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Abstract

In arterial tissue engineering, mimicking native structure and mechanical properties is essential
because compliance mismatch can lead to graft failure and further disease. With bottom-up tissue
engineering approaches, designing tissue components with proper microscale mechanical
properties is crucial to achieve the necessary macroscale properties in the final implant. Here, we
developed a thermo-responsive cell culture platform for growing aligned vascular smooth muscle
cell sheets by photo-grafting N-isopropylacrylamide (NIPAAm) onto micro-patterned PDMS. We
experimentally and computationally optimized the grafting process to produce PNIPAAM-PDMS
substrates optimal for vascular smooth muscle cell (VSMC) attachment. To allow long-term
VSMC sheet culture and increase the rate of VSMC sheet formation, PNIPAAmM-PDMS surfaces
were further modified with 3-aminopropyltriethoxysilane (APTES) yielding a robust, thermo-
responsive cell culture platform for culturing VSMC sheets. VSMC cell sheets cultured on
patterned thermo-responsive substrates exhibit cellular and collagen alignment in the direction of
the micro-pattern. Mechanical characterization of patterned, single-layer VSMC sheets reveals
increased stiffness in the aligned direction compared to the perpendicular direction whereas non-
patterned cell sheets exhibit no directional dependence. Structural and mechanical anisotropy of
aligned, single-layer VSMC sheets makes this platform an attractive micro-structural building
block for engineering a vascular graft to match the /7 vivo mechanical properties of native arterial
tissue.
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Vascular smooth muscle cell sheetswere cultured using a novel, micro-patterned, thermo-
responsive cell culture platform. The method was optimized to produce vascular smooth muscle
cell sheets with cellular and extracellular alignment. Aligned cell sheets exhibit nonlinear,
anisotropic mechanical properties that make them an attractive material for building a vascular
graft that mimics the structural and mechanical properties of native vascular tissue.
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1. Introduction

A major goal in tissue engineering is to design biomaterials that mimic native tissue
structure and mechanical properties. As tissue-engineered constructs become more complex,
achieving this goal is essential because incompatibility of biomaterial integration can lead to
further disease and possible host rejection.[!] Arterial tissue engineering is especially
challenging because mechanical mismatch between native and engineered tissue can cause
complications such as anastomotic failure, aneurysm formation[2-4l, or intimal
hyperplasial>7], which may require repeat surgical intervention or lead to death. To avoid
these complications, a tissue-engineered artery must have a similar stiffness and stress-strain
response to native tissue, while also being strong enough to avoid rupture.[2]

The arterial wall is composed of three distinct layers: the tunica intima, tunica media, and
tunica adventitia. The tunica intima, the innermost, blood contacting layer, is composed of a
single layer of endothelial cells and is supported by the inner elastic lamina composed of
elastin, collagen, and proteoglycans.[:] The tunica media, the middle layer, has a well-
defined hierarchical structure of cells and extracellular matrix (collagen, elastin, and
proteoglycans; ECM) driving arterial non-linear mechanical response.[8:19] Individual layers
of the tunica media feature vascular smooth muscle cells (VSMCs) and collagen fibers that
align helically down the length of the artery with successive layers aligned in distinct
directions.[8:11] The tunica adventitia, the outermost layer, is composed of an ill-defined
structure of densely woven collagen, VSMCs, fibroblasts and provides mechanical support
to withstand super-physiological loads. €]
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At low strains, the arterial wall is compliant, but as strain increases, collagen fibers gradually
begin to bear load and the artery wall stiffens.[4] Designing a tissue that recaptures this non-
linear stress-strain response is essential for achieving long-term patency of engineered
arterial tissue. Because the mechanical response is dominated by the mechanical properties
of the tunica media, we believe that a tissue engineering strategy that recapitulates the
micro-structural features of the medial layer is essential for constructing a replacement
blood vessel that overcomes the limitations that plague current treatments(12].

Bottom-up tissue engineering techniques allow complex tissues to be constructed with
control of the tissue micro-structure.[13.14] One strategy, known as cell sheet engineering,
involves building three-dimensional tissues layer-by-layer from monolayers of cells and
their integrated extracellular matrix.[1516] Multiple techniques have been developed to
promote the non-destructive detachment of cell sheets from culture including the use of
thermo-responsive surfaces(!”] and hydrogelst8] as well as enzymatically degradable
substrates(19]. Thermo-responsive surfaces are typically modified with poly(N-
isopropylacrylamide) (PNIPAAmM) as the polymer undergoes a phase transition at its lower
critical solution temperature (LCST) at 32 °C.[17:20] Specifically, the substrate surface is
thought to be hydrophobic at 37 °C and transitions to hydrophilic as the temperature drops
below 32 °C.[17] At 37 °C, cells can attach to PNIPAAm-coated surfaces and proliferate to
form cell sheets — confluent monolayers of cells and extracellular matrix — that can be
detached as intact sheets by reducing the temperature below the LCST (32 °C).[21] Okano et
al. first demonstrated that cell sheets could be grown and harvested on thermo-responsive
PNIPAAmM-coated substrates after developing a method to graft PNIPAAmM onto polystyrene
tissue culture dishes.[22] Poly(dimethysiloxane) (PDMS) is an attractive alternative to
polystyrene because it can easily be cast using micro-patterned silicon wafers, while
remaining optically clear and inexpensive.[221 Moreover, the Young’s modulus of PDMS
spans 5 kPa to 1.72 MPa covering a large, physiologically relevant range of elastic
moduli.[23] Moreover, previous studies within our lab have studied the effect of PDMS
substrate stiffness on VSMC behavior to show that decreased PDMS stiffness increased
VSMC growth rate.[24] As a result of these advantages, significant effort has been devoted
towards grafting NIPAAm onto PDMS.[25-29]

Many techniques have been developed to control cell sheet microstructure including the use
of micro-contact printing[3%], topographically patterned surfaces[31:32], and dynamic
stretching.[33] Previous work within our lab has demonstrated that micro-patterned PDMS
substrates induce VSMC alignment, enhance cellular F-actin alignment, and improve VSMC
aspect ratio.[22] Although significant effort has been applied towards controlling cell sheet
organization, the relationship between single-layer cell sheet structure and mechanical
properties has been unexplored. Previous work within our lab has shown that VSMC sheets
with structural alignment (cellular and extracellular) are 50% stiffer in the aligned direction
compared to the perpendicular direction.[32] Because these cell sheets were cultured on
micro-patterned PDMS with a layer-by-layer polyelectrolyte coating, they could not be
selectively detached and had to be cultured until spontaneous detachment (8—10 weeks),
resulting in thick (40 um) cell sheets that were no longer single cell layers. Furthermore,
cellular alignment throughout the cell sheet construct decreased in cells further from the
micro-patterned PDMS surface. Based upon this result, we hypothesize that culturing cell
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sheets for shorter durations will result in uniformly organized monolayers that will
eventually allow for biomimetic recapitulation of native arterial structure.

