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Abstract

Topographical features on a substrate can greatly influence stem cell fate through contact SCIENTIFIC PAPER
guidance. While the response of stem cells to topography at the nano-, micro-, and meso-

scale has been studied extensively, little is known about the interplay of surface features UDC 616.71:004:60:678.84

acting simultaneously across multiple length scales. A limiting factor has been the
availability of high throughput methods for probing the potentially unlimited parameter
space. Herein we describe a facile method for rapidly generating a hierarchy of multi- Hem. Ind. 72 (2) 69-80 (2018)
scaled topographical features on polymer substrates via the self-assembly of surfactants at
the monomer/water interface. Having previously assembled polydimethylsiloxane-
diacrylate (PDMS-DA) into surfaces resembling multiple tissue morphologies, the current
study refines this method to produce biocompatible substrates. To manage the large
parameter space, we limit the scope of this study to surface features spanning nanometer
(< 1 um) and micrometer (1-50 um) length scales, which arise both individually and in
combination. Adipose-derived stem cells were plated onto five surface types and their
morphology, proliferation, and osteogenic differentiation were assessed after non-
inductive and osteogenic culture. We observed statistically significant differences in
cellular responses to each surface. Among our observations, the increased osteogenesis of
cells on surfaces with nano-scaled features superimposed over micro-scaled features
suggests that such hierarchical surface structure mediates the osteogenic properties of a
surface.

Keywords: Fossilized liquid assembly; Self-assembly; Multi-scale topography; Adipose-derived
stem cells; Bone tissue engineering; PDMS.
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1. INTRODUCTION

Several recent biomaterial studies have focused on the development of scaffolds with surface topographies that
closely resemble that of human tissues [1-4]. The application of such structural cues has been shown to influence
cellular behavior and tissue morphogenesis [5,6]. In vitro studies on artificial surfaces have demonstrated that
structure alone significantly affects the organization of cells through contact guidance, and certain nano-patterns have
reportedly induced differentiation in the absence of media components [7-13]. Nanotopography-directed
osteogenesis in particular has been demonstrated in mesenchymal stem cells of adipose and bone marrow derivation,
on polymer, biologic, and metallic surfaces [14-19]. A key limitation of tissue engineering scaffolds is the inability of
conventional micro- and nanofabrication methods to match the complexity of the extracellular matrix (ECM). The ECM
presents a hierarchy of topographical features from the nano- to macro-scale that template tissue growth. These
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features occur with different diameters, spacing, orientations, persistence lengths, and size distributions. Complicating
the topography is the fact that the surface features superimpose upon one another at different length scales.
Unfortunately, the vast parameter space currently precludes a thorough, systematic investigation of multi-scale cell-
surface interactions. Facile high throughput methods are required in order to reduce the number of experiments
needed to explore this parameter space to a more manageable number. By creating a technique to rapidly generate
topographies that superimpose surface features from the nano- to macro-scale, a better understanding of cell-
topography interactions that occur simultaneously across multiple length scales can be exploited for bioactive
material scaffold development.

Various methods can be employed to generate topographical structures on the surface of biomaterials. Commonly
used are high-throughput methods such as plasma treatment and acid-base etching [20,21]. While effective for rapid
generation of topographies, these methods suffer from limited control of feature geometry and poor consistency.
Conventional photolithography, on the other hand, is precise, consistent, and provides direct control of geometry.
However, its resolution is inherently limited to the wavelength of the exposure light, which is generally in the
hundreds of nanometer range [22,23]. Additionally, despite being able to generate any two-dimensional (2D) patterns,
photolithography produces topographies that are generally limited to prismatic structures on planar surfaces. For
structures smaller than the wavelength of light, colloidal lithography can achieve feature sizes on the order of 50 nm
[24,25]. It is somewhat defect-prone, though, as the patterns are developed through processes that thermodyna-
mically favor defects. Electron-beam lithography (EBL) can produce defect-free nano-patterns with a similar level of
control as photolithography, but pushes the maximum resolution even further to 11 nm [26]. Unfortunately, long
write times make it impractical for many cell studies.

Our laboratory has previously developed a novel self-assembly technique (dubbed Fossilized Liquid Assembly; FLA),
which, in a single step, superimposes topographical patterns ranging from tens of nanometers to several millimeters
in size [27, 28]. The features primarily consist of bumps, pores, and ridges, which may superimpose upon each other
with up to seven levels of hierarchy. Quantitative image analysis revealed that the surfaces are generally multi-
fractals. In addition, they differ from most photolithographic patterns in terms of randomness and the breadth of the
feature size distribution. Few synthetic techniques combine multi-fractal morphology, multiple levels of hierarchy,
randomness, wide size distributions, and the main structural motifs of the ECM.

