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t stem cells.[2–7] We have successfully identified
1. Introduction

Surface chemistry and spatial dimension play important

roles inmaintaining stem cell pluripotency and controlling

stem cell behavior, for example, attachment, colony size,

retention of stem cell markers, and differentiation poten-

tial.[1] High-throughput synthesis and screening platforms

have been used to discover ‘‘hit chemistries’’ for the

attachment, self-renewal, and maintenance of human
pluripoten

an optimal, synthetic, organic chemistry, N-[3-(dimethyla-

mino)propyl] methacrylamide (DMAPMA), that promotes

strong attachment and long-term self-renewal of mouse

embryonic stem (ES) cells from a comprehensive library of 9

different chemical groups (66 monomers) through plasma-

inducedgraftpolymerization.[8] Inparticular, theDMAPMA-

grafted surface exhibits the highest cell expansion capacity

for ES cells among the chemistries tested, including those

synthetic chemistries reported in the literature.[8] This

result is consistent with the finding that a similar but

not identical chemistry, aminopropylmethacrylamide

(APMAAm) supports the long-term self-renewal of human

ES cells for over 20 passages in chemically definedmedia.[9]

In addition, the grafting density of the surface chemistry

affects cell attachment, colony size and morphology, and

pluripotent marker expression.[10,11] However, all these

studies are limited to ES cell culture on a 2D surface.

Among 3D cultures, nanofibers have been widely used

for stem cell culture on the nanofibrous matrices.[1]

Nanofibers can imitate the architecture of the extracellular
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matrix (ECM), enhance stem cell survival and proliferation,

direct stem cell fate decision, promote stem cell-derived

tissue organization, and serve as a delivery vehicle for stem

cell secretome.[12–14] Natural or synthetic nanofibers used

for ES cell culture include chitosan,[15] Tussah silkfibroin,[16]

self-assembled peptide amphiphiles,[17] polyamide,[18]

polyurethane,[19,20] poly(e-caprolactone) (PCL),[21,22] PCL/

Collagen or PCL/gelatin,[23] poly(lactic-co-glycolic acid)

(PLGA),[24] poly(L-lactic acid) (PLLA),[25] PLLA/carbon nano-

tubes,[26] polymethylglutarimide (PMGI),[27] and poly(ether

sulfone) (PES).[28] Nanofibers canbe fabricated through self-

assembly,[29] electrospinning,[21,30] phase separation,[25]

and a combination of thermally induced phase separation

with reverse solid freeform fabrication (SFF).[31] Electro-

spinning is a widely used approach to fiber formation as

well as a potentialmethod to encapsulate cells[32] since it is

versatile, easy to set up and low in cost, can form small

diameter fibers (�100 s nm) with high surface areas and

hasagreat selectionofmaterials andbroadapplications.[33]

The method utilizes high voltages, which creates an

electric field between the polymeric solution and the

ground allowing the polymeric solution to be drawn out of

a syringe and into fibers of relatively small diameters

(100 s nm). Additionally, there is a great deal of research

examining fiber interactions with undifferentiated ES

cells, and how these fibers induce differentiation of the

ES cells.[15] ES cells have self-renewing capabilities, due to

their ability to proliferate indefinitely, as well as remain

pluripotent after division. These capabilities make ES cells

an attractive option for understanding diseases, with

regards to drug discoveries and therapeutic developments.

Several synthetic polymeric nanofibers have recently

been shown to enhance the self-renewing capabilities of

pluripotent stem cells. Both PCL/collagen and PCL/gelatin

nanofibrous scaffolds supported the formation of large

colonies of hES cells. However, these fibers required

the presence of mouse embryonic fibroblasts (MEFs)

in order for the hES cells to colonize.[23] PCL and PCL/

hydroxyapatite nanofibers supported mouse ES cells to

maintain their pluripotency, however, the initial cell

adhesion was low. Mouse ES cells were shown to grow

andmaintain their pluripotency onnanofibers synthesized

from PMGI without the need of MEFs.[27] Additionally, PES

nanofibers that were modified with collagen maintained

the pluripotency of mouse ES cells.[28] Mouse ES cells

cultured on polyamide nanofibers indicated that the

nanofibrous structure could activateRac andPI3K signaling

pathways, leading to enhanced proliferation and self-

renewal capacity in comparison to conventional 2D

culture.[18] In addition to maintaining self-renewal capa-

bility, nanofibers are being investigated to promote the

differentiation of ES cells into specific lineages, for example,

neuronal,[16,20,22,26,34,35] osteogenic,[17,25,36] adipogenic,[21]

