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Microtextured Polystyrene Surfaces for Three-Dimensional Cell Culture
Made by a Simple Solvent Treatment Method

Michael E. DeRosa, Yulong Hong, Ronald A. Faris, Hongwei Rao
Science and Technology Division, Corning Incorporated, Corning, New York 14831-0001, United States
Correspondence to: M. E. DeRosa (E -mail: derosame@corning.com)

ABSTRACT: This article describes a solvent treatment process for transforming standard flat polystyrene surfaces into textured micro-
environments for three-dimensional (3D) cell culture. The process can be used with off-the-shelf microplates having 6, 12, 96, or
even 384-well formats and completed in a few steps. The surface microtexture resembles tightly packed, non-interconnected micro-
pores having a median pore size of either 115 or 19 um depending on the strength of the solvent mixture. Hansen solubility parame-
ter analysis was used to map out the polymer—solvent interaction conditions necessary for creating the surface texture. Primary
human hepatocytes cultured on two-dimensional control surfaces attached with a flat monolayer morphology while those cultured on
surfaces having 115 pum-sized pores exhibited a round 3D morphology. The cells also showed more in-vivo like behavior on the
porous surface by exhibiting significantly higher basal enzymatic activity and expressing higher levels of several drug metabolism-
related genes. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40181.
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ment process. It is known that certain organic liquids can form
microcracks and voids when they contact glassy thermoplastic
polymers'>™7* and surface textures generated in this manner
could be useful for enhancing cell function. We recently used a
similar method to make microporous microfluidic devices on
polystyrene film'® and the same treatment could be used on
injection-molded polystyrene plates.

INTRODUCTION

Cell culture experiments typically use thermoplastic plates having
two-dimensional (2D) well bottoms. When cells adhere and grow
on 2D surfaces they often spread flat and consequently critical
cell functions such as metabolism, gene expression, enzyme activ-
ity, differentiation, protein secretion, etc. are different than they
are in living tissue. Therefore, a great deal of effort has gone into

developing new microenvironments that induce cells to take on a
three-dimensional (3D) morphology, which results in more in
vivo-like behavior and more biologically relevant assays.'™

Though 3D cell culture is advancing with various materials and
microstructures, standard 2D plates made of polystyrene are still
most commonly used. A 3D cell culture plate made of polysty-
rene in a conventional, inexpensive format could be an attrac-
tive technology since cultures could then be conducted on the
same material as cell biologists have been using for decades.
Polystyrene 3D cell culture technologies have been reported®°
and some are even commercially available.'"'> However, some
of these approaches'® could be impractical to manufacture while
commercially available porous inserts''? are significantly more
expensive than standard 2D plates.

One potentially simple and inexpensive way of making textured
polystyrene plates for 3D cell culture is to use a solvent treat-

One cell type that could potentially exhibit enhanced function
from such a textured surface is primary human hepatocytes.
Primary hepatocytes have been used for the last decade as the
“gold standard” in vitro model for investigating drug-induced
liver injury of new chemical entities. However, maintaining
hepatocyte function in vitro remains a very challenging task. It
has been reported that when hepatocytes are cultured under 2D
conditions, they lose some key liver functions, such as phase
I/II metabolism enzymes, by approximately 50% during the first
24 to 48 h in culture.'”” However, recent studies have shown
that hepatocytes cultured on various 3D microtextured surfaces

*ASTM D 7474-08 Standard practice for determining residual stresses in
extruded or molded sulfone plastic (SP) parts by immersion in various chem-
ical reagents.

Additional Supporting Information may be found in the online version of this article.

© 2013 Wiley Periodicals, Inc.

M&‘«\;F%U’B WWW.MATERIALSVIEWS.COM
]

40181 (1 of 9)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40181


http://www.materialsviews.com/

ARTICLE

have the potential to overcome the limitations caused by a 2D
environment, %>

The objective of our study is to determine if organic solvents
can be used as a simple means to create microtextured surface
features for 3D cell culture. We used off-the-shelf polystyrene
cell culture plates as the starting substrates and mixtures of mis-
cible good and poor solvents for polystyrene to determine the
conditions necessary for creating these features. Primary human
hepatocytes were used as a model system to test whether these
microfeatures could enhance cell function.

