplemental
Fig. 4). Human pluripotent stem cells were also able to
attach and proliferate at similar levels on all substrates
(Supplemental Fig. 5). These results demonstrate that
all of our matrigel-coated nanofibrous substrates can
support the attachment and proliferation of both the
starting and ending cell types—fibroblasts and plurip-
otent stem cells, respectively—of reprogramming
experiments.

Reprogramming on Nanofibrous Substrates

Fibroblasts were next seeded on the material library
and induced to express Oct3/4, Sox2, KIf4 and c-Myc
reprogramming factors. We utilized a ‘“‘secondary”
reprogramming fibroblast system'? that harbored
doxycycline (DXC)-inducible transgenes for the
reprogramming factors to achieve transgene expression
during reprogramming without viral infection. For
subsequent reprogramming experiments that required
culture over three to 4 weeks, we focused on TPU,
PLA and PCL substrates due to their ease of synthesis
and handling. A large fraction of PPC substrates tore
or broke during routine handling in the initial cell
attachment and proliferation studies. These substrates
were deemed to be too fragile to be immersed in media
and transported to and from standard incubators for
multiple weeks.

Fibroblasts express a cell-surface marker, CD44,
and gradually lose expression of CD44 as cells progress
in reprogramming to intermediate states®' (Fig. 2a). In
contrast, fully reprogrammed cells express the pluri-
potency marker, TRA-1-60, and are negative for CD44
(Fig. 2a). At 7, 12, 17 and 22 days after factor induc-
tion, cells were isolated from each substrate, co-stained
for CD44 and TRA-1-60 via immunocytochemistry
and analyzed for levels of these markers by flow
cytometry. By following the percentage of cells in each
gate (Figs. 2a and 2b), we were able to follow the

progression and kinetics of cellular reprogramming on
the materials library.

On all nanofibrous substrates, cells initially were
CD44+ and then ~40-60% of these cells lost
CD44 expression by Day 7, thereby losing fibroblast
identity and gaining an intermediate phenotype
(Fig. 2b and Supplemental Fig. 6). Over the sub-
sequent 15 days, a small percentage of intermediate
cells gained hallmarks of pluripotent cells, leading to
1-7% of the overall population being TRA-1-60+/
CD44— by day 22 (Fig. 2b and Supplemental Fig. 6).
After reprogramming culture on nanofibrous sub-
strates, DXC was removed from the media to shutdown
reprogramming factor expression, and cells were grown
and passaged for several weeks to see whether the
observed TRA-1-60+ /CD44— cells would retain their
pluripotent markers. For all substrates, reprogrammed
colonies could be identified that stained positive
simultaneously for pluripotency markers: Nanog, Oct4,
Sox2, SSEA-4 and TRA-1-60 (Fig. 2c). These repro-
grammed cells were factor independent and acquired all
marks of pluripotency, indicating robust reprogram-
ming of fibroblast state.'® The nanofibrous substrates
had similar kinetics of reprogramming overall (Sup-
plemental Fig. 6), but important differences in the
progression to intermediate states could be identified
(Fig. 2d). The average time that it took cells to transit
out of the fibroblast CD44 + state correlated strongly
with the number of TRA-1-60+/CD44— pluripotent
cells seen on day 22 (Fig. 2d). Top performing sub-
strates were TPU-R, TCPS, TPU-A and PCL-R.