Sample preparation consists of dissolving a nonionic surfactant in polymer, coating the polymer on a solid
substrate, and then immersing it in water. The high interfacial tension drives the segregation of surfactants dissolved
in the oil phase to the boundary layer where they deform the liquid/liquid interface, simultaneously giving rise to
nano-, micro-, and macro-scale features. Then cross-linking the oil phase into a solid polymer preserves a “snapshot”
of the self-assembly at the instant of UV exposure. Varying surfactant structure, concentration, self-assembly time,
and film thickness creates distinct surface morphologies. Relative to lithography, FLA has the advantage of cost, speed,
and simplicity. The entire process takes less than five minutes and can be used to create gradient surfaces. These
include gradients in thickness, surface features, levels of hierarchy and surfactant concentrations [29].

Compared to chemical etching methods, FLA offers much greater control and a wider variety of morphologies and
captures the complexity, disorder, fractal geometry, and hierarchical organization of biological materials, and the ECM
in particular. FLA has been demonstrated on methacrylates, styrenes, fluoroacrylates, and silicones. The PDMS-DA
used in this study contains ester-ether bonds that slowly hydrolyze in water. The hydrolytic degradation rate can be
increased up to 10 times through the introduction of thiol-acrylate bonds [30]. The byproducts of PDMS-DA
degradation may hold key advantages in that they have a smaller inflammatory effect due to their low acidity [31] and
ability to be easily cleared by the body [32] limiting bioaccumulation [33-36].

This study used poly (dimethylsiloxane-diacrylate) (PDMS-DA), which can form surfaces that bear strong
topographic resemblances to various tissue types [29]. Combined with its biocompatibility and the ability to tune its
elastic modulus to match native tissue properties, PDMS-DA is a promising model system for probing cell-surface
interactions [37]. Moreover, the goal of this study is to evaluate the ability of this novel technique for generating
topographical patterns to modify cellular responses to materials. We investigated the interplay among the different
levels of hierarchy that act simultaneously over subcellular (< 1 um), cellular (1-50 um), and intercellular length scales
(>50 um) and probed the impact of multi-scale interactions to influence adipose-derived stem cells (ASCs) morphology
and behavior. We quantitatively characterized the surface features generated by five distinct surfactants where the
concentration, self-assembly time and film thickness were specified a priori. Human ASCs were cultured on the five
distinct PDMS-DA surfaces as well as on a flat, control surface. We observed five very distinct sets of surface features
and found that these could elicit differences in human ASC morphology, proliferation, and osteogenic differentiation.
These findings suggest that there is potential for using this approach to modulate cellular responses to biomaterials.
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2. MATERIALS AND METHODS

2.1. Reagents

All reagents were purchased from Sigma Aldrich and used without further purification unless otherwise noted.
Bis(2,4,6-trimethylbenzyol)-phenylphosphine oxide (lrgagure 819, Ciba Chemicals, Switzerland), (3-acryloxy-2-
hydroxypropoxy propyl) terminated polydimethylsiloxane (PDMS-DA, Gelest, Inc., 110 cSt viscosity, 7500 g/mol),
polyoxyethylene (10) oleyl ether (C18E10), polyoxyethylene (2) oleyl ether (C18E2), polyoxyethylene (2) cetyl ether
(C16E2), polyoxyethylene (4) dodecyl ether (C12E4), polyoxyethylene (2) hexyl ether (C6E2), phosphate-buffered
saline (PBS), fetal bovine serum (FBS, Atlanta Biologics, USA). The hydrophile-lipophile balance (HLB) values of the five
surfactants are provided in Table I.

Table 1. HLB Values of Surfactants used in this study
Surfactant C6E2 C12E4 C16E2 C18E2 C18E10
HLB Value 10.2 10.2 5.6 5.2 12.7

