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Abstract

In a previous study, we demonstrated the feasibility of retaining poly(N-isopropylacrylamide)
(pPNIPAAmM) on hydroxylated surfaces by spin-coating a blend of pNIPAAmM with a small amount
of 3-aminopropyltriethoxysilane (APTES), an organosilane, followed by thermal annealing. In this
study, we detail the conditions for retaining pNIPAAM films by APTES. Our results show that the
difference in surface energy between pNIPAAm and APTES in the blended film resulted in the
segregation of APTES molecules to the film/substrate interface, as verified by XPS, during
annealing, and the segregated APTES molecules cross-linked to form the APTES network, thus
entrapping pNIPAAm. The retained pNIPAAm films (25-35 nm) exhibited thermo-responsive
behavior, determined by water contact angles and film thickness in water at temperatures above
and below the lower critical solution temperature of pNIPAAm, as well as good cell attachment
and rapid detachment (<10 minutes). The gained insights would allow a better design of these
thermo-responsive surfaces for cell sheet engineering and other relevant applications.
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Introduction

Cell sheet engineering without scaffolds has attracted significant attention in tissue
engineering in recent years, mainly owing to its advantage in maintaining cell-cell
interactions and in mimicking the microarchitecture of native tissue. One common approach
for generating cell sheets is utilizing thermo-responsive polymers (TRPs), such as poly(N-
isopropylacrylamide, pNIPAAmM). These polymers exhibit hydrophobic/hydrophilic
transition with a change in temperature. For pNIPAAm, the transition temperature occurs at
~ 32°C. Above 32°C, the pNIPAAmM chains are in the collapsed form and are hydrophobic,
allowing cell attachment and proliferation. They become hydrophilic when the temperature
is below 32°C, and the polymer chains hydrate, promoting cell detachment. The use of
pNIPAAmM to harvest cells offers an advantage over using trypsin, which is known to cause
some damage to cell membrane proteins and is reported to affect cell metabolism and
differentiation[1-3]

There are two common approaches for generating pNIPAAm layers. The first is a grafting
based approach to generate pNIPAAmM brushes. The chains are grafted to tissue culture
polystyrene dishes and other substrates via electron beam[4], plasma[5-7] or UV
irradiation[8]. The equipment used in these grafting approaches might not be accessible for
most researchers working in the cell sheet engineering field. Also, the grafting density and
thickness of pNIPAAm brushes need to be optimized for cell adhesion and cell
detachment[9]. One hindering issue of the pNIPAAm brushes is that these surfaces could
take a long time for the cell sheet to detach in cold medium, which could damage the cells
[10]. The second approach is to simply cast the pNIPAAm layer from a solution[11]. The
critical issue with this approach is the poor cell adhesion, and the co-polymers or proteins
incorporated for enhancing cell adhesion could leach out and cause potential contamination
or diseases[11].

We have recently reported a simpler and more easily adoptable method[10] on fabricating
thermo-responsive pNIPAAm surfaces via spin-coating followed by thermal annealing,
which eliminates the need for using sophisticated equipment. In this earlier study, we
demonstrated the feasibility of the approach for enhanced cell attachment and rapid cell
sheet detachment. Briefly, we blended pNIPAAm with a small amount of adhesion promoter,
3-aminopropyltriethoxysilane (APTES), the solution of the blend was spin-coated onto a
glass slide, and then the sample was annealed in a vacuum oven at 160°C to allow the
APTES molecules to cross-link and form a network that would entrap the pNIPAAm chains
and retain a layer of pNIPAAm on the surface. Cell attachment and proliferation on our
surfaces were observed, and the confluent cell sheets detached within minutes from our
surfaces when a cold medium (4°C initially) was added. However, the results reported in the
previous study were not fully understood and the details of the entrapment of pNIPAAmM by
APTES network need to be elucidated. The gained insights would allow a better design of
these thermo-responsive surfaces for cell sheet engineering.

In this current study, we examined the blend thin films of APTES/pNIPAAm in more detail.
A gradient distribution of the APTES molecules along the thickness direction was observed
for the cured APTES/pNIPAAmM films, with the highest concentration at the film/substrate
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interface, while the presence of APTES was minimal at the film/air interface. The blend
films without curing exhibited a relative uniform distribution of the APTES along the
thickness of the film. Based on the observations, we rationalized that the formation of the
APTES network at and near the substrate was the result of segregation of APTES molecules
to the film/substrate interface and the cross-linking of these molecules when they reached
each other’s vicinities during the annealing process, hence, entrapping pNIPAAm. The total
mass per unit area of APTES in the cured blend films was roughly the same when spin-
coated from solutions having the same solute content (e.g. ~ 1.5 wt.%), but different
APTES/pNIPAAm ratios. All films showed thermo-responsive behavior determined using
advancing contact angles and thickness measurements in water above and below the LCST
of pNIPAAmM. Cell sheet detachment from all the blend films (from an 80/20 to 10/90
APTES/pNIPAAmM ratio) was also observed, mostly within 10 minutes. Additionally, there
was no clear correlation between the detachment time of mouse embryonic fibroblast cell
sheet and the retained film thickness (6 nm to 120 nm) we investigated.

