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ABSTRACT: The use of thermoresponsive surfaces as platforms
for cell culture and cell regeneration has been explored over the
last couple of decades. Poly-N-isopropylacrylamide (pNIPAm) is
a well characterized thermoresponsive polymer which has an
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32 °C) and repel water (T > 32 °C). It is this phenomenon that is
exploited in temperature-controlled cell harvesting. pNIPAm
coatings are generally poorly cell compatible and a number of
complex or expensive techniques have been developed in order
to overcome this issue. This study seeks to design a simple one-step system whereby commercially sourced pNIPAm is used to
achieve similar results. Films were deposited using the operationally simple but rheologically complex spin coating technique.
Reversible temperature modulated cell adhesion was achieved using a variety of different cell lines. This system offers a simplistic and
cheaper alternative to methods used elsewhere.

Cells detaching as a
continuous cell sheet

KEYWORDS: poly-N-isopropylacrylamide, cell recovery, spin coating, surface properties

B INTRODUCTION to cell junctions and ECM maintained allows for the garnering of
contiguous cell sheets. This cell sheet may then be used for tissue
engineering purposes such as for 2D or 3D biomedical constructs
or for tissue damage repair.”'%~ ">

Because of its physiologically proximal lower critical solution
temperature (LCST) of 32 °C, poly-N-isopropylacrylamide
(pNIPAm) is the thermoresponsive polymer predominantly
used in cell and cell sheet regeneration. Unfortunately it has
been shown that pNIPAm surfaces are generally nonconducive
to reasonable cell growth and a number of approaches been have
taken in order to overcome this significant obstacle.""”'*"'> To
date, the most successful of these approaches have been through
the immobilization of pNIPAm via the electron beam polymer-
ization (EBP) method and plasma polymerization. While these
techniques have generated successful outcomes in cell and cell
sheet regeneration there is a need to develop an accessible means
of thermoresponsive dish fabrication as the technology or
expertise needed for these methods of preparation is outside

The sustained interest in developing thermoresponsive cell
delivery platforms is evidenced by the multiple journal publica-
tions detailing ongoing developments in this area per annum. The
design of thermoresponsive polymer based cell culture carrier and
delivery systems has been ongoing since the early 1990's with
numerous methods of thermoresponsive substrate fabrication
reported. Traditional methodologies employed for the harvesting
of anchorage-dependent cells using proteolytic enzymes or me-
chanical scraping degrade cell-to-cell interconnector junctions and
culturally deposited extra cellular matrix (ECM). Such conven-
tional techniques can be detrimental to cell viability and cell
surface receptor and transmembrane protein integrity, which in
turn may impair subsequent cell functionality.' > A cell harvesting
technique, using thermoresponsive polymer films as a substratum
for cell growth, from which cells and cell sheets can be detached,
offers a viable and gentle alternative for recovering viable cells and
cell sheets.® ® The recovery of highly viable cells is especially
important in areas of biomedical science, where it is imperative that
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the financial and technological scope of most tissue culture
laboratories.'® Okano et al. have been the chief proponents of
cell sheet regeneration via thermoresponsive delivery systems
using EBP and have expanded the production of these surfaces
for global retail sale. At the time of writing, the retail price quoted
for one 35 mm thermoresponsive dish was more than €20
(when bought in a pack of 30) and therefore the use of these
commercially sourced dishes is impractical for routine cell culture
experiments or for long scale investigations. One of the first
reported uses of pPNIPAm based conventional nongrafted films,
with a view to cell recovery, was by Takezawa et al. Cells were
cultured on pNIPAm conjugated with collagen and a cell
monolayer was reached after a suitable period of incubation
and detachment was achieved under cooling conditions, cell
growth on pNIPAm alone was comparatively very poor."> A
similar approach has been taken by other groups via the addition
of an overlayer of cell adhesion promoting proteins onto thick
solvent cast films, thus negating the adverse effects of pNIPAm
on cell adherence.*'*'” The nongrafting techniques outlined use
the solvent casting technique to deposit the polymer layer which
is an inexpensive and simple method of deposition, but conjuga-
tion with collagen or the addition of an overlayer of proteins is
time-consuming and adds additional expense and complications.
Additionally, incorporation of animal sourced proteins intro-
duces a risk of disease transfer, which would clearly be undesir-
able if the cells were to be used for therapeutic tissue engineering
purposes.'® Thus, there has been continuing impetus to refine
the techniques used to produce suitable thermoresponsive plat-
forms with several publications per annum aiming to improve on
established techniques or offer alternative approaches without
the need for animal based products such as Schmidt et al.'s recent
study into using pNIPAm microgels as a platform for switchable
cell culture and Wischerhoft et al.’s study into using PEG based
platforms as an alternative to pNIPAm.'”*° The development of
a system that would allow for the routine and reproducible
production of such surfaces is desirable and is investigated in
this study.