2.2. PDMS surfaces

Samples were prepared by first dissolving 1 % w/w Irgacure 819 in PDMS-DA by stirring at 60°C for one hour. Next,
a surfactant was dissolved in the mixture at 10 % w/w. These were linear nonionic surfactants of the form CiEj, where i
refers to the number of carbons in the aliphatic tail, and j refers to the number of repeat units in the polyethylene
glycol head group. Five surfactants were tested in all: C6E2, C12E4, C16E2, C18E2, and C18E10. The mixtures were
spin-coated on 15 mm-diameter glass coverslips at 6600 RPM for 5 sec to create the desired film thickness. The coated
coverslips were attached to the back of a Petri dish and inverted onto water, as shown in Fig. 1. Self-assembly of the
surfactants at the PDMS-DA/water interface resulted in unique and consistent topographies. The systems were
allowed to self-assemble for 30 sec before being flash-cured with UV light (80 W system comprising two UV-B bulbs
with 7080 W/m? at the PDMS/water interface). The flat control surface was created by using PDMS/initiator mixture
without surfactant and eliminating the time allowed for self-assembly, beginning UV exposure upon contact with the
water. Once the polymer solidified, the coated coverslips were removed from water and dried. They were then
visually inspected using a Toshiba TM3000 tabletop scanning electron microscope (SEM). For quantitative
topographical analysis, a Zeta Instruments Zeta-20 optical profilometer recorded the 3D height profile at a 100x
magnification. Prior to cell seeding, the surfaces underwent a series of graded ethanol washes (70 %, 95 %, 100 %) for
12 h each to leach the cytotoxic photo-initiator and excess surfactant. Although the samples are referred to by the
surfactant used to generate the surface topography, the surfactants were removed prior to cell exposure, leaving
behind pure PDMS-DA. Samples were subsequently rinsed in phosphate-buffered saline (PBS). Finally, the surfaces
were soaked in PBS containing 10 % fetal bovine serum (FBS, Atlanta Biologics, USA) for 24 h in order to coat the
surface with proteins to facilitate cell attachment.

PDMS-DA UV light o N
<& P W | | ethanol _
{ "I ‘ i H.‘
/ | —
petri dish cover slip ) -
coating self-assembly polymerization leaching sample

Figure 1. From left to right, PDMS-DA-coated cover slips were attached to the back of a Petri dish, inverted, and floated in water.
After allowing 60 s for self-assembly to take place, the samples were irradiated with UV light to solidify the PDMS-DA. The samples
were removed from water, soaked in ethanol to leach out photo-initiator and excess surfactant, rinsed, and dried.

2.3. ASC isolation and culture

Humans ASCs were a kind gift of Dr. Jeffrey Gimble. The ASCs were isolated under an Institutional Review Board
approved protocol according to published methods [24]. For expansion, ASCs were thawed and cultured in expansion
medium: high glucose DMEM (GIBCO Invitrogen, USA) with 10 % fetal bovine serum (FBS; Atlanta Biologicals), 1 %
penicillin/streptomycin (GIBCO Invitrogen), and 1 ng/ml bFGF (PeproTech, USA). Cells from a single donor were used
at passage four for all experiments. ASCs were seeded onto the prepared surfaces at 5,000 cells/cm? and cultured in
500 pl of the appropriate media. Cells were incubated at 37 °C, 5 % CO,, and media was changed thrice weekly. To
induce osteogenic differentiation, cells were cultured in osteogenic media (OM), which comprised of high glucose
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DMEM with 10 % fetal bovine serum and 1% penicillin/streptomycin with additional components 10 mM beta-
glycerophosphate (Sigma, USA), 50 uM L-ascorbic acid-2-phosphate (Sigma), and 10 nM dexamethasone (Sigma).
Samples were harvested at Day 0, 1, 4, and 7 for the proliferation experiments, and Day 21 for the osteogenic
differentiation experiments.

2.4. Scanning electron microscopy

To examine cell morphology, cellularized surfaces were fixed in 3.7 % formaldehyde in PBS at 4 °C for 16 h. The
samples were then washed thoroughly for 5 min in PBS followed by 10 min in deionized water before being frozen at -
20 °C. Dehydration was accomplished by lyophilization of the frozen samples. Samples were then sputter coated with
platinum before examination with scanning electron microscopy (JEOL 6700F) at 15KV. The images were also used to
guantitatively verify the feature sizes reported from optical profilometry. This was performed at the day 1 time point
so as to be able to identify individual cells’ morphology before confluence or near-confluence.

2.5. Optical profilometry

In order to visualize the surfaces in 3D, optical profilometry (Zeta Instruments Zeta-20) was used to record a height
profile at 100x magnification. This profile was then used for quantitative topographic analysis, yielding feature size in
planar and height dimensions. Calculated from the height distributions were the root-mean-square (RMS) surface
roughness (width of the height distribution), skewness (symmetry of the height distribution), and kurtosis (curvature
of the height distribution). The root-mean-square roughness measures the degree of deviation from the midplane of
the surface and captures the average height and depth of features but not their spacing. Positive kurtosis values
indicate a slightly sharper peak and fatter tails relative to a Gaussian, whereas negative values indicate a rounded
peak with short tails. Positive skewness values signify that the largest deviations from the mid-plane are protrusions,
and negative values indicate that the largest features are depressions.