smooth muscle,[37] and hepatic.[38,39] Nanofibers have also
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demonstrated the ability to enhance cell survival, migra-

tion, and differentiation in vivo,[40] and to support ES

cell-derived smooth muscle cell phenotype in vivo.[37] In

particular, 3D culture of ES cells on nanofibers exhibits

enhanced osteogenic differentiation and mineraliza-

tion,[41,42] and superior neuronal function when compared

with those cultured on 2D surfaces.[43] Although electro-

spun nanofibers are increasingly used in pluripotent

stem cell research, the surface chemistry of these nano-

fibers is not optimal for stem adhesion and growth. Cell

growth relies heavily on the chemistry of the polymer

being used or coating with the ECM protein. Thus, it is

important to transfer optimal surface chemistry from

two- to three-dimensions in regulating pluripotent stem

cell cultures.[44,45]

In this work, we demonstrate the advantages of directly

modifying nanofibers with DMAPMA for enhanced 3D ES

cell culture and maintenance of pluripotency. We first

fabricated fibrous matrices from a PES solution by electro-

spinning and then chemically modified these nanofibers

with DMAPMA through plasma-induced graft polymeriza-

tion. The DMAPMA-grafted fibers were characterized by

scanning electron microscopy (SEM) and X-ray photoelec-

tron spectroscopy (XPS). Lastly, we examined cell prolifera-

tion and expression of plutipotency markers of ES cells on

DMAPMA-modified fibers, as shown in the flow sheet in

Figure 1. These modified fibrous matrices are expected

to maintain mouse ES cells in a pluripotent state upon

expansion in a 3D microenvironment. The ability to

incorporate the optimal surface chemistry into nanofibers

provides a new avenue to advanced 3D culture that

supports theself-renewalanddifferentiationofpluripotent

stem cells and functionality of their derivatives.
2. Experimental Section

2.1. Materials

Poly(ether sulfone) (PES) powder was supplied by BASF (Florham

Park, NJ, USA). 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) (Sigma–

Aldrich, St. Louis,MO, USA)was used as a solvent for dissolving the

PES powder along with DMAPMA purchased from Sigma–Aldrich.

PES forms radicals on exposure to plasma.[46]
2.2. Fabrication of Poly(ether sulfone) Fibrous

Matrices

Micro- and nanofibers are widely utilized as matrices in stem cell

culture and tissue engineering, as they are able to mimic the

dimensionality (microporous structure) of the ECM in 3D.

The challenge is to find the right combination of suitable surface

chemistry and compatible dimensionality. Electrospinning is a

well-known industrial technique thathas recentlybecomepopular

for fabricating fibers, synthetic membranes, and microporous
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Figure 1. Flow sheet of the experimental process.
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matrices, as it allows for precise control of fiber size by varying the

polymer concentration, voltage, flow rate, and the distance from

the needle tip to the collector plate. This technique also allows for

the formationofbothsyntheticandnaturalbasedfibersandallows

fabrication of relatively small diameter fibers (�100 s nm) with

large surface area per unit volume.[33] We dissolved PES powder in

HFIP at three different concentrations, 2.5, 5, and 7.5% w/v.

The voltage and tip to collector distance were kept the same for all

three concentrations: 15 kV and 14 cm, respectively. Flow rates

weredeterminedbytheabilityof thesolutiontobeelectrospunand

chosen as follows: 40, 25, and 10 mL min�1 for the 2.5, 5, and 7.5%

PES/HFIP solutions, respectively. Improper flow rates would not

allow for the electrospinning jet to form. The trend we observed

was that lower concentrations necessitated higher flow rates

due to their lower viscosity. The solutions were electrospun onto 5

or 12-mm glass coverslips, or aluminum foil sheets to collect the

fibers for cell culture experiments.
2.3. Synthesis of Monomer-modified PES Fibers

A high-throughput platform (HTP) approach that utilizes atmo-

spheric pressure plasma-induced graft polymerization (APP),[47,48]

was applied to modify the electromagnetic radiation sensitive PES

fibers onglass coverslips. Briefly, thefiberswerepre-soaked in 5mL

of 0.2M DMAPMAmonomer solution for 30min and then exposed
Macromol. Biosci. 20
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to anAPP plasma source (Model ATOMFLO, Surfx Technologies LLC,