In this paper, we developed a robust method to culture vascular smooth muscle cell sheets
using thermo-responsive PDMS substrates and then applied this method to produce cell
sheets with structural and mechanical anisotropy. First, we computationally and
experimentally optimized a method to photo-graft NIPAAm onto micro-patterned PDMS
substrates. We further optimized the substrate surface properties to promote VSMC
attachment and cell sheet formation by modifying the surface with 3-
aminopropyltriethoxysilane (APTES). Moreover, we established a non-destructive method to
quantify substrate quality and therefore assess the likelihood of successful tissue formation.
Using this thermo-responsive cell sheet culture platform, single-layer, patterned VSMC
sheets were cultured so that the cells and extracellular matrix were oriented in a preferential
direction. Mechanical characterization of these sheets in the aligned and perpendicular
directions revealed the tissue was significantly stiffer in the aligned direction, thus
demonstrating mechanical anisotropy in single-layer, patterned cell sheets. This result
demonstrates a clear relationship between the structure and mechanical properties of an
aligned VSMC sheet, the basic, micro-structural unit of vasculature. Using the methods and
findings presented here, researchers can design a biomimetic vascular graft using aligned
VSMC sheets to engineer multi-layered vascular tissue with mechanical properties similar to
native tissue.

2. Results and Discussion

2.1 Thermo-responsive PDMS Substrate Preparation

Thermo-responsive substrates for vascular smooth muscle cell sheet culture were prepared
using the multi-step process shown in Figure 1. First, one side of flat or patterned PDMS
substrates was soaked in a solution of benzophenone (BP), a UV photo-initiator (Figure la—
b). Next, substrates were exposed to UV irradiation while coated in an aqueous solution of
N-isopropylacrylamide monomer (Figure 1c). When exposed to UV irradiation,
benzophenone abstracts hydrogen from methyl groups on the PDMS surface to create a free
radical on the PDMS surface. This free radical initiates the polymerization of NIPAAm onto
the PDMS surface.[34] To facilitate cell sheet formation, PNIPAAmM-PDMS substrates were
coated with 3-aminopropyltriethoxysilane and heated to 80 °C (Figure 1d).

Developing a robust method to reliably culture VSMC sheets requires each step of the
grafting process to be carefully controlled for optimal reliability. To control the reaction rate,
we investigated the relationship between benzophenone soaking conditions and
benzophenone concentration at the PDMS surface — where the free radical polymerization
occurs. However, the concentration of benzophenone depends not only on the soaking
conditions (time, solvent, concentration), but also the drying time because benzophenone
diffuses into the PDMS bulk during drying causing the concentration of benzophenone at the
surface to decrease over longer drying durations.[34] To understand the evolution of
benzophenone concentration at the surface, we combined experimental and computational
predictions (finite difference methods).
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One side of dry PDMS substrates were soaked in 20% (w/v) benzophenone dissolved in
either acetone or ethanol for varying durations (1-9 min) and the absorbed benzophenone
mass per area was determined by measuring absorbance at 345 nm — the UV absorption peak
of benzophenone.[34 In both solvents, PDMS rapidly absorbs benzophenone initially,
however the rate of BP uptake slows substantially over time (Figure 2a). Interestingly,
PDMS absorbs benzophenone at a faster rate when dissolved in acetone compared to
ethanol. Although these experiments relate the benzophenone soaking conditions to the total
benzophenone mass absorbed, they do not directly relate to the BP concentration at the
PDMS surface. Benzophenone absorption was modeled as a diffusion process using the
experimental data of the bulk absorption to predict BP surface concentration. First, an
analytical solution to Fick’s law was applied to estimate the diffusion coefficient for
benzophenone into PDMS (See Supporting Information for model implementation details).
The diffusion model fits the experimental benzophenone absorption data (Figure 2a) using
diffusion coefficients of 1.3 10719 m2 s~ or 0.9 10710 m2 s1 when dissolved in either
acetone or ethanol, respectively.

After soaking the substrates in benzophenone, the substrates are dried to evaporate solvent
absorbed into the PDMS bulk (acetone or ethanol). During drying, benzophenone continues
to diffuse into the PDMS bulk leading to a decrease in benzophenone concentration at the
surface. Because benzophenone concentration at the surface dictates photo-grafting
efficiency, we modeled the drying process in order to better understand the BP concentration
at the surface — a quantity that could not easily be directly measured. To predict
benzophenone concentration within the PDMS substrates during drying, the drying process
was modeled using Fick’s law. Finite difference methods were employed to solve Fick’s law
(see Supporting Information for details about the finite difference solution implementation)
and the diffusion coefficient was assumed to be 3.0 10711 m2 571 as reported elsewhere.[34]
When PDMS substrates are soaked in 20% (w/v) BP in acetone, the model can predict the
evolution of benzophenone surface concentration during drying (Figure 2b). For all soak
times, the surface concentration rapidly drops initially as benzophenone diffuses into the
PDMS bulk, but slowly approaches a constant surface concentration. After a 60 min dry
time, the surface concentration continues to slowly decrease. The benzophenone
concentration profile through the thickness of the PDMS substrates after a 60 min dry
interval is plotted in Figure 2c. At positions near the PDMS surface, the predicted
concentration of benzophenone is relatively constant and eventually drops near the middle.
Finally, the model predicts a relationship between benzophenone surface concentration and
soak time as shown in Figure 2d. As expected, increased soaking time results in increased
surface concentration in a relationship that mirrors the experimental data in Figure 2a. The
diffusion model results demonstrate how benzophenone surface concentration can be
controlled by modifying the soaking time of benzophenone.

