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Abstract

Thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) has been widely used as a surface
coating to thermally control the detachment of adsorbed cells without the need for extreme
stimuli such as enzyme treatment. Recently, the use of 2D and 3D scaffolds in controlling cell
positioning, growth, spreading and migration has been of a great interest in tissue engineering
and cell biology. Here, we use a PNIPAM polymer surface coating atop a nanostructured linear
diffraction grating to controllably change the surface topography of 2D linear structures using
temperature stimuli. Neutron reflectometry and surface diffraction are utilized to examine the
conformity of the polymer coating to the grating surface, its hydration profile, and its evolution
in response to temperature variations. The results show that, in the collapsed state, the PNIPAM
coating conforms to the grating structures and retains a uniform hydration of 63%. In the swollen
state, the polymer expands beyond the grating channels and absorbs up to 87% water. Such
properties are particularly desirable for 2D cell growth scaffolds with a built-in non-extreme
tissue-release mechanism. Indeed, the current system demonstrates advanced performance in the
effective alignment of cultured fibroblast cells and the easy release of the cells upon temperature
change.

KEYWORDS: PNIPAM coating, thermoresponsive nanostructured scaffolds, cell alignment and
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INTRODUCTION

Recent advances in tissue engineering have motivated significant progress in polymer
chemistry, biophysics and cell biology. Tissue engineering involves combining living cells,
biomaterials and engineering methods to repair, replace or restore damaged tissue. The process
requires delicate control of the microenvironment of the cells, particularly the scaffold, since its
3-dimensional structure and properties govern the functionality of the grown tissue'. 2D
structured surfaces and 3D scaffolds are of a great interest in modern tissue engineering due to
their nontrivial effect on the elongation and proliferation of the cultured cells>. The cell adhesion
to such structures has been a focus for biophysical research and cell biology for a long time>**.
However, a detailed and complete understanding of the processes involved is still lacking. It has
been shown that the properties and parameters of the cell matrix have a dramatic effect on the
grown cells’, in particular, such scaffold properties as texture, water content, hydrophobicity and
rigidity can affect the cell morphogenesis and proliferation®”'°. One of the most important
properties of the scaffolds is the ability to controllably release the grown tissue with minimal or
no damage to the tissue structure or functionality. For example, sometimes the adhesion of cells
to 2D or 3D scaffolds is so strong that the use of potentially toxic enzymes or mechanical force is
required in order to harvest cells for further processing. To avoid such potentially harmful
influence on the grown tissue different approaches have been proposed, which mostly involve
the use of synthetically modified surfaces'""'%.

One of the most promising candidates for controllable release of cultured cell sheets is poly(N-
isopropylacrylamide) (PNIPAM) polymer. PNIPAM is non-toxic at physiological temperatures

and when temperature is increased above 32°C (the lower critical solution temperature, LCST) it

undergoes a structural transition which results in the collapse of the polymer and successful cell



adherence and growth'>. PNIPAM has been widely used to study and control cell adhesion on

flat surfaces including grafted surfaces of PNIPAM monolayers'*'>¢!"18

. Recently, the
possibility of using submicrometer-grooved PNIPAM for constructing aligned cell sheets was
explored”. Unfortunately, the determination of the PNIPAM properties in a nanostructured
geometry remains a challenge under aqueous conditions using conventional microscopy
techniques'”.

On the other hand, X-ray and neutron reflectometry techniques have proved to be useful in
such nanoscale characterizations and in providing detailed information of the surface topology

and in-depth profile of thin coatings™*'

in dry and fluid environments. In this work, we utilize
neutron reflectometry and grazing-incidence neutron surface diffraction to determine the thermal
response of nanostructured PNIPAM coatings deposited on a linear diffraction grating with
submicron features using a simple standard spin-coating technique. The scattering patterns
obtained from the PNIPAM-grating system above and below the transition temperatures
accurately determine the changes in the surface structure and water uptake in response to
temperature stimuli. These detailed measurements are particularly crucial for the implementation
of submicrometer-grooved PNIPAM in constructing aligned cell sheets'®, due to their nontrivial
effect on the elongation and proliferation of the cultured cells®. In these systems, the cell
morphogenesis and proliferation are determined by scaffold properties such as groove topology,

1
surface coverage, and water content®'"

which are investigated here. Also, using a proof-of-
principle experiment, we demonstrate the effectiveness of the current scaffold in controlling the
orientation and release of fibroblast cells. The results of this study provide insights into such
applications as controlling cardiomyocyte orientation on microscaffolds® and induced switching

of cell adhesion and harvesting™**.



