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Summary
Poly(N-isopropyl acrylamide) (pNIPAM) undergoes a sharp property change in response to a
moderate thermal stimulus at physiological temperatures. In this work, we constructed a radio
frequency (RF) plasma reactor for the plasma polymerization of pNIPAM. RF deposition is a
method that coats surfaces of any geometry producing surfaces that are sterile and uniform,
making this technique useful for forming biocompatible films. The films generated are
characterized using X-ray photoelectron spectroscopy (XPS), contact angles, cell culture, and
interferometry. We find that a plasma with a decreasing series of power settings (i.e., from 100W
to 1W) at a pressure of 140 millitorr yields the most favorable results.
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Introduction
Stimulus-responsive polymers (SRPs) are materials that undergo reversible changes in their
optical, mechanical, electronic, or other properties in response to environmental cues (e.g.,
changes in ionic strength,[1] pH,[2] light,[3] electric field,[4] and temperature[5]). Often
referred to as “smart” materials, SRPs have found applications in such diverse areas as
catalysis,[6] controlled drug release,[7] biosensors,[8] non-fouling surfaces,[9] chemical
separations,[10] and tissue engineering.[11] One of the most widely used SRPs is poly(N-
isopropyl acrylamide), which is referred to as pNIPAM in this text. In water, pNIPAM has a
lower critical solution temperature (LCST) of ~32 °C. Above the LCST, pNIPAM is
dehydrated, its solubility decreases dramatically, and the polymer undergoes phase
separation.[12] When tethered to a substrate, pNIPAM films undergo a similar change in
conformation: above the LCST, the pNIPAM film dehydrates (becomes relatively
hydrophobic), and is in a condensed form. Below the LCST, the pNIPAM film rapidly
hydrates (becomes relatively hydrophilic), and is in a more expanded conformation.[13]

Since the LCST of pNIPAM (~30–32 °C) is near physiological temperature (37 °C), it has
gained interest in the biomedical field. In particular, this change around physiological
temperature can be utilized for reversible cell and protein adhesion. There are many
applications for reversible cell and protein adhesion which include biofouling (from
bacteria[14] and proteins[15]), biological sensors,[16] and tissue engineering.[17–19] For tissue
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engineering applications, cells are cultured to confluence on a surface coated with pNIPAM.
When the temperature is decreased to below the LCST (e.g. room temperature) this causes
the cells to release from the surface as an intact cell sheet. Recently, the use of pNIPAM for
cell sheet engineering and other biological applications were reviewed by Cooperstein, et
al.[20]

Depending on the application, a variety of techniques have been used to deposit pNIPAM
onto surfaces. Some of the techniques that have been utilized include: grafting using
UV[21,22] or electron beam irradiation,[18,23,24] atom transfer radical polymerization
(ATRP),[25–27] solution deposition,[28–30] and vapor-phase plasma polymerization.[17,31] In
this work, the technique used to deposit pNIPAM films is plasma polymerization of NIPAM
(ppNIPAM). One of the primary advantages of plasma polymerization of NIPAM from the
vapor-phase is that surfaces of any chemistry and geometry may be used for deposition. In
addition, the technique is sterile, which is important for cell culture applications. Plasma
deposition has previously been used to fabricate a number of biocompatible films (e.g.,
poly(2-hydroxyethyl methacrylate) (pHEMA), acrylic acid (AA), etc.).[32–38]

The construction and characterization of an RF plasma reactor for the deposition of plasma
polymerized pNIPAM (ppNIPAM) substrates to be used for tissue engineering and cell
culture is presented. After describing the specifications for the reactor and its typical mode
of operation, we outline the parameters varied to optimize the films deposited, including
monomer use, sample position, flow, pressure, and power.

Experimental Part
Sample Preparation

For all samples used in surface analysis (i.e., by XPS, interferometry, and contact angle
measurement), silicon wafers from Siltec Corp. (Salem, OR) were diced into small pieces. 1
cm × 1 cm squares were used for XPS analysis and 0.8 cm×3 cm pieces were used for
interferometry and contact angle measurements. The surfaces were cleaned in an ultrasonic
cleaner from VWR International (West Chester, PA) twice in each of the following solutions
for 5 minutes: dichloromethane, acetone, and methanol from Honeywell Burdick & Jackson
(Muskegon, MI). For cell detachment studies, 35 mm Nunc (Rochester, NY) Petri dishes
were coated.