The experimental results reveal that benzophenone diffuses into PDMS faster when
dissolved in acetone than when dissolved in ethanol, which is consistent with differences in
the diffusion rate of pure ethanol or acetone into PDMSI[34]. Schneider et al. also measured
the diffusion rate of benzophenone into PDMS and their measurements were similar but
smaller (1.0 1071 m2 s~ for benzophenone dissolved in acetone compared with our
measurement of 1.3 10710 m2 s71). However, the difference can be attributed to alterations in
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experimental conditions; for the experiments in this paper, PDMS substrates were dry before
being exposed to benzophenone solution, while Schneider et al. soaked PDMS substrates
with acetone before exposing the substrates to benzophenone solution. During drying,
benzophenone concentration slowly approaches a constant surface concentration (Figure
2b). However, after drying for 60 min, the benzophenone surface concentration changes
slowly, making it ideal; small variations in dry time lead to minimal changes in
benzophenone surface concentration. Because oxygen quenches benzophenone initiated
reactions, the benzophenone concentration profile shown in Figure 2c is ideal since it buffers
the reaction site from oxygen diffused in the PDMS.[34:35] The development and
experimental validation of a diffusion model of benzophenone provided insights that allowed
robust control of the grafting process to ensure consistent substrates.

To understand the relationship between benzophenone surface concentration and PNIPAAm
graft density (mass per surface area) after UV exposure, PDMS substrates were soaked in
benzophenone for varying durations (1-7 min) and then irradiated with UV light for either 2
or 3 min while coated with a 20% N-isopropylacrylamide monomer solution. Attenuated
total reflection Fourier transformed infrared (FT-IR) spectroscopy measurements confirmed
grafting of NIPAAm onto PDMS (Figure 3a). Bare PDMS and PNIPAAmM-PDMS substrates
have FT-IR absorption peaks near 2900 cm™1, corresponding to C-H stretching within the
methyl groups of the PDMS. The PNIPAAmM-PDMS spectra confirms the presence of peaks
at 1650 cm~1 and 1540 cm™1, which correspond to the C=0 stretching and N-H bending
within PNIPAAm that are not present for bare PDMS. Moreover, the broad peak at 3300
cm~1 corresponds to the N-H stretching within the PNIPAAm. FT-IR absorption spectra
show a clear increase PNIPAAm absorbance peak heights (1650 cm~1 and 1540 cm™1) as the
benzophenone soak time increases, while the Si-CH, of the PDMS remains unchanged
(1019 cm™1). Using the ratio of the 1650 cm~1 PNIPAAm amide peak to the 1019 cm™1
PDMS Si-CH, peak, PNIPAAm graft density (g cm=2) on the PDMS was quantified.
PNIPAAmM graft density increases with benzophenone soak time for UV irradiation times of
2 and 3 min (Figure 3b). The results demonstrate that modulating benzophenone soaking
time and UV irradiation time provide significant control over PNIPAAm graft density.

Using the ability to control PNIPAAm surface density, we investigated how grafting density
affected vascular smooth muscle cell attachment. VSMCs were seeded onto flat PNIPAAmM-
PDMS substrates in four graft density ranges (N=3), and cell attachment efficiency was
measured at multiple positions on each substrate. Cell attachment quantification reveals that
PNIPAAM-PDMS substrates with PNIPAAM surface densities around 18 pg cm™2 have the
highest seeding efficiency compared to the other grafting conditions tested (p < 0.01;
ANOVA). Phase contrast images of VSMCs adhered to PNIPAAM-PDMS substrates
demonstrate that VSMC attachment and cell spreading also depends on surface graft density
(Figure 3d). At low (~ 8 ug cm~2) and high graft densities (~ 25 ug cm=2), VSMCs have low
adherence to the surface, while near the optimal graft density (~18 pug cm=2) VSMCs adhere
to the surface and maintain a more spread out morphology. VSMCs do not adhere to bare
PDMS (0 pug cm~2) and PNIPAAm-PDMS substrates with graft densities greater than 25 pg
cm=2,
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The relationship between PNIPAAm surface density and cell attachment has been
extensively studied in other PNIPAAm based cell culture systems.[21.36] These studies
demonstrated that increasing PNIPAAm graft density above the optimal level completely
inhibits successful cell attachment and that the optimal PNIPAAm surface is cell type
dependent.[21.31] |nterestingly, the optimal graft density for the PNIPAAmM-PDMS substrates
presented here is approximately 18 pg cm=2, an order of magnitude higher than optimal
grafting densities for photo-grafting PNIPAAm onto polystyrene (~1.4 pug cm~2).[21]
Another study where PNIPAAmM was grafted onto PDMS found the optimal graft density to
be 11.9 pg cm~2 — but this was the highest graft density studied — thus, the optimal graft
density could have occurred at a higher surface density.[29] While the differences are
significant, they can be attributed to fundamental differences in the polymer architecture of
the grafted PNIPAAmM surface that are achieved through the different polymerization method
for producing PNIPAAM surfaces (electron beam irradiation!*”], RAFT polymerization[37],
self assembled monolayers[38]). Moreover, surface chemistry of the underlying substrate —
PDMS and polystyrene — has been shown to modulate cell attachment and protein
adsorption and could possibly explain these differences.[38]

Because the reaction that grafts PNIPAAmM onto PDMS is a free-radical polymerization, the
process is sensitive to environmental conditions such as temperature, and oxygen
concentration.[3%] Furthermore, benzophenone surface concentration variability and
heterogeneous UV irradiation are sources of processing variability that can be minimized,
but not completely eliminated. Therefore, it was essential to design the process to minimize
these sources of variability by computationally modeling key components of the grafting
process and relating processing parameters to experimental characterization. Moreover,
identifying the optimal PNIPAAmM surface density allows for rapid quantification of
substrate quality (optimal graft density and graft density spatial variability) using FT-IR, a
non-destructive method.