EXPERIMENTAL

Solvents Used for Surface Treatment

We used 26 solvents on molded polystyrene plates to test poly-
mer/solvent interactions. The following solvents were used as
received without further purification (Fisher Scientific or Sigma
Aldrich): isoamyl acetate; 1,1-dichloroethane; 1,3-dioxolane;
1,1,1-trichloroethane; methyl ethyl ketone; ethyl acetate; diethyl
ether; N-methyl-2-pyrrolidone; acetone; toluene; chlorobenzene;
n-butyl acetate; tetrahydrofuran; dichloromethane; cyclohexa-
none; glycerol; dimethyl sulfoxide; ethyl lactate; cyclohexane;
methanol; 1-butanol; 2-propanol; deionized water; ethanol; pro-
pylene carbonate. All polymer/solvent interaction tests for Han-
sen solubility parameter (HSP) analysis were conducted on a
polystyrene six-well plate (Corning, Costar” product #3736)

Biological Materials

Cryopreserved primary human hepatocyte (Lot Hu4l75),
CHRM® recovery medium and Thawing/Plating medium,
Quant-iT™  RiboGreen® RNA Reagent, custom designed
TagMan® Low Density Arrays (TLDA) and TagMan® Gene
Expression Cells-to-C1 ™ kit were purchased from Life Technol-
ogies (Grand Island, NY). Corning® Hepatocyte Maintenance
Medium was obtained from Corning Life Science Mediatech
(Manassas, VA). RNeasy Mini kit was purchased from Qiagen
(Valencia, CA). P450-GLO™ 3A4 assay kit was obtained from
Promega (Madison, WI). Type I collagen-coated microplates
were purchased from BD Biosciences (San Jose, CA). Rifampicin
(RIF) was purchased from Sigma-Aldrich (St. Louis, MO).

Birefringence Measurement

A modified version of a standard optical birefringence method
(ASTM D4093-95) was used to qualitatively characterize the
residual orientation in the wells of the polystyrene plate from
the molding process. A plate was placed between a polarizer
and analyzer in a manner to find the principal strain orienta-
tion in the specimen. Once the principle strain direction was
found, the plate was rotated 45° to the polarizer and analyzer
to observe the birefringence pattern that revealed the maximum
strain in the parts. Quantitative values of the birefringence were
manually measured in the rectangular polystyrene plate by
determining the fringe number and optical retardation value of
each fringe. The birefringence was calculated by dividing the
retardation by the plate thickness.

Procedure for Making Microporous Polystyrene Surfaces on
Rectangular Polystyrene Plate

One side of an injection-molded polystyrene rectangular plate
(108 mm X 72 mm X 0.7 mm) (Received from Corning Life
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Sciences manufacturing plant, Kennebunkport, ME) was masked
with a single-sided adhesive film to prevent exposure to the sol-
vent. The plate was submerged for 30 s into a 400 mL bath con-
taining mixtures of tetrahydrofuran/deionized water with volume
ratios of 35/65, 40/60, 43/57, and 50/50. A separate plate was
used for each solvent mixture. The plate was removed from the
bath and immediately blow dried with nitrogen for 1-2 min.
The backside adhesive film was removed after drying.

Procedure for Making Microporous Polystyrene Six-Well
Plate

Large and small pore size textures were made on non-treated
polystyrene six-well plates (Corning, Costar®, product #3736).
The large pore texture was made by pipetting 1.5 mL of 60/40
volume mixture of tetrahydrofuran/water into each well of the
plate. After 30 s, the solvent was removed and the plate was
blow dried for 1-2 min. Small pore plates were made by pipet-
ting 1.5 mL of a 40/60 volume mixture of tetrahydrofuran/iso-
propanol into each well. The solvent was removed after 30 s
and the plate was blow dried for 1-2 minutes. Residual THF
was removed by vacuum stripping the plates overnight at 84.7
kPa vacuum at 50°C. The plates were then oxygen plasma
treated for 60 s at 50 W in a plasma chamber (Model MPS-300,
March Instruments Inc.).

