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Abstract

When poly(N-isopropyl acrylamide) (pNIPAM) is tethered to a surface, it can induce the 

spontaneous release of a sheet of mammalian cells. The release of cells is a result of the reversible 

phase transition the polymer undergoes at its lower critical solution temperature (LCST). Many 

techniques are used for the deposition of pNIPAM onto cell culture substrates. Previously, we 

compared two methods of deposition (plasma polymerization, and co-deposition with a sol-gel). 

We proved that although both were technically appropriate for obtaining thermoresponsive 

pNIPAM films, the surfaces that were co-deposited with a sol-gel caused some disruption in cell 

activity. The variation of cell behavior could be due to the delamination of pNIPAM films leaching 

toxic chemicals into solution. In this work, we assessed the stability of these pNIPAM films by 

manipulating the storage conditions and analyzing the surface chemistry using X-ray 

photoelectron spectroscopy (XPS) and contact angle measurements over the amount of time 

required to obtain confluent cell sheets. From XPS, we demonstrated that ppNIPAM (plasma 

polymerized NIPAM) films remains stable across all storage conditions while sol-gel deposition 

show large deviations after 48 h of storage. Cell response of the deposited films was assessed by 

investigating the cytotoxicity and biocompatibility. The 37°C and high humidity storage affects 

sol-gel deposited films, inhibiting normal cell growth and proper thermoresponse of the film. 

Surface chemistry, thermoresponse and cell growth remained similar for all ppNIPAM surfaces, 

indicating these substrates are more appropriate for mammalian cell culture applications.
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1. Introduction

Poly(N-isopropyl acrylamide), or pNIPAM, is a commonly used thermoresponsive 

biocompatible polymer [1–11]. It is significant for the biomedical engineering community 

due to the polymer’s unique ability to change its wettability near physiological temperatures 

[12]. Above the lower critical solution temperature (LCST), which is ~32°C, the polymer is 

relatively hydrophobic, causing it to collapse when it is tethered to a surface. In this state, 
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cells will readily attach and proliferate on these surfaces in a manner similar to how they 

behave on traditional cell culture substrates. Below the LCST, near room temperature 

(25°C), the polymer becomes relatively hydrophilic [3,6,13,14]. In this swollen state, cells 

spontaneously detach from the substrate as a confluent sheet [10,15,16]. This form of 

detachment has made pNIPAM popular for cell sheet engineering and other biological 

applications, as reviewed by Cooperstein et al. [17].

To date, pNIPAM films have been used for a number of clinical applications in many 

countries around the world, including corneal and cardiac implants in Japan [18–23]. 

However, development has been limited in the United States of engineered tissues from cell 

sheets harvested with pNIPAM for clinical applications due to an uncertainty of the 

mechanism behind the cell release[24–26]. Currently, it is unknown if pNIPAM detaches 

from the underlying substrate and is transferred with the cells upon cell detachment, which 

would raise concern as to whether pNIPAM is biocompatible [24]. Most of the research 

performed on the polymer focuses on the material characteristics, but do not assess the 

biocompatibility of the tethered polymer. In fact, there are very few studies on the 

cytotoxicity of pNIPAM. Furthermore, the few studies that do exist, report conflicting 

conclusions [1,8,9,11,27–43]. One thing that is clear is that the monomer is toxic [44]. Thus, 

if there were any uncrosslinked monomer remaining in a pNIPAM film, the monomer may 

be able to leach into the surrounding cellular environment causing cytotoxicity. Therefore, 

any instability of a pNIPAM film could lead to cytotoxicity, thus the method of deposition 

could affect the biocompatibility.

There are many methods for depositing pNIPAM onto a substrate, including atom transfer 

radical polymerization (ATRP), electron beam ionization, and solution deposition 

[14,35,41,45–47]. Previously, we compared two methods of deposition (plasma and co-

deposition with a sol-gel), demonstrating that both were technically appropriate for 

obtaining thermoresponsive pNIPAM films. However, the surfaces that were co-deposited 

with a sol-gel seemed to cause some disruption in cell activity [48]. In that work, we 

concluded that the cell behavior variation could be due to film instability and delamination, 

causing chemicals to leach out from the surface. Takezawa et al. have previously stored their 

surfaces below the LCST before use, to ensure film stability [50].