Culver City, CA, USA) at a helium flow rate of 30 L min�1 and an

oxygen flow rate of 0.5 L min�1 for 8min with a source to fiber

distance of 3mm, forming reactive radical sites. The plasma source

was operated at 150W and driven by a radio frequency power of

27.12MHz. An XYZ Robot (Surfx Technologies LLC, Culver City, CA,

USA) was used to control the plasma source over the fibers with a

scan speed of 6mms�1. This allowed us to covalently graft

DMAPMA via free radical polymerization. These modified fibers

were stored dry until use. Prior to culturing the cells in the fibrous

matrices, the modified fibers were sterilized with 70% ethanol for

5min, followed by washing with sterilized PBS three times.
2.4. X-Ray Photoelectron Spectroscopy

Modified and unmodified fibrous matrices were characterized

using a ThermoFisher ThetaProbe XPS, equipped with an Al X-ray

source (1486.6 eV) and a crystal monochromator, with energy

resolution of 0.48 eV on clean Ag. The surveys (broad scans) were

acquired using pass energy of 300 eV with a 1.0 eV step size, and

the narrow energy spectra were acquired using pass energy of

125 eV and a 0.1 eV step size. For chemistry determination, all

energies are charge-corrected using the C1s peak at 284.6 eV.
2.5. Scanning Electron Microscopy

The average sizes of modified and unmodified fibrous matrices

were characterized by SEM. The samples were observed directly,

with no fixation or dehydration necessary, and observed using an

environmental scanning electronmicroscope (NovaNanoSEM600,

FEI, Hillsboro, OR, USA). The average size of a particular concentra-

tion of fibers was determined by averaging 20 random fibers.
2.6. ES Cell Culture

Mouse CCE ES cells were obtained from StemCell Technologies

(Vancouver, BC, Canada).[49,50] ES cells were cultured in gelatin-

coated tissue culture flasks and fed with ES maintenance media,

which is comprised of the following components: Dulbecco’s

Modified Eagle’s Medium (DMEMwith 4.5 g L�1
D-glucose) supple-

mented with 15% v/v fetal bovine serum (FBS), 100UmL�1

penicillin, 100 mg mL�1 streptomycin, 0.1mM MEM non-essential

amino acids, 10 ngmL�1 murine recombinant leukemia inhibitory

factor (LIF; StemCell Technologies, Vancouver, Canada), 0.1mM

monothioglycerol, 2mM L-glutamine, and 1mM sodium pyruvate

(Sigma–Aldrich, St. Louis, MO, USA) as described previously.[21] LIF

is typically used to maintainmouse ES cells in an undifferentiated

state. Immunocytochemistry followedby confocalmicroscopyand

Western Blot analysis were used to determine how DMAPMA-

modified fibers in a matrix mat maintained ES cell pluripotency.

The cells were fed every other day to limit the amount of LIF

added to the culture. For the MTT assay, cells were seeded at

7500 cells well�1 and grown on the fibers in a 96-well plate for 3 d.

For the immunocytochemistryexperiments, ES cellswere seededat

20 000 cells well�1 and grown on fibers in a 24-well plate. For

Western Blot experiments, four coverslips were placed in a petri
14, 14, 215–224
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dish and 80 000 cells were seeded on top of the four coverslips in

order toharvest sufficient lysate. For all experiments, the cellswere

grown in a 5% CO2 atmosphere at 37 8C.
2.7. MTT Assay

Cells were seeded on 2.5, 5, and 7.5% DMAPMA-modified and

unmodified PES fibers that were electrospun on top of 5mm glass

coverslips and fitted in a 96-well plate at a density of 7500 cells

well�1.Additionally,DMAPMA-grafted2Dmembranesurfacesand

coverslips coated with gelatin served as controls. ES maintenance

media was changed every 2 d, and after 3 d an MTT assay was

performed to investigate cell expansion. Briefly, 10 mL of MTT

labeling reagent was added to each well and the plate was

incubated for 4h at 37 8C. After incubation, 100mL of solubilization
reagent was added to each well and the plate was incubated

overnight. Absorbance readings were taken at 560 and 700nm (as

reference)onaTecanInfiniteM200platereader (TecanUS,Research

Triangle Park, NC, USA). Cell growth index was calculated by

dividing the absorbance value of each sample by that of ES cells

grown on conventional gelatin-coated coverslips. To quantify the

cell number, a standard curve was prepared using absorbance

values associated with cell seeding densities at 10 000, 20 000,

30 000, and 40 000 cells well�1. A linear, best-fit linewas generated

from this data, with an R2 value of 0.994.
2.8. Optical Microscopy and SEM Observation of Cell