Procedure for Making Microporous 96-Well Plate

Large pore plates [Figure 2(i)] were made using non-treated 96-
well plates (Corning, Costar™, product #3915). 200 mL of a 50/
50 volume mixture of tetrahydrofuran/water was added to each
column using an eight-channel multipipetter (Rainin Instru-
ment, LLC). After 30 s, the solvent was removed and the wells
were blow dried with nitrogen for 1-2 min. The process was
repeated for all columns. Plates were then vacuum-stripped and
oxygen plasma treated as described above.

Procedure for Making Microporous 384-Well Plate

Large pore plates [Figure 2(k)] were made using non-treated
384-well plates (Corning, Costar” product #3540). 25 uL of a
50/50 THF/water mixture was pipetted into all 384 wells simul-
taneously using a 384 channel simultaneous pipettor instrument
(CyBi®-Well, CyBio AG). After 30 s, the solvent was removed
and blow dried with nitrogen for 1-2 min. Plates were then
vacuum-stripped and oxygen plasma treated as described above.

Procedure for Making Porous Plates for Enzyme Activity
Tests

Porous 96-well plates for CYP3A4 enzyme activity testing of
hepatocytes were made in two parts. A rectangular injection-
molded polystyrene plate [shown in Figure 1(b) and described
above] was used as the bottom of the 96-well plate. After the
rectangular bottom section was textured, it was attached to a
96-well holey plate with an adhesive gasket to make the final
cell culture plate.

Adhesive cellophane tape was used to mask one side of the rec-
tangular insert plate and the excess tape was trimmed off. The
masking was done to allow pores to be formed on only one
side of the plate, which improves cell visibility. The plate was
then flipped over and a 96-well double-sided adhesive gasket
was adhered to the face of the plate. The adhesive gasket was

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40181
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Figure 1. (a) Injection molded polystyrene plate (108 mm X 72 mm X 0.7 mm) between cross-polarizers showing fringes 1-4 and corresponding bire-

fringence value. The mold gate is in the center of the part. (b) Plate shown in (a) with no solvent treatment. One side of the plate was treated for 30 s
with a tetrahydrofuran/water mixture having the following volume ratios: (c) 35/65, (d) 40/60, (e) 43/57, and (f) 50/50. (g) SEM image showing the
morphology of the surface of the 50/50 THF/water treated surface at 50X magnification. Scale bar equals 100 pum. (h) Polystyrene plate shown in image
(b) with a 96-well adhesive gasket applied. (i) Plate with gasket after treatment with 50/50 THF/water mixture. (j) Adhesive gasket protective film
removed to reveal textured well bottom areas. (k) Textured polystyrene plate in (j) attached to bottom of 96-well holey plate with adhesive gasket. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

used as a stencil to allow porous patterning of the well bottoms,
which were exposed to the solvent. The plate was immersed in
a bath of either 60/40 THF/water or 40/60 THF/IPA to make
the desired pore size. Only four of the eight rows were
immersed in the solvent mixture for 30 s. The plate was
removed from the bath and blow dried with nitrogen for
approximately 60 s. The back adhesive masking tape was
removed and the plate was vacuum-dried in an oven overnight
at 50°C at 84.7 kPa vacuum to remove residual solvent.

After the bottom inserts were removed from the vacuum oven
the 96-well plate was assembled. First, the plastic front side pro-
tective sheet from the adhesive gasket was removed. The plate
with four rows of porous well bottoms were aligned and pressed
onto a 96-well holey plate. The final plate had four rows of flat
(2D) wells to serve as the 2D control and four rows of either
large or small porous wells. The assembled plate was then oxy-
gen plasma treated for 60 s at 50 W. Table I shows the nomen-
clatures used for surfaces used for cell culture tests.

Porous Plates for Gene Expression Testing
Microporous 12-well plates were made for conducting gene
expression tests of primary human hepatoctyes. 1.2 mL of 60/40
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THF/water solution was pipetted into one of the wells of a non-
treated polystyrene 12-well plate (Corning, Costar™, product
#3737). After 30 s, the solution was removed and the plate was
blow dried with nitrogen for 1-2 min. The same procedure was
used for making small pores using the 40/60 THF/IPA solution.
The plates were placed in a vacuum oven at 50°C overnight at
84.7 kPa vacuum to remove residual solvent. Each plate was
oxygen plasma treated for 60 s at 50 W.