2.6. Cell proliferation

DNA content as a measure of cell number has been established as a surrogate for proliferation in a number of
studies [38-41]. DNA content of the cultures was assessed using the Picogreen assay. ASCs were grown on the surfaces
in 24-well plates. Upon harvest, cells were treated with 250 pl of lysis buffer comprised of 0.1 % Triton X-100, 1 mM
EDTA, 10 mM Tris, 0.1 mg/mL proteinase K (Sigma). The samples were stored frozen at -20 °C. Immediately preceding
analysis, samples were incubated at 50 °C for 16 h. DNA content was then determined using the Quant-It PicoGreen
fluorescent quantitation kit (Molecular Probes, Thermofisher Scientific, USA). Samples were added in duplicate to a
96-well plate at a 1:1 dilution with Tris/EDTA buffer. PicoGreen dye diluted to 1:200 with Tris/EDTA was added at 100
ul per well. The plate was then read (excitation 485 nm, emission 530 nm) and DNA content was determined by
comparison to standard samples. DNA content was evaluated at Days O, 1, 4, and 7 for ASCs in growth medium and at
Day 21 for ASCs undergoing osteogenic differentiation. The earlier time points were needed to show statistical
differences in proliferation, whereas by latter time points, DNA content became roughly the same on all surfaces due
to contact inhibition and was instead used for normalizing calcium mineralization.

2.7. Calcium quantification

To provide a benchmark for functional outcomes of our surfaces as indicated by literature [42-44], calcium
deposition was evaluated for the osteogenic differentiation study at 21 days, as calcium deposition at earlier time
points was negligible. Samples were separate from those used in the DNA assay and were harvested with 250 pl of 0.5
N HCI. To dissolve mineralized calcium, the samples were kept in the 0.5 N HCl at 4 °C for 16 h with agitation. After
centrifuging the sample to pelletize cellular debris, calcium content was quantified from the sample supernatants
using the colorimetric Calcium LiquiColor Test (Stanbio, Block Scientific, USA). Supernatant was added in duplicate to a
96-well plate at a 1:1 dilution (0.5 pl sample, 0.5 ul 0.5 N HCI), following which the colorimetric kit components were
added. The plate was then read and calcium content determined from reference values.

2.8. Phalloidin/DAPI

Cellularized surfaces were fixed in 3.7 % formaldehyde in PBS at 4 °C for 16 h at Day 1. Samples were
permeabilized with 500 pl of 0.2 % Triton-X in PBS for 10 min, and then washed in PBS for 5 min. Blocking was
completed by incubating the samples in 500 pul of 10 % FBS in PBS for 30 minutes. Samples were then incubated with
actin-staining phalloidin-TRITC (1:40, Sigma) for one hour. Following three washes in PBS, cell nuclei were stained with
DAPI (1:2000, Sigma, USA) for five minutes. Samples were then mounted and imaged using a Zeiss Axio Observer
inverted fluorescence microscope.
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2.9. Quantitative image analysis

Morphological measurements of immunostaining were completed using Image J software (NIH). Thresholding was
applied to fluorescent images from Day 1 of the proliferation study to isolate the cells. In order to determine the
average and variance of cell area, counting and analysis was automatically performed using masks around individual
cells. The area covered by cells was averaged from two random view fields per sample and two samples per surface.

2.10. Statistical analysis

Quantitative results are expressed as means +/- standard error. All experiments were conducted in triplicate (n =
3). Multi-group comparisons were determined by one-way analysis of variance (ANOVA) with the Dunnett’s test for
post-hoc analysis. Dunnett’s test is a modified Student’s t-test that allows multiple pair-wise comparisons of various
experimental groups to a single control. Significance levels are denoted as *p<0.05, **p<0.01, and ***p<0.001.

3 RESULTS

3.1. Characterization of PDMS-DA surfaces

The different surfactants used in this study induced the formation of highly variable surface topographies on the
PDMS-DA. SEM imaging demonstrated distinct but consistent surface features on the micron and sub-micron length
scales (Fig. 2). Optical profilometry indicated that the heights of these features varied greatly based on surfactant
type. For example, the surface of C18E2 consists of submicron ridges (average 300 nm in diameter and 40 nm in
height) with no micron-scale features. Conversely, C12E4 possessed micron-scaled topographies with steep ridges
ranging from 20 — 30 um in height and width. The porous features of C18E10 were distinctly bimodal. One group of
pores averaged 1.5 um in depth and diameter while the other group had average measurements of 20 — 30 um.
Finally, the C6E2 and C16E2 samples included hierarchies of sub-micron-sized features superimposed on structures
that were micrometer length scales. For example, there were nanometer-sized bumps on the C16E2 samples
superimposed on 7 — 8 um pores causing it to resemble a combination of the features on the C18E2 and C18E10
samples. Meanwhile, the C6E2 sample had nano-scale bumps on 2 — 3 um ridges.