Films were deposited using the operationally simple spin
coating method from polymer solutions prepared from commer-
cially sourced pNIPAm, thus avoiding the need for expensive
equipment or synthesis capabilities. Spin coating is a common
tool used in the microelectronics industry but its application
in producing thermoresponsive surfaces for cell regeneration
is in its infancy. The films produced via the spin coating
method were uniform and reproducible. Ultimately, this
research seeks to develop a one-step simplistic method for
thermoresponsive culture dish fabrication that can be easily
developed in mainstream laboratories for “in-house” cell
harvesting purposes.

The thickness of the pNIPAm coatings is often quoted as being
a limiting factor for successful cell adhesion and proliferation
outcomes with pNIPAm coatings of over 30 nm thickness
showing low affinity for cell adhesion;*' " %* therefore, it was
imperative that this parameter could be evaluated and the
thickness of the spin-coated pNIPAm films was measured using
atomic force microcopy (AFM), scanning electron microscopy-
3D-MeX (SEM-3D-MeX) and profilometry analysis. Further
characterization was achieved using contact angle, AFM, Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) analysis. Cell growth and cell detachment
was monitored using phase contrast microscopy and time-lapse
microscopy. Quantitative assessment of cell growth on the

polymer films was achieved through the alamarBlue metabolic
activity assay and the PicoGreen total DNA quantification assay.

B EXPERIMENTAL SECTION

Poly-N-isopropylacrylamide (M,, 20 000—25 000), anhydrous Ethanol,
EtOH (200 proof, 99.5%), Dulbecco’s modified Eagles medium
(DMEM), Hanks' balanced salt solution (HBSS), p-streptomycin, fetal
bovine serum (FBS), phosphate buffered saline solution (PBS), Trypan
blue stain, trypsin, trypsin-EDTA, were purchased from Sigma Aldrich and
used as received. For stem cell culture non heat inactivated fetal bovine
serum from Hyclone was used to supplement the growth media.
3T3Mouse embryo fibroblast-like cells were kindly provided by University
College Cork, human mesenchymal stem cells (hMSCs) were kindly
provided by the Regenerative Medicine Institute (REMEDI) group in the
National Centre for Biomedical Engineering Science (NCBES), NUI
Galway. C33A cervical carcinoma cells, CaSki cervical carcinoma Cells,
SWA480 colorecatal adenocarcinoma cells, SiHa cervical squamous carci-
noma cells, HeLa cervical adenocarcinoma cells, A549 lung carcinoma cells
were purchased from the American Type Culture Collection and HaCaT
normal human keratinocytes were purchased from Cell Line Service,
Germany. Quant-iT PicoGreen dsDNA assay from Invitrogen, alamarBlue
assay from Biosource, Thermanox plastic 25 mm discs from NUNC, all
other plastic consumables from Sarstedt. Fused silica glass disk, 20 mm in
diameter from UQG optics.

Film Preparation. Spin coated pNIPAm films were fabricated by
initially depositing a 150 uL aliquot of an ethanolic polymer solution
onto a slowly spinning Thermanox disk, (150 rpm) on a Laurell
Technologies WS-400B-6NPP/LITE spin coater. Rapid acceleration
followed to a preprogrammed speed. For all studies, the following
parameters were used, unless otherwise stated; concentration 2% w/v
pNIPAm in EtOH, final spin speed 6000 rpm, final spin time 30 s. All
Thermanox discs were housed in 35 mm Petri dishes and were dried
slowly overnight in an EtOH soaked atmosphere before drying com-
pletely in a vacuum oven set to 40 °C and 600 mBar for 4 h to ensure any
residual solvent is eliminated. Films were sterilized under mild UV light
for 2 h prior to cell culture experiments. For film thickness evaluation
pNIPAm films were prepared as described above, onto high-quality
fused silica glass substrates and for FTIR analysis films were deposited
onto aluminum stubs. Samples were stored at room temperature and
routinely used within a month of preparation.

Thin Film Measurement. Spin coated film thickness on fused
silica glass discs was assessed using a combination of analytical techni-
ques; AFM, profilometry and SEM-3D-MeX. Before analysis, the
polymer film was subjected to laser ablation in nine distinct regions of
the film and the height difference between the remaining polymer and
the underlying substratum was assessed. The fused silica glass substrates
were used instead of the Thermanox discs as the ablation process
interacts with the Thermanox polymer based discs as well as the film of
interest during ablation, which would render the film measurement
process useless.

An ArF excimer laser (ATL Atlex, Wermelskirchen, Germany) was
used in conjunction with a machining center (Optec MicroMaster,
Frameries, Belgium) to ablate selected areas on the thin film surface. The
excimer laser operates at a wavelength of 193 nm with a pulse length of a
few nanoseconds. At this wavelength the photon energy is high enough
to break chemical bonds on the polymer surface and photochemical
ablation is achieved. Laser parameters included a pulse repetition
frequency of 200 Hz at a fluence of 66 mJ/cm”. A standard mask
projection machining approach was used to shape the laser beam. An
optical demagnification of SX was employed to produce 9 ablated areas
of approximately 400 #m X 400 um in size of which four random
windows were chosen for thickness evaluation.
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SEM analysis samples were gold coated and then examined using a
Hitachi S-4700 SEM in low magnification mode at an accelerating
voltage of 10 kV. MeX software was used to compile a 3D simulation of
the surface topography by combining 3 conventional SEM stereo images
taken at —S, 0, and +5°. By inputting relevant specifics, such as the scan
bar size and the magnification into the MeX software, it is possible to
measure topographical specifics, such as the z height difference between
the polymer surface and the underlying substratum (exposed post
ablation). Four measurements were taken to ensure statistical accuracy.