Materials and Methods

Materials and equipment

Poly(N-isopropylacrylamide) (pNIPAAmM) with a number average molecular weight, My,, of
20,000 — 40,000 g/mol and 99% (3-Aminopropyltriethoxysilane (APTES, M,, = 221 g/mol
or 137 g/mol when fully hydrolyzed) were from Sigma-Aldrich. Butyltrimethoxysilane
(BTMS, My, = 179 g/mol or 136 g/mol when fully hydrolyzed) was purchased from Gelest.
200 proof ethanol was from EMD, and DI water was purified in house with a conductivity of
~ 0.5 pS/cm. Other chemicals used included 30 % hydrogen peroxide from BDH, 98%
concentrated sulfuric acid and concentrated acetic acid from VWR. The cell culture medium
used was MEME (minimum essential medium eagle) +10% FBS (fetal bovine serum) + 1%
of antibiotic antimycotic solution (100x). Unless otherwise mentioned, all reagents, such as
1x trypsin/EDTA, PBS, were purchased from Sigma-Aldrich. STO cells (a type of mouse
embryonic fibroblast) was a gift from Drs. William Chilian and Liya Yin at Northeast Ohio
Medical School (NEOMED). Argon gas with a purity of 99.999% was from Praxair. Other
supplies included microscope glass slides (from VWR), silicon wafer (P type P<100> from
Silicon specialist), treated 24-well plates and 35 mm culture dishes, both from greiner bio-
one,

Basic equipment used for this study involved a spin coater (p-6000 Spin Coater, Specialty
Coating System Inc., Indianapolis, IN), a plasma chamber (Harrick Plasma PDC-32G), a
UV/ozone cleaner (model 42, Jelight), analytical balances with an accuracy of 0.1 mg, a
vacuum oven (VWR) and its pump (Welch), a humid CO, cell incubator, a contact angle
goniometer (Ramé-Hart Instrument Co., Netcong, NJ with a CCD camera attached), an
ellipsometer (Rudolph Instruments, Inc., Fairfield, NJ equipped with a A = 632.8 nm laser),
a microscope heating stage (TP-110R, TOKAI HIT), a digital camera, an optical microscope
(OM) with an eye-piece digital camera, a humidifier, and XPS (PHI VersaProbe 11 Scanning
XPS microprobe) with an Al Ka excitation source (X-ray setting: 100 pm, 25 W and 15kV).
A take-off angle of 45° was used.
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Preparation of pNIPAAm, APTES/pNIPAAM and BTMS/pNIPAAm films

Glass slides and Si-wafers were cut into ~ 1 cm x 1 cm pieces, and then cleaned using a
freshly prepared piranha solution! followed with copious DI water rinsing. The slide or
wafer was dried with a stream of dry air, and then oxidized for 8 minutes in the UV/Ozone
chamber.

1.5 wt.% APTES and 1.5 wt.% pNIPAAm in 200 proof ethanol were prepared separately,
and then they were mixed to form solutions with a total solute of 1.5 wt.% and APTES/
pNIPAAmM mass ratios of 80/20 (i.e., 1.2 wt.% APTES and 0.3 wt.% pNIPAAm), 60/40,
50/50 (i.e., 0.75 wt.% APTES and 0.75 wt.% pNIPAAmM), 40/60, 30/70, 20/80, and 10/90. In
the main-text, these films are described as 80/20 blend, 60/40 blend, 50/50 blend, 40/60
blend, 30/70 blend, 20/80 blend, and 10/90 blend. 1.5 wt.% BTMS was also prepared in
ethanol, and mixed with the equal amount of 1.5 wt.% of pNIPAAm solution to make the
50/50 BTMS/pNIPAAm solution. Each prepared solution was spin-coated (~50 pl solution
flooding the sample surface), within 1 — 2 hrs, on a freshly cleaned and oxidized glass slide
or Si-wafer at a spin-speed of ~ 2000 rpm for 30 seconds. For investigating the solution age
effects on the resulting blend films, the prepared 1.5 wt.% 50/50 blend solution and 0.75 wt.
% of APTES or BTMS solution was stored inside the tightly sealed vials for a
predetermined period of time before spin-coating them.

The spin-coated slides and wafers were placed inside glass petri-dishes for at least ~ 30
minutes under ambient conditions, and then placed inside the vacuum oven to be cured for 3
days at 160°C. The cured samples, after removing from the oven and cooled, were
individually placed into the wells of 24-well plates for storage. The non-cured samples were
also placed inside the wells of 24-well plates under ambient conditions.

Characterization of APTES/pNIPAAmM and BTMS/pNIPAAm films

The films on Si-wafer were mainly used for thickness measurements and chemical
composition analysis via XPS. They were occasionally used to verify the water contact
angles measured on the films prepared on glass slides. The film thickness for each sample
was measured after the sample was removed from the oven, after it was thoroughly rinsed
with DI water, and after it was soaked in DI water for 3 days in ambient conditions. The film
thickness was measured via an ellipsometer with a A = 632.8 nm laser; and the values were
used to estimate the amount of APTES or BTMS in the blended films and to assess the
retention of the films on the surface. For pNIPAAm films and all silane/pNIPAAm blend
films, a refractive index of 1.47 [12, 13] was used to estimate the film thickness in air. For
the thickness of APTES, BTMS and silicon oxide in air, the refractive indices of 1.423, 1.40
and 1.462 were used, respectively. The thickness of the thoroughly rinsed or 3 days soaked
APTES/pNIPAAm blend films in water was also measured at 40°C and 25°C using a liquid
cell and a heating/cooling stage. The liquid cell, filled with DI water, was placed on the

LWARNING: Piranha solutions are VERY DANGEROUS and can be explosive! Always wear protective gloves (rubber gloves as
nitrile gloves do not provide sufficient protection against piranha solutions), apron and goggles. Work should be done in a fume hood
in the presence of other lab personnel. Piranha solutions are highly reactive and generate a lot of heat upon preparation (possibly more
than 100°C) especially in the presence of organic matter. Therefore, only glass containers should be used and the substrates to be
cleaned should have no remaining detergents or organic solvents such as acetone or alcohol. Piranha waste should be collected in a
vented glass container after the solution cools down to prevent gas buildup and explosion.
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heating/cooling stage until a set temperature was reached, and then the sample was
submerged in the water. A heating/cooling cycle was first applied to observe the thermo-
responsiveness of the blend film, and a transition occurred when the temperature reached 31
— 32°C. Then the sample was submerged in water at either 25°C or 40°C to equilibrate for
~10 minutes before measurement. A longer equilibrating time was also used to ensure that
the film thickness was no longer changing. To interpret the data, at 25°C, a refractive index
of 1.35 to 1.37, estimated based on the refractive indices of pure pNIPAAm brushes (n =
1.35) [14] and APTES in water at 25C and the % of APTES retained in the films, was used
for the pNIPAAM/APTES blend film, and a value of 1.33 was used for the medium (water).
At 40°C in water, the refractive indices of 1.40 [14] for the blend film and 1.33 for water
were used to estimate the thickness.