2.2 APTES Modification of Thermo-responsive Substrates

While PNIPAAm graft density was optimized for VSMC attachment, the cell sheet
formation yield was considerably low. While possible to grow cell sheets on the PNIPAAmM
grafted PDMS, VSMC sheets would often spontaneously develop holes, clump or
spontaneously detach during longer culture durations (see Figure S2 in the Supporting
Information). Surface modification with 3-aminopropyltriethoxysilane has been shown to
improve cell attachment by adding extra primary amine groups to the substrate surface thus
facilitating cell attachment in other systems.[40:41] To improve the cell sheet yield, we
developed a method to incorporate APTES into the surface of the PNIPAAmM-PDMS
substrate. PNIPAAM-PDMS substrates were baked in 10% (v/v) APTES in ethanol. APTES
coated PNIPAAmM-PDMS substrates show clear differences in the FT-IR absorption spectra
(Figure 4a). FT-IR absorbance for the C=0 stretching peak height decreases after APTES
treatment, but also becomes broader (Figure 4b,c). The PNIPAAm C=0 stretching peak
(1650 cm™1) absorbance decreases from 0.058 + 0.0005 to 0.042 + 0.001 (p < 0.01; t-test)
after APTES modification (Figure 4d).
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Both PNIPAAmM-PDMS and APTES-PNIPAAmM-PDMS substrates were seeded with VSMCs
to determine whether APTES modification improved cell attachment. Interestingly, mean
VSMC cell attachment efficiency is slightly higher for APTES-PNIPAAmM substrates,
although the difference is not significant (p=0.36; t-test) (Figure 4f). However, VSMCs
cultured on APTES-PNIPAAmM-PDMS (Figure 4h) have a more spread out morphology
compared to VSMCs seeded on PNIPAAm only (Figure 4g). Most importantly, VSMCs
seeded on APTES-PNIPAAM-PDMS substrates form cell sheets at a higher rate than
PNIPAAmM-PDMS substrates. For example, when directly comparing substrates, VSMCs
seeded on APTES-PNIPAAmM-PDMS substrates for cell sheets 81% of the time while
PNIPAAmM-PDMS substrates failed to produce an intact, confluent sheet (p < 0.01; Fisher’s
Exact Test; N=16).

Sessile drop water contact angle measurements on both PNIPAAM-PDMS and APTES-
PNIPAAmM-PDMS substrates confirmed that APTES treatment had no effect on the wetting
behavior of the surfaces. Statistical analysis of PNIPAAmM-PDMS substrates before and after
surface treatment with APTES shows that there are no significant differences in water
contact angle at 42 °C and 22 °C (p > 0.05; ANOVA). Water contact angle for PNIPAAm-
PDMS substrates have a mean (+ s.e.m) water contact angle of 106.5° £ 0.5 at 42 °C that
drops to 92.5° + 1.4 at 22 °C (N=8; p < 0.01; t-test) and APTES-PNIPAAM-PDMS
substrates exhibit a drop in mean water contact angle from 102.4° + 1.1 at 42 °C to 92.5°

+ 3.3 at 22 °C (N=8; p < 0.05; t-test).

While APTES modification of PNIPAAmM-PDMS surfaces does not alter the rate of VSMC
attachment, it does modulate the resulting morphology of attached VSMCs. When seeded
onto PNIPAAM-PDMS substrates, cells appear to have low adherence to the surface, while
VSMCs on APTES-PNIPAAM-PDMS appear to attach with a more natural morphology.
However, more importantly, APTES modification improves the rate of cell sheet formation.
While PNIPAAmM-PDMS substrates were capable of culturing VSMC cell sheets, APTES
treatment greatly increased the success rate of cell sheet formation and successful long-term
culture. Unlike PNIPAAmM-PDMS surfaces, VSMCs adhere to APTES-PNIPAAM-PDMS
surfaces without having to adsorb serum proteins onto the substrate surface before seeding
cells, thus simplifying the culture process and removing a potential source for variability.

Beyond the functional improvements towards cell sheet formation, APTES treatment of
PNIPAAM-PDMS substrates causes significant changes to the FT-IR absorption spectra that
reveal how APTES incorporates into the PNIPAAmM-PDMS surface. Interestingly, there is a
drop in the 1650 cm~ amide peak after APTES treatment. Because NIPAAm covalently
binds to PDMS, heating PNIPAAmM-PDMS substrates in APTES will not reduce the
PNIPAAmM surface density.[27] Therefore, decreased FT-IR peak absorbance within the
amide groups of PNIPAAM-PDMS substrates after APTES treatment indicates structural
changes such as the formation of hydrogen bonds between the C=0 (1650 cm™1) of the
PNIPAAm and N-H of the APTES.[42] This result is consistent with another PNIPAAmM
based cell culture platform where a mixture of polymerized PNIPAAm and APTES was
spin-coated to form a thermo-responsive, glass based APTES-PNIPAAm cell culture
platform.[42] In this system, the APTES forms an inner-penetrating network with the
PNIPAAM chains via hydrogen bonding.[4]
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2.3 Vascular Smooth Muscle Cell Sheet Structure and Mechanics

Patterned and non-patterned vascular smooth muscle cell sheets were cultured using the
thermo-responsive APTES-PNIPAAmM-PDMS cell culture platform. VSMC sheets grown on
patterned substrates exhibit clear structural differences compared to sheets grown on non-
patterned substrates (Figure 5). Phase contrast microscopy images of patterned cell sheets
show alignment in the direction of the micro-pattern (Figure 5a,b). Fluorescent images of the
F-actin structure of both patterned and non-patterned substrates show preferential alignment
compared to the random organization of the F-actin structure of non-patterned cell sheets
(Figure 5c,d). Furthermore, the cell-derived collagenous extracellular matrix shows similar
alignment in the cell sheets grown on patterned surfaces, while the collagen structure shows
no alignment in the non-patterned cell sheets (Figure 5e,f). Interestingly, the underlying
micro-pattern does not influence the concentration of collagen in the extracellular matrix.
After 12 days in culture, VSMC sheets cultured on non-patterned substrates have a mean (+
s.d.) pepsin-soluble collagen content per wet mass of 9.3 + 1.7 ug mg~! compared to 9.4

+ 1.1 pg mg~1 for sheets grown on patterned substrates, indicating that the substrate
topography does not impact VSMC collagen synthesis (p = 0.86; t-test). Vascular smooth
muscle cell sheets grown on micro-patterned, thermo-responsive substrates have clear
cellular and extra-cellular alignment when compared to cells grown on non-patterned VSMC
sheets, achieving results similar to other studies using VSMCs.[22:30.32] |nterestingly,
substrate topography does not modulate collagen synthesis, which is consistent with our
previous findings.[32] The combination of these two results is significant: any differences in
mechanical properties between patterned and non-patterned VSMC sheets can be attributed
to cell sheet structure and not composition.