A Zygo Newview 100 surface profiler was also utilized to measure the
depth of the thin films. This is a scanning white light interferometer and
provides surface topography and film thickness measurements to an
accuracy of 0.1 nm. It has a field of view which is variable from 6 mm
x4.5 mm down to 0.18 mm x0.14 mm, has a vertical range of 100 um
and it can measure roughness and step-heights in the range 0.1 nm up to
10's of micrometers. Four 10 um scans were recorded to ensure
statistical accuracy. The objective used for all measurements was a
20X Mirau, with zoom set at 0.5 X.

AFM images were obtained in tapping mode in air using a Dimension
3100 AFM (Digital Instruments, Santa Barbara, CA, USA) and Veeco
1—10 Ohm-cm phosphorus (n) doped Si tips a matrix of 512 X $12 data
points along the x—y plane were analyzed in a single scan. Four 100 #m
X 100 ym scans were recorded in at a scan rate of 1 Hz on each ablated
area to ensure statistical accuracy and the z-height difference between
the polymer surface and the underlying substratum, (exposed post
ablation) was measured.

Other Surface Characterization. AFM was also used to assess
the roughness of the deposited pNIPAm coatings using 10 #m X 10 xm
scans at a rate of 1 Hz and a matrix of 512 x 512 data points along the
x—y plane were analyzed in a single scan. The roughness of the films was
reported as root-mean-square (rms) roughness values, where rms
denotes the standard deviation of the Z-values along the reference line.
FTIR and XPS spectra were acquired using the Hitachi FTIR-8300 in
transmission mode and the AXIS 165 X-ray photoelectron spectrometer
respectively.

Contact Angle Measurements. Advancing contact angle mea-
surements were performed using the advancing drop method on a
home-built goniometer. The goniometer was assembled on an optical
rail from Newport Optics with opto-mechanical components from
Newport Optics and Edmund Optics. DROPimage software marketed
by Rame Hart and developed by F. K. Hansen was applied for
determining contact angles. Polymer samples were placed in a tempera-
ture-controlled environmental chamber mounted on a tilt stage and the
temperature on the surface was monitored using a thermocouple
attached to the chamber stage. Continuous water circulation through
the chamber from a heated water bath ensured that the temperature was
maintained above the polymer LCST while measurements were taken.
In a typical experiment, a drop was deposited on the surface with an
initial radius of about 3 mm. For the advancing contact angle experiment,
a thin stainless steel needle (gauge 22) was inserted in the center of the
drop from above. The volume of a drop was increased by pumping liquid
into the drop using a syringe pump. The pumping speed was adjusted to
maintain the rates of advancing below 0.5 mm/min.

Cell Culture. 3T3 cells were maintained in Dubecco’s Modified
Eagles Medium (DMEM), supplemented with 10% fetal bovine serum
and (FBS) 1% penicillin streptomycin antibiotics. The human hMSCs
used in these studies were isolated from human bone marrow. For
experimentation, the hMSCs used were passaged no more than S times.
All the other cell lines used were maintained and cultured according to
their company prescribed protocols. When cells reached 80—90%
confluence, cells were harvested and used for reseeding or for experi-
mentation where appropriate. For experimentation, 3T3 cells were
seeded in triplicate at a density of 40,000 cells/cm” on the pNIPAm
films and on tissue Thermanox controls and incubated for 24/48 h. For

Table 1. Summary Table of the Thickness of Spin-Coated
Films (2% w/v pNIPAm in EtOH) as Measured by Profilo-
metry, AFM, and 3D-SEM & MeX Analysis (see the Sup-
porting information for associated images of the results.)

technology thickness (nm) standard deviation (nm)
profilometry 104 +9
AFM 106 +6
3D-SEM & MeX 102 +5

single cell, higher magnification time-lapse microscopy cell detachment
investigations, cells were seeded at a density of 10000 cells/cm® and
incubated for a 24 h time period. For experimentation hMSCs were
seeded in triplicate at a density of 6,000 cells/cm* and incubated for 48 h.
For all other cell lines used the incubation period was 24 h and the cell
seeding density was 25000 cells/cm®. Incubation conditions were a
humidified atmosphere of 95% air and 5% CO, at 37 °C. In all cases the
samples were placed on a thermoplate set to 37 °C to maintain a working
temperature above the polymer LCST. Similarly, care was taken when
handling samples during the incubation duration to ensure that the
temperature was maintained above the LCST to prevent premature cell
detachment.