X-ray Photoelectron Spectroscopy (XPS)
XPS spectra were acquired using a Surface Science Instruments S-Probe equipped with a
monochromatized aluminum Kα X-ray source, an electron flood gun (for charge
neutralization), and a hemispherical electron energy analyzer. Three replicates of each
sample were analyzed with three survey spectra and one high-resolution spectrum per
sample. For compositional analysis, survey scans were acquired at a pass energy of 150eV
and high-resolution carbon scans were acquired at a pass energy of 50eV. Data analysis was
performed on the Service Physics ESCA 2000A data reduction software. To account for
binding energy shifts inherent to insulating samples, the binding energies for the high-
resolution C(1s) spectrum were referenced to the C-C/C-H peak at 285eV. High-resolution
carbon spectra were peak fitted using the minimum number of peaks possible to obtain
random residuals. The peaks were fitted using a 100% Gaussian line shape, with a Shirley
function as the background model.

Contact Angles
Contact angles were obtained to determine the surface wettability of ppNIPAM deposited on
Si as well as on a Si control chip. The method is quantitative as it yields an angle
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measurement. These experiments utilized a technique known as captive (or inverted) bubble.
An Advanced Goniometer Model #300- UPG equipped with an environmental chamber
purchased from ramé-hart instrument co. (Mountain Lakes, NJ) was used. The quartz cell
filled with ultra pure water (18 M^) from a Millipore Academic unit (Billerica, MA) is
placed in the environmental chamber, which is connected to a temperature controller. The
temperature controller was used in order to obtain measurements at room temperature and
37 °C. Measurements were taken using the program DROPimage standard (Mountain Lakes,
NJ). Both right and left angles were obtained on three areas of three surfaces.

Cell Culture
For cell detachment studies, bovine aortic endothelial cells (BAECs) from Genlantis were
cultured in Dulbecco's Modified Eagle's Medium (DMEM) from Cellgro. The DMEM was
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 4.5 g/L
glucose, 0.1 mM MEM nonessential amino acids, and 1 mM MEM sodium pyruvate. Cells
were incubated at 37 °C in a humid atmosphere with 5% CO2. When confluent, the cells
were washed with HyClone Dulbecco’s phosphate buffered saline (DPBS) and lifted from
culture flasks with 0.25% trypsin-EDTA from Gibco. Cells were then seeded onto three
35mm Petri dishes coated with ppNIPAM and onto three wells of a six well plate (the three
remaining wells were used as blank controls). After the cells became confluent, the media
was replaced with 4 °C serum free media and placed on a rotator platform for 2 hours. These
conditions have been demonstrated to yield cell detachment from pNIPAM in previous
work.[29] Three pictures of each surface were obtained, using a camera attached to a light
microscope (Nikon F100, Melville, NY), before the media was replaced and after the two
hours. The number of cells in each picture were counted to determine the percentage of cells
that detached.

Film Thickness
Film thickness was determined using a NanoSpec Model 210 from Nanometrics
Incorporated (Milpitas, CA). The instrument uses optical interferometry to determine the
film thickness by measuring the light that is reflected off a surface. It is a non-contact and
non-destructive technique to measure film thickness. It has been reported that the refractive
index of pNIPAM is similar to polystyrene,[39] so a value of 1.59[40] was used for all
measurements. For films that were 500Å or less, program 7: thin oxide on silicon, was used.
Reflectance data are taken at 520nm and then compared to the reflectance of bare Si.
Program 1 was used for surfaces over 500Å. This program scans using light from 480–800
nm and an average thickness is calculated. Three measurements were taken on three
surfaces.