Early Effects of Nanofibrous Substrates

To narrow the time window over which nanofibrous
substrates affect reprogramming, we switched substrates
in the middle of reprogramming, dividing the process into
an “early” (day 0—17) and “late” phase (day 18-24). For
the “‘early” conditions, reprogramming factor-expressing
fibroblasts were grown on a nanofibrous substrate for the
first 17 days and passaged to TCPS for the last 7 days
(Fig. 3). For the “late” conditions, reprogramming fac-
tor-expressing fibroblasts were cultured on TCPS for the
first 17 days and passaged to a nanofibrous substrate for
the last 7 days (Fig. 3). Flow cytometric analysis of cells
at the end of these experiments indicated that early cul-
ture on nanofibrous substrates could boost reprogram-
ming, with up to 30% of cells being reprogrammed, while
late culture did not boost reprogramming over TCPS
levels (Fig. 3). The top performing nanofibrous sub-
strates that had faster kinetics—TPU-Random (TPU-R),
TPU-Aligned (TPU-A) and PCL-Random (PCL-R)
(Fig. 2d)—performed well in the early conditions only

(Fig. 3).
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FIGURE 2. Nanofibrous substrates support the reprogramming of human fibroblasts. (a) Schematic of reprogramming. Mature
fibroblast cells are CD44 positive (red) and, upon factor expression, progress stochastically to an intermediate state between fibroblasts
and pluripotent stem cells (PSCs), which are positive for TRA-1-60 (green). Phase-contrast images of fibroblasts and PSCs were taken on
TCPS. (b) Time course of marker levels during reprogramming on TPU-R as measured by flow cytometry. Numbers within plot indicate
percent of total cells in each gate (shaded in red, grey or green). A.U., arbitrary fluorescent units. (c) Pluripotency marker staining of
reprogrammed cells after removal of reprogramming factors. Central colonies are positive for all the pluripotency markers, Nanog, Oct3/
4, SSEA-4, Sox2 and TRA-1-60. (d) Quantification of the kinetics of reprogramming on nanofibrous substrates. Amount of time required
to lose fibroblast identity (50% of cells are CD44—) correlated with the number of reprogrammed cells at day 22. Dashed line represents
linear regression best-fit line. All experiments were conducted in E7 media with hydrocortisone and doxycycline.

Reprogramming Factors Quickly Induce Circular Nuclei nuclear shape, area and structure. Immunocytochem-
ical analysis of cells on scaffolds permits the tracking of

We reasoned that early effects of nanofibrous sub- nuclear size and nuclear shape index (NSI), which

strates could be mediated by early perturbations of
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FIGURE 3. Nanofibrous substrates enhance early events during reprogramming. Top: Schematic of experimental design.
Reprogramming was carried out for 24 days under two conditions: early vs. late culture on nanofibrous scaffolds. “Early
Nanofibers” labels culture on indicated nanofibrous substrate during days 0-17 of factor expression, while “Late Nanofibers”
labels culture on indicated nanofibrous substrate during days 18-24 of factor expression. Cells were cultured on TCPS during the
other periods of reprogramming. Bottom: Percent of TRA-1-60" cells after 24 days of reprogramming in both conditions. Error bars
denote 95% confidence intervals. Asterisks indicate p values <0.001 from an unpaired Student’s t test.

ranges from 1 for circular nuclei to near zero for a
more elongated shape (Fig. 4a). Fibroblasts grown in
basal media conditions adopted a more elongated
morphology on aligned substrates compared to TCPS
and random substrates, consistent with results seen in
the fibroblast attachment and proliferation experi-
ments (Figs. 1 and 4b, Supplemental Fig. 4). Repro-
gramming factor expression abolished nuclear shape
differences (Fig. 4b), indicating all nuclei on average
have the same shape on all of the substrates. Similarly,
nuclear area was uniform after 7 days of factor
expression (Supplemental Fig. 7A), and reduced
slightly in reprogramming conditions compared to
basal media conditions, as previously reported.”’” We
probed the global histone 3 acetylation (AcH3) levels
of these nuclei via immunocytochemistry followed by
flow cytometry analysis (for representative data, see
Supplemental Fig. 7B). For all conditions, global his-
tone acetylation levels decreased modestly within the
nuclei of cells after 7 days of induction of reprogram-

ming factors (Fig. 4c). Only a weak -correlation
between AcH3 levels and NSI (R’ = 0.51) was
observed (Supplemental Fig. 7C). To summarize,
aligned nanofibrous substrates altered nuclear shape
during routine culture, but expression of reprogram-
ming factors abolished these changes within 7 days,
leading to smaller nuclei without any elevation in
global AcH3 levels.