Cell Activity Assays. The metabolic activity of the cells grown on
the prepared samples and the control was assessed using the alamarBlue
assay 24/48 h after cell seeding.”* Total DNA content was also
quantified at 24/48 h by the Quant-iT PicoGreen dsDNA assay kit.>®

Cell Imaging Techniques. After incubation films were micro-
scopically observed for cell growth using an Olympus BXS1 with Image
Pro-Plus analysis system phase contrast microscope. To initiate cell
detachment, we removed warm cell media, added cold HBSS, and placed
the seeded samples on a digitally controlled thermal/cooling plate set to
4 °C. Micrographs of the plates were captured frequently on the phase
contrast microscope to monitor cell detachment. Additionally, an
Olympus IX81-ZDC time-lapse microscope with Andor IQ software
was used to image cell and cell sheet detachment upon initiation of cold
treatment.

B RESULTS AND DISCUSSION

Surface Characterization. Spin coating, though practically
simple, is an extremely complex and dynamic process and many
variables determine the final film properties. Submicrometer film
thickness cannot be evaluated trivially and a system of thin film
appraisal was developed using SEM-3D-MeX, AFM and profi-
lometry analysis. Initially, films were ablated carefully in nine
areas of the sample film using a femtosecond laser. Using 3D-
SEM MeX software, a 3D construct of a deposited film was
simulated in an area where the film had been ablated and the z
height difference between the polymer plane and the substrate
plane calculated. The results were validated using AFM and
profilometry techniques. The results are in very good agreement
with film thickness predicted to be between 100 and 110 nm,
Table 1.

The roughness of the deposited films was assessed using AFM.
The rms average roughness of the spin coated films was 4.9 &+
4.4 nm and therefore the films were assessed to be smooth. FTIR
and XPS analysis confirmed pNIPAm film deposition using both
methods of preparation. Typical FTIR acyl C=O absorption
peaks were observed at approximately 1650 cm ‘and
1550 cm ™', while peaks observed at around 2970 cm ™' can be
attributed to the stretching vibrations of C—H in the methyl
groups, peaks observed at around 1460 and 1370 cm™ ' arise
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because of the asymmetric and symmetrical bending of the C—H
bonds of a methyl group, respectively, and the peaks observed at
approximately 3300 cm ™" can be attributed to the stretching of
N—H groups.”®”” XPS was used to confirm pNIPAm film
deposition by analyzing the atomic composition of the outer
10 nm of the deposited films. The stoichiometry of the NIPAm
monomer is 75.0% C, 12.5% N and 12.5% O. The composition of
the spin coated pNIPAm films was predicted to be 78.3, 11.0, and
10.6% for C, N, and O, respectively. As can be seen the atomic
composition of the monomer structure is well retained in the
deposited polymer films, thus confirming successful film deposi-
tion. Three replicates of each sample type were analyzed.

It is well-documented that cells exhibit resistivity to attach-
ment and growth on ultra hydrophobic substrates such as
untreated polystyrene and such surfaces are treated through a
variety of means to attain more wettable surfaces on which cells
will grow.”®3® Cells are also resistant to attachment on very
hydrophilic substrates, as water association with the hydrophilic
substrate impedes the protein adsorption which precedes and
mediates cell attachment.*"** Studies have shown that although
neither extreme is conducive to cell growth, a balance between
the two can achieve optimum cell attachment. Lee et al.
investigated the correlation between substrate wettablilty and
cell adhesion and growth by oxidizing polymer surfaces using
plasma treatment, thus creating a wettability gradient and
monitoring seeded cell interactions. The results indicated that
moderately hydrophilic substrates with a water contact angle of
approximately 55° achieved optimum cell attachment and
growth.”” There is a large disparity in the contact angle results
reported for pNIPAm coatings which have successfully sup-
ported reversible cell adhesion; this is most likely due to differing
modes of measurement (e.g., sessile/advancing/humidity con-
trolled), or the manner in which the polymer is deposited. The
contact angle reported for EBP polymerized and plasma polym-
erized pNIPAm surfaces which were bioadhesive were 78 and
40°, respectively (both measured using static contact angle
techniques above the polymer’s LCST).”*** Da Silva et al. in
their thorough review of thermoresponsive surfaces used for cell
sheet regeneration, highlight that the disparity in contact angles
observed for pNIPAm surfaces generated by different methods
indicates that there are factors other than wettability which
influence the cell outcome, as surfaces generated that are not
bioadhesive display contact angles that indicate that the surfaces
would be conducive to cell adhesion according to wettability
factors alone.

Even though pNIPAm shows a dramatically increased hydro-
phobicity over its LCST, compared with below the LCST, a
degree of water is still retained within the polymer matrix.>>
This is verified empirically by the contact angle results attained
here. We believe advancing contact angle offers a true represen-
tative indicator of real water-polymer interaction, as it allows us
to view water-polymer interaction over time, thus giving a more
realistic interpretation of how water based cell culture medium
interacts with the polymer. The average Thermanox control
contact angle was 51.86 % 0.78°, which is close to the optimal
contact angle reported to be ideal for cell growth by Lee et al. The
advancing contact angle results attained for the spin coated
pNIPAm coatings indicate that the water droplet interacts with
the polymer films over time and hence a slight reduction in the
advancing contact angle is observed. The average contact angle
observed for spin coated films over time was 45.94 £ 1.34°,
which is relatively close to contact angle reported for plasma

polymerized pNIPAm surfaces. The contact angle measurements
were repeated 3 times with almost identical results observed.