To determine the relationship between VSMC sheet structure and mechanical properties,
vascular smooth muscle cell sheets were cultured for 17-21 days on patterned and non-
patterned substrates, detached, and then mechanically characterized. Upon detachment from
the thermo-responsive substrates into solution, vascular smooth muscle cell sheets contract
(Figure 6a). The ratio of detached VSMC sheet geometry (length & width) to attached
VSMC geometry quantifies cell sheet shrinkage after detachment. A small ratio indicates
increased contraction and a ratio of 1 would mean the VSMC sheet did not contract.
Patterned and non-patterned cell sheets contract differently when detached (Figure 6b). As
expected, the non-patterned substrates contract equally in both directions (p > 0.05; t-test),
while patterned cell sheets contract more in the direction of alignment compared to the
transverse direction (perpendicular to alignment). Interestingly, there is no difference in the
amount of contraction between aligned VSMC sheets in the direction of alignment
compared to non-patterned cell sheets (p=0.3; t-test) whereas patterned VSMC sheets
contract less in the perpendicular direction compared to non-patterned cell sheet contraction
(p < 0.001; t-test).

To quantify VSMC sheet mechanical anisotropy, patterned and non-patterned sheets were
mechanically characterized using a custom uniaxial tensile tester.[43] A stress-strain curve
for a patterned VSMC sheet tested in both directions — parallel and perpendicular to
alignment — shows increased stiffness in the aligned direction (Figure 6c). The results from
the mechanical characterization are summarized in Table 1. Aligned VSMC sheets have a
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mean stiffness of approximately 3000 kPa and 500 kPa in the aligned and perpendicular
directions, respectively, compared to non-patterned sheets that have a mean modulus of
approximately 1000 kPa. Correspondingly, patterned sheets failed at higher stresses in the
direction of alignment than both the perpendicular direction and the non-patterned sheets.
Patterned VSMC sheets had a lower mean failure strain of 0.43 + 0.1 in the direction of
alignment compared to 0.50 + 0.1 in the perpendicular direction. Interestingly, non-patterned
sheets failed at higher strains (0.75 * 0.05) than patterned sheets in either direction.

The ratio of the mechanical properties in the aligned direction relative to the perpendicular
direction was used to quantify the degree of mechanical anisotropy in both patterned and
non-patterned cell sheets (Figure 6d,e,f). Patterned sheets exhibited an 8.1x increase in
stiffness and a 3.7x increase in failure stress in the aligned direction compared to the
perpendicular direction (Figure 6d,e). Interestingly, patterned sheets failed at lower strains
(0.73x decrease) in the aligned direction compared to the perpendicular direction (Figure
6f). Non-patterned VSMC sheet mechanical properties showed no dependence on direction,
as expected given their structural isotropy.

To quantify the nonlinearity of VSMC sheets, the modulus was calculated at low strains (0—
15%) and compared to the maximum tangent modulus at high strains (Figure 6g).
Interestingly, VSMC sheet modulus increased significantly at higher strains for both non-
patterned and patterned sheets (both directions). Patterned sheets stiffen significantly in the
aligned direction, increasing from 250 kPa to 3000 kPa, while patterned sheets stiffen
modestly in the perpendicular direction, increasing from 208 kPa to 522 kPa. Interestingly,
the modulus at low strains for patterned sheets in the aligned and perpendicular directions
are not significantly different (p = 0.62; t-test), while the initial modulus for non-patterned
sheets is significantly lower than patterned sheets in either direction (p < 0.05; t-test). The
ratio of the modulus at high strains to modulus at low strains quantifies the stiffening the
sheets experience when stretched to high strains (Figure 6h). For aligned sheets, the stiffness
exhibited a 3x increase the perpendicular direction, while exhibiting a much larger 17x
increase in the parallel direction (p < 0.05; t-test). Non-patterned sheets exhibited a 21x
increase in modulus, which was similar to the increase exhibited by patterned sheets in the
aligned direction (p>0.05; t-test). Patterned and non-patterned VSMC sheets both exhibit
non-linear mechanical behavior, an essential component of the mechanical response of
native vascular tissue. Moreover, the nonlinear mechanical response of aligned VSMC
sheets is more pronounced in the aligned direction compared to the perpendicular direction.
The nonlinear, anisotropic mechanical response makes aligned VSMC sheets an attractive
material for engineering multi-layered vascular tissue that mimics the complex mechanical
behavior of native arterial tissue.

The APTES-PNIPAAmM-PDMS cell sheet culture platform enables controlled detachment of
patterned and non-patterned VSMC sheets at short culture durations to overcome the
limitations of earlier research efforts. Previously, patterned and non-patterned VSMC sheets
were cultured on PDMS substrates, where controlled detachment was not possible and the
sheets were cultured until spontaneous detachment (8—10 wks).[32] As a result of long
culture durations, the cell sheets were multiple cells thick; patterned cell sheets didn’t
maintain alignment when the sheets grew thicker and in turn only exhibited a modest 1.5x
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increase in stiffness in the direction of alignment. Using this novel, thermo-responsive cell
sheet culture platform to detach aligned VSMC sheets at earlier culture durations, cell sheets
were detached as single-layers and retain preferential alignment. Moreover, their uniform
alignment is reflected in the mechanical measurements: aligned VSMC sheets exhibit an 8x
increase in stiffness in the aligned direction compared to the perpendicular direction.
Furthermore, aligned cell sheets grown for shorter time durations are more compliant than
sheets grown for longer durations.