The water contact angle on the film was measured using a contact angle goniometer
equipped with a heating/cooling stage. For the thoroughly rinsed APTES/pNIPAAmM blend
films, advancing and static water contact angles were measured at 40°C and 25°C by placing
the sample on the heating stage. After the heating stage reached to the set temperature (40°C
or 25°C), the sample was placed on the stage and allowed to equilibrate for ~ 5 minutes.
Then, a water drop (~ 10 ul) was placed on the sample, with the needle in the drop, and more
water was slowly added until the drop was ready to advance, at which point the image was
captured. The time from adding the drop to taking the image was ~ 1 minute. After two
advancing measurements, the needle was withdrawn, and the drop (~ 20 ul) was allowed to
sit on the sample for ~ 1 minute before the image was taken for the static contact angle. The
contact angles were measured from the captured images using ImageJ software.

The 50/50 blend films were used to profile the chemical compositions at different depths of
the films using XPS. After rinsing off the loose (i.e., un-entrapped pNIPAAmM) top layer, the
film was either un-treated or further etched by Ar plasma to obtain a thickness of ~ 25 nm,
10— 20 nm, and 5 — 10 nm. These films, along with pure APTES and pNIPAAm, both cured
for 3 days under vacuum at 160°C, were de-gassed in the vacuum oven overnight prior to
XPS scanning. A separate set of un-cured 50/50 APTES/pNIPAAm films with a thickness of
~25nm, 10 — 20 nm, and 5 — 10 nm, was also used for the comparison study. Survey scans
and the high resolution scans of C1s, O1s, N1s and Si2p were obtained for all the samples.

Cellular behaviors on APTES/pNIPAAmM films

~ 150K cells/ml were seeded in a 35 mm dish containing an APTES/pNIPAAm coated glass
slide after the slide was thoroughly rinsed with cold DI water and allowed to incubate at
37°C (> LCST of pNIPAAmM or 32°C) for 2-3 days until the cells reached confluence. The
dish was placed on the microscope stage and the warm medium (> 32°C) was replaced with
~ 3 mL of 4°C cold medium. A thermo-couple was placed inside the medium to monitor the
temperature, and in most cases the temperature reached 15 — 20°C (< LCST of pNIPAAm).
The cell detachment process was followed via a microscope-video system and using a 4X or
a 10X phase objective. A sequence of images were captured with a preset time interval (5 s,
10's, 20 s or 30 s) until the entire sheet was detached or the attached cells were detached.
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Results and Discussion

pNIPAAmM film retention by APTES and thermal curing

Without APTES, the spin-coated pNIPAAm films, with or without thermal curing, were
easily removed by rinsing the sample with room temperature DI water (Fig. 1 and Table 1).
For the un-cured samples, the films were almost completely removed after rinsing with DI
water. Additionally, when a drop of water was placed on the rinsed surface at both room
temperature (< LCST of pNIPAAm, i.e., hydrophilic state) and 40°C (> LCST of pNIPAAmM,
i.e., hydrophobic state), it spread and led to a water contact angle of < 10°. For the
pNIPAAmM film cured for 3 days at 160°C, the film was also mostly removed when rinsed
with room temperature DI water, resulting in a ~ 4 nm adsorbed pNIPAAm residual layer on
the oxidized Si-wafer. A static water contact angle of ~ 58° was observed on this surface
when measured at 40°C, which is close to those observed on pNIPAAmM at this temperature
(> LCST). We further examined this rinsed sample using XPS, and noticed it had both C and
N peaks (Fig. S1) with a C/N ratio of ~ 6, the same ratio for pure pNIPAAm. This thin
pNIPAAmM layer, however, did not show a noticeable thermo-responsive behavior based on
the water contact angle measurements.

By blending with APTES, it was found that pNIPAAm could only be trapped after thermal
curing. The 50/50 blend films without thermal curing but stored under ambient conditions
for 3 days were easily removed when rinsed with cold DI water (~ 23°C), leaving behind a
thin layer of ~ 1 nm, which had a water contact angle of ~ 29° at 40°C. This contact angle is
too hydrophilic to suggest the presence of a sufficient amount of pNIPAAm. The 50/50
blend films thermally cured at 160°C for 3 days had a thickness of 25 — 35 nm after cold
water rinsing with a water contact angle of ~ 69° measured at ~ 40°C, which is close to the
contact angle measured on pure pNIPAAm. The contact angle is higher than the values
reported by others (45°-51°) [11]. However, the reported angles were on films that were not
cured at such high temperatures. In general, with sufficient mobility, polymer chains
rearrange to minimize surface free energy[15]. In our case, pPNIPAAm was cured at a
temperature above its glass transition temperature, allowing pNIPAAm chains to re-arrange
to minimize the surface free energy. To verify that the high contact angle was a result of
curing, water contact angles were measured on non-cured pNIPAAm films (at 40 °C) and
were found to be ~45°, very close to values reported for uncured spin-coated pNIPAAM
films [11]. More importantly, the cured blend films exhibited thermo-responsive behavior
(TRB) as shown in Table 2. These results demonstrate that the presence of APTES as well as
curing are both needed to obtain sufficiently thick pNIPAAm films that exhibit TRB.