MATERIALS AND METHODS

Materials. PNIPAM polymer was spin-coated on a silicon grating (purchased from
LightSmyth technologies) with a nominal pitch and groove-depth of d = 833 nm and /4 = 250 nm,
respectively, which were independently verified with neutron scattering. Before polymer
deposition, the Si grating was thoroughly cleaned by alternating rinses of chloroform, toluene,
methanol and high purity deionized water. Following the rinse, the grating was placed in an
ozone cleaner for 20 min, after which the Si surface was modified with 3-amino-
propyltriethoxysilane. Finally, poly(N-isopropylacrylamide) copolymerized with
methacroylbenzophenone (PNIPAM-co-MaBP) was spin coated on the Si grating and cross-
polymerized using ultraviolet light***’ . The PNIPAM—coated Si grating was measured in D,0
by grazing incidence neutron scattering using the solid-liquid interface cell shown in Figure 1.
The cell 1s composed of a thick silicon wafer (shown in the top left corner of Figure 1) and a
transparent quartz window (with fluid inlet ports) as the sandwiching blocks and a PDMS gasket
as a seal. The entire sample cell was held in place with aluminum clamps, one of which
accommodated two resistive heating barrels. More details about the design of the sample cell can

be found elsewhere’*.
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Figure 1. Scheme of the liquid-solid interface cell used for the neutron reflectivity experiment
described in the text. The scattering geometry is identified by the Cartesian reference frame
where the x- and y-axes are in the plane of the grating along and perpendicular to its lines,
respectively, and the z-axis is normal to the average grating surface. The insert at the top left
shows the silicon wafer through which the neutron beam is incident on the sample. In the middle

of the block is the trench in which the grating is placed during the experiment.

Neutron Scattering Measurements. The neutron reflectometry (NR) experiment was
performed at the liquid reflectometer (beamline 4B) at the Spallation Neutron Source at Oak
Ridge National Laboratory®. Two types of scattering, specular reflection and off-specular Bragg

scattering, were recorded. The intensity of the specularly reflected beam is generally measured as

a function of the wavevector transfer normal to the sample surface, Q, = 47” sin 6, where A is the

neutron wavelength and @ is the incident angle of the neutron beam. This type of measurement

probes the depth profile of the sample (with Angstrom resolution”®?’

) averaged over the coherent
area of the neutron beam on the sample surface. To analyze specular reflectivity data, the nuclear
scattering length density (NSLD) profile of the sample was sliced into a number of layers each
with a constant NSLD. Interfacial roughness was accounted for by the Nevot-Croce function®.
The best least-square fit was obtained using genetic optimization followed by the Levenberg-
Marquardt nonlinear least squares method*’.

In order to determine the lateral y-z profile of the sample, off-specular neutron surface
diffraction was detected. The periodicity of the grating along the y-axis induces dynamical
scattering effects that result in off-specular scattering at discrete angles determined by the Bragg-

condition®, ky = kqy + mg, where kqy and k, are the y-components of the incident and scattered

wavevectors, respectively, g = 2m/d is the smallest reciprocal lattice vector and m is an integer.



Due to the conservation of energy and the translational invariance along the x-direction (i.e. kx =

kox), the z-component of the scattered wavevector is also  quantized:

k, —\/kz +kg, —(K,, +mg)” . In the present study, only the first order Bragg ridge had

enough statistics above the background level. This type of scattering cannot be adequately
analyzed with conventional reflectivity models and a dynamical theory approach had to be
implemented for proper data analysis. In this work, we used the dynamical theory (DT)

algorithm developed by Ashkar et al.****

, which incorporates a Parratt formalism®' to account
for in-depth variations in the sample. We should mention that the scattering geometry (Figure 1)
is such that both the incident and the scattered neutron beams are confined in silicon, which is
relatively transparent to neutrons, thus minimizing the length of the neutron trajectory in the

deuterated fluid in contact with the grating.