Reactor Design
The reactor chamber is 30” long with a 4 ½” diameter. It is made of glass, fabricated to our
design specifications by Scientific Glass (Albuquerque, NM). Connected to the chamber is a
gas feed line that is connected to an MKS Instruments, Inc. (Andover, MA) and a Unit
Instruments Inc. (Yorba Linda, CA) mass flow controller. These mass flow controllers are
connected to argon (>99%) from Argyle Welding Supply Co. Inc. (Albuquerque, NM),
methane (99.97%) from Matheson Tri-Gas (Parsippany, NJ), and oxygen (99.0%) from
Argyle Welding Supply Co. Inc. gas tanks. To control the oxygen and argon flow, a Vacuum
General Inc. (San Diego, CA) DynaMass controller is used. To control the methane flow, an
MKS Instruments, Inc. type 260 controller is used. In order to read and maintain pressure, a
Kurt J Lesker (Clairton, PA) 945 Pirani pressure sensor and Series 345 Pirani gauge is
connected to a MKS Instruments, Inc. Type 252A exhaust valve controller, which controls a
MKS control valve. (See Figure 1) The monomer flow is controlled via a Swagelok (Solon,
OH) needle valve. At the end of the reactor, there is a Nor-Cal Products, Inc. (Yreka, CA)
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liquid nitrogen cold trap, which is used to condense any organics before they reach the
pump. The whole system is evacuated to a pressure of 10−3 Torr using an Alcatel Vacuum
Products, Inc. (Hingham, MA) model 2033 mechanical pump.

To spark a plasma in the chamber, two 2.5 cm copper electrodes are connected to a Dressler
(Stolberg, Germany) matching network and a Cesar radio frequency (RF) power generator
from Advanced Energy (Fort Collins, CO). The electrode farthest from the monomer inlet is
the grounded electrode.

Reactor Operation (ppNIPAM Deposition)
Before deposition, the chamber was cleaned using a 40W oxygen plasma etch for 30
minutes. The oxygen flow was adjusted to maintain a pressure of 8–9×10−2 Torr. The
surfaces were then loaded into the reactor at either the monomer inlet (i.e., “upstream”) or
13 cm (i.e., “midstream”) from the inlet. Samples were allowed to degas for 30 minutes,
during which time two grams of the monomer, N-isopropyl acrylamide (99%), purchased
from Acros Organics (Geel, Belgium), were placed in the hot water bath at 75 °C. After the
samples are degassed, the autotransformer is turned on to allow the heating tape to heat to
the proper temperature (~82 °C). The next step is an Ar etch, which is done with a gas flow
of 10 standard cubic centimeters per minute (sccm) for 2 min and a power of 40W. The
pressure of the Ar etch is 3.9×10−1 Torr. The Ar etch is followed by a methane adhesion-
promoting layer, which is done using a flow of 7.4 sccm for 5 min and a power of 80W. For
this step, the pressure is maintained at 1.4×10−1 Torr.

The next step is the ppNIPAM deposition. First the gas line is closed off, and the needle
valve on the monomer line is opened. The number of turns of the needle valve was an
experimental variable. The pressure is set to the desired value (another experimental
variable). After two minutes, the RF generator was turned on to the first desired power
setting (either 80W or 100W) for 5 min, then to 10W for 5 min, then to 5W for 5 min, and
then to 1W for 10 min. After the 1W setting, the monomer is left in the hot water bath for 5
min, then put into a room temperature water bath for 2 min, which is followed with an ice
bath for 3 min. This series of steps quenches the monomer flow inside the reactor, and
condenses the NIPAM in the flask back into a powder.

After the samples are removed from the reactor, they are rinsed with cold DI water in order
to remove any uncrosslinked NIPAM off of the surface, and dried with nitrogen. The
surfaces are placed in a Petri dish, backfilled with nitrogen, and sealed with Parafilm. The
samples are then stored in a desiccator until surface analysis or cell culture are performed.

Results and Discussion
While optimizing the plasma reactor for use to deposit ppNIPAM films, a number of
experimental parameters were varied. Table 1 summarizes the different experimental
conditions varied during the ppNIPAM deposition. The first parameter tested was upstream
vs. midstream, using a pressure of 140 mTorr, 1st use of the monomer, the needle valve was
opened 1 turn, and the initial power was 80W. When a setting was determined to work the
best, that setting was used for the rest of the experiments (i.e., upstream was determined to
work better than midstream, so upstream was used thereafter).

Parameter 1: Upstream vs Midstream
The first comparison that was made was between surfaces that were coated “upstream” vs
“midstream.” (See Figure 1) The results were also compared to data obtained for plasma
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films using a reactor that was previously demonstrated to successfully deposit ppNIPAM
films at the University of Washington (UW).[41]

Surface chemistry by XPS—XPS analysis was conducted to compare the surface
composition and carbon binding environments of the different surfaces. X-ray photoelectron
spectroscopy (XPS) is a quantitative technique that allows for the determination of
elemental composition, bonding environments, and relative thickness of a surface. From the
binding energy and intensity of the photoelectron peak (based on the number of
photoelectrons detected) the identity of the elements in the surface, the chemical state of
each element, and the quantity of each element with an error of less than 10% may be
determined.[42–44]