Effects of curing time and APTES content on retaining pNIPAAm film

Fig. 2 illustrates the effects of curing time and APTES content on retaining pNIPAAm. On
average, cold water rinsing removed ~ 40% of film for all three curing durations. In term of
thickness, the cured film from a blend containing less APTES (i.e., more pNIPAAmM) was
thicker before rinsing, and more film was removed by rinsing. The thickness of the rinsed
films for 1 day, 2 days and 3 days of curing appeared to be similar; mostly within 20 — 40
nm, and decreased slightly with the increase of APTES content. For the 80/20 blend, rinsing
removed ~ 20%, ~ 15% and ~ 6%, respectively, for films cured for 1 day, 2 days and 3 days,
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less than those of other blends, but still resulted in the thinnest films (15 — 20 nm) due to the
lowest pNIPAAm content in the cured films.

The amount of APTES in the cured films was roughly estimated using their thickness, and
the values, i.e., wt.% and mass/area of APTES, are summarized in Table 3. In all the cases,
the wt.% of APTES in the cured films was lower than that in the total solute in the spin-
coating solution, indicating more APTES, as compare to pNIPAAm, were removed by spin-
coating followed by thermal curing (Fig. 5(A) & (B)). The wt.% APTES in the cured films
increased from ~ 8.5% to ~ 21% as the APTES/pNIPAAm ratio increased from 10/90 to
60/40. For the 80/20 blend film, the wt.% APTES was ~ 38%, about half of the ratio present
in its spin-coating solution. The mass/area of APTES retained in the cured films was 0.7 —
0.8 pg/cm? for all the blends except 80/20, which had a mass/area of ~ 0.93 pg/cm?.

Since the APTES molecules are relatively small, they could be easily removed during
processing. The retention of APTES in the cured film during processing could be the result
of the -NH, and —OH groups in APTES interacting with the amide group in pNIPAAmM via
hydrogen bonding. While a few of the retained APTES would chemically graft to the
substrate, a majority of the retained APTES molecules, each of them contains three —SiOH
groups when fully hydrolyzed, would polymerize with each other by condensing the —SiOH
groups to form intermolecular siloxane bonds. When all three —SiOH groups are condensed,
cross-linking of polymerized APTES into a complex network would result [10, 16-19]. A
higher APTES content in the 80/20 blend films would form a tighter APTES network, thus
making the entrapped pNIPAAM harder to be removed upon rinsing.

The rinsed APTES/pNIPAAM films were further soaked in cold DI water (~ 23°C) for 3
days to assess the stability of the films. 3 days soaking was chosen based on previous
experiments (data not shown) that showed no further reduction in film thickness beyond 2-3
days of soaking. Soaking resulted in an additional removal of all the films, with the greatest
amount (~21% in average) removed with 1 day curing. 2 days and 3 days of curing led to ~
12% and ~ 6%, respectively, of additional film removal. Due to the hygroscopic nature of
amines[20], soaking in water could cause the network to swell and/or the pNIPAAmM chains
to re-arrange, making them easier to be pulled out, especially for those that were loosely
trapped. Separate experiments of soaking thermally cured APTES films showed that soaking
did indeed swell the network, with a 50 % increase in thickness, hence volume, when films
were dried by a stream of air and measured in air (Fig. S1) or 160-18-% increase in
thickness when measured in water (Fig. 3(A) — data point at 100%). For cured 10/90 to
60/40 APTES/pNIPAAmM blend films, containing < 20 wt.% of APTES or an APTES mass/
area of 0.7 — 0.8 pg/cm?, the APTES networks formed to retain pNIPAAm could be similar,
resulting in similar additional removal of pNIPAAm by soaking these films.

In terms of curing time, for 1 day curing, the retained films, for the various APTES/
pNIPAAm blends, essentially had the same thickness (14 — 24 nm, average ~ 20 nm). The
80/20 blend films showed the least removal of the film (Fig. 2D), from ~ 17 nm to ~ 14 nm;
while the 10/90 blend films had the most removal (~ 61 nm). For 2 days of curing at 160°C,
the retained films had an average thickness of ~ 26 nm. Again, the 80/20 blend barely
decreased (< 6 nm) in thickness, while the 10/90 blend had ~ 53 nm film removed. For
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APTES/pNIPAAmM films cured for 3 days, soaking only led to a small removal (~ 6 % in
average) of films, and the retained films (~ 32 nm on average) were slightly thicker than
those films cured for 1 day and 2 days. The retained film, in this case, decreased slightly in
thickness as the APTES content increased (Fig. 2F). The above results indicate that the
APTES network forms within 1 day of curing to retain pNIPAAm, although additional days
of curing leads to more retention of pNIPAAm. With 3 days of curing at 160°C, the APTES
network reached a sufficient degree of cross-linking that greatly hampers additional
pNIPAAmM removal upon soaking in cold water. One possible reason is that with a longer
curing time, a tighter APTES network forms with more APTES molecules segregated to the
film/substrate interface; however, the exact value of degree of crosslinking is challenging to
be quantified as elucidated in a later section.

Distribution of APTES in the APTES/pNIPAAm blend films

From the results above (Fig. 2), it is clear that the top layer (~ 40% of the films resulted from
1.5 wt.% of total solute used for spin-coating) of the blend films could be easily removed by
rinsing. One possibility is that, during thermal curing, the APTES molecules segregated to
the film/substrate interface, and cross-linked at and near the film/substrate interface to form
a network for entrapping pNIPAAmM. The top portion of the film, however, had insufficient
amount of APTES to form a network for retaining pNIPAAm. To verify this possibility, XPS
scans of spin-coated 50/50 blend of APTES/pNIPAAmM films, with and without curing, were
obtained. Some films were etched by Argon plasma to different thicknesses (10 — 20 nm,
and < 10 nm) for depth profiling of the two components at different locations within the
film.