RESULTS AND DISCUSSION

The surface topography of a PNIPAM film coating a nanostructured grating was explored by
neutron reflectometry and neutron surface diffraction above and below the lower critical solution
temperature of PNIPAM under ambient pressure. The detailed analysis of the film morphology
required a full characterization of the underlying substrate (bare grating) prior to the PNIPAM-
film deposition. In both cases, measurements were carried out in D,0 instead of H,O to enhance
the neutron scattering contrast between the fluid subphase and the Si grating with its polymer
coating (cf. Table 1). Although PNIPAM’s phase transition temperature in D,O is one degree
higher (306 K) than in H,O?, the temperatures in this study (300 K and 315 K) are far from this
critical value. Model fits to the specular reflectivity data, using the fitting routine described in the
methods section, yielded the thickness and the average NSLD of each layer, as well as the

surface and interfacial roughness. The fitted values obtained for the bare grating and the



PNIPAM-coated grating are reported in Table 1. The composition of each layer can be obtained
from the average density values, and is consistent with the schematic depiction of the samples

shown in Figure 2.
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Figure 2. (Left) Specular NR data (black squares) from the bare Si grating and the polymer—
coated grating at 300 K and 315 K, along with the fitting curves (solid red lines). The error bars
indicate +1 standard deviation, and the NR curves are offset for clarity. (Right) NSLD profiles
(black solid lines) obtained from the NR fits. Also shown (red and blue shading) are schematics
of the real space interpretations used to model the experimental data: (a) Bare Si Grating, (b) T =
300 K, (¢c) T=315 K. In (b) and (c) PNIPAM polymer is denoted by red entangled lines. In (b),
PNIPAM film is fully expanded such that it fills the grating’s groove and extends into the D,O
subphase. In (c), the polymer film is in its collapsed state and forms a thin coating on the grating
structures (PNIPAM attachment to the walls is determined from Bragg scattering analysis). The
thickness of a thin SiO, layer at the bottom of the groove was fixed for all 3 models. The

grating’s pitch-to-depth ratio on the NSLD interpretation is not to scale.



Table 1. Summary of the model parameters obtained from specular reflectivity fits. The model

only considers an oxide layer at the bottom of the grooves which is thicker than the normal

native oxide layer (about 10 A) due to the etching conditions involved in lithographic process.

The native oxide is expected to be present on the top of the mesas, but is not detectable in the

current system.

Bare Si Grating

Layer Thickness, A  NSLD, 100 A~ Roughness, A

Si grating -- 2.07

Si0,+Si 62.0 291 7

Si+D,0 2445.0 4.2 24.4

D,0 subphase - 6.17 2
T=300K

Si grating -- 2.07

Si0,+Si 62.0 291 6.1

Si+PNIPAM+D,0 2425.6 3.46 7.3

PNIPAM+D,0 63.6 5.19 13.8

D,0 subphase -- 6.17 347.3
T=315K

Si grating -- 2.07

Si0,+Si 62.0 291 87.3

Si+PNIPAM+D,0 570.28 3.13 40.6

Si+D,0 1956.8 4.13 53

PNIPAM+D,0 341.66 4.58 5.2

D,0 subphase - 6.17 3




The fits to the grating data are consistent with previous microscopic characterization of the
grating cross-section, i.e. rectangular profile with groove widths nearly equal to the half-pitch®.
The NSLD of “Si + D,0” layer (Table 1, “Bare Si grating”) is found to be 4.2x10° A | which
corresponds to about Si (48%)/D,0 (52%) composition. A 62 A-thick SiO, layer was found at
the bottom of the grooves. The same grating was used for all measurements presented here
(Figure 2), such that the grating parameters obtained from fits on the bare grating are fixed in
modeling the PNIPAM depth profile.

For successful fabrication of fine grating scaffolds to control cell orientation, the complete and
uniform PNIPAM coverage of the top, bottom, and side walls of the grating must be ensured. At
the same time, in order to controllably release and harvest grown tissue from a grating without
damage, the tissue release mechanism should provide a complete detachment of the cells from
the scaffold. Therefore, to enable tissue release as PNIPAM expands at low temperature, the
polymer should preferably completely fill the grooves, which helps expel the cell sheets into the
water subphase. Indeed, the fit to the specular reflectivity data taken from PNIPAM on the
grating at 300 K demonstrates that at low temperature PNIPAM fills the grating channels and
slightly extends into the subphase (by about 700 A). In Table 1, the NSLD of the
“Si+PNIPAM+D,0” (“T = 300 K” subsection) is 3.46x10° A? which corresponds to 74%
uniform PNIPAM hydration in the bottom 2000 A of the grooves. The hydration of PNIPAM
close to the top of the grooves (top 500 A) gradually increases from 74% to 87% which is
evidenced by the upward trend in the NSLD profile between 2000 A and 2500 A of the “sample
thickness” (Figure 2b).