Biocompatibility Assessment. This study sought to investi-
gate the efficacy of deposited planar pNIPAm films for use in cell
and cell sheet harvesting. 3T3 cells were seeded on the prepared
films and Thermanox positive controls at a density of 40000
cells/cm? and incubated for 48 h and 5% CO,. 3T3 cells seeded
on the 100 nm thick spin coated films grew to confluence, similar
to the Thermanox controls and assumed an elongated morphol-
ogy, as is expected for this type of adherent cell line.** Quanti-
fication of cell growth was achieved via the PicoGreen Total
DNA quantification assay and the alamarBlue metabolic activity
assay. The PicoGreen results, Figure 1A indicate that the DNA
quantity on the 100 nm thick pNIPAm films is practically
equivalent to that on the Thermanox controls. The alamarBlue
results indicated that the metabolic activity of cells grown on the
100 nm pNIPAm films was almost identical to that of cells grown
on the Thermanox controls, Figure 1B.

Previous reports indicate that pPNIPAm coatings of thickness
greater than 30 nm are nonconducive to cell adhesion and cell
growth is generally poor.>"*>3*373% 1t js hypothesized that the
low concentration of polymer density in ultrathin grafted films
allows for the seeded cells to interact with the underlying
bioadhesive substratum.>*® This is further confirmed by pub-
lications released by the Okano group, which concluded that the
relative hydrophobicity/hydrophilicity of the grafted polymers
was influenced by the hydrophobicity of the basally located TCP
(tissue culture plastic) when the coatings are sub 30 nm in
thickness. They infer that at thicknesses higher than this thresh-
old, this influence is negligible.”**** In the present study, the
results indicate there is no such dependency or influence from the
underlying substratum as almost all of the spin coated pNIPAm
films used were well in excess of the hypothesized thickness
threshold for successful cell growth. There is some literature
inconsistency in this regard with some reports asserting successful
cell adhesion and growth on pNIPAm or pNIPAm copolymer
coatings with a higher density/thickness than is reported to be
ideal for cell attachment and growth.>*"** To the best of the
authors' knowledge, in all of the cases reported, where cells
successfully adhered to pNIPAm coatings of >30 nm, EBP was
not the polymer coating fabrication method used. Cole et al. in
their comprehensive review of stimuli responsive interfaces sur-
mise that the coating microstructure may be influential on the cell
response and that further investigations into pNIPAm coatings
generated using different methods must be undertaken in order to
understand pNIPAm-cell interfacial behavior.®

Why spin-coated pNIPAm films are bioadhesive and other
pNIPAm films are not is not obvious. The dynamic spin coating
technique differs from the solvent casting technique (which is
commonly used to deposit nongrafted films of pNIPAm), in that
a rapid liquid to solid phase transition occurs due to the rapid
solvent evaporation associated with the spinning process. This
rapid solvent evaporation may lead to a type of polymer chain
deformation or stress thus trapping the chains in a type of
organized orientation. Differences in the mode of evaporation
between the two polymer deposition processes probably lead to
films that differ considerably in their micromechanical and
microstructural characteristics and therefore differ in cellular
interfacial response.

Cell Detachment. To initiate cell detachment warm cell
media was removed from the tissue culture dishes and cold
HBSS was added in its stead and the dishes were placed on a
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Figure 1. (A) PicoGreen total DNA assay of 3T3 cells grown on: Thermanox controls and spin coated pNIPAm films, (B) alamarBlue assay test results
comparing cell metabolic activity on Thermanox controls and spin coated pNIPAm films. Assays were performed on the samples after 48 h incubation
with an initial seeding cell density of 40 000 cells/cm®. Error bars refer to standard deviation where 3 separate samples of each type of substrate were used

and assays were performed in triplicate.

digitally controlled thermal/cooling plate set to 4 °C. This
reduction in ambient temperature below the polymer’s intrinsic
LCST induces the polymer surface to switch from hydrophobic
to hydrophilic, which initiates cell detachment.®”'"'” Previous
reports by Okano et al. have described how this surface change
from hydrophobic to hydrophilic encourages passive cell
detachment.” Active cell detachment follows and plays a sig-
nificant role in the complete cell detachment.”® Additionally,
they report that a significant reduction in temperature impairs
the detachment rate as the cellular metabolic activity that drives
active detachment decreases. Therefore, cooling to a low tem-
perature is recommended to hydrate the pNIPAm initially, prior
to raising the temperature to approximately 25 °C to reactivate
cell metabolism and therefore achieve optimum detachment.”*
In this experimental system, the ambient temperature is reduced
to 4 °C, but this is not followed with a temperature ramp. A spin-
coated pNIPAm polymer is not covalently attached to the
underlying substrate, as is the case with grafted pNIPAm, and
polymer dissolution into the culture medium causes the cells to
disassociate and detach, as there is no longer a film to attach to;
therefore, only cell —substrate contact is broken and cell-to-cell
contact remains. Therefore, the cell detachment process occurs
passively rather than actively as is the case with cell detachment