Relevant XPS scans are presented in Fig. 4, with the elemental atomic % summarized in
Table 4. For the 3 days cured pure pNIPAAm film (~ 46 nm), three elements: C, N and O,
were detected, with an atomic % of 76.6, 11.8 and 11.6, respectively. These values are very
close to the expected values for pNIPAAM, i.e., 75%, 12.5%, and 12.5% for C, N, and O,
respectively. For all the APTES/pNIPAAm blend films, all four elements: C, N, O and Si,
were detected, and the C/N ratio is close to the value of 6 for pNIPAAm. This indicates that
the top layer (5—-7 nm) of the retained film is mainly pNIPAAm. The O content in the blend
films is slightly higher than that of pure pNIPAAm (i.e., O/C = 1/6), which is attributed to
the presence of APTES that has an O/C ratio of 1.

In addition to the increased O content, the more obvious evidence indicating the presence of
APTES in the blend films is the detection of Si (spectra (2) — (5) in Fig. 4). For the un-cured
50/50 APTES/pNIPAAmM film, the Si atomic % is 2.6, corresponding to ~ 20 mole % of
APTES. The estimated wt.% of APTES in the film, based on the cured film thickness, is ~
18, corresponding to ~ 15 mole %. The slightly lower APTES content in the cured film as
compared to the un-cured film is due to the evaporation of APTES molecules during thermal
curing under vacuum, as illustrated in Fig. 5(B). This is also reflected by the reduction (~ 10
nm) in the blend film thickness after curing.

The thermally cured 50/50 APTES/pNIPAAmM films before rinsing, however, showed a lower
Si content (1 atomic %) as compared to its un-cured counterpart. According to the
manufacturer website, the normal probing depth of XPS is approximately ~5 nm, although
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values 3 to 10 nm have been reported, hence a probing depth of 6 nm was chosen in our
analysis. The 1 atomic % of Si corresponds to ~ 8 mole % of APTES in this top ~ 6 nm of
the blend film. The Si for the top ~ 6 nm layer of the rinsed film increased to 1.4 atomic %,
i.e., ~ 11 mole% of APTES. Removal of the rinsed films by Ar plasma etching to a thickness
of ~12 nm resulted in a Si atomic % of 2.3, or ~ 18 mole% of APTES. Further etching of the
cured blend film to a thickness of 3.5 nm resulted in a Si atomic % of ~ 22%, partially
contributed by Si from the silicon substrate. For this film, ~ 58% of the high resolution Si2p
peak was found to be associated with SiO3— at a binding energy of 102.8 eV and ~ 42% to
be associated with SiO4— from the silica layer at a binding energy of 103.6 eV. Since the
SiOy layer on the silicon wafer was ~ 2.5 nm for our study, the peaks associated with
binding energy agreed well with the thickness % of the APTES/pNIPAAm film (i.e., 3.5
nm/6 nm ~ 58%) and the underneath silica layer (i.e., 2.5 nm/6 nm ~ 42%) by using a X-ray
penetration depth of 6 nm. As a result, the mole % of APTES for the 3.5 nm blend film was
found to be 45 — 85% depending on the values of x, which ranges from 1.2 — 1.6 as reported
by others[20]. The profiling of the blend film at different depths by XPS clearly indicates
that the cured 50/50 APTES/pNIPAAm blend films had a gradient distribution of APTES,
from ~ 8 mole% at the air/film interface to an average of ~ 65 mole% at the film/substrate
interface.

Segregation as a cause for APTES network formation to entrap pNIPAAmM

One reason for such a gradient distribution is the segregation of APTES molecules during
thermal annealing [Fig. 5(B)]. The segregation of small molecules through polymer melts is
common[22-25], especially when the molecules have a surface energy that is different from
that of the polymer. In the case of APTES/pNIPAAmM blends, APTES has a surface energy ~
40 mJ/m2, while pNIPAAm has a surface energy of ~ 36 mJ/m?, hence APTES molecules
segregate to the film/substrate interface. The small size of the APTES molecules would
facilitate the segregation process. To further confirm the segregation is indeed driven by the
surface energy difference between the two components in the silane/pNIPAAmM blend, in a
separate experiment, n-Butyltrimethoxysilane (BTMS), a molecule with a similar size and
structure as APTES and having a surface energy of 29 mJ/m?2, was used to make the 50/50
blend film with pNIPAAm and cured for 3 days. By using XPS (Fig. 6(A)), it was found that
BTMS molecules were mostly concentrated in the top surface layer. The total amount of
BTMS in the cured film, estimated from its thickness, is ~ 0.6 wt.% (Table 3) or 0.5 mol.%;
whereas the amount present in the top surface layer based on Si atomic % obtained from
XPS is ~ 3.2 mol.% (Table 4). This result shows that approximately 75% of the BTMS
molecules in the film segregated to the film/air interface, as a result, an insufficient amount
of BTMS is present in the bottom portion of the film to form a network that can retain
pNIPAAm (Fig. 6(B)). The cured BTMS/pNIPAAmM blend film was mostly removed by cold
water rinsing (Fig. 1 and Table 1).

The segregation would also depend on the annealing temperature. In an earlier study[10], we
evaluated the curing temperature effects on entrapping of pNIPAAm in the APTES network.
It was found that curing at 145°C or lower was insufficient to immobilize pNIPAAmM,
although APTES would form a network by curing at 80°C or above for 4 hours[17,26]. This
is likely due to the glass transition temperature of pNIPAAm being round 120°C to 142°C
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[27], and as a result, curing at 145°C might not provide sufficient mobility to allow APTES
molecules to segregate in the pNIPAAM/APTES film; whereas curing at 160°C, which is
above the Ty of pNIPAAm, allows for easier segregation.