Primary Human Hepatocyte Cell Culture

Cryopreserved primary human hepatocytes were thawed and
purified according to the manufacturer’s protocol. The purified
hepatocytes were then resuspended in Corning® Hepatocyte
Maintenance Medium supplemented with 10% fetal bovine
serum (FBS) and plated at a density of 60,000/well in 96-well
plates. The hepatocytes were allowed to attach to the surface by
incubating overnight at 37°C, 95% humidity and 5% CO,. After
the heptocytes attached to the surface, 10% FBS supplemented
Corning” Hepatocyte Maintenance Medium was replaced with
serum free Corning” Hepatocyte Maintenance Medium. Matri-
gel™ overlay was performed 18-24 h after seeding. The final
concentration of overlaid Matrigel™ was 0.25 mg/mL. The
hepatocytes were maintained for 7 days before assay. Every 48

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40181
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Table I. Nomenclature for Cell Culture Surfaces

Surface Description

COL 2D surface with collagen | coating

MOL 2D surface with collagen | coating and
Matrigel overlay

P-2D 2D surface plate with no coating

PL-3D 3D surface plate with large pores, no coating

PS-3D 3D surface plate with small pores, no coating

h, the medium was replaced with fresh Corning® Hepatocyte
Maintenance Medium.

Cytochrome P450 3A4 Enzymatic Assay

The enzymatic activity of Cytochrome P450 subtype 3A4 was
measured using a luminescent method. Primary human hepato-
cytes cultured in 96-well plates were incubated with 60 ul
Corning® Hepatocyte Maintenance Medium containing 1:1000
dilution of a 3A4-specific luminogenic CYP450 substrate,
Luciferin-IPA. After 1 h incubation, 50 wuL of the reaction
medium were mixed with 50 uL of P450-Glo™ Luciferin
Detection Reagent. After incubating for 15 min, the intensity of
luminescent was measured using a Victor III luminometer (Per-
kin-Elmer, Wellesley, MA).

Reverse-Transcription and Quantitative Real-Time PCR

Total RNA of hepatocytes cultured in each 12- or 96-well plates
was isolated using RNeasy mini kit. The concentration of purified
total RNA was quantified using the Quant-iT Ribogreen RNA Rea-
gent Kit according to the manufacture protocol. A two-step RT-
PCR reaction was then conducted according to TagMan® Gene
Expression Cells-to-Cy™ kit protocol. Briefly, for each sample, 16
ng of total RNA was used to transcribe to ¢cDNA in a 50 uL RT
reaction. The entire 50 uL product of the RT reaction was then
mixed with 50 uL TagMan® Gene Expression Master Mix to make
PCR reaction mixture. The entire 100-uL PCR reaction mixture
was then loaded into ports of a TLDA card. TLDA cards were
custom-made by Applied Biosystems and contained probes in trip-
licates for the detection of 16 genes. PCR amplified products were
detected by real-time fluorescence on an ABI PRISM 7900HT Fast
Sequence Detection System (Perkin Elmer, Wellesley, MA).

Real-Time PCR Data Analysis

Quantitation of the target cDNAs, to assess basal gene expres-
sion level, were normalized to an endogenous control gene
HPRT1 (Cr target — Cr mprt1 = ACy). The difference in expres-
sion level of each target cDNA in hepatocytes cultured on test-
ing plate was expressed relative to that in hepatocyte cultured
on collagen I plate (ACr (esting plate — ACT collagen 1 plate = AACT).
Fold changes in target gene expression level were determined by
taking 2 to the power of this number (2744¢r),

RESULTS AND DISCUSSION

Surface Texturing of Injection Molded Polystyrene Plates

Figure 1 shows how solvent strength and residual stress both are
required to form a surface microtexture on a molded rectangu-
lar plate of polystyrene. The plate was molded with the gate in
the center of the part and the birefringence pattern indicates the
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degree of molecular orientation and residual stress from the
molding process. The fringe number along with the correspond-
ing birefringence value is indicated in the image. The highest
residual stress and molecular orientation is at the center and
decreases toward the edge. The entire plate surface was exposed
to a solvent mixture comprised of a “good” solvent for the
polystyrene (tetrahydrofuran, THF) and a miscible “poor” sol-
vent (water). At a low THF/water volume ratio (35/65), only
the center of the plate became textured where the residual mold
stress was highest. Little to no porosity was formed on the outer
edges of the plate where the stress was lowest. These lower stress
regions could be made porous by strengthening the mixture by
adding more THF until the entire plate became porous even at
the edges using a ratio of 50/50 THF/water.