from thermoresponsive grafted surfaces. It is consequently not
necessary to increase the temperature after the initial cooling
stage as detachment is not governed by the metabolic processes
of the cells."*'” The thinness of the polymer coating means that
the amount of polymer that dissolves into the culture medium is
minimized when compared with cell detachment from conven-
tionally prepared thicker solvent cast pNIPAm films (for a
100 nm film, the amount of free polymer that dissolves was
calculated to be approximately 0.049 mg).'*'” The toxicity of
pNIPAm has been investigated elsewhere. Malonne et al. per-
formed oral toxicity profiles using pNIPAm at a concentration of
2000 mg/kg body weight in mice and found no detectable
toxicity after 28 days, whereas Takezawa et al.’s studies suggest
no cytotoxicity issues under cell culture conditions.">** Although
the amount of free polymer is small, it could be regarded as a
contamination for clinical purposes, but cell sheets recovered in
this way could be very useful for laboratory investigations. Cells
grown on Thermanox failed to detach with temperature reduc-
tion as expected. The cell sheets began detaching from the
100 nm thick pNIPAm films in between 30 s to S min upon
cold treatment, with complete sheet detachment achieved in less
than 12 min. When the polymer film is subjected to cold
treatment in the absence of cells, the integrity of the film is lost
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Figure 2. (A—C) Bright-field images taken sequentially (scale bar S00
um) of a 3T3 cell sheet lifting off from a 100 nm thick pNIPAm film spin
coated onto Thermanox. (D—F) Bright-field images taken sequentially
(scale bar 100 um) of a 3T3 cell sheet lifting off from a 100 nm thick
pNIPAm film spin coated onto Thermanox. Cell density 40 000 per cm?,
incubation time 48 h.

immediately but in the presence of a cell sheet and ECM the cold
media is slower to penetrate to the polymer layer through the
tight cell to cell junctions. This process has been repeated in
excess of 50 times with consistent detachment as above resultant.
It is usual to remove a full cell sheet in this way but if the cell layer
is not completely confluent, it is observed that localized large
clusters, typically of a few millimeters in scale, detach. Cells
detached with cell-to-cell junctions intact and culturally depos-
ited ECM preserved, Figures 2—4.

Time lapse microscopy was also used to monitor the detach-
ment of nonconfluent cells, after 10000/cm” 3T3 cells were
seeded on the spin-coated pNIPAm films and incubated for 24 h.
This sequential imaging technique tracked the transition of
individual cells and small groups of cells from their flattened
elongated form, through transformations in shape, as the elon-
gated cells contract and a more rounded form begins to emerge,
until complete detachment is achieved, Figure 5. Individual cells
detached quicker than cell groups. In many of the cells imaged,
lamellipodian projections can be seen clearly retracting over
time. The cells with these protrusions tended to be the slowest to

detach from the substrate. In the time lapse video, cells can be
seen clearly floating once detached, this is not discernible on the
images included here as the stage on which the samples are
housed remains static throughout. Single cells or small numbers
of cells, take longer to detach than a cell sheet, as the amount of
basally deposited ECM laid down is reduced and the contractile
forces that increase the tension as a sheet detaches is therefore
absent. Additionally, as a cell sheet detaches, the cells contract
simultaneously leading to a high level of cooperative behavior,
which leads to accelerated sheet detachment compared with
single cells or small cell clusters. Focusing on an individual cell
and a cell doublet it is possible to track the retraction of the cells
with time after cooling, Figure SB—C. The doublet cell—cell
interaction is maintained throughout the detachment process.

The viability of the recovered cells was assessed using Trypan
dye exclusion assay and >95% of the detached cells were viable.
Additionally, 3T3 cells detached using temperature control were
centrifuged repeatedly at a temperature below the polymer’s
LCST and resuspended to ensure that any dissolved polymer was
removed and the cells were then reseeded in culture flasks. Cells
grew to confluence further confirming detached cell viability (see
the Supporting Information for associated image).

Cells seeded on 100 nm thick pNIPAm films spun onto
borosilicate glass coverslips, nontreated polystyrene suspension
culture dishes and tissue culture plastic treated polystyrene
dishes also grew to confluence similar to Thermanox controls
and detached upon cold treatment. PicoGreen assay results
indicate that cells grew between £10% compared with Therma-
nox controls confirming that pNIPAm films spun onto a variety
of substrates can successfully host cells to monolayer. (The
methodology used to spin onto the dishes is the same as
described for Thermanox with the base of the dished used as
the substrate.)

Further Cell Culture on Spin-Coated Temperature Re-
sponsive Films. Once it was established that 3T3 cells could
successfully be grown on and recovered from spin-coated
pNIPAm films we repeated the procedure using a variety of
different cell types. Cells were seeded on the 100 nm thick spin
coated samples and Thermanox controls for 24 h and detach-
ment was initiated upon cold treatment. Human mesenchymal
stem cells (hMSC) grew on the spin coated pNIPAm films and
assumed a morphology which mimicked that seen on control
dishes, Figure SA. Complete cell detachment was achieved in
20—30 min, Figure 6B. A PicoGreen DNA quantification assay
estimated the DNA quantity and therefore the cell growth to be
slightly higher on the spin-coated samples compared with the
Thermanox controls, Figure SC.