The elemental compositions are listed in Table 2, and the carbon binding environments are
listed in Table 3. As evidenced by Table 2 and 3, XPS is capable of distinguishing between
the elemental composition of ppNIPAM films and the silicon controls upon which
ppNIPAM is deposited. In comparison to the silicon controls, the composition of the
ppNIPAM film generated in the upstream position closely resembles that of the monomer.
No Si is detected, indicating that the film is thicker than the sampling depth of XPS (~50–
100 Angstrom). However, XPS is not capable of distinguishing between the two sets of
surfaces created in our reactor or the UW samples used for comparison. The compositions of
these samples generated in our lab compared to those generated previously at UW are within
the 3–4% experimental error of the instrument.[42,43]

The same trend is observed in the carbon species present on the samples: the species present
on ppNIPAM films and the silicon control are easily distinguished (see Table 3). The silicon
control has two carbon binding environments present. The first is carbon bound to hydrogen
or carbon (at 285 eV), and the second is carbon bound to either nitrogen or oxygen (shifted
1.5 eV). On the control, there are C-H/C-C bonds C-N/C-O bonds. On the ppNIPAM
surfaces, there are three carbon environments present: two of which are the same as the
control (C-C/C-H and C-O/C-N) and the third is N-C=O (amide). However, the two films
created by our reactor and the data obtained at UW for comparison, cannot be distinguished
by high-resolution carbon XPS. When the 3–4% error of the instrumentation is taken into
consideration,[42,43] there is little to no variance in the data. Taking into account the 3–4%
error, as well as the standard deviation, using different XPS instruments, different reactors,
and different deposition parameters, XPS is not capable of distinguishing between these
films. Therefore, XPS was not used for later comparisons of film optimization parameters.
Instead, subsequent analysis relied on thickness, contact angles, and cell detachment.

Film thickness by Interferometry—From the XPS results, it is clear that film thickness
for all parameters is greater than 100 Å. To obtain higher resolution data for film thickness,
thickness measurements were obtained via interferometry. Previously, it was reported that
the thickness of a pNIPAM layer has an effect on cell growth.[39] It was shown that BAECs
grew on surfaces that were 15.5 nm thick, but not on surfaces that were 29.3 nm thick.

The thickness values obtained for ppNIPAM surfaces generated using the reactor at UNM
are presented in Table 4. Sample position seemed to have a large impact on the thickness
and thermoresponsive behavior of the film. Surfaces deposited downstream were twice as
thick as those deposited upstream (40.0nm for upstream and 88.3nm for downstream).

Thermoresponse by Contact Angle Goniometry—The next technique used to
characterize ppNIPAM films generated from the reactor was contact angles obtained above
and below the LCST of pNIPAM (~32 °C). This technique will determine if the different
operating conditions have an effect on the thermoresponse of the surface. Figure 2 and Table
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5 show the contact angle data obtained at both room temperature and 37 °C for all of the
parameters tested. Contact angles varied from about 27°–60°. It has been reported that the
deposition parameters have an impact on the contact angle.[45] The contact angle values that
have been reported for ppNIPAM range from about 5°–65°.[15,45,46] Films deposited
upstream retained thermoresponse (36.9°±4.7 at room temperature and 49.5°±3.4 at 37 °C, a
4.5° change at the bounds of the standard deviation), while films deposited midstream did
not retain thermoresponse (53.1°±6.1 at room temperature and 52.6°±3.3 at 37 °C).

Reversible cell adhesion—Previously, it was demonstrated that mammalian cells will
adhere and grow to confluence on pNIPAM at 37 °C as well as detach when the media is
replaced with 4 °C serum free media.[29] This behavior has previously been exploited for a
variety of tissue engineering applications, which require intact cell sheets be harvested. To
test the suitability of these thermoresponsive films for cell sheet engineering, cell
detachment studies were conducted on the surfaces using Bovine Aortic Endothelial Cells
(BAEC) grown to confluence to determine if cells would grow at 37 °C and then detach
when the temperature is decreased below the LCST.