Single-layer VSMC sheets exhibit a stress-strain response that shares phenomenological
similarities to native vascular tissue where the material is compliant at low strains and then
rapidly stiffens at high strains.l4l Having this ideal, non-linear stress-strain response is an
essential feature for the underlying, micro-structural unit of a tissue-engineered vascular
graft that mimics native mechanical properties. This non-linear stress-strain response is often
reduced to one number, the tangent modulus. While this greatly oversimplifies the complex
stress-strain behavior, it enables one to compare the properties of tissue-engineered
biomaterials to native tissue. Importantly we observe that the tangent moduli of our
patterned VSMC sheets are comparable to native arterial tissue. For example, native human
coronary arteries have an elastic modulus in the range of 1-4 MPa whereas our patterned
VSMC sheets have a moduli of approximately 3 MPa.[44] The observation that we observe
physiologically relevant tangent moduli in our single-layer VSMC sheets supports our
proposed approach for constructing thicker arterial tissue by stacking multiple patterned
VSMC sheets. It is interesting to note that compared to other tissue-engineered vascular
tissue, our VSMC sheets have tangent moduli smaller than aligned VSMC sheets cultured
for longer durations (8—10 weeks) as well as anisotropic, self-assembled engineered tissue
constructs grown using fibroblasts.[32:45]

While VSMC sheets have structural and mechanical features that make them an attractive
material for engineering a vascular graft, VSMC sheets exhibit morphological differences
from native vasculature. Although individual layers within the tunica media feature aligned
collagen, native collagen fibers found in the tunica media are crimped and straighten when
exposed to physiological loads.[4] In contrast, collagen produced by VSMC sheets is not
crimped, nor a mature collagen fiber (Figure 5e,f). Additionally, fibrillar elastin found within
the tunica media give the arterial tissue their compliance and elasticity.[46] However, mature
VSMCs produce globular elastin, not fibrillar elastin, and as a result the sheets possess
minimal elasticity and plastically deform at high strains.[32] Despite the differences between
VSMC sheets and native tissue, a multi-layered vascular graft could be constructed by
stacking aligned VSMC sheets with an additional elastic layer to engineer a graft that
matches the nonlinear, elastic stress-strain response of native vascular tissue. Additionally, to
prevent thrombosis and allow the transmission of signal cues to VSMCs, any vascular graft
would need to have a blood contacting endothelial layer that mimics the tunica intima. [8:°]
Lastly, a vascular graft would also need the support of an adventitial layer for additional
mechanical support as well as providing nutrients to the medial layer via the vasa
vasorum. (8]

Although VSMC sheets exhibit structural and mechanical properties suited for vascular
tissue, further work is needed to successfully build engineered vascular tissue. Because the
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mechanical response is driven by cell-derived extracellular matrix, VSMC sheets grown
under different conditions (e.g. shorter culture duration, no ascorbic acid treatment, etc.) will
secrete ECM with different compositions and potentially have more physiologically tuned
stiffness.[47] For example, as previously stated, mature VSMC sheets do not produce mature,
fibrillar elastin, the sheets deform inelastically at high strain.[46] Therefore, more work is
needed to understand the relationship between cell sheet culture and their micro-structural
properties, including identifying and controlling sources for variations in mechanical and
structural properties. Although aligned, single-layer, VSMC sheets possess desirable micro-
structural mechanical properties, the link between micro and macro-structural properties is
complicated and further fundamental work is needed to predict tissue level properties from
micro-structural properties.[48]

3. Conclusions

In this study, we developed a thermo-responsive cell culture platform to produce structurally
and mechanically anisotropic vascular smooth muscle cell sheets. To accomplish this, we
computationally and experimentally optimized a method for grafting NIPAAm onto micro-
patterned PDMS substrates to achieve optimal VSMC attachment. Next, the PNIPAAmM-
PDMS surfaces were adapted by incorporating a secondary network of polymerized APTES
to improve VSMC adhesion and cell sheet formation rate. Structural and mechanical
characterization of patterned and non-patterned VSMC sheets revealed significant
mechanical and structural anisotropy, and patterned sheets were approximately 8x stiffer in
the aligned direction compared to the perpendicular direction. These properties make this
tissue an attractive micro-structural building block for engineering multi-layered vascular
tissue. Moreover, within the context of functional tissue engineering, the results represent
initial steps towards designing tissue-engineered materials with well-defined micro- and
macro-structural properties.

4. Experimental Section

PDMS Substrate Preparation

Sylgard 184 poly-dimethylsiloxane (PDMS) substrates were prepared by mixing base and
curing agent in a 10:1 ratio (Dow Corning, Midland, MI). The PDMS mixture was degassed
and cured at 80 °C for 12 hours in either a petri dish or on a micro-patterned silicon wafer to
produce 1 mm thick flat and patterned PDMS, respectively. Micro-patterned silicon wafers
were prepared to produce PDMS substrates with 5 um deep grooves that are 50 um wide
with 20 um wide ridges as previously described.[4°]

Thermo-responsive Substrate Preparation

One side of the PDMS substrates was soaked in a solution of 20% (w/v) benzophenone in
acetone for 3 min. PDMS substrates were then rinsed with excess deionized (DI) water and
dried for 60 min at room temperature. N-isopropylacrylamide (NIPAAm) solution composed
of 20% (w/v) N-isopropylacrylamide (Acros Organics, Geel, Belgium), 0.5% benzyl alcohol
(Sigma), and 5 mM sodium periodate (Sigma) was degassed under house vacuum for 2
hours. Benzyl alcohol allows the aqueous monomer solution to come into contact with the
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hydrophobic PDMS surface and also functions as a chain transfer agent.[9 Sodium
periodate acts as an oxygen scavenger to prevent dissolved oxygen from inhibiting
benzophenone excitation and NIPAAm polymerization.[51] Substrates were then coated with
the NIPAAmM solution, placed in an air-tight chamber, and purged of oxygen by flowing
nitrogen for 1 min. Benzophenone soaked PDMS substrates were exposed to 55 mW cm™2
(measured at 365 nm) UV irradiation for 3 min. PNIPAAm-coated PDMS (PNIPAAmM-
PDMS) substrates were then rinsed in DI water to remove excess PNIPAAmM monomer and
soaked in baths of acetone and ethanol for 12 hours each to extract absorbed benzophenone.

APTES Modification of Thermo-responsive PDMS

Thermo-responsive PNIPAAmM-PDMS substrates were modified with 3-
aminopropyltriethoxysilane (APTES; Sigma). APTES solution was composed of 10%
APTES (v/v) dissolved in 200-proof ethanol and activated with 0.5% (v/v) DI water.
Substrates were coated with 10% APTES solution and baked at 80 °C for 2 hours under
vacuum to incorporate APTES into the PNIPAAM-PDMS surface. After APTES surface
modification, the substrates were soaked in DI water for 48 hours to remove unreacted
APTES monomer.