This study investigates the stability of both plasma polymerized and sol-gel co-deposited 

pNIPAM substrates for the amount of time required to obtain confluent cell sheets. As the 

ultimate goal is to use these substrates as cell culture platforms and thus film stability is 

required, we have also investigated claims that the conditions of surface storage, thus the 

initial conformation of the polymer when exposed to cell growth media and cells, affect the 

stability of pNIPAM films during cell culture. Therefore, we will further investigate the two 

methods of deposition to determine if there is film instability and if this instability can be 

avoided by altering the storage of the films pre-cell culture by assessing film chemistry, 

thermoresponse, cytotoxicity, and biocompatibility.
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2. Experimental methods

Round glass cover slips (15 mm) were purchased from Ted Pella, Inc. (Redding, CA). The 

silicon chips were obtained from Silitec (Salem, OR). The 200 proof ethanol, HPLC grade 

methanol, HPLC grade dichloromethane and hydrochloric acid were purchased from 

Honeywell Burdick & Jackson (Deer Park, TX). The acetone was purchased from Fisher 

Scientific (Pittsburgh, PA).

The cell culture media was from Hyclone (Logan, UT). Bovine aortic endothelial cells 

(BAECs) were from Genlantis (San Diego, CA) and cultured in 24 well tissue culture 

polystyrene (TCPS) plates from Greiner Bio-one (Monroe, NC) and in 96 well TCPS plates 

from Corning Incorporated (Corning, NY). The DPBS without calcium-chloride or 

magnesium-chloride was purchased from HyClone (Logan, UT). The 0.25% trypsin-EDTA 

was from Gibco (Carlsbad, CA).

Statistically relevant data were obtained by repeating all procedures three times. Each 

replication of the experiment used three surfaces, with each surface analyzed in three 

different sites along the surface. This method was used for both surface analysis and cell 

behavior studies.

2.1. Surface preparation

Glass cover slips used for cell culture were cleaned with an acid wash (1:1 vol HCl:MeOH), 

rinsed with deionized water, and dried with nitrogen. Silicon chips used for surface analysis 

were washed with 10-min intervals in dichloromethane, acetone, and then methanol in an 

ultrasonic cleaner from VWR International (Brisbane, CA).

2.2. spNIPAM preparation and deposition

The pNIPAM (molecular weight of ~40,000) was purchased from Polysciences, Inc 

(Warrington, PA). The tetraethyl orthosilicate (TEOS) was purchased from Sigma-Aldrich 

(St. Louis, MO). Sample preparation was presented by Reed et at. [13]. Briefly, a solution of 

pNIPAM (35 mg of pNIPAM, 5 mL of distilled water, and 200 µL of 1 N HCl) and a sol-gel 

mixture (250 µL TEOS sol (1 TEOS:3.8 ethanol:1.1 water:0.0005 HCl), 43 µL distilled 

water, 600 µL ethanol) were mixed to obtain 0.35 wt% pNIPAM in solution.

100–200 µL of the prepared solution was evenly distributed onclean surfaces placed on a 

spin coater, model 100 spinner from Brewer Science, Inc. (Rolla, MO). These surfaces were 

then spun at 2000 rpm for 60 s. The surfaces were stored under nitrogen in a Parafilm 

covered Petri dish.

2.3. PpNIPAM preparation and deposition

Plasma polymerization was described previously by Lucero et al. [51]. Briefly, the 

deposition was performed in a reactor chamber fabricated to our design specifications by 

Scientific Glass (Albuquerque, NM). N-isopropyl acrylamide (99%) was purchased from 

Acros Organics (Geel, Belgium). To spark a plasma in the chamber, two 2.5 cm copper 

electrodes are connected to a Dressler (Stolberg, Germany) matching network and radio 

frequency (RF) power generator. An argon etch and a methane adhesion promoting layer 
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was deposited prior to pNIPAM deposition. During pNIPAM deposition, the power setting 

of the RF generator is slowly decreased from 100W to 0W over 35 min manually: at 100W 

for 5 min, 10W for 5 min, 5W for 5 min, 1W for 10 min, and 0W for 10 min.