Figure 3 shows cells releasing from a ppNIPAM surface fabricated using this reactor. After
two hours, approximately half of the cells remain on the surfaces. Figure 4 shows the
amount of cell release from ppNIPAM using the different deposition conditions. Cell
response on these surfaces showed a little over half of the cells were detached when the
samples were coated upstream, while no cells detached from surfaces coated in the
midstream position. It is interesting to note that this does correspond to the contact angle
measurements (see Figure 2 b). The upstream surfaces retained the thermoresponsive
property of pNIPAM, while the midstream surfaces did not demonstrate a statistically
relevant change.

From this information, it is clear that the samples positioned upstream yielded better films
than those positioned midstream, or between the electrodes. This may be due to the fact that
the plasma is mostly observed as occurring between the electrodes, and is less intense from
the grounded electrode (upstream). This will cause more fragmentation of the monomer
between the electrodes, which corresponds well with the lack of thermoresponse observed
on the midstream surfaces (see Figure 2 a).

Parameter 2: 1st vs 2nd use of the monomer
Film thickness by Interferometry—The thickness for samples deposited with the 1st
use of the monomer were approximately 1.5 times thicker than surfaces deposited with the
2nd use of the monomer (60.8 nm for the 1st use and 36.1 nm for the 2nd use). It was also
observed that the surfaces deposited midstream are approximately twice as thick as surfaces
deposited upstream (88.3 nm for midstream and 40.0 nm for upstream), which may affect
the thermoresponse and the cell attachment/detachment.[39]

Thermoresponse by Contact Angle Goniometry—When comparing the monomer
use, it is clear that ppNIPAM films created using both the 1st and 2nd use retain their
thermoresponse. The 1st use had an angle change from 27.1°±3.4 at room temperature to
42.4°±4.3 at 37 °C, which gives a change of about 7.6°. The 2nd use had an angle change
from 27.5°±3.8 at room temperature to 43.5°±5.3 at 37 °C, which gives a change of ~6.9°.
This is larger than the change reported for previous ppNIPAM films (~4.5° change).[15]

Reversible cell adhesion—Approximately half of the cells detached after two hours
using the first use, while no cells detached with the second use. When the cell culture results
are compared with contact angle data for identical surfaces, it is found that both sets of
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surfaces retained thermoresponse (see Figure 2 b). This result explains why the cells detach
with the first use surfaces.

However, the fact that the second use surfaces did not have any cell release cannot be
explained from a lack of thermoresponse. In general, better results were found using the first
use of the monomer compared to the second use. This may be due to the fact that, with the
1st use, more of the monomer reaches the gas phase. After it is condensed, following the 1st

use, it may need to be heated to a higher temperature to reach a gas phase. This is consistent
with the observation of a majority of the monomer in liquid phase during deposition. It is
also consistent with the thickness data (see Table 4), the first use does obtain a thicker
surface than the second use. It may also be that the monomer may start to polymerize in the
flask due to the heating before and during each use.

Parameter 3: Pressure settings
Film thickness by Interferometry—Surfaces deposited using a pressure of 140 mTorr
were approximately 1.5 times thicker than those deposited using 250 mTorr (52.3 nm for
140 mTorr and 31.6 nm for 250 mTorr), which is similar to the difference seen in the 1st vs
2nd use of the monomer.

Thermoresponse by Contact Angle Goniometry—Unlike with the monomer use,
there was no significant thermoresponse observed at both of the pressures that were varied.
For 140 mTorr, 35.8°±4.6 at room temperature and 47.1°±3.9 at 37 °C, a 2.8° change. For
250 mTorr, 37.9°±4.4 at room temperature and 46.1°±2.8 at 37 °C, a 1° change.

Reversible cell adhesion—Variations in the deposition pressure showed significant cell
release, ~90%, from the surfaces deposited at 140 mTorr. Some cell release was observed on
surfaces deposited at 250 mTorr, but only ~25%. It is interesting to note that no significant
thermoresponse was observed on either set of surfaces (see Figure 2 c). Thus, a pressure of
140 mTorr yielded better results than those obtained with 250 mTorr. This may result from a
decrease in the mean free path, and an increase in inelastic losses. Thus, fewer molecules
will have the energy to reach a plasma state and become polymerized. This corresponds to
the thickness (see Table 4). The surfaces coated at 140 mTorr are thinner than those
deposited at 250 mTorr.

Parameter 4: PNIPAM flow rate
Film thickness by Interferometry—In this home built RF reactor, the pNIPAM flow
rate was controlled using a needle valve. The flow was varied from low (1 turn) to high (5
turns). When the number of needle valve turns was varied, it was observed that surfaces
deposited using 5 turns yielded surfaces approximately twice as thick as surfaces deposited
using 1 turn (89.6 nm for 5 turns and 38.8 nm for 1 turn).