At T =315 K the reflectivity curve notably changes (Figure 2, left panel) as compared to the

data taken at T = 300 K. The NSLD profile obtained from the fit to the data (Figure 2c) suggests
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that, at T = 315 K, PNIPAM is collapsed and forms 570 A and 341 A thick polymer layer at the
bottom and the top of the grating, respectively. The hydration of the polymer layer at the bottom
of the groove is 63%. It is noteworthy, that the hydration of a PNIPAM polymer system strongly
depends on the degree of the cross-linking and the specific architecture of the structure. For
example, is has been previously reported that asymmetric diblock copolymer Poly(Styrene-b-
NIPAM) allows the total water storage of only 17% with a total film thickness increase of as
little as 2.5% upon swelling®®. In the present work, PNIPAM was copolymerized with
methacroylbenzophenone (PNIPAM-co-MaBP) and further cross-polymerized using ultraviolet
light. The hydration of the polymer both in the collapsed and expanded state is in a good
agreement with earlier studies™. Similarly, the hydration of about 90% in the swollen state was
also reported for the PNIPAM-co-PAA microgels’®’. Since the scaffold hydration plays an
important role in successful cell growth and harvesting, such dependability of the hydration
values on the specific system architecture sets important restrictions on the design of the micro-
scaffolds.

It is important to mention, that in order to establish a reproducibility of results, we cycled the
temperature twice from 300 K to 315 K and collected specular NR data at each cycle.
Comparison of two consecutive cycles between 300 K and 315 K demonstrated excellent
reproducibility of the system (data not shown here).

In order to determine whether or not PNIPAM is attached to the side walls of the grating
channels, the cross-sectional profile of the PNIPAM coating was extracted from the Bragg
scattering using the dynamical theory approach discussed in the methods section. A sample of
the Bragg data obtained on the bare and coated grating is shown in Figure 3. The data used for

the fits were obtained, after background subtraction, by integrating the scattering intensity over
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the whole width of the Bragg ridge for each wavelength. The integrated data with corresponding

DT calculations are shown in Figure 3 for the bare grating (Figure 3a) and the polymer-coated

grating at 300 K (Figure 3b) and 315 K (Figure 3c¢).

Bare Si grating

Detector pixel
Log, (Intensity)

2 OF 48 45 Ef £k 25 30 35 40 45 50 55
Wavelength (A) Wavelength (A)

Figure. 3. (Left panel) Detector image showing the 1% order Bragg ridge obtained with the bare
grating and with the PNIPAM-coated grating at 300 K and 315 K. (Right panel) Off-specular
data integrated over the 1% Bragg ridge as a function of the neutron wavelength for (a) the bare
grating and the grating with (b) swollen and (c) collapsed polymer films. The solid red lines
represent the DT calculations for a 300 A thick polymer covering the vertical walls of the

grating.

For all Bragg measurements, the incident angle of the neutron beam was 0.15°. The angle
between the lines of the grating and the incident beam direction, which is also required for the
DT modeling, was set to 90°, which is a good approximation to the experimental settings. The

DT model was designed such that, in the case of the bare grating, three layers were considered:
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silicon substrate, modulated grating layer and D,O subphase. For the polymer-coated grating,
two additional layers were considered to account for the polymer layers in the bottom of the
grooves and on the top of the mesas; the modulated grating layer was modified in the model to
account for a polymer layer with variable-thickness on the grating walls. The parameters of the
bare grating profile were fixed to the values obtained from the specular data fits. For the
polymer-coated grating, NSLD and thickness of the polymer layer at the bottom of the grooves
and on top of the mesas were set to the values obtained from the specular data. Consequently, the
only fit parameter in the DT calculation was the thickness of the polymer films coating the walls
of the grating. The calculation of the Bragg data on the PNIPAM-coated grating at 300 K is
consistent with the results obtained from the specular fit. It confirms that, in the swollen state,
the PNIPAM film extends beyond the grating mesas. This is an important finding for the
implementation of this scaffold in tissue release mechanisms, where a complete detachment and
expulsion of the cells from the scaffold is mechanically enabled through the swelling of the
polymer beyond the grating channels. In the collapsed state (315 K), the DT calculation shows
that a thin PNIPAM layer with the thickness of 300 + 50 A coats the vertical walls of the grating.
This result is depicted in Figure 2¢. The conformity of the polymer to the underlying grating in
the collapsed state was independently verified with Atomic Force Microscopy (AFM). The AFM
measurements were carried out with Digital Instruments NanoScope atomic force microscope
(Santa Barbara, CA). The cantilevers were made of Si, and its resonance frequencies were 150 to
190 kHz. The measurements were performed in tapping mode under ambient air conditions. A
5x5 pum® area scan is shown in Figure 4. The micrographs clearly show that the PNIPAM
uniformly covers the Si grating and the conformity of the polymer to both sides of the groove is