After the samples are removed from the reactor, they are rinsed with cold DI water 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.

2.4. Storage of surfaces

After modification the surfaces were stored at 25°C with low humidity conditions (30% 

relative humidity), 25°C with high humidity conditions (90% relative humidity), 37°C with 

low humidity conditions, or 37°C with high humidity conditions. Surfaces were stored in 

these conditions for at least 24 h before use.

2.5. Contact angles

An Advanced Goniometer model 300-UPG (ramé-hart instrument co., Mountain Lakes, NJ) 

with an environmental chamber and DROPimage Standard program was used to measure 

inverted bubble contact angles in Ultrapure water (18 MΩ). Contact angles were taken at 

room temperature and 37°C using the Temp Controller model 100–500 connected to the 

environmental chamber.

2.6. X-ray photoelectron spectroscopy (XPS)

All XPS spectra were obtained using a Kratos Axis-Ultra DLD spectrometer. This 

instrument has a monochromatized Al Kα X-ray and a low energy electron flood gun for 

charge neutralization. X-ray spot size for these acquisitions was on the order of 300 × 700 

µm (Kratos ‘Hybrid’ mode). Pressure in the analytical chamber during spectral acquisition 

was ~5 × 10−9 Torr. Pass energy for survey spectra was 80 eV and the pass energy was 20 

eV for high-resolution spectra (carbon).

Data treatment was performed on CasaXPS software (Manchester, UK). Core-level spectra 

were peak fit using the minimum number of peaks possible to obtain random residuals. A 

70% Gaussian/30% Lorentzian line shape was used to fit the peaks, and a linear function 

was used to model the background.

2.7. Cell culture

BAECs were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal 

bovine serum, 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. Cells were washed with Dulbecco’s phosphate buffered saline 

and lifted from culture flasks with 0.25% trypsin to seed 24 well plates with inserted 

pNIPAM deposited and blank control cover glass.

2.8. Substrate cytotoxicity

To determine if the substrates were leaching any cytotoxic material, they were incubated at 

cell culture conditions with3 mL/cm3 media for 24 h [52]. This treated media was used to 
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replace media on BAECs at 60% confluence and the cells were incubated with the treated 

media for 24 h, at which point any cytotoxic material would have affected the growth and 

viability of the cells. The cells were incubated with 100%, 10%, 1%, and 0% treated media. 

To analyze the cells’ viability, we used a LIVE/DEAD® staining kit from Invitrogen 

(Carlsbad, CA) and imaged with a 20× objective using a fluorescent microscope (Nikon 

F100, Melville, NY).

2.9. Biocompatibility

BAECs were seeded at a low density (~15,000 cells/well) and incubated for 6 h, 24 h, and 72 

h [52]. At each of these time points the cells were imaged using bright field microscopy, 

followed by analyzing the cells’ viability using a LIVE/DEAD® staining kit from Invitrogen 

(Carlsbad, CA) and imaged with a 20× objective using a fluorescent microscope (Nikon 

F100, Melville, NY).

2.10. Delamination study

Coated silicon chips were used for surface analysis. These surfaces were submerged in 

DPBS for 2 h and 48 h to compare to cell response. Each silicon chip was rinsed thoroughly 

with Ultrapure water (18 MΩ) and dried with nitrogen after submersion in DPBS.