Thermoresponse by Contact Angle Goniometry—There was slight thermoresponse
on surfaces deposited with one turn (38.2°±0.5 at room temperature and 46.0°±3.8 at 37 °C,
a 3.5° change). No thermoresponse was observed on surfaces that were deposited using five
turns (47.5°±13.1 at room temperature and 55.2°±10.1 at 37 °C).

Reversible cell adhesion—Cell release was observed on surfaces that were deposited
using one and five needle valve turns. However, there was more significant release with one
turn as oppose to five turns (60% versus 25%). This again corresponds to the contact angle
data (see Figure 2 d). The one turn surfaces were thermoresponsive, while the five turn
surfaces were not. For the optimal number of turns of the needle valve, one turn of the
worked better than five turns. One potential reason for this may be that opening the needle
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valve to the completely open state (i.e., 5 turns) allows the majority of the monomer vapor
phase to be delivered into the reactor as a bolus.

Parameter 5: Initial power setting
Film thickness by Interferometry—The relative amount of crosslinking in a film is
controlled via the power setting of the RF generator: a higher wattage will increase
crosslinking. The surfaces deposited at both 80W and 100W had approximately the same
thickness (36.4 nm for 80W and 49.2 nm for 100W).

Thermoresponse by Contact Angle Goniometry—There was no significant change
in the angles with respect to temperature for either setting (44.9°±4.4 at room temperature
and 54.6°±5.1 at 37 °C for 80W and 38.5°±5.4 at room temperature and 44.8°±5.1 at 37 °C
for 100W).

Reversible cell adhesion—There was very little cell release from surfaces deposited
using an initial power of 80W, about 15%, while there was significant cell release from
surfaces deposited using an initial power of 100W, about 80%. Neither set of surfaces
showed thermoresponse with contact angles (see Figure 2 e). As wattage applied to the
reactor during the initial stage is high (i.e., 80W), the resulting film will be highly
crosslinked and fragmented (as evidenced by the lack of thermoresponse). If the remaining
monomer in the flask does not escape into the vapor phase (as is the case with 2nd use), there
may be insufficient monomer to achieve a less crosslinked film in the remaining steps. The
results obtained indicate that an initial power of 100W results in better ppNIPAM films an
initial power of 80W. This result may be due to the crosslinking and fragmentation of the
monomer. The 1st step is foundation for the rest of the film. Therefore, the higher power
(i.e., 100W) will result in a foundation that is more fragmented and crosslinked.

Conclusion
In this work, the pertinent characteristics (monomer use, sample position, operating
pressure, needle valve turns, and initial power) of ppNIPAM films generated by a home-
built RF reactor were characterized by XPS, contact angles, cell detachment, and
interferometry. Our data were also compared to data obtained from a similar reactor
operated at the University of Washington. Our results indicate that for this reactor, fresh
monomer (i.e., the “1st use”) should be used, and the reactor evacuated to 140 mTorr.
NIPAM is added into the chamber by turning the needle valve 1 turn to ensure addition of
the polymer is relatively constant over time, as opposed to a bolus. The initial power setting
of the RF generator should be 100W, with the samples upstream (i.e., 0 cm from the
monomer inlet). These settings resulted in the most cell detachment, which was the primary
goal for these biocompatible films.