well preserved, in agreement with the neutron reflectometry results.
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Figure 4. AFM image of the collapsed PNIPAM polymer on the Si grating. The vertical scale is

200 nm.

In order to verify the applicability of PNIPAM coated Si gratings as a surface-tunable micro-
scaffold for tissue engineering we performed live cell culture on the system. 3T3 mouse
embryonic fibroblast cells were cultured in 10% newborn calf serum (NCS) growth medium
containing 1% antibiotics of penicillin and streptomycin stock solution. The cells were then
seeded onto the PNIPAM-coated silicon gratings at a density of 110 to 1000 cells/mm? and

cultured at 37 °C for 24 h (Figure 5a).

-60° . 60°

-90° L 90°
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Figure 5. (a) 3T3 mouse embryonic fibroblast cells seeded at the density of the 110 cells/mm®.
The AFM excerpt shown in the insert denotes the grooves direction with the respect to the
image. (b) A radial histogram for cell orientation showing primary alignment along 0°, which

corresponds to the grooves direction.

Using fluorescent tags, the cells were found to be primarily aligned along the grooves direction
of the PPNIPAM scaffold, as demonstrated in the radial histogram shown in Figure 5b. The
percent of cells aligned within +/- 10° of the groove direction is 42% and within +/- 20° is 54%,
which is in agreement with other studies of cell alignment on nanogratings®®. Subsequent
decrease of the temperature to 4 °C triggered the complete detachment of cells after 90 min.

CONCLUSIONS

Cultured cells on flat PNIPAM substrates are randomly oriented and therefore cannot be used
in some specific applications where anisotropic cell alignment is required. In this study, we
developed a simple technique that allows grooved PNIPAM surfaces with virtually any geometry
to be fabricated and used as tunable substrates with controllable 2D nanostructures. Such control
over the surface topography and polymer geometry plays an important role in optimizing the
functionality of substrates used in biomaterial scaffold architecture for tissue engineering.
Simultaneous analysis of neutron specular reflectivity and off-specular Bragg scattering provided
information on the complete 2D structure of the PNIPAM-coated Si grating including the
hydration profile of the polymer both in the collapsed and expanded states. These measurements
demonstrated that this system maintains a complete and relatively uniform PNIPAM coverage of
grating’s top, bottom, and side walls and allows for a reproducible switching between collapsed
and expanded states. In the collapsed state, the PNIPAM coating conforms to the grating

structures and retains a uniform hydration of about 63% whereas in the swollen state, the
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polymer expands beyond the grating channels and absorbs up to 87% water. Interestingly, the
grating pitch-to-depth ratio is mostly preserved, which is an important requirement for successful
fabrication of fine 2D tissue-growth scaffolds to control the cell orientation’. Owing to the
thermal sensitivity of PNIPAM such a simple structure can be used for cell proliferation and
subsequent detachment of intact cell sheets with no damage to the tissue structure or
functionality. The applicability of the PNIPAM-coated Si grating as surface-tunable micro-
scaffolds was demonstrated using 3T3 mouse embryonic fibroblast cells which were cultured on
the scaffold and subsequently detached as an intact cell sheet upon decreasing the temperature
beyond the PNIPAM’s LCST. The cells clearly exhibited primary orientation along the grooves
direction of the PNIPAM-grating scaffold. In summary, we showed that using lithographically
structured gratings spin-coated with PNIPAM polymer can provide a powerful yet very simple
approach to control the actual groove geometry and possesses a built-in tissue release

mechanism, which has been a challenge so far.
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