Benzophenone Diffusion Model

The mass of benzophenone soaked into the PDMS substrates was estimated by measuring
UV absorbance at 345 nm — peak UV absorbance for benzophenone — with a SpectraMax
M5 plate reader (Molecular Devices, Sunnyvale, CA). To convert absorbance to
benzophenone mass, a calibration curve was experimentally measured. PDMS substrates
were soaked with known volumes of benzophenone solution of predetermined
concentrations (N=>5) to relate benzophenone mass to UV absorbance (345 nm). The
relationship between UV absorbance and benzophenone mass was modeled using linear
model using R (R Foundation for Statistical Computing, Vienna, Austria). PDMS substrates
were soaked in 20% (w/v) benzophenone dissolved in either ethanol or acetone for 1-9 min
by exposing only one side of the substrate to solution (N=4). Using the standard curve, UV
absorbance measurements estimated benzophenone mass.

The experimental data was fit using a 1-d analytical solution to Fick’s law to determine the
diffusion coefficient. Using the analytical benzophenone concentration profile, the drying
process was modeled using a finite difference approach and 3.0 x 10711 m2 s71 as the
diffusion coefficient.[34] During drying, all PDMS surfaces were modeled as a zero-flux
boundary condition (dC/dx = 0).

Substrate Characterization

Attenuated total reflection, Fourier-transform infrared (FT-IR) absorbance spectra were
acquired using a Nicolet (Thermo-Fisher, Waltham, MA) spectrometer with a resolution of
2.0 cm™1 over the range of 1000 — 4000 cm™ collected using OMNIC (Version 7.2a).
Sessile drop water contact angle measurements were performed on a Kriiss DSA100
Goniometer (Kriiss GmbH, Hamburg, Germany) within a temperature controlled chamber
controlled by a Polyscience Digital Temperature Controller (Polyscience, Niles, IL) using
Drop Shape Analysis (DSA) for Windows (Version 1.90.0.14). Substrates were placed
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directly on the surface of the heating block and allowed to reach a constant temperature
before water contact angle measurements were taken (N=8). Sessile drop water contact
angle images were taken using Drop Shape Analysis and analyzed using the Tangent-2
method to extract water contact angle.

Cell Sheet Culture

Bovine aortic vascular smooth muscle cells (VSMCs) (Coriell Cell Repositories, Camden,
NJ) tested negative for mycoplasma and were cultured in low glucose Dulbecco’s Modified
Eagle Medium (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), 100 units mL™1 of penicillin, 100 pg mL~1 streptomycin
(Invitrogen), and 2 mM L-Glutamine (Invitrogen). VSMCs (Passage 8-12) were seeded at a
density of 45,000 cells cm=2 and 60,000 cells cm~2 onto flat and patterned thermo-
responsive substrates, respectively. Different seeding densities ensured that flat and
patterned cell sheets would concurrently reach confluence. After 4 days, culture medium
was supplemented daily with 50 pg mL~1 L-ascorbic acid (Sigma, St. Louis, MO) for the
culture duration.

For the cell attachment studies, PNIPAAmM-PDMS substrates were prepared by soaking the
substrates in VSMC medium for 2 hours prior to cell seeding to allow serum protein
adsorption, while cells were seeded directly onto APTES-PNIPAAM-PDMS substrates
without adsorbing serum proteins. VSMCs were seeded onto both PNIPAAM-PDMS and
APTES-PNIPAAM-PDMS substrates with a density of 15,000 cells cm=2. Phase contrast
microscopy images of cell attachment were taken 18 hours after seeding on an Axiovert
S100 microscope (Zeiss) at random locations for each graft density (N=3) at random
locations (n=5). Cell attachment efficiency was found by calculating the ratio of mean
number of adherent cells per cm~2 to cell seeding density (15,000 cells cm™2).

Cell Sheet Imaging and Collagen Quantification

VSMC sheets were rinsed with PBS, fixed in 4% paraformaldehyde and then permeabilized
with 0.1% Triton X-100 (Sigma) in PBS. Cell sheets were then blocked with 1% BSA in
PBS for 1 hour and then stained with FITC-phalloidin (Life Technologies, Grand Island,
NY) and Hoechst (Life Technologies) to visualize F-actin and cell nuclei, respectively. For
collagen staining, VSMC sheets were fixed with 4% paraformaldehyde, rinsed with
deionized water, and then incubated in 0.1% picrosirius red dye (Electron Microscopy
Sciences, Hatfield, PA). VSMC sheets were then rinsed in 0.5% acetic acid and then
dehydrated in baths of ethanol and xylene. Stained VSMC sheets were imaged using an
Axiovert S100 microscope. For collagen quantification, VSMC sheets were incubated at
4°Cin 0.1 mg mL™1 of porcine pepsin (Sigma) in 0.5 M acetic acid for 24 hours before
measuring collagen content using the Sircol Collagen Assay (Biocolor, UK).

Cell Sheet Mechanical Characterization

Cell sheets were cultured for 17-21 days before mechanical characterization. Cells were
transferred onto a gelatin mold composed of 7.5% (w/v) Type A bovine gelatin (Sigma)
dissolved into low glucose DMEM by incubating the cell sheet for 20 min at 4 °C. Cell
sheets were cut into strips in both the direction of alignment and the direction perpendicular
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to alignment, while non-patterned cell sheet strips were cut in arbitrary directions. Length
and width of cell sheet strips were measured with calipers, and thickness was measured
using an Axiovert S100 microscope (Karl Zeiss, Germany). Cell sheet strips were glued to
mounts using cyanoacrylate adhesive (Loctite Instant-Bonding Adhesive, #414; Henkel
Corporation, Westlake, OH) and then mounted in the tensile tester. Cell sheets were
stretched to the zero-strain state by manually stretching the sheets until they began to bear
load. Cell sheets were mechanically characterized by subjecting strips to 3 pre-stress load
cycles to an engineering strain of 0.2 before stretching the cell sheet to failure at a strain rate
of 0.05 s71. Failure stress and strain were measured, and Young’s modulus was determined
over the linear regime of the stress-strain curve.