The segregation of APTES within the APTES/pNIPAAM appears to occur in a short period
of time. The XPS scans of 1 day cured and 3 days cured 50/50 blend, after rinsing, show a
similar Si content. Thus, the difference in the amount of pNIPAAm retained for films cured
for different amounts of time (1 day to 3 days) could be due to the extent of cross-linking or
how tight the APTES network is formed. Cross-linking occurs when a sufficient amount of
APTES molecules are present in a location. The estimated APTES mass in the cured 50/50
blend film is 0.7 — 0.8 pg/cmZ. If APTES were uniformly distributed over a thickness of ~ 42
nm, it would average to ~ 15 mole% within the film or one APTES molecule per 6 NIPAAm
units, then the probability of APTES to cross-link and form a network would be low. With
the APTES molecules segregated to the film/substrate interface, as confirmed by the XPS
scans, there is an average of ~ 65 mol.% of APTES in the bottom 3.5 nm, or ~ 2 APTES
molecules per NIPAAm unit, which should be abundant to cross-link and form a tight
network (Fig. 5(C — ii & iii)). For the ~ 8 nm layer right above this highly segregated
APTES bottom layer, the average mole% is ~ 25%, or ~ 0.25 APTES molecule per NIPAAm
unit, which might be enough to cross-link and form a looser network than that of the bottom
layer. For the layer (~ 11 nm) further above, the average APTES is ~ 15 mole%,
corresponding to ~ 1 APTES molecule per 6 NIPAAm units. As indicated above, the
possibility of cross-linking APTES with such a low content is low. However, the pNIPAAmM
in this layer could be trapped by the APTES network in the layer beneath, these pNIPAAM
chains could entangle additional pNIPAAm chains present in this layer or above to retain
them (Fig. 5(C-ii)).

As demonstrated when a pNIPAAm film is placed on top of an APTES layer, either cured or
non-cured, and thermally cured for 3 days, a pNIPAAm film of 4 — 12 nm (Fig. S2(C)) is
retained on the APTES layer. Also, APTES within this layer might form oligomers that link
to the APTES network (Fig. 5(C- ii)), and the interactions between pNIPAAmM and APTES
could lead to the retention of some of the pNIPAAmM in this layer. With a longer curing time
(i.e., 3 days), a slightly more cross-linking of APTES could occur to form a relatively tighter
network as compare to those cured for 1 day and 2 days. The tighter network swells less and
makes it harder for the pNIPAAmM chains to be pulled out during soaking. However, the exact
degree of cross-linking of APTES could not be easily quantified for the entire thickness of
our retained films using either the XPS probing or swelling measurements. The XPS probing
depth (~ 6 nm) is shorter than the thickness (20 — 40 nm) of our films retained, and the
presence of pNIPAAmM in the film makes it difficult to determine the degree of swelling of
APTES only, since both compounds are swell-able by most solvents. The less film loss by
soaking for 3 days (Fig. 2F) of the 3 days cured films as compared to those cured for 1 day
and 2 days (Fig. 2D & E) indicates that the APTES network reached a sufficient degree of
cross-linking with 3 days of curing.

In addition to survey scans, high resolution scans of N1s for these films were also obtained
to verify the cross-linking of the APTES molecules. For the cured films after rinsing and
etching, the N1s scans only showed one peak at a binding energy of ~ 400 eV (Fig. 4(ii) and
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Fig. S2(c)), which is associated with -NH,/-NH present in APTES and pNIPAAmM. No
hydrogen-bonded/protonated N, which shifts the binding energy to ~ 402 eV, was noticed.
On the contrary, for the un-cured blend film, the hydrogen bonded NH,, showing as NH3* (~
402 eV) in the high resolution spectrum (Fig. 4(i)) was observed. The hydrogen-bonded/
protonated amine groups are attributed to the presence of un-crosslinked Si-OH groups[19].
The disappearance of the NH3* peak after 3 days curing indicates the lack of free Si-OH
groups, which cross-link to form siloxane bonds.

Effect of APTES and BTMS oligomerization on retaining pNIPAAmM

While the pNIPAAm entrapment approach using organosilanes is relatively simple
compared to other approaches, one of the main factors that could influence the
reproducibility of the films is the age of the blend solution. In the case of APTES, solutions
prepared days before spin-coating result in thicker films compared to freshly prepared
solutions, as shown in Fig. 7. The retained film thickness prepared using 1.5wt.% 50/50
APTES/pNIPAAm solution increased from ~25 nm (using freshly prepared solution) to ~ 60
nm (using 42 days old solution). The increase in thickness is attributed to the
oligomerization of APTES, as confirmed by the increase in APTES layer thickness, for the
APTES layer prepared with a longer solution age (Fig. 7(B)). A greater APTES
oligomerization results in higher APTES retention in the film and subsequently, increase in
film thickness. The total APTES (wt.%) retained in the film appeared to approach the
concentration in the initial blend solution (50 wt.%) with time. On the other hand, for
BTMS, solution age did not appear to influence the retained film thickness, even though the
time is sufficient to promote oligomerization. This result further demonstrates that BTMS is
unable to form the network required to retain pNIPAAM.

Thermo-responsive behaviors of APTES/pNIPAAmM blend films

The thermo-responsive behavior of the pNIPAAM/APTES blend films under study were first
assessed by measuring the water contact angles on these films above (40°C) and below
(25°C) the LCST of pNIPAAmM, which is ~ 32°C. The advancing (6,) and static (6) water
contact angles on various blend films are summarized in Table 2 and Table S1, respectively.

All blend films showed a drop in water contact angle (A6 > 0 and A8 > 0), or a
hydrophaobic to hydrophilic transition, from 40°C to 25°C. The advancing angle was
suggested to be more sensitive in showing water-polymer interactions [11]. For most blend
films, AB was > 10°, and the largest ABa was ~ 37°. There were no clear trends on the
contact angle values as the APTES/pNIPAAm ratio varied, likely due to the local
heterogeneity of the films. During thermal curing, as the APTES molecules segregated to the
film/substrate interface, the pNIPAAmM chains would likely rearrange to exposure the low
energy portion to the surface and leading to some local surface heterogeneity. As a result, the
measured AB for the different ratio films, after rinsing by cold water, were = 90° at 40°C. It
is important to note that in literature [11, 28], contact angles on pNIPAAm brushes and
coated films were reported to have discrepancy. More importantly, pNIPAAm films
exhibited a stick-slip behavior above the LCST where water contact angles reached to a
value as high as 111° [28] and reduced to 92° after few stick-slip cycles. The authors
attributed this reduction to the adsorption of water into the film even at temperatures higher
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than the LCST. This behavior was also observed in our case based on contact angle and
thickness (Fig. 3A) measurements.