TGF-f Inhibits Effects of Nanofibrous Substrates

Given that transforming growth factor beta (TGF-
f) can perturb early phases of reprogramming by
inhibiting the mesenchymal to epithelial transition
(MET),>*?>3¢ this growth factor was added to our
reprogramming media to see if it would affect repro-
gramming on nanofibrous substrates. TGF-f slowed
reprogramming in all conditions, as measured by the
lower percentage of CD44— cells that have lost fibro-
blast identity throughout the time course (Fig. 5a).
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FIGURE 4. Reprogramming factors induce circular nuclear shape for all conditions. (a) Diagram of the nuclear shape index (NSI)
metric. Grey-scale image for nuclei stained with Hoechst. The NSI of a perfect circle is equal to one, while the NSI of a line
approaches zero. (b) Effects of nanofibrous substrates on NSI of C1.2 fibroblast cells during normal growth (Basal, E7 media, light
blue) and during reprogramming (E7 media with hydrocortisone and doxycycline, dark blue). After 7 days of treatment, cells were
fixed and stained nuclei were analyzed. Error bars denote 95% confidence intervals. Asterisks indicate p values from an unpaired
Student’s t test (*p<0.01, *p<0.001, **p<10~°). (c) Mean histone 3 acetylation (AcH3) levels in cells with and without repro-
gramming factors for 7 days, as measured by flow cytometry.
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FIGURE 5. TGF-$ inhibits effects of nanofibrous substrates. (a) Kinetics of reprogramming on nanofibrous substrates when
media is supplemented with TGF-g. Non-fibroblast population (Intermediate+iPSC fraction) was analyzed by flow cytometry (de-
scribed in Fig. 2b). (b) Change in the Intermediate+iPSC fraction on various substrates when media was supplemented with TGF-p.
(c) When TGF-$ was added to the media, amount of time required to lose fibroblast identity did not correlate with number of
reprogrammed cells at day 22. Red dashed line represents linear regression best-fit line. Blue dashed line represents linear
regression best-fit line in control media (as shown in Fig. 2d). Error bars denote 95% confidence intervals. Asterisks indicate

p values <0.001 from an unpaired Student’s t test.

Analysis at the end of reprogramming also indicated
that TGF-f decreases the number of intermediate and
reprogrammed cells across all conditions (Fig. 5b,
Supplementary Fig. 8). Notably, TGF-§ abolished the
previously observed differences among the different
nanofibrous substrates (Fig. 5c¢), and no nanofibrous
substrates in media conditions with TGF-f outper-
formed TCPS.

Cues Controlling Reprogramming

To gain deeper insight into biophysical and bio-
chemical cues that correlate with observed reprogram-
ming responses, we performed partial least squares
regression (PLSR) between cues and responses.
A PLSR model was built using datasets with materials
properties and media conditions as the multivariate
cues and the number and timing of reprogramming as
the response inputs. When the experimental values of
the numbers and times of reprogramming were plotted

against those predicted by the PLSR model (Fig. 6a), a
linear relationship with a relatively low root mean
square error of prediction (RMSPE) was observed,
suggesting a good predictive ability for the cues within
the training set (RMSPE ~ 1). Cues with high weights
in a two-component model were TGF-f and polymer
identity, while fiber diameter, WCA, protein adsorp-
tion and alignment had low weights (Fig. 6b, Supple-
mental Fig. 9A). PLSR modeling of all materials
properties and cues with all cellular responses yielded a
predictive model (Supplemental Fig. 9B) with low error
(Supplemental Fig. 9C) while using five components
(Supplemental Fig. 9D). In this expanded model, TGF-
f again was heavily weighted.