A variety of immortalized cell lines were similarly investigated
and observed microscopically and the results observed are
summarized below, Table 2. As can be seen, not all of the cell
lines showed comparable growth to the controls. The HaCaT
human keratinocytes in particular did not attach and proliferate
similar to the controls, with many remaining in suspension. The
CaSki cervical cancer cells grew on the pNIPAm samples similar
to the controls but were slow to detach compared with other cells
with 70% remaining after 60 min of cold treatment; this may be
due to a tight network of cells inhibiting the penetration of water,
which initiates the cell lift off. These results suggest there may be
a cell line dependency in the use of this system, though 7 out of
the 9 cell lines tested including the 3T3 fibroblasts and hMSCs
were capable of hosting cells similar to the controls.
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Figure 3. Time lapse microscopy image montage (scale bar 100 #m) of a 3T3 cell sheet detaching from a 100 nm thick pNIPAm coating which was spin
coated onto Thermanox. Images are taken sequentially from left to right and downward. Images map sequentially the cell layer detaching from the
polymer surface. Cold treatment was initiated approximately 1 min prior to the time lapse video commencing, and full detachment was achieved in this
instance in less than 10 min. The cell sheet contracts upon detaching from the thermoresponsive layer. A total of 100 images were taken, 1 every 6's, and

the 9 above represent the full time spectrum.

Figure 4. Bright-field micrograph of a full 3T3 cell sheet detached from
a 100 nm thick spin-coated pNIPAm substrate. (scale bar S00 xm).

Process Refinement. Finally, to further refine the spin-coat-
ing parameters needed to achieve a satisfactory cell outcome a

number of samples were prepared varying the three main
parameters that contribute to uniform film deposition. As pre-
viously referred to the process of spin-coating films is relatively
simple to perform but is itself a complex process and there have
been many attempts to model the process behavior though none
completely satisfy all of the critical variables which control the
rheological and evaporation processes which occur during the
spinning of a film. The most important and basic behavior
components that contribute to the process are summed in eq 1
below

dh  2pw*h?

= 1
dt 37, (1)

where h = film thickness, t = spinning time, p = density of fluid,
@ = spin speed, and 7, = initial viscosity of solution.*> The
viscosity and density of the polymer coating are dependent on
the concentration of the polymer in solution and the thickness of
the deposited films is determined by this and the spinning time
and speed. Therefore, we investigated the effects that varying
final spin speed, spin time and polymer concentration has on the
biocompatibility of spun pNIPAm films to gain a better insight
into whether the thickness of the spin coated film is a crucial
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Figure 5. (A) Time lapse imaging sequence proceeding from left do right and downward. This sequential imaging technique tracked the transition of
individual cells upon cold treatment from their flattened elongated form, through transformations in shape as the cell’s elongated protrusions contract
and a more rounded form begins to emerge, until complete detachment is achieved. Cold treatment was initiated approximately 1 min prior to imaging.
The images were taken every 10 s over SO min, with the representative 9 shown above covering this spectrum of this time. (B) Single cell retracting as it
detaches from a spin coated pNIPAm substrate upon cold treatment. (C) Cell-doublet detaching from a spin coated pNIPAm film upon cold treatment.

The cell-to-cell junction is maintained throughout the detachment process.

determinant for a successful cell growth and proliferation out-
come. This approach will also aid in the refinement of the process
parameters.

The initial dispensing volume, speed and time of; 150 uL at
150 rpm for 9 s were kept constant, and for all experiments the
critical variables of final spin speed, final spin time and polymer
concentration were 6000 rpm, 30's, and 2% w/v pNIPAm in EtOH,
respectively, except the variable that was under investigation, i.e., for

1987

each measurement, two of the variables were kept constant, while
the other was investigated. Cells were seeded at a density of 40 000
cells/cm® and alamarBlue and PicoGreen assays performed 24 h
after seeding. The relationship between polymer film thickness and
concentration was found to be slightly nonlinear when investigated
using profilometry, Figure 7.

The concentration of the polymer solution used and conse-
quently the film thickness did not have a very significant effect on
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Figure 6. (A) hMSCs seeded and incubated on a pNIPAm spin-coated film for 24 h. Cells grew similar to cells seeded on Thermanox controls. (B)
hMSCs completely detached upon cold treatment from the pNIPAm sample in 20—30 min. (C) PicoGreen total DNA assay of hMSCs grown on:
Thermanox controls and spin coated pNIPAm films. Seeding cell density of 6 000cells/cm?, incubation time 24 h. Error bars refer to standard deviation,
where 3 separate samples of each type of substrate were used and assays were performed in triplicate.