Taken together, these morphologies probe three distinct aspects of surface morphology: structural motif,
hierarchical level, and size distribution. In terms of structural motif, three are represented, bumps, ridges, and pores.
They are sometimes presented in combination. Since the film thickness was relatively thin, the number of hierarchical
levels is limited to one or two. Finally, the size distributions followed either a unimodal or bimodal distribution. The
latter is especially important to compare with the hierarchically structured surfaces. Thus one can distinguish between
effects caused by having two different length scales present side by side versus the superposition of two different
length scales. The different morphological characteristics of the samples in Figure 2 are summarized in Table 2.

CBE2 C12E4 C16E2 C18E2 C18E10

FETT

5 = 0 be i = = " - 0 um
Figure 2. (Top row): SEM images of topographical structure of PDMS surfaces fabricated by FLA with different surfactants at 10 %
w/w (Mag = 2000X; scale bar = 30 um). (Bottom row): 3D representations of optical profilometry images with FOV of 233x175 um.
The false color scale indicates height from blue at 0 um, green at 12 um, red at 50 um, yellow at 40 um, and white at 50 um.

Table 2. Summary of morphological characteristics found on each sample surface

Sample C6E2 C12E4 C16E2 C18E2 C18E10
Structural Motif Ridges and bumps Ridges Ridges and pores Ridges Pores
Levels of Hierarchy 2 1 2 1 1
Unimodal, 100 nm bumps  Unimodal, 30 Unimodal, 100 nm Unimodal, Bimodal, 1 and

Size Distribution on 3 um ridges um ridges bumps on 8 um pores 300 nm ridges 30 um pores
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Quantitative characterization of these surface features was used to confirm qualitative observations (Fig. 3). The
roughness of each surface was measured in microns as the root-mean-square of the heights of features on the
surfaces. The roughest surface was C12E4 (5.94 * 0.44 um) and the values gradually decreased from C18E10 (3.82 +
0.49 um), C16E2 (1.30 + 0.23 um), C6E2 (0.46 + 0.01 pum), and C18E2 (0.18 + 0.06 um) (Table 3). The dimensionless
values of skewness and kurtosis were also included to more precisely describe the surface structure for each group.
Skewness was small and negative for all samples, indicating that the surfaces were largely symmetric about the mid-
plane, and that the largest deviations were deep depressions rather than tall protrusions. In order of decreasing
skewness, the samples ranked C16E2, C6E2, C18E10, C18E2, and C12E4. Kurtosis was small and positive for all
samples, indicating that the surfaces had a more distinct mid-plane relative to a random Gaussian distribution. In
order of decreasing kurtosis, the samples ranked C12E4, C18E10, C16E2, C18E2, and C6E2 (Fig. 3).

3.2. ASC morphology

Fluorescent images of phalloidin-stained cells at Day 1 demonstrated that ASCs adopted distinct morphologies on
the various surfaces (Fig. 4). The actin cytoskeletons as well as the overall shape of the cells were clearly observed on
both experimental and control surfaces. Cells on the C18E2, C18E10, and flat surfaces displayed well-defined actin
filament fibers. In contrast, the staining of the cytoskeletal fibers of ASCs grown on C6E2, C12E4, and C16E2 appeared

Table 3: RMS roughness of individual surfaces more diffuse. The overall cell morphology was also
distinctly different between surfaces. Increased

Surface RMS roughness, pm flinodialik | trusi q duced I
ilipodia-like cell protrusions and reduced ce
Cc162EE24 23161 i 821 spreading were observed on C6E2, C12E4, and
S et C16E2 surfaces compared to cells cultured on the
C16E2 1.30£0.23 control (flat) surfaces via fluorescent stains and
C18E2 0.18£0.06 SEM images (Fig. 4). In contrast, increased cell
C18E10 3.82+0.49 spreading was observed on the C18E2 surface.
Measurements of cell area from fluorescent images
7 correlated with these findings.
E 6 3.3. ASC proliferation
g3 5
£ B ASC proliferation was quantified by measuring
7 § 1 the total DNA content of each sample. In the day 0
g < 3 samples, taken four hours after seeding, there were
e« 3 2=} no measurable differences across surfaces,
= 1- . indicating that surface features did not affect initial
o . =1 cellular adhesion (Fig. 5A). However, measurements
0.0004 = — . of DNA content at subsequent time-points
= . indicated that ASC proliferation was affected by the
5 -0.002 surfaces. The DNA content of C16E2 was similar to
s g the flat control throughout. Cells grown on C18E2
< -0.004+ mostly followed the same pattern, but the cell
vy - . .
0.0064 number was slightly higher than control at day 7. In
N contrast, proliferation on C12E4 was consistently
-0.0084 lower than the flat control. It was nearly 40 % at
0.06 day 4, though the difference was much smaller at
day 7 when DNA levels were 92 % of that of the flat
v thil surface. Proliferation on C18E10 was also decreased
§ 0.044 relative to the control at days 1 and 4, but was
E 0.034 similar by day 7. Finally, the proliferation of C6E2
0.02 was lower than the control at day 1, no different at
0.014 I day 4, and higher at day 7. These results agreed
0.00 — with observations of live/dead stained images from
é[), ’L“’b‘ <o<‘:L qg[} <<>’Q samples at identical time points (nofc shown). The
0,‘0(/ 0\0(} alP(} 0\0(} N3 DNA content at day 7 was considered to be
O N O \9010 representative of confluence on the surfaces. Plot-