The 50/50 APTES/pNIPAAm films prepared from solutions of different ages also exhibited
hydrophobic to hydrophilic transition from 40°C to 25°C, with a A6, of ~ 10°. Most values
of B at 40°C were very close at 89 — 90°, and less stick-slip of water drop was noticed
during advancing measurements for films prepared from a solution aged longer (=14 days)
which might indicate that the surface became more homogenous.

In addition to water contact angles that probe the surface wettability of the pNIPAAm film,
the thermo-responsive behavior of the bulk pNIPAAM/APTES films is better described by
film thickness changes in water (above and below LCST). The film thickness of 3 days
cured films was measured in water at temperatures above and below LCST of pNIPAAM.
When following the laser light intensity of the ellipsometer during the water heating/cooling
cycles, a sharp change in intensity was noticed as the water temperature reached 31 — 32°C,
suggesting a transition occurred. The results summarized in Fig. 3(A) show that for every
film, the thickness in water, at both temperatures, was higher than that in air. Water uptake
by pNIPAAmM films has been reported previously [28, 29], even at 40°C when the pNIPAAmM
chain is in its collapsed hydrophobic state. For pure APTES layer, swelling of the network is
also noticed, leading to a 160 — 180% increase in thickness, at both temperatures, as
compared to that in air. But, the APTES film thickness at 25°C was slightly less than that at
40°C.

It is apparent that, for the APTES/pNIPAAm films, the thickness greatly increases when the
water temperature is at 25°C (< LCST of pNIPAAm), indicating a large extension/swelling
of the pNIPAAm chains at its hydrophilic state. When the ratio of the thickness at 25°C to
that at 40°C is plotted against wt.% of APTES in solute used for spin-coating, a higher ratio
(~ 3) at a lower APTES content is observed, and the ratio decreases to ~ 2 for the 60/40
blend, and to ~ 1.6 for the 80/20 blend. A swelling ratio of greater than 3 for pNIPAAm in
water has been reported by others [13, 30], and for grafted pNIPAAm film, a ratio of 2x has
been observed [12, 31]. For the 50/50 blend from solutions of different ages, the film
thickness transition in water is also observed for all the films. The swelling ratio (Fig. 7(C))
is higher (~ 2.6) for a less aged solution, and decreases to ~ 1.8 with a longer aging time (=
14 days). Therefore, the thermo-responsive behavior of these APTES/pNIPAAm blend films
is confirmed by the thickness change at temperatures above and below the LCST of
pNIPAAM.

To verify whether the thermo-responsive films can be used for cell/cell sheet detachment,
mouse embryonic fibroblast cells (STO) were seeded on those films and incubated at 37°C,
above the LCST of pNIPAAmM when the film is hydrophobic, to form a confluent layer of
cell sheet, which were then allowed to detach by replacing the medium with a cold medium
(~ 4°C). After the cold medium was added, there was a short period of response time (3—4
minutes), during which the medium temperature had risen to ~ 20°C, which is still lower
than the LCST of pNIPAAmM and the film would be hydrophilic if it exhibits the TRB, before
the cell sheets started to detach. As shown in Fig. 7, cell sheets detached from most of the
films within 6-8 minutes, and cell sheets detached by rolling from one edge or sliding. In a
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separate experiment, a quicker cell sheet detachment (< 5 minutes) is observed by simply
cooling down the medium to room temperature under ambient condition. Fig. S3
summarizes the detachment times for all the APTES/pNIPAAmM blend films we have
investigated, including some with higher solute contents in the solutions used for spin-
coating. The data presented in this figure shows that all the blend films allowed cell/cell
sheet detachment in < 10 minutes, and the detachment showed no clear correlation with the
film thickness in the range of 10 — 125 nm.

Conclusion

In this study, we detailed the conditions for entrapping pNIPAAmM by APTES, an
organosilane, to retain a stable layer of pNIPAAm on silica surfaces. The pNIPAAmM was
blended with APTES in ethanol and spin-coated, and then thermally annealed at 160°C for 1
to 3 days. The retention of the cured film was assessed by rinsing followed with soaking
using cold water (~ 23°C). On average, ~ 40% of the blend films was removed by rinsing
regardless of curing time, soaking removed additional films and a longer curing time led to
higher film retention. The pNIPAAm is retained by the APTES molecules, which
polymerize and cross-link to form a network during thermal curing. XPS scans were
obtained to probe the distribution of APTES molecules within the film, and the results
showed segregation of APTES, having a surface energy higher than that of pNIPAAmM,
towards the film/substrate interface. When BTMS, a similar sized organosilane that has a
lower surface energy than that of pNIPAAmM, was used in the place of APTES, BTMS
segregated towards the air/film interface resulting in no pNIPAAmM entrapment. In addition
to curing time and APTES content, a greater oligomerization of APTES in the solution
would result in more pNIPAAmM being retained on the substrate. The resulting APTES/
pNIPAAm films exhibited thermo-responsive behavior, verified by contact angle and
thickness measurements, as well as good cell attachment and rapid cell sheet detachment.
The gained insights from this study would allow a better design of these thermo-responsive
surfaces for various applications including cell sheet engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

APTES/pNIPAAmM blend film was prepared by spin-coating followed by thermal
annealing

APTES molecules segregated to the film-substrate interface during annealing

Segregated APTES formed a network to entrap pNIPAAmM and retain it on the
substrate

Retained pNIPAAm films showed thermo-responsive behavior

Retained pNIPAAM films showed excellent cell attachment and rapid cell
detachment

Polymer (Guildf). Author manuscript; available in PMC 2017 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alghunaim et al.