Morphology on Fibers

The morphology of ES cells grown on fibers was observed under a

Nikon inverted Eclipse TS100F microscope (Nikon, Melville, NY,

USA). To reveal the ultrastructure of ES cells grown on fibrous

matrices, samples were washed with PBS, fixed with 3%

glutaraldehyde in 0.1M phosphate buffer (pH 7.4) containing

0.1Msucrose (Sigma–Aldrich).Afterdehydration inserialethanolof

different concentrations (50, 70, 80, 95, and 100%), the samples

were dried by adding hexamethyldisilazane (HMDS) using graded

HMDS in ethanol (25, 50, 75, 100, 100, and 100%) (Ted Pella, Inc.,

Redding, CA). Samples were observed using an environmental

SEM (FEI Nova Nano SEM 600).
2.9. Immunocytochemistry of Pluripotency Markers

Themaintenance of stem cell pluripotency after culturing on both

modified and unmodified electrospun fibers was characterized

using immunocytochemistry analysis of the stem cell markers,

Oct4, SSEA-1, and alkaline phosphatase (ALP). After culture for 5 d,

mouse ES cells were washed with PBS, and fixed with 4%

paraformaldehyde in PBS. Fixed cells were then rinsed with PBS,

permeabilized in 0.1% Triton-X-100, and blocked with 5% FBS in

PBS. ES cells were incubated with primary antibody for anti-Oct4

produced in rabbit (Sigma–Aldrich, St. Louis, MO, USA) detected by

the anti-rabbit Alexa Fluor 488 and co-stained with anti-SSEA-

phycoerythrin (PE) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,

USA)andanti-ALPproduced ingoat (SantaCruzBiotechnology, Inc.,

SantaCruz, CA,USA)detectedby theanti-goatAlexaFluor647. Cells
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were also stained with 40 ,6-diamidino-2-phenylindole (DAPI) to

reveal the nuclei in blue fluorescence for identifying the total cell

population and verifying the co-localization of Oct-4 in nuclei.

SampleswereobservedusingaLeicaSP5confocalmicroscope (Leica

Microsystems,Mannheim, Germany)with a 405nm laser to reveal

cell nuclei in blue, a 488nm laser to reveal the Oct4 expression in

green, SSEA-1expression inyellow,anda633nmlaser to revealALP

expression in red. Confocal images were captured using the same

laser intensity and gain settings in order to compare the signaling

intensity across samples andprocessedusing Leica LasAF software.
2.10. Western Blot Analysis

Confirmation of protein expression levels was obtained through

Western blot analysis. After 5 d of cultivation, the mouse ES cells

grown on DMAPMA-modified and unmodified PES fibers were

lysed with an RIPA buffer-protease inhibitor cocktail. The lysate

was collected and BCA analysis was performed in order to

estimate lysate concentrations. Pre-prepared graded polyacryl-

amide gels (4–12%, Life Technologies, Carlsbad, CA, USA) were

washed with deionized water and then loaded into a gel

electrophoresis system (Life Technologies). The inner and outer

chambers of the gel electrophoresis system were loaded with 1�
NuPAGE Buffer (Life Technologies). Lysates were combined with a