3. Results

3.1. Initial conditions

Using XPS, it was confirmed that there was successful deposition of pNIPAM using both the 

spNIPAM and ppNIPAM deposition methods. As demonstrated by the relative atomic 

percentages in Table 1, before submerging the surfaces in DPBS, all surfaces are relatively 

similar to the theoretical values (75% C, 12.5% O, and 12.5% N) calculated from the 

composition of the monomer. It should be noted that spNIPAM surfaces differed from 

theoretical values due to the presence of Si at 7–20%, which arises from the use of TEOS 

sol. In addition, pure pNIPAM would be composed of 66.7% CH/CC (285 eV), 16.7% amide 

(286 eV), and 16.7% amine (288 eV) bonds. The high resolution C1s spectra in Fig. 1 and 

the data in Table 2 illustrates that spNIPAM (68.7% CH/CC, 17.1% amide, and 14.2% 

amine) and ppNIPAM (62.1% CH/CC, 20.8% amide, and 17.1% amine) surfaces have 

similar bonding environments to the theoretical values, as demonstrated previously, proving 

deposition of pNIPAM in each case. [13,51,53]

Using contact angle goniometry, it was confirmed that the surfaces, prior to exposure to 

DPBS, were thermoresponsive (see Table 3). The thermoresponse at 0 h for both ppNIPAM 

and spNIPAM at all temperatures and relative humidity values follow the desired trend of 

higher contact angles above the LCST and lower contact angles below the LCST. PpNIPAM 

surfaces stored at 25°C with low humidity change in contact angle across the LCST (~17°, 

with the standard deviation for all ppNIPAM contact angles at0 h < 3.0°). While spNIPAM 

surfaces had a 6.4° change in contact angle (standard deviation for all spNIPAM contact 

angles at 0 h are < 2.5°). The control surfaces stored at 25°C with low humidity showed no 

statistical change across the LCST; as expected, the controls followed this trend throughout 

the experiment irrespective of storage temperatures and relative humidity values. The 
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controls did exhibit an increase in hydrophilicity after storage in DPBS for 48 h, due to a 

film of trace salts. However, the surfaces were not thermoresponsive across the LCST.

With a shift to a higher relative humidity, ppNIPAM surfaces are still thermoresponsive, 

although the change in the contact angle across the LCST decreased compared to 0 h (7.7° 

vs 17° respectively). This could be due to increased incorporation of water in the film when 

stored at high humidity conditions. The spNIPAM surfaces remained relatively stable with a 

6.3° change. When the temperature was shifted to 37°C at low humidity, ppNIPAM surfaces 

exhibited about a 5.9° change in contact angle, and spNIPAM exhibited a 9.3° change in 

contact angle. At 37°C ppNIPAM and spNIPAM surfaces remained stable with 8.7° and 9.1° 

changes in contact angle respectively when the humidity value was shifted to a higher 

relative humidity (N = 9, with a standard deviation of less than three except for those marked 

in Table 3 by an asterisk which has a standard deviation of less than five). This indicates that 

although the surfaces were all stored at different temperatures and relative humidity 

conditions, the surfaces had a 5°–10° change in contact angle before submersion in DPBS, 

with thermoresponse that is similar to what has been previously reported [24,48]. It has been 

found by Cole et. al that for contact angles, the relative difference is more important than the 

absolute value in determining stability and tissue engineering compatibility [49]. Similar 

results were found in our study.

3.2. Surface stability

Over the 48 h period necessary to obtain confluent cell sheets, ppNIPAM surfaces appear 

chemically stable, showing no statistically relevant deviation in relative atomic percentage of 

species present initially (62.1% C, 20.8% N, and 17.1% O) regardless of the storage 

conditions. In addition, high resolution C1s spectra indicate that carbon species present also 

remained statistically unchanged, despite the storage condition or time exposed to DPBS 

(see Fig. 1 and Table 2).

The relative humidity of the storage condition has very little influence on surface chemistry, 

as illustrated by the lack of change on spNIPAM films that were highly influenced by 

temperature. Above the LCST, regardless of humidity, the surface chemistry of spNIPAM 

films begin to deviate from the theoretical pNIPAM with a 5.0% and 12.3% increase in Si 

and O2 and a 14.6% and 2.7% decrease in C and N respectively. This indicates that the 

pNIPAM may be delaminating from the surface, and there is more TEOS than pNIPAM 

present on the surface. Below the LCST, a similar trend is seen with a decrease in 5.2% C 

and a 4.3% increase in Si, but there is not statistically relevant shifts in