Figure 1 also shows how textured multiwell plates could be
made using a stenciling process. A rectangular plate was first
masked on one side with tape to prevent solvent exposure.
Then, a 96-well adhesive gasket was applied to the opposite
side. The plate was then immersed in a 50/50 THF/water mix-
ture for 30 s, blow dried with nitrogen, and vacuum-stripped
overnight. The back masking film and adhesive gasket protective
film were removed and the plate was adhered to a 96-well holey
plate to form the fully assembled part.

Instead of using a stenciling process, porous microplates could
be made in a much simpler fashion using off-the-shelf 2D
microplates. Figure 2 shows a 6, 96, and even a 384-well micro-
plate that were textured using a solvent mixture. In each case,
the solvent mixture was added to individual wells or into all
wells simultaneously to texture the entire plate. After the solvent
was removed and the plate was dried, it was oxygen plasma
treated to make the surface hydrophilic for improved cell
attachment. The plates could also be sterilized with a conven-
tional gamma irradiation process without degrading the texture.

We observed that two types of porous texture could be made
based on the poor solvent used. For example, when THF was
blended with isopropanol (40/60 THEF/IPA) we produced a
“small” pore texture and the polystyrene became opaque with a
white color. Figure 2(c,e,f) shows an example of one well of a
six-well plate that was treated in this manner to produce the
small pore texture. The median pore diameter of this type of
surface was found to be 19 um by mercury intrusion volume
measurement. When water was used as the poor solvent, we
obtained a “large” pore texture and the polystyrene remained
transparent. Figure 2(d,g,h) shows an example of one well of a
six-well plate that was treated with a 60/40 THF/water mixture
to make the large pore texture. Large pores made with this sol-
vent mixture had a median pore diameter of 115 um by mer-
cury intrusion volume measurement. The height of the texture
was measured to be 80-100 pum using optical microscopy. Sol-
vent wicking tests revealed that both the large and small pore
textures were not interconnected, but densely packed microcrat-
ers. Currently, we do not understand how the poor solvent con-
trols the pore size or the opacity of the polystyrene. Water was
the only poor solvent that produced transparent porous textures
with large features. All other poor solvents produced small
pores and turned the polystyrene opaque.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40181
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Figure 2. (a) Polystyrene six-well plate (Corning, Costar®, 3736) before solvent treatment and (b) after all six well bottoms were treated for 30 s with a 40/

60 tetrahydrofuran/isopropanol mixture. (c¢) Optical image of one well of the six-well plate that was treated with 40/60 tetrahydrofuran/isopropanol. (d)

Optical image of one well of a six-well plate that was treated with a 60/40 tetrahydrofuran/water mixture for 30 s. (e) Stereomicroscope image of the well

bottom shown in (c). Scale bar is 265 um. (f) 50X magnification SEM image of the well bottom texture shown in (e). Scale bar is 100 um. Inset image

shows the same texture in (f) but at 500X. Scale bar is 25 pum. (g) 50X magnification stereo backlit optical image of textured well bottom shown in (d).

Scale bar is 500 um. (h) 50X magnification SEM image of the well bottom texture shown in (g). Scale bar is 100 um. (i) 96-well plate treated (Corning,
Costar® 3915) with 50/50 tetrahydrofuran/water and (j) optical image of porous well bottom shown in (i). Scale bar is 1000 um. (k) 384-well plate (Corn-
ing, Costar® 3542) after all wells were treated with a 50/50 tetrahydrofuran/water mixture for 30 s. (1) Back view of plate in (k). (m) Optical image of

porous well bottom shown in (1). Scale bar is 500 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Solvent Conditions for Making Textured Surfaces

Figure 1 illustrates how porous surface textures can be formed
by tuning the solvent strength of the liquid that comes in con-
tact with molded polystyrene as long as there is sufficient
residual mold stress. An earlier study by Sung et al.>° also
showed that microporous surfaces could be made by solvent
treating molded polymers. These investigators made open cell
microporous features on polymethylmethacrylate with various
solvents and mixtures of solvents. They found that molecular
orientation formed during extrusion was required to form the
pores. In their study, they chose to use a single Hildebrand
solubility parameter to characterize the conditions for pore
formation, but this approach was only partially successful.
Here, we instead use 3D Hansen solubility parameters (HSP)
to better characterize the solvent properties required for mak-
ing textured surfaces.