Table 2. Summary Table of Immortalized Cell Lines Seeded
and Recovered from Spin-Coated pNIPAm Samples”

cell line cell type cell proliferation”  cell detachment
C33A cervical cancer +++ S min, 100%
CaSki cervical cancer +++ 60 min, 30%
SiHa cervical cancer +++ S min, 100%
AS549 lung cancer +++ S min, 100%
HeLa cervical cancer +++ 10 min, 100%
SW480 colorectal carcinoma ++— S min, 100%
HaCat human keratinocytes +—— S min, 100%

“Cell detachment initiated upon cold treatment. Proliferation is in
comparison to TCP controls observed microscopically. Cell density
20 000/cm?, incubation time 24 h. 4+ indicates cell growth on par
with positive controls, ‘++—" indicates that cell growth is moderately
impeded compared to positive controls and ‘+——"indicates that cell
growth observed on the samples is less than 50% compared with positive
controls.

cell compatibility, with cell growth similar to Thermanox con-
trols in all cases, Figure 8A. The thickness range investigated was
from under 30 nm to above 2500 nm. It was not possible to spin
polymer concentrations of over 20% w/v as the solutions become
too viscous to successfully produce a uniform film. Spin time or
spin speed did not have a significant influence on film biocom-
patibility with the exception of films coated at the very low final
spin speed of 300 rpm, panels B and C in Figure . Films spun at
this low angular velocity are visibly wet once the spin-cycle is
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Figure 7. Profilometry results illustrate the near linear relationship
between the depositing polymer solution concentrations and spin-
coated film thickness.

finished (unlike films spun at faster speeds which appear dry), as
the spin speed is insufficient to expel the excess polymer solution
from the side of the spinning substrate and the resultant films
probably differ in their microstructure and surface properties.
When films were spun at this low spin speed for the significantly
longer time period of 10 min, the films still appeared wet and
failed to host 3T3 cells to monolayer level which indicates that
low final spin speeds are not suitable in the preparation of these
surfaces. The results outlined in Figure 8 indicate that the
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Figure 8. (A) PicoGreen and alamarBlue results of 3T3 cells seeded on
pNIPAm spin coated films of increasing thickness from left to right
(thickness values approximated from profilometry measurements of
similar films deposited on quartz glass). (B) PicoGreen and alamarBlue
assay results of 3T3 cells grown on films spun with differing angular
velocities, i.e., spin speed increases from left to right. (C) PicoGreen and
alamarBlue assay results of 3T3 cells grown on pNIPAm films spun for
differing amounts of final spin time. Error bars refer to standard
deviation where 3 separate samples of each type of substrate were used.
Cell density 40 000 per cm?, incubation time 24 h.

thickness of the spin coated pNIPAm films is not a limiting factor
for successful cell adhesion and proliferation as is observed for
other pNIPAm coatings prepared via grafting methods. Addi-
tionally, the results indicate that the film process parameters spin
speed and spin time do not affect film bioadhesiveness, (with the

exception of films spun at a very low spin speed) and therefore
the preparation methods can be easily adjusted to optimize the
time needed to prepare samples and minimize the amount of
polymer product used. Significantly, it demonstrates that ther-
moresponsive platforms can be simply and routinely prepared
using this technology and coupled with the use of a commercially
sourced polymer this approach can be employed by laboratories
with little or no expertise in polymer chemistry or film prepara-
tion techniques. Preliminary investigations into the mechanical
properties of the films based on unpublished data suggest that
there is not a significant difference in the Young’s modulus of
films with differing thicknesses. Future work will center on
exploring this parameter further in the full range of thicknesses
outlined.

B CONCLUSIONS

We propose that this approach to fabricating thermoreponsive
platforms with a view to cell harvesting is a significant simplifica-
tion on alternate thermoresponsive dish fabrication techniques.
The thickness of the thermoresponsive layer can be simply
controlled by varying the spin speed, time, or polymer solution
concentration. The fact that cells attached and grew on all spin
coated films regardless of spin time, speed or polymer concen-
tration, with the exception of films spun at very low speed, greatly
simplifies the replication of this technique by other laboratories.
For the retention of undamaged single or small groups of cells, it
is necessary to seed a small number of cells initially and incubate
for a short time span whereas a cell sheet can be garnered by
seeding a high number of cells and incubating for a longer period
until confluence is achieved; therefore, it is desirable that the cell
seeding protocol is designed correctly to suit the desired purpose,
i.e., the number of cells seeded and the incubation time.

A variety of cell lines successfully proliferated on the spin-
coated pNIPAm films and detached upon temperature reduction
but a slight cell line dependency for a successful outcome is
evident.

Preprepared thermoresponsive dishes are now commercially
available but are limited in their flexibility for laboratory use, i.e.,
they are available in limited sizes and on one type of substrate. By
employing the protocol described here it is possible to coat much
larger substrates easily and different types of substrates can be
used. The use of commercially available pNIPAm and the spin-
coating deposition technique means that this protocol can be
used in any mainstream laboratory with a minimum of invest-
ment, as complex polymerization processes, which are expensive
and need a high level of expertise, are avoided. This facile,
accessible, and inexpensive temperature culture dish fabrication
method holds much promise for cell and cell sheet recovery
purposes.

B ASSOCIATED CONTENT

© Supporting Information. The following images have
been included in the associated Supporting Information; AFM
topography of spin-coated films, profilometry, AFM ,and SEM-
3D-MeX images of the films thickness studies and the results of
3T3 cell reseeding experiments post-cell detachment from a spin-
coated pNIPAm film. This material is available free of charge via
the Internet at http://pubs.acs.org.
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