ting DNA content at day 7 against the RMS surface

Figure 3. Characterization of FLA surfaces. Root mean square roughness, demonstrated a_ pOt.ent'al_ correlation
roughness, skewness, and kurtosis plotted for each sample type. between roughness and proliferation (Fig. 5B).
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< g ¥ - — 4 e
Figure 4. Morphology of ASCs on FLA surfaces at Day 1. (A) Top two rows show actin cytoskeletons stained with phalloidin (red) and
DAPI (blue) for ASCs. The bottom two rows show SEM images with ASCs pseudo-colored red. From top to bottom, scale bars = 400
um, 100 um, 30 um, 20 um. (B) Cell area plotted for each sample type. (Statistical significance indicated relative to flat samples.
Significance levels are denoted as ***p<0.001, and ****p<0.0001.)

. A B
R I 4 Hour 4201
400- Day 1 -
) B Day4 _400- {CWET{
£3004 Day 7 o C6E2
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o 23601 ___________ JCIBE1Q
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C 0 2 4 6 8

Roughness (um)

Surface

Figure 5. Effect of topography on ASC proliferation. (A) Quantification of DNA content from cells harvested at various time points.
(Statistical significance indicated relative to flat samples at the same time point) (B) Plot of DNA content versus RMS surface
roughness at Day 7. Dashed horizontal line indicates DNA content of cells grown on flat surfaces. Solid line is best-fit with R?=0.921.
Significance levels are denoted as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

3.4. Osteogenic differentiation of ASCs

ASC osteogenic differentiation was quantified as the calcium deposition per DNA content of each surface after
21 days (Fig. 6A). Proliferation across surfaces was statistically identical with the exception of C6E2, which was 9 %
lower than the flat control. Total calcium deposition was notably higher on C6E2, C12E4, and C16E2 compared to the
control, with a roughly 30 % increase in normalized mineral deposition relative to the control surface. There was no
measurable difference in mineral deposition of C18E2 or C18E10 relative to the flat control. In contrast to the DNA
content, the normalized calcium concentration showed no clear trends with respect to surface roughness (Fig. 6B).
Cell area measurements were quantified from phalloidin/DAPI images at day 1. The cell areas on day 1 on C6E2,
C12E4, and C16E2 (the surfaces that induced increased mineral deposition) were significantly lower (1810 um?/cell)
relative to the flat surfaces as well as C18E2 and C18E10 (3220 um?/cell) (Fig. 6C). These differences are shown in the
comparison of mineral deposition on Day 21 and measured cell area on Day 1 on the respective surfaces (Fig. 6D).
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Figure 6. Effect of topography on ASC mineral deposition (A) The Ca/DNA concentration is plotted for each surface type. (Statistical
significance indicated relative to flat samples) (B) The normalized Ca/DNA concentration plotted against the RMS surface roughness
indicates there is no correlation between these two parameters. Dashed horizontal line indicates Ca/DNA content of cells grown on
flat surfaces. (C) Total Ca per well without normalization. (D) When plotted versus cell area, the normalized Ca/DNA concentration
shows an inverse relationship with cell area.

4. DISCUSSION

The aims of this study were to refine the use of FLA technique in generating cytocompatible surfaces with
biomimetic topographies and to explore the potential of these surfaces for culturing cells. Specifically, we probed the
surfaces using ASCs and determined the effects of topography on ostogenesis. Previous studies showed that FLA
offers wide-ranging control of morphology through four primary processing parameters: surfactant type, surfactant
concentration, self-assembly time, and film thickness [33]. Each combination of surfactant and concentration defines a
unique structural motif, which may include pores, bumps, and ridges. Film thickness and self-assembly time affect
gradual changes in the topographical structure. Increasing the film thickness increases the dominant length scale of
the surface morphology and the number of hierarchical levels at larger length scales, resulting in an amplification of
surface roughness. Increasing the assembly time increases the number of hierarchical levels at smaller length scales,
affecting the specific surface area. To make the set of experiments more manageable, we restricted the range of
features to cellular and sub-cellular length scales by using only thin PDMS-DA films (7.41 + 0.03 um), which precluded
the growth of larger features. To further focus the study, the number of groups was limited by employing a single self-
assembly time (30 s) and surfactant concentration (10 % w/w). The effects of changes in surface chemistry were
minimized by thoroughly removing the surfactants through graded ethanol washes.