Statistical Analysis

Statistical analysis was performed using R. T-tests were performed using Welsh’s t-test.
Statistical analysis of samples with multiple conditions was performed using 1-way analysis
of variance (ANOVA) and a post-hoc Tukey test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of thermo-responsive substrate preparation. (a) Flat and patterned PDMS
substrates are prepared for subsequent grafting. (b) PDMS substrates are soaked in a 20%
(w/v) benzophenone in acetone for 3 min and air dried for 60 min by exposing one side of
the PDMS to benzophenone solution. (c) Benzophenone soaked PDMS substrates are then
exposed to UV irradiation for 3 min while coated with a 20% aqueous solution of NIPAAm
and then washed with acetone and ethanol. (d) PNIPAAM-PDMS substrates are then heated
to 80 °C for 2 hours while coated with a 10% (v/v) solution of APTES in ethanol.
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Figure2.

Benzophenone diffusion into PDMS substrates. (a) Mean experimentally measured
benzophenone (BP) mass per area (+ s.e.m.) absorbed by PDMS after soaking substrates in
20% BP for varying durations in ethanol (gray circles) or acetone (black circles) (N=4).
Analytical prediction for absorbed BP mass when dissolved in ethanol (gray) or acetone
(black) and soaked for 1-10 min. (b) Finite difference prediction of benzophenone surface
concentration during air drying after soaking the PDMS substrates for 1-7 min in 20% BP
(w/v) (acetone). (c) Predicted BP concentration at positions below the soaked surface of the
PDMS substrates after soaking in BP (acetone) for 1-7 min and then drying for 60 min. (d)
Predicted BP surface concentration after soaking PDMS substrates in BP (acetone) for 1-10
min and then drying for 60 min.
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Figure 3.
Fourier transformed infrared spectra and cell attachment efficiency of PNIPAAM-PDMS

substrates. (a) FT-IR absorbance spectra for PNIPAAmM-PDMS substrates soaked in BP
(acetone) for 0-5 min and then grafted with 3 min UV exposure. (b) Mean PNIPAAmM
surface density (+ s.e.m.) for substrates soaked in BP for varying durations (1-7 min) and
then PNIPAAm grafted with 2 or 3 min UV exposure (N=5). (c) Mean vascular smooth
muscle cell seeding efficiency (x s.d.) for PNIPAAmM-PDMS substrates with varying
PNIPAAmM surface density (N=3). (d) Phase contrast microscopy representative images of
vascular smooth muscle cell attachment on PNIPAAmM-PDMS with different graft densities
taken 18 hours after seeding.
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Figure 4.
Fourier transformed infrared spectroscopy and cell attachment efficiency for APTES-

PNIPAAM-PDMS substrates. (a) FT-IR absorption spectra for PDMS, PNIPAAM-PDMS
and APTES-PNIPAAmM-PDMS substrates. (b) Absorbance spectra of the C=0 stretching
bond of an APTES-PNIPAAmM-PDMS substrate. Grey region corresponds to wavenumbers
where the area under the curve was calculated in panel e. (c) Absorbance spectra of the C=0
stretching bond of an APTES-PNIPAAmM-PDMS substrate. (d) Peak FT-IR absorbance of the
1650 cm™1 peak for PNIPAAM-PDMS and APTES-PNIPAAM-PDMS substrates (N=3). (e)
Mean cell seeding efficiency (£ s.d.) for VSMCs seeded onto PNIPAAmM-PDMS and
APTES-PNIPAAM-PDMS surfaces (N=3; p>0.05; t-test). (f) VSMC attachment on
PNIPAAM-PDMS APTES-PDMS and PNIPAAM-APTES-PDMS substrates 18 hours after
seeding substrates with 15k cells cm™2.
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Figureb5.
Vascular smooth muscle cell sheet structure on non-patterned and patterned substrates. (a,b)

Phase contrast images of vascular smooth muscle cell sheets grown on non-patterned and
patterned substrates for 17 days. (c,d) F-actin structure for non-patterned and patterned
VSMC sheets (green). Cell nuclei are labeled with Hoechst (blue). (e,f) Collagen structure
(red) of VSMC sheets after picrosirius red stain. Arrows correspond to direction of micro-
pattern. Scale bar indicates 100 pum.
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Figure 6.
Vascular smooth muscle cell sheet mechanical characterization. (a) Detached non-patterned

vascular smooth muscle cell sheet (left) next to APTES-PNIPAAmM-PDMS substrate (right).
(b) Ratio of detached VSMC sheet geometry (length and width) to attached VSMC sheet
geometry in the parallel (gray) and perpendicular (black) direction for flat and patterned
sheets (N=9). (c) Engineering stress-strain curve for a patterned VSMC sheet stretched in
the aligned (gray) and perpendicular (black) direction. (d) Mean ratio of failure stress (+
s.e.m) in the aligned direction compared to the perpendicular direction for patterned and flat
VSMC sheets (N=8; p < 0.05; t-test). (¢) Mean ratio of failure strain (x s.e.m; N=8) in the
aligned direction to the perpendicular direction for patterned and flat VSMC sheets (p <
0.05; t-test). (f) Mean ratio of tangent modulus (z s.e.m) in the aligned direction compared
to the perpendicular direction for patterned and flat VSMC sheets (N=8; p < 0.05; t-test). (g)
Mean VSMC sheet modulus (+ s.e.m) at low strains (0-15% strain) and high strains
(maximum tangent modulus before failure) in the perpendicular (N = 8) and parallel
directions (N= 8) of aligned sheets and flat, cell sheets (N=8) (p < 0.05; t-test). (h) Mean
ratio (+ s.e.m) of the modulus measured at high strains to low strains for VSMC sheets in the
parallel (N=8) and perpendicular (N=8) direction for patterned sheets and non-patterned
sheets (N=8); (p < 0.05; t-test).
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Table 1

Mechanical properties of patterned and non-patterned VSMC sheets (mean * s.e.m)

Low Strain Modulus (kPa) Maximum Modulus (kPa) Failure Stress (kPa)  Failure Strain

Parallel 250 + 65 2995 * 961 410 + 140 043+0.1
Perpendicular 208 + 56 522 +93 155+40 0.50 +0.06
Non-Patter ned 250 + 65 932 +102 225+ 285 0.75+0.05
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