loading dye composed of a 10:1 (volume) ratio of NuPAGE LDS

Buffer (Life Technologies) and 0.5M dithiothreitol (DTT). The

samples were then boiled for 10min, vortexed, cooled, and then

loaded into the polyacrylamide gels. An equivalent mass of each

lysatewas added to eachwell, alongwith 5mL of SeeBlue Standard,

to be used as a molecular weight ladder (Life Technologies). Once

loaded, the gel was run at 200V for 45min. The gel was then

transferred to a nitrocellulose membrane using an iBlot Gel

Transfer Device (Life Technologies). The reactive sites on the

membrane were then blocked in 5% milk for 30min to minimize

non-specific binding. For primary antibody additions, a 1:1 000

dilution of antibody was prepared in 5% bovine serum albumin in

Tris-Buffered Saline and Tween20 (TBST). Themembranewas then

placed at 4 8C and shaken overnight. The next day, themembranes

were washed three times for 15min each in 1� TBST solution

(10mM Tris, 150mM NaCl, 0.1% Tween 20). For secondary antibody

additions, a 1:10 000 dilution of antibody in 5% milk in TBST

solution was prepared. The samples were placed on a shaker at

roomtemperature for 1 h. Themembraneswere thenwashed three

times for 15min each in 1� TBST solution to remove any residual

antibody solution. For exposure, a 1:1 ratio of SuperSignal West

Femto Stable Peroxide Buffer and SuperSignal West Femto

Luminol/Enhancer Solution were added to the membrane. A Fluor

Chem E imager (Protein Simple, Santa Clara, CA, USA) was used to

obtain pictures of the gels. Quantitation analysis of the gels was

conducted using Image J software (NIH).[51]
2.11. Statistical Analysis

Data analyses were performed using one-way analysis of variance

(ANOVA) followed by Tukey multiple comparison post test. Data

were expressed as the mean� standard deviation, and p< 0.05

was considered significant.
14, 14, 215–224
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Figure 3. The relationship between electrospun fiber diameter
(nm) and concentration of PES in HFIP. Empty (*) and solid (*)
circles are for unmodified and modified (with DMAPMA) PES
fibers, respectively.
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3. Results

3.1. Modification of Electrospun Poly(ether sulfone)

Fibers Using Dimethylamino Propyl Methacrylamide

(DMAPMA)

Dissolved PES solution forms fibrous matrices at all three

concentrations, 2.5, 5, and 7.5%. The fiber morphology was

observed with an environmental SEM and images are

shown in Figure 2a–c. Fibers formed from the 2.5% PES

solution did not stick to glass coverslips, only to aluminum

foil and exhibited beading. PES solutions of 5 and 7.5%

formed fibers on both glass coverslips and aluminum foil.

Additionally, fibers formed from 5% PES beaded, while

fibers formed from 7.5% PES were of uniform and

micrometer diameter. We calculated the fiber size by

averaging 20 random fibers for each concentration.

The fiber diameter increased from 235� 64nm, to

429� 195nm, and to 2464� 264nm, with increased PES

concentration from 2.5, to 5, to 7.5%, respectively.

Based on our previous findings that DMAPMA-grafted

PES membrane substrates exhibited the highest cell

attachment among a library of 66 chemistries,[8]we further

examined the feasibility of modifying PES fibrous matrices

using the plasma-induced graft polymerization. The fibers

were pre-soaked with DMAPMA-monomer solution for

30min followed by exposure to an APP plasma source to

form reactive radical sites.[47,48] Monomer-graft induced

polymerization then occurred through free-radical poly-

merization, resulting in surface coating of the PES fibers.

SEM images showed film-like coating on the surface

DMAPMA-grafted nanofibers electrospun from 2.5 and

5% PES solution (Figure 2d,e). After DMAPMA grafting,

electrospun microfibers from 7.5% PES solution showed

distinct fiber morphology (Figure 2f), which is similar to
Figure 2. Scanning electron microscopy (SEM) images of a–c) unm
modified PES electrospun fibers at various concentration. a,d) 2.5% PE
7.5% PES. Scale bar: a,b) 2 mm; c–f) 10 mm. Modification was with D
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that before the chemical modification (Figure 2c). For all

three sets of PES fibers, the DMAPMA modification did not

change the fiber diameter significantly (Figure 3). Addi-

tionally, we noticed that after DMAPMA grafting, the

fibrous matrices became transparent and more robust. We

further confirmed the grafting of DMAPMA to the fibers

through XPS. The presence of a nitrogen 1s peak (N1s)

between 390 and 410 eV is characteristic for nitrogen,

confirming the presence of DMAPMA in the modified

samples, but not in the unmodified samples (Figure 4).
3.2. Cell Proliferation on DMAPMA-modified Fibers

For cell proliferation studies, 2.5% PES fibers were electro-

spun from HFIP onto aluminum foil, and 5 and 7.5% PES
odified and d–f)
S, b,e) 5% PES, c,f)
MAPMA.

14, 14, 215–224
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fiberswere electrospun fromHFIP onto 5-

mm Vectabond-coated glass coverslips

that were fitted into a 96-well plate.

Mouse CCE ES cells were seeded at a

density of 7500 cells well�1 and supple-

mented with 100 mL of ES maintenance

media. After 3 d, an MTT assay was

performed to determine cell prolifera-

tion. The cell growth index was calculat-

ed by normalizing the absorbance of ES

cells grown on various fibers to ES cells

grown on gelatin-coated glass coverslips

which was used for conventional mouse

ES cell culture and shown in Figure 5a.