For ppNIPAM surfaces generated from this reactor, it appears that cell adhesion and growth
did not depend on the surface thickness being in the range of 15.5–29.3 nm, as has been
predicted in previous studies. Instead, cells grew on all of the surfaces, which ranged in
thickness from 31.6 nm to 88.3 nm. However, we did find an optimal thickness for cell
release: from 38.8 nm to 60.8 nm. This discrepancy is optimal thickness is most likely a
factor of the method of film deposition, which would change the overall characteristics of a
film. However, as previously suggested by Okano, these thermoresponsive films are more
effective if they are relatively thin. To achieve this parameter with our reactor, these films
must be formed using a less intense plasma with a shorter mean free path to create thinner
films with a stable base of highly fragmented and crosslinked polymer.
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It is interesting to note that for samples obtained from this reactor, thermoresponse as
indicated by contact angle measurements did not always correspond to the relative degree of
cell detachment observed; in some cases, cell detachment was observed, yet there was not
significant thermoresponse observed via contact angle measurements. This result is
significant because contact angles are often used as a relatively fast and inexpensive
technique to determining the thermoresponse, and therefore the suitability of a film for
mammalian cell release. Due to this discrepancy, it is necessary to use a confirmatory
technique (such as atomic force microscopy) to study the swelling behavior of our
ppNIPAM surfaces.
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Figure 1.
(A) Schematic of the plasma reactor that was constructed and characterized for ppNIPAM
deposition. (B) Schematic of the reactor chamber, illustrating sample locations with respect
to the monomer inlet.
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Figure 2.
Contact angle measurements using the inverted bubble technique at both room temperature
(white) and 37 °C (black) for the parameters varied: (a) upstream vs. midstream, (b) 1st use
vs. 2nd use of the monomer, (c) 140mT vs. 250 mT, (d) 1 vs. 5 turns of the monomer needle
valve, and (e) 80W vs. 100W for the initial power. The control is a Si chip.
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Figure 3.
Bright field mincroscopy images of BAECs grown to confluence (left) at 37 °C and
releasing from a ppNIPAM surface (right) at 4 °C. Arrows indicate cell release. (Scale bar=
100µm)
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Figure 4.
Percent of BAECs detached from ppNIPAM at different reactor operating conditions: (a)
sample position, (b) use of the monomer, (c) pressure, (d) monomer flow, and (e) initial
power settings.
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Table 1

List of the experimental parameters varied to determine optimal conditions for ppNIPAM deposition.

Monomer Use 1st 2nd

Position in Reactor 0 cm “Upstream” 13 cm “Midstream”

NIPAM Pressure 140 mTorr 250 mTorr

# NIPAM Needle Valve Turns 1 turn 5 turns

Initial Power 80W 100W
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Table 2

Elemental composition of a clean Si chip, ppNIPAM deposited upstream, ppNIPAM deposited midstream, and
ppNIPAM deposited at the University of Washington[41] determined by XPS analysis. All standard deviations
are less that 3% unless noted by an asterisk (C standard deviation for the control is 4.4% and the Si standard
deviation for the control is 3.4%).

C% N% O% Si%

Silicon Control 35.2* 0 30.1 33.7*

Upstream 78.8 10.0 11.3 0

Midstream 79.4 11.6 8.8 0

UW 78.8 7.2 14.0 0

Theoretical 75.0 12.5 12.5 0
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Table 3

Carbon binding environments of a Si chip, ppNIPAM deposited upstream, ppNIPAM deposited midstream,
and ppNIPAM deposited at the University of Washington[41] as determined by peak fitting the high resolution
C1s XPS spectra. The standard deviation is less than 2%.

C-H/C-C C-N/C-O N-C=0

(285 eV) (+1.5 eV) (+3 eV)

Silicon Control 92.9 7.1 0

Upstream 66.5 21.5 12.0

Midstream 68.2 23.3 8.5

UW 71.5 17.8 10.8

Theoretical 66.7 16.7 16.7
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Table 4

Thickness measurements obtained via interferometry for ppNIPAM samples deposited using various operating
conditions. A refractive index of 1.59 was used for all surfaces.

Thickness

(nm)

Upstream 40.0±13

Midstream 88.3±24

1st Use 60.8±9

2nd Use 36.1±23

140 mTorr 52.3±11

250 mTorr 31.6±5

1 Turn 38.8±6

5 Turns 89.6±16

80W 36.4±12

100W 49.2±14.4
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Table 5

Thickness measurements obtained via interferometry for ppNIPAM samples deposited using various operating
conditions. A refractive index of 1.59 was used for all surfaces.

25 °C 37 °C

(nm) (nm)

Upstream 36.9 °±4.7 49.5 °±3.4

Midstream 53.1 °±6.1 52.6 °±3.3

1st Use 27.1 °±3.4 42.4 °±4.3

2nd Use 27.5 °±3.8 43.5 °±5.3

140 mTorr 35.8 °±4.6 47.1 °±3.9

250 mTorr 37.9 °±4.4 46.1 °±2.8

1 Turn 38.2 °±0.5 46.0 °±3.8

5 Turns 47.5 °±13.1 55.2 °±10.1

80W 44.9 °±4.4 54.6 °±5.1

100W 38.5 °±5.4 44.8 °±5.1
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