HSP are given for three primary intermolecular forces: atomic
dispersion forces (Jp), molecular permanent dipole—dipole
interactions (Jp), and molecular hydrogen bonding interactions
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(0r).”” The strength of polymer—solvent interactions are deter-
mined by comparing the Hansen parameters of the polymer to
that of the solvent by the term R,

RZ:4(6D1_5D1)2+ (5Pz_6P1)2+ (5H2_6H1)2 (1)

where subscripts 1 and 2 refer to the solvent and polymer,
respectively. A good solvent has parameters that are closely
matched to the polymer and results in a relatively small value
of R, R, increases as the solvent becomes more dissimilar to
that of the polymer. Eventually, the solvent becomes poor above
a threshold value of R, defined as R,. The relative energy differ-
ence (RED) between the polymer and solvent is defined as R,/
R,. When the RED <1, the solvent will dissolve the polymer
and when the RED > 1 the solvent has no effect. Solvents that
have a RED value near 1 only cause swelling and typically
induce environmental stress cracking and crazing (ESC).

ESC of thermoplastics has been studied for many years."”™”"

ESC occurs when a glassy polymer is placed under a tensile
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Figure 3. (a) Hansen parameter plot of 6P versus 0H for solvents and solvent mixtures tested on the well bottom surface of a polystyrene six-well plate.

The black circular line is a cross-section of the solubility sphere fit between good and poor solvent. The following solvent mixtures with the correspond-

ing volume ratio ranges formed microporous textures: tetrahydrofuran/water 50/50-65/35, tetrahydrofuran/isopropanol 35/65-45/55, tetrahydrofuran/
propylene carbonate 37/63-50/50, ethylene acetate/isopropanol 60/40-70/30, toluene/dimethyl sulfoxide 25/75-30/70, acetone/isopropanol 70/30-80/20.
(b) Relative energy difference (RED) values of all solvents and mixtures shown in Figure 3(a), versus their molar volume.

load and put into contact with a liquid. The load can be exter-
nally applied or the result of residual stress locked in during the
cooling phase of a process such as injection molding. If the lig-
uid has the right properties it will plasticize the polymer and
cause yielding which accelerates local void formation. The mag-
nitude of ESC depends on the amount of stress in the material
coupled with the solvent strength of the liquid. ESC is usually
undesirable and most applications try to prevent it.

We determined the interaction strength between a molded poly-
styrene six-well plate and various solvents and solvent mixtures in
the following manner. We examined the surface of a well bottom
after applying a drop of a particular solvent or mixture to see if it
dissolved the surface to form a viscous liquid (good solvent),
formed pores (microporous), or had no effect (poor solvent). The
HSP of all the test solvents were obtained from tabulated val-
ues.””?® In the case of water, there are several sets of HSP values
that have been reported. As an individual component, we used
values for water as a single molecule and for solvent mixtures
using water we used values indicated for total miscibility.*” Solu-
bility parameters for mixtures were calculated as a weighted vol-
ume average. 0p, 0p and J values of the solvents were plotted as
X, » and z coordinates, respectively, and a sphere was fit at the
boundary between good and poor solvents using commercially
available software.” The fit yielded the center of a sphere with the
radius R,. HSP values of the polystyrene plate were determined to
be 0p=16.98 MPa'?, 5,=6.76 MPa'?, 5;;= 4.73 MPa'”? with
R, = 6.4. HSP values of all solvents and solvent mixtures are given
in Supporting Information Table S1.