Surfactant type was the only processing parameter varied for the study. This generated a variety of structural
morphologies that included nanoscale features only, microscale features only, or a combination of the two. For
example, C18E2 contained sub-cellular ridges with no micro-scale features. Conversely, the C18E10 samples had only
microscopic pores with no sub-micron features. C12E4 also lacked sub-micron features, but its microstructure consists
of thin protrusions. C16E2 and C6E2 samples were more hierarchical in structure. For C16E2, sub-micron bumps were
superimposed over microscopic pores while C6E2 had submicron bumps superimposed over microscopic ridges.
C16E2 combines structural characteristics of C18E2 and C18E10, while C6E2 combines features of C18E2 and C12E4.

The effect of surfactant structure on surface morphology is difficult to predict a priori, but two general rules apply
to linear nonionic surfactants of the form CiEj [33]. Surfactants with a hydrophilic-lipophilic balance number (HLB)
greater than 10 tend to form bumps due to their positive spontaneous curvature, and surfactants with HLB numbers
below 10 tend to form pores [45]. The second general rule is that longer surfactants with i + j > 18 can undergo a
buckling instability [33]. In terms of spontaneous curvature, C18E10 was expected to form bumps because it has an
HLB number of 12.7. C16E2 and C18E2 were expected to form pores with HLB numbers of 5.2 and 5.6, respectively.
C6E2 and C12E4 have roughly neutral curvature with HLB = 10. In terms of buckling, C16E2, C18E2, and C18E10 are
sufficiently large to undergo this instability, but it appeared to be suppressed due to the small film thickness.

Although these rules guided our choice of surfactants, the outcomes did not match the predictions in all cases.
Deviations are not uncommon, but the small thickness of the films and relatively short self-assembly time chosen for
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this study were somewhat near the extreme values for these particular parameters. They were somewhat atypical in
that respect, and the resulting surfaces might not therefore obey the general rule. The thickness and self-assembly
time were held constant for each sample to remain consistent, but they could have just as easily been chosen to
create a more typical surface morphology. Note that these particular surfaces are not meant to represent a systematic
change in surface structure, but rather to demonstrate that simply changing the surfactant and no other variable is
sufficient to generate a wide variety of surface morphologies.

We then examined the effects of these nano-, micro-, and multiscaled topographies on phenotypic changes in
ASCs. In stromal/stem cells, these structural differences are detected as changes in mechanical cues and are relayed
to the nucleus where they are transduced into changes in gene expression [46,47]. Consequently, changes in surface
features affect stromal/stem cell lineage specification. The complexity of the signaling cascade makes it somewhat
challenging, however, to discern what specific cues are directing cell behavior. Dalby et al., found that increased
‘randomness’ of surface features affected osteogenic differentiation of bone marrow-derived mesenchymal stem cells
[48]. Though the current study was limited in its investigation of mechanistic components such as genetic and protein
markers, future studies will aim to identify which specific features act as guidance cues and probe the underlying
pathways.

The three surfaces that stimulated increased calcium deposition relative to the flat surfaces are C12E4, C16E2, and
C6E2. Two of the three surfaces were identified as having a hierarchy of nanoscale bumps superimposed over larger
pores or ridges. Although the C12E4 surface primarily had mico-scale ridges, the SEM and optical profilometry data in
Figure 2 reveal some nanoscale roughness that may have been sufficient to qualify as a distinct hierarchical level.
Interestingly, cells grown on these same three surfaces appeared less spread out compared to cells on control (flat)
surfaces as well as C18E10 and C18E2 after just one day of culture. Specifically, the cell bodies of ASCs grown on
C12E4, C16E2, and C6E2 appear more compact with long, thin filopodia compared to the broader, spread
morphologies of cells on other surfaces. Quantitative assessments suggest a negative correlation between cell area
and the extent of mineral deposition, a finding that has also been reported by other groups investigating the effects of
topographies on cells [49,50]. Future studies will aim to assess various metrics of cell shape such as aspect ratio and
expand the parameters to a wider range of surfactants to help shed light on the correlation. Promising surfaces such
as C16E2 will be studied in depth by modulating surface parameters such as feature size and determining the resultant
effects on cell growth and differentiation.