The cell growth indexof ES cells grownon

2.5% PES nanofibers was slightly higher

than 1.0, indicating that nanofibers from

2.5% PES in HFIP could support better ES

cell growth compared to conventional
eim 219



Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of
modified (full lines) and unmodified (dashed lines) PES fibers
for a) 2.5% PES, b) 5.0% PES, c) 7.5% PES dissolved in HFIP. The
nitrogen 1s peak (N1s) between 390 and 410 eV indicates the
grafting of DMAPMA to PES fibers.

Figure 5. Cell proliferation of mouse ES cells grown on DMAPMA-
modified PES fibers compared with a 2D PES membrane. a) The
cell growth index on unmodified (white column) and modified
with DMAPMA (gray column) PES fibers was calculated by
normalizing to the conventional 2D mouse ES cell culture on
gelatin-coated coverslip. b) The cell number of mouse ES cells
grown on DMAPMA-modified PES fibers and 2Dmembranes using
conventional gelatin-coated glass coverslips as the control
(p>0.05).
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gelatin-coated surfaces. However, ES cells grown on nano-

fibers with DMAPMA-modified 2.5% PES fromHFIP did not

show enhanced cell growth. The cell growth index of ES

cells grown on both nanofibers that were DMAPMA-

modified and unmodified and electrospun from 5% PES

from HFIP exceeded 1.5, which is much higher than cell

growth on conventional gelatin-coated surfaces. The cell

growth index of ES cells grown on DMAPMA-modified

microfibers electrospun from 7.5% PES from HFIP

reached 1.7 aswell andwas higher than that of unmodified

microfibers. Additionally, we found that fibers with

DMAPMA-modified from 5 and 7.5% PES from HFIP better

support ES cell growth than DMAPMA-modified 2D flat

sheet membranes. According to a standard curve, the

cell number on DMAPMA-modified PES fibers was deter-

mined, as shown in Figure 5b.We observed that DMAPMA-

modified fibers from 5 and 7.5% PES had around 45� 11K

cells and 50� 12K cells after 3 d in culture, respectively,

while the 2D DMAPMA-modified membrane yielded

32� 4K cells and the conventional gelatin-coated cover-

slips yielded 24� 9K cells.
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Upon examination with an inverted optical micro-

scope, we observed rounded colonies with striking

outlines for ES cells grown on fibers modified with

DMAPMA from 5 and 7.5% PES from HFIP after 3 d

(Figure 6a,b), which indicated these ES cells remained

undifferentiated, as opposed to unmodified fibers

(Figure 6c,d). However, we noticed beading occurred

in the fibers from 5% PES from HFIP (Figure 6c), which is

not optimal, as beading decreased fiber surface area

and also made imaging of samples with cells tedious.

Thus, lower concentrations of PES showed a greater

tendency to bead, compared with higher PES concen-

trations. Hence, 7.5% PES from HFIP was chosen for the

remainder or our experiments. We further observed ES

cell growth on 7.5% PES fibrous matrices using SEM

and found that ES cells grown on DMAPMA-modified

microfibers formed a dense colony-like structure while

cells grown on unmodified fibers exhibited spread-out,

monolayer-like structure, similar to differentiating cells,

indicating that DMAPMA-modified fibers likely prevent

spontaneous differentiation (Figure 7).
14, 14, 215–224
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Figure 6. Optical images of mouse ES cell grown on a,b) DMAPMA-modified and
c,d) unmodified PES fibrous matrices. a,c) 5% PES fibers, c,d) 7.5% PES fibers. Scale bar:
100 mm.
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3.3. Maintenance of Pluripotency of ES Cells on

DMAPMA-modified Fibers

Wenext focused on themaintenance of pluripotency for ES

cells grown on fibers with DMAPMA-modified 7.5% PES
Figure 7. SEM images of mouse ES cell grown on fibrous matrices that were
a,b) DMAPMA-modified and c,d) unmodified from 7.5% PES dissolved in HFIP. Scale
bar: a,c) 20 mm and b,d) 5 mm.
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from HFIP, compared with unmodified

fibers. ES cells were cultured for 5 d on

these DMAPMA-modified and unmodi-

fied fibers, while changing the media

every other day. Using confocal micros-

copywemeasured immunocytochemical

markers for stem cell pluripotency. These

include Oct4, SSEA-1, and ALP. DAPI-

stained nuclei provided an estimate of

the total cell population. ES cells grown

on DMAPMA-modified fibers showed

a greater expression of pluripotency

markers, Oct4 (pseudo-colored in green),

SSEA-1 (pseudo-colored in yellow), and

ALP (pseudo-colored in red) than those

grown onunmodified fibers (Figure 8a,b).