Figure 3(a) shows a 2D plot of dp versus oy for all solvents and
mixtures tested on the six-well plate surface. The circular fit is a
cross-section of the sphere with R, = 6.4. As the plot shows, six
miscible solvent mixtures formed microporous textures and all
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of these mixtures were on the solubility boundary of good and
poor solvent strength. The RED value which takes all three
Hansen parameters into account is shown versus molecular vol-
ume in Figure 3(b) and Supporting Information Table S1. All
the mixtures that formed porous textures have RED values in
the range 0.9-1.4, which is similar to liquids reported to cause
environmental stress crazing.”’

Though porous textures were formed with solvent mixtures
having a RED value near 1, there are some individual solvents
with a RED value near 1 that did not make porous textures. In
Figure 3(b) samples labeled as good solvents near a RED value
of 1 include N-methyl pyrrolidone, diethyl ether, toluene, chlor-
obenzene, isoamyl acetate, and those labeled as poor solvents
are cyclohexane and ethyl lactate. In the context of solvent craz-
ing, there are other factors such as temperature, stress level,
exposure time, and molecular size and shape that determine
when crazing is most likely to occur.?” It is possible that these
same factors also affect the process for making porous surface
textures. With regard to molecular size, cylcohexane and ethyl
lactate may be too large to penetrate the surface to initiate swel-
ling and form a porous texture under the given conditions of
the experiment. Molecular size might also be a factor in the
case of the solvents that were considered good but did not form
porous textures. These solvents may be strong enough to slowly
dissolve the topmost layer of the surface but due to their molec-
ular size do not penetrate to a sufficient depth into the material
quick enough to cause the formation of the open porous tex-
ture. Diffusion rate has been reported to be a factor in craz-
ing,® but we did not examine the effect that this had on the
kinetics of the pore forming process.

Our results indicate that the condition of the polymer—solvent
interaction required for making the porous surface texture is
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Figure 4. Standard bright field optical images of primary human hepatocytes cultured on (a) 2D polystyrene surface with a collagen I coating and

(b) large pore microporous polystyrene surface with no coating. (c) Composite bright field and fluorescent image of cells stained with nuclei (blue),

plasma membrane (green) on large microporous surface. [Scale bar is 20 um in (a—c).] Non-normalized CYP3A4 (d) basal and (e) Rifampicin induced
enzymatic activity of primary human hepatocytes cultured 2D collagen-coated (COL), 2D collagen with Matrigel overlay (MOL), uncoated large pore
(PL-3D), and uncoated small pore (PS-3D) surface. (f) Comparison of relative gene expression profiles of primary human hepatocytes cultured on a
two-dimensional collagen I-coated substrate (COL) compared to uncoated 3D surfaces with large (PL-3D) and small pores (PS-3D). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

similar to that reported for inducing environmental stress craz-
ing. However, the textures we made appear to be distinctly dif-
ferent than conventional crazes. By definition, a craze is a crack
with polymer fibrils spanning the two sides of the crack which
has sharp boundaries. The dimensions of cracks are usually on
the order of 1 to a few tens of microns where the fibrils are typ-
ically much <1 pm in diameter.”' The textures we formed are
much larger with smoother features resembling porous foams
rather than fractures. In the study by Sung et al., the authors
also found that the porous surface features they formed were
under similar conditions reported to cause crazing, but indi-
cated that the pore morphology was different than crazes. They
instead termed the phenomenon whitening. Since there are dif-
ferences between porous surfaces and crazes, describing the
pore-making process with a more general term of surface tex-
turing other than crazing appears to be more appropriate until
a deeper understanding of the mechanism of pore formation
can be determined. In the next section, we describe how these
porous textures were used for a cell culture application.
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Cell Morphology and CYP3A4 Enzyme Activity

Hepatocytes displayed different morphologies on porous and
flat surfaces. Images are only shown for large pores since the
small pore texture was opaque. Cells spread flat on the 2D sur-
face with a collagen 1 coating and displayed monolayer mor-
phology with a clear cell boundary and nuclei [Figure 4(a)].
Cells adopted a spherical shape on the large microporous sur-
face, without any coating, and were either scattered individually
or formed in aggregates. The cells are approximately 20 pum in
diameter and easily fit well within the crater-like features of the
large pore surface texture [Figure 4(b)]. The 3D morphology of
hepatocytes on the large microporous surfaces was further con-
firmed by fluorescence images shown in Figure 4(c).