Mounting evidence suggests that hierarchical guidance cues direct the development and functional properties of
the nervous [51,52], skeletal [53], and circulatory systems [54]. The FLA technique has great potential to create such
hierarchical topographies. In this proof-of-concept study, we demonstrate that topographical surfaces generated by
this self-assembly process may be able to modify cellular behavior indicating that FLA-generated hierarchical
topography can result in changes in proliferation and osteogenic differentiation relative to a flat surface. In this study,
osteogenic differentiation of ASCs on FLA surfaces was assessed with biochemical stimulation since the default
pathway for ASCs is not osteoblast formation. In future studies, a more systematic investigation of topographical
structures with quantifiable hierarchy will be used to systematically determine its impact on ASC growth and
differentiation. By modulating for various levels of hierarchical formation, future studies may also pinpoint the effects
of the absence or presence of specific features, enabling FLA to be guided by design.

5. CONCLUSIONS

This study demonstrated that the novel FLA technique can generate a diverse array of hierarchical topographic
features, ranging from simple bumps and pores to complex ridges. Moreover, these features and combinations
thereof may be easily designed and controlled by the manipulation of simple experimental parameters such as self-
assembly time and film thickness. The resultant surfaces are non-cytotoxic and highly reproducible at a fraction of the
cost of surfaces produced using conventional techniques, while achieving a complexity and biomimicry that makes FLA
particularly pertinent for use in investigating the effects of nanotopography on cells. Our experiments illustrate that,
applied to cell culture, FLA surfaces are not only able to maintain cell viability and growth but can elicit differences in
proliferation and osteogenic differentiation of ASCs, suggesting that the technology may be amenable to bone tissue
engineering applications. The data also provides preliminary suggestions that FLA may be an effective means for
studying the ability of multi-scale topographical features to influence stem cell fate. Future studies will refine the
functionality and manufacture of FLA, expand the library of generated surfaces, and further explore the effects of
hierarchy and specific features in cell growth and differentiation. In particular, future emphasis will be placed on
analyzing the mechanistic rationale for cell responses and using this to design ideal topographies in 3D structures such
as scaffolds. In turn, this might provide useful insights and innovative applications of the FLA technique in the fields of
tissue engineering and regenerative medicine.
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SAZETAK

Novi proces samo-organizacije povrsinski aktivnih supstanci za dobijanje podloga sa topografskim karakteristikama
na viSe duzinskih skala za gajenje i diferentovanje maticnih celija
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(Naucni rad)

Topografske karakteristike podloge mogu kontaktom znacajno da Kljucne reci: samo-organizacija;
uti€u na metabolizam i diferentovanje mati¢nih ¢elija. lako je odgovor topografija; maticne ¢elije izolovane
maticnih ¢elija na topografske karakteristike na nano-, mikro- i mezo- iz masnog tkiva; inZenjerstvo tkiva
nivou Siroko izu¢avan, malo se zna o uzajamnom dejstvu karakteristika kosti; poli(dimetilsiloksan)

povrsine koje deluju simultano na vise duzinskih skala. Ogranicavajudi
faktor je dostupnost efikasnih metoda velikog kapaciteta za ispitivanje
potencijalno neograni¢enog parametarskog prostora. U ovom radu je
opisana jednostavna metoda za brzo generisanje hijerarhije topografskih
karakteristika na visSe duzinskih skala na polimernim podlogama
primenom samo-organizacije povrsinski aktivnih supstanci na granici faza
monomer/voda. U ranijim ispitivanjima smo poli(dimetilsiloksan)-diakrilat
(PDMS-DA) oblikovali u vidu povrsina koje imitiraju morfologije vise tkiva,
dok je u ovoj studiji metoda usavrSena kako bi se dobile biokompatibilne
podloge. Radi upravljanja velikim brojem mogudih vrednosti parametara,
opseg ove studije je ogranicen na karakteristike povrsine duzinskih skala
od nanometarskih (< 1 um) do mikrometarskih dimenzija (1-50 um) i to
pojedinacno ili u kombinaciji. Mati¢ne Celije izolovane iz masnog tkiva su
zasejane na pet tipova podloga i gajene u kontrolnom odnosno
osteogenom medijumu nakon cega su analizirane u pogledu morfologije,
proliferacije i diferentovanja u pravcu osteogenih celija. Uocene su
statisticki znacajne razlike u pogledu odgovora celija na razli¢ite podloge.
Jedan od rezultata je pokazao povecanu osteogenu diferencijaciju celija
gajenih na podlogama sa topografskim karakteristikama nano-veli¢ina na
neravninama mikro-dimenzija, $to ukazuje da takva hijerarhijska struktura
pospesuje osteogene karakteristike povrsine.
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