Additionally, we observed that unmodi-

fied PES fibers were stained in the

presence of SSEA-1-PE. This may be due

to the fact that SSEA-1 is a phycoerythrin

(PE) conjugated antibody and the non-

specific binding of PE dye to PES fibers

gave rise to the fluorescence signal
that is pseudo-colored in yellow. In particular, almost

all ES cells grown on DMAPMA-modified PES fibers

strongly expressed Oct4 in cell nuclei (see the top panels

in Figure 8a), indicating that these ES cells remained in an
undifferentiated stateandmaintainedES

cell pluripotency.

To confirm our immunocytochemistry

results, we performed Western Blots in

order to quantify the level of gene

expression. As with our immunocyto-

chemistry experiments, cells were again

grown on bothmodified and unmodified

fibers from 7.5% PES from HFIP for a

period of 5 d. Western Blots were

obtained and are shown in Figure 8.

We measured the expression of Oct4

normalized to the housekeeping gene

GAPDH, and the results indicated that

Oct4 was up-regulated for ES cells

grownonmodifiedfibers, comparedwith

those cells grown on unmodified fibers

(Figure 9a). We were able to quantify

gene expression by using ImageJ soft-

ware (NIH), which allowed us to plot the

individual lanes of the Western Blot as a

curve.Bycalculating theareabeneaththe

curve for both the Oct4 and GAPDH, we

quantified the expression of this tran-

scription factor (Figure 9b). Our results

confirmed that the DMAPMA-modified

fibrous matrix supported the expression
eim 221



Figure 8. Confocal images of mouse ES cells grown on fibrous matrices that were a)
DMAPMA-modified and b) unmodified from 7.5% PES dissolved in HFIP, and expressing
pluripotency markers, Oct4 (in green), SSEA-1 (pseudo-colored in yellow), and ALP
(pseudo-colored in red), and co-stained nuclei with DAPI to reveal the total cell
population. Scale bar: 50 mm.
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of pluripotencymarker Oct4 in ES cells even in the presence

of a reduced amount of LIF, an essential growth factor to

keep mouse ES cells undifferentiated in conventional 2D

cell culture. Additionally, we further examined whether

ES cells grown on DMAPMA-modified fibers exhibited a

change inphenotype incomparisonwith thecells thatwere

initially seeded. For this experiment, 80 000 mouse ES cells

were seeded onto four pieces of 12-mm glass coverslips

deposited with DMAPMA-modified 5 and 7.5% PES fibrous

matrices, respectively. After culturing for 5 d, cells were

harvested for protein extraction followed by Western blot

analysisofOct4expressionusingGAPDHasahousekeeping
Figure 9. Western blot analysis of the expression of pluripotency
marker, Oct4 in mouse ES cells grown on the DMAPMA-modified
fibers electrospun from 7.5% PES solution and the unmodified PES
fibers for 5 d. Undifferentiated mouse ES cells grown on the
gelatin-coated coverslip was used as the positive control. a)
Representative blot. UMF: unmodified PES fibers. MF: modified
PES fibers. b) Relative expression of Oct4 by normalizing to the
house-keeping gene GAPDH.

Figure 10. West
pluripotency ma
modified fibers
seeding (day 0).
from 5% PES s
electrospun from
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gene (Figure 10). The relative expression

of Oct4 normalized to GAPDHwas 1.9 for

the DMAPMA-modified 7.5% PES nano-

fibers and 1.6 for the DMAPMA-modified

5% PES nanofibers, which is at the same

level as initially seeded cells (1.9), con-

firming that the pluripotent phenotype

of stem cells did not change measurably

after long-term culture on DMAPMA-

modified nanofibers.
4. Discussion

In this study, we grafted DMAPMA,

which was earlier identified in a 2D

high throughput screening study, onto

nanofibrous matrices for 3D ES cell

culture and maintenance of pluripo-
tency. Previously, we showed that DMAPMA-grafted

surfaces exhibited the strongest cell attachment and

highest expansion capacity compared with any of the

other polymeric surfaces tested from a library of 66

monomers that comprised nine different chemical func-

tional groups (e.g., hydrophobic methacrylates, amines,

hetero rings, aromatics, hydroxyl, zwitterionic, acids,

PEGs, others), and those reported in the literature.[8]

Electrospun nanofibers from PES from HFIP were used

here to form a modified (with grafted DMAPMA) nano-

fibrous matrix. Graft induced polymerization was used

here to modify the PES fibers.[8,52] PES nanofibers are

biocompatible and can be used for ES cell culture.[53]

Additionally, PES-based fibers are mechanically strong.