We determined the functionality of the hepatocytes by meas-
uring the activity level of the CYP3A4 enzyme because it is
associated with 50-60% of drug biotransformation in humans."!
Figure 4(d) shows the basal enzyme activity of hepatocytes cul-
tured on 2D and 3D surfaces. The activity was significantly
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higher on both large and small pore surface without any coating
compared to a 2D surface with a collagen I coating. The activity
on the large pore surface was comparable to a 2D surface with
a collagen I coating and Matrigel™ overlay. Figure 4(e) shows
the rifampicin induced CYP3A4 activity to evaluate how hepa-
tocytes responded to chemical treatment on different surfaces.
Cells had the highest induced activity on the 2D Matrigel over-
lay surface while cells cultured on both porous surfaces had sig-
nificantly higher readings than the collagen I-coated 2D surface.

Overall, the enhanced function on the porous surfaces is quali-
tatively consistent with what has been reported for hepatocytes
cultured on non-interconnected microtextured surfaces. Naka-
mura et al.® reported that a square-shaped microspace texture
was able to produce 3D cell aggregation of HepG2 and primary
human hepatocytes. The resulting gene expression on these
surfaces was higher than cells cultured on a 2D surface coated
with collagen. Sakai et al.** showed that well-controlled sphe-
roids of HepG2 cells could be formed on PEG-coated cylindrical
microwells and these spheroids exhibited higher protein secre-
tion than cell monolayers grown on a 2D surface. Finally, Mori
et al.*' demonstrated that spheroids and cylindroids of rat hepa-
tocyte and HepG2 cells could be formed on microtextured
surfaces. Both the spheroid and organoid structure showed
higher protein secretion and ammonia removal than the mono-
layer grown on a 2D collagen-coated surface.

Gene Expression Results and Analysis

In addition to measuring CYP3A4 activity, we used gene expres-
sion as another metric to evaluate a broader range of hepatocyte
functions. Fourteen drug metabolism-related genes and two
housekeeping genes were chosen for this study. We determined
the relative gene expression levels of RNA isolated from hepato-
cytes by using a quantitative real-time PCR method. The 2D
collagen-coated surface was compared to uncoated large pore
and small pore surfaces. Figure 4(f) shows that cells cultured on
both small and large pore surfaces had higher mRNA levels of
several important drug metabolism enzymes than on a 2D sur-
face with a collagen I coating. These enzymes included phase
/T metabolism enzymes (CYP1A2, CYP2B6, CYP3A4,
SULT2A1, UGT1Al, and UGT2B4), transcription factors (AHR,
NRII2, and NRI1I3) and drug transporters (ABCC2 and
ABCG2). The gene expression results were consistent with
CYP3A4 enzymatic functional assay results and our overall
results are consistent with other studies that showed how
microwell features improve hepatocyte function mainly by ena-
bling cells to form 3D aggregates.”'*

CONCLUSIONS

In this article, we demonstrated that microtextured polystyrene
surfaces for 3D cell culture can easily be made with off-the-shelf
microplates by a simple solvent treatment process. The porous
surface textures were formed with a combination of residual
surface stress and solvent strength of the liquid contacting the
surface. The conditions required to form the textures were simi-
lar to those reported to induce solvent crazing and confirmed
by HSP analysis. However, the porous features formed on the
surface were significantly larger than craze structures. Though
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not understood at this time, we observed that using water as
the poor solvent in a mixture created a microporous texture
with features large enough to trap and hold cells and transpar-
ent enough to observe them with standard microscopy methods.
Primary human hepatocytes cultured on the porous textures
exhibited higher basal enzyme activity and gene expression of
numerous genes compared to cells cultured on a 2D flat surface
coated with collagen. The higher function occurred on the tex-
tured surfaces even though the pores were not-interconnected.
Additionally, the microporous surfaces enhanced basal cell func-
tion even without a collagen coating indicating that the physical
structure of the surface had significant impact on this cell type
independent of the surface chemistry. Though this study
focused on hepatocytes, other cell types could be studied in the
future to see the effect this texture has on their behavior.
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