DISCUSSION

Our results demonstrate robust reprogramming of
human cells on nanofibrous substrates. Reprogrammed
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cells were similar to those generated on standard
polystyrene substrates, were factor-independent, and
had all markers of pluripotent cells as reported in
prior work.'®?> Top-performing substrates acceler-
ated early stages of reprogramming that intersect
with the timing of MET during reprogram-
ming.>*?>3¢ These substrates may be able to activate
pathways involving actin filament organization that
have been implicated in mesenchymal-epithelial
transitions.'®

Because top-performing substrates varied along
many different properties, it is likely that a combina-
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tion of material characteristics led to enhanced repro-
gramming. PLSR modeling indicated that polymer
identity, following TGF-f, was the next most impor-
tant cue governing reprogramming response. Surface
area and porosity also had a modest effect. Further
molecular characterization of the substrates may be
necessary to understand the different rates of repro-
gramming on our library. It is possible that the top
performing nanofibrous substrates permit an advanta-
geous conformation of Matrigel*® that encourages
integrin engagement, focal adhesion formation or
growth factor stabilization®! to promote reprogramming.
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Because the distribution of cytoskeletal stress fibers can
be sensitive to geometry of underlying substrates,
nanofibrous substrates could also change the degree of
actin polymerization and actomyosin contractility.
Further characterization of these molecular differences
involving cell-material interactions among the sub-
strates in our library could provide more insight into
why observed differences were seen in the kinetics and
efficiencies of reprogramming. Finally, expanding the
library to sample material property space evenly may be
able to provide a more comprehensive picture of how
reprogramming occurs on nanofibrous materials. In
our library, the total amounts of protein adsorbed to
these substrates did not vary more than an order of
magnitude. Likewise, mechanical properties and WCAs
did not vary greatly across the library.

A surprising result was that aligned substrates did
not retain an clongated nuclear shape during repro-
gramming. Reprogramming factors within 7 days
could bypass biophysical constraints imposed by our
nanofibrous substrates. The mechanisms by which this
rapid change occurred was suppressed by TGF-f and
likely intersects with MET pathways.”>%25-3¢

In a mouse reprogramming system, aligned sub-
strates significantly enhanced reprogramming of
mouse fibroblasts,'® but markedly different responses
were observed here with human fibroblasts among
randomly spun and aligned nanofibrous substrates. In
contrast to mouse reprogramming results on aligned
nanofibrous substrates, nuclei were not hyper acety-
lated on histone 3 in our experiments. No correlation
of hyperacetylation with enhanced reprogramming was
observed, and AcH3 regression coefficients in PLSR
models were near zero (Supplemental Fig. 9B-D). This
disparity may be attributed to known differences in the
signaling requirements between mouse and human
pluripotent cells.'® Profiling local acetylation of par-
ticular genomic loci, rather than averaging acetylation
globally over the whole genome, may be required to
understand the differences between the mouse and
human results on nanofibrous substrates.

CONCLUSIONS

This work represents the first report of reprogram-
ming of human cells on nanofibrous polymeric sub-
strates. All of the polymers tested—PLA, TPU and
PCL—supported fibroblast and pluripotent cell
attachment and full reprogramming to factor-indepen-
dent pluripotent stem cells. TPU-R, TPU-A and PCL-R
were the best substrates in our library, outperforming
standardly used polystyrene substrates. The enhanced
reprogramming on nanofibrous substrates occurred

during the first 17 days of reprogramming and was
inhibited by TGF-f. These results suggest a possible role
of nanofibrous substrates to enhance MET of fibroblasts
during early stages of reprogramming. Notably, repro-
gramming factors were able to change nuclear shape of
cells on all substrates within 7 days regardless of the
initial nuclear shape constrained by the substrate. PLSR
modeling of several materials properties revealed a
complex relationship between polymer identity and
reprogramming with less pronounced roles for fiber
diameter, fiber alignment, protein adsorbtion and
WCA. We believe further work with the identified top-
performing substrates will lead to the design of sub-
strates that promote epigenetic reprogramming.
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