For example, the modulus of core–shell PES-PCL fibers

increased from 7.1MPa for pure PCL fibers to 30.6MPa

for PES-PCL fibers.[54] In order to support stem cell

self-renewal and differentiation, PES nanofibers were

previously grafted either with collagen or coated with

laminin.[28,55–57] The ability here to graft desirable mono-

mers (DMAPMA) onto PES fibers that form 3D matrices,
ern blot analysis of the expression of the Oct4
rker in mouse ES cells grown on DMAPMA-
for 5 d in comparison to that in cells before
5% MF: DMAPMA-modified fibers electrospun
olution. 7.5% MF: DMAPMA-modified fibers
7.5% PES solution.
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allows one to now substitute the currently used complex

natural ECMthat containsundefined components (proteins

and other macromolecules) with a well-defined inexpen-

sive organic coating. It is a simple, reproducible, low cost,

scalable 3D substrate for ES cell adhesion, self-renewal, and

differentiation.

PES was electrospun into fibrous matrices in the

presence of several solvents, including dimethyl sulfoxide

(DMSO), dimethylformamide (DMF), DMF/N-methyl-

pyrrolidinone (NMP), DMF/Toulene, and HFIP.[57–60] We

chose HFIP as a solvent due to its strong volatility. PES

was electrospun into fibers whose diameters increased

from nanometers to micrometers with increasing PES

concentration. This result is consistent with the trend

reported elsewhere.[57] PES electrospun fibrous matrices

were modified with DMAPMA (confirmed with XPS) using

plasma-induced graft polymerization, and then utilized

the modified fibrous matrices to maintain ES cell pluri-

potency. The chemical structure of DMAPMA is unique

in that it possesses peptide bonds and also a secondary

and tertiary amine, connected by a propyl alkane

functional group.[8] In this study, we demonstrated that

DMAPMA-modified fibrous matrices promoted higher cell

proliferation than 2D DMAPMA-modified membranes.

Weand others also report that nano/microfibrousmatrices

provide better microenvironments for ES cell survival,

migration, proliferation, and differentiation than 2D

surfaces.[18,21,41,43] This also highlights the critical role of

fibrous matrices in 3D stem cell culture. Both chemically

modified microfibers and nanofibers tested in this

study supported cell proliferation (Figure 5) and pluripo-

tent stem cell marker expression (Figure 10) at a similar

level. In particular, we found that DMAPMA-modified

microfibers support greater expression of the pluripotency

markers of ES cells than the unmodified fibrous matrix,

indicating the significance of surface chemistry regulating

stem cell fate.

Our approach is generic and not limited to grafting

only DMAPMA. Other monomers (listed in our compre-

hensive library) can been grafted alone or in combination

onto nanofibrous matrices as well as those synthetic

chemistries reported in literature. They have shown

to support ES cell maintenance and differentiation as

polymeric coatings on 2D surfaces, e.g., APMAAm,[9]

poly[2-(methyloyloxy) ethyl dimethyl-(3-sulfopropyl)-

ammonium hydroxide] (PMEDSAH),[2] poly(methyl vinyl

ether-alt-maleic anhydride (PMVE-alt-MA),[4] acrylate

monomers.[3] The ability to incorporate our plasma-

induced graft polymerization method onto 3D substrates

has a great potential for the use of surface chemistry in

ES cell culture. Taken together, the methods and results

presented here indicate that our platform could be used

to synthesize and modify 3D substrates for any well-

defined culture system.
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5. Conclusion

In this study, we have covalently grafting DMAPMA to

electrospun fibers using plasma-induced graft polymeriza-

tion. We synthesized fibrous matrices by varying the

concentration of PES in the solvent HFIP. All these fibrous

matrices can be chemically modified by DMAPMA. These

modified fibers support enhanced ES cell growth in

comparison with both DMAPMA-modified 2D membranes

and conventional gelatin-coated 2D surfaces. In particular,

the chemically modified fibers developed here support

the expression of ES cell pluripotency markers at a much

higher level than unmodified fibers, which was confirmed

through immunocytochemistry of ES cell pluripotency

markers, as well as Western Blot analysis. This work

provides a new opportunity to functionalize fibrous

matrices for advanced 3D cell culture of hard-to-grow cell

types and maintenance of stem cell pluripotency via

simple synthetic chemistry.
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