Page 17

(B) not- washed ©) (D)

dip- washed

Fig. 1.

Diggital images of cured pNIPAAm only (A), 50/50 APTES/pNIPAAmM non-cured (B) and
cured films (C), and 50/50 BTMS/pNIPAAm cured film (D) before and after dip-washing in
~ 23°C DI water. The pNIPAAm film was spin-coated on silicon wafer (1 cm x 1.2 cm)
from 1.5 wt.% solution in ethanol, and the blend films were spin-coated from ~ 3 wt.%,
instead of 1.5 wt.%, of total solute to show a better color contrast for imaging.
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Spin-coated films, from 1.5 wt.% total APTES+pNIPAAmM in ethanol, containing different
wt.% of APTES in the blend cured in the vacuum oven at 160°C for 1 day (A & D), 2 days
(B & E) and 3 days (C & F). The amounts of films removed after rinsing and then soaking
in ~ 23°C DI water for 3 days and the film thickness before and after rinsing/soaking are
summarized. The error bars are the standard deviations of at least three sets of
measurements.

Polymer (Guildf). Author manuscript; available in PMC 2017 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alghunaim et al.

Page 19

300 - )
)

—-ocn @

250 3
E °
2 200 1 ¢
e
= 150 A
s
s °
§100c> © 0 o o ©®
£ 50 - - - @ @

! L S R
0 4 ; ; : ; ; : . ; ]
10 20 30 40 50 60 70 80 90 100
(B) APTES wt.%
9 30 - °
g |- ~sng
S
s 1 Tree
N 25 + \\
o ‘
i .
‘6' .
~

w 2.0 - *
£ ‘'~
w

15 T T T T T T ?I

10 20 30 40 50 60 70 80
APTES wt.%

Fig. 3.

(A?) The film thickness, in air at 25°C (H), in water at 40°C (O) and in water at 25°C (@), of
various APTES/pNIPAAmM blend films cured in a vacuum oven at 160°C for 3 days and then
rinsed by cold DI water. (B) The swelling, or thickness, ratio of these films in water at 25°C
to 40°C. The error bars are the standard deviations of three measurements (on two samples
of each type of film).
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Fig. 4.

Binding Energy (eV)

XPS survey scans of different ((1) pure pNIPAAmM, (2) non-cured, (3) cured, and (4) & (5)
etched 50/50 APTES/pNIPAAm) films are shown. The high resolution N1s peaks (circled)
for the un-cured (i) and cured + rinsed (ii) 50/50 APTES/pNIPAAmM films are also presented.
The small peaks (pointed out by the arrows) of Si2p are observed for all the blended films.
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A potential explanation of how pNIPAAm chains are retained is presented: (A) some
APTES molecules are retained during spin coating (the molecular structure of fully
hydrolyzed APTES, having three -SiOH groups, is sketched to the right), (B) evaporation
(black arrows) and segregation (purple arrows) of APTES during annealing under vacuum to
result in a gradient distribution of the APTES within the film, and (C) formation of the
APTES network and APTES oligomers within the film during curing. The red circles
represent the polymerized APTES, forming siloxane bonds by condensing the —SiOH groups
between APTES molecules. When all three of the —SiOH groups within one APTES
molecules are all condensed, cross-linking would result (see the enlarged circle of (iii)).
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Fig. 6.

(A?) The XPS survey scan of 3 days cured 50/50 BTMS/pNIPAAmM blend film suggesting the
enrichment of BTMS at the film/air interface, and (B) the potential illustration of the
distribution of BTMS molecules, with a fully hydrolyzed molecule sketched, in the blend
film after thermal curing.
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Fig. 7.

(A) The retained silane/pNIPAAm blend film thickness (@ and O symbolize APTES/

pNIPAAmM and BTMS/pNIPAAmM, respectively) of the 3 days cured films, after cold water
rinsing + 3 days soaking; and the wt.% of APTES (A) in the 3 days cured films, prepared
from aged 50/50 silane/pNIPAAm solution mixtures with a total solute of 1.5 wt.%. (B) The
corresponding 3 days cured silane only layer thickness (ll and O represent APTES and
BTMS, respectively) prepared from 0.75 wt.% solution. (C) the ratio of film thickness in
water (or swelling ratio) at 25°C to 40°C of APTES/pNIPAAm films prepared from aged
solutions. The error bar for each data point is the standard deviation of at least three

measurements.
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0/50

Fig. 8.
The time sequent cell sheet detachment images from 3 days cured films consisting of

different APTES/pNIPAAmM ratios spin-coated from 1.5 wt.% total solute in ethanol. All
images are the same size and the scale bar is 500 pm.
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Table 1

Film thickness and water contact angles of some pNIPAAm, 50/50 APTES/pNIPAAm and 50/50 BTMS/
pNIPAAm films. The average and standard derivation reported were from measurements of three to six films.

Films film thickness (nm)* after rinsing ~ water contact angle (°) after rinsing, at 40°C
non cured pNIPAAmM 04+0.2 74+£05
cured pNIPAAM 3.8+0.6 585+21
non-cured APTES layer 1.2+0.2 38321
non-cured 50/50 APTES/pNIPAAmM 0.8+0.3 28.7+0.8
cured 50/50 APTES/pNIPAAM 25_35%% 68.9+2.2
cured 50/50 BTMS/pNIPAAmM 3203 57.8+0.4

*

The average silicon oxide layer of 2.5 nm, measured for our silicon wafer, has been subtracted from all the thickness values reported in this table.
This slightly thicker (2.5 nm) than usual (~ 1.5 nm) SiOx layer could be the result of the growth of SiOx from the UV/Ozone oxidization process
applied for cleaning the wafer.

Ak
The film thickness of the cured 50/50 APTES/pNIPAAm blend films depended on the age of solution used for spin-coating, so the value of the
rinsed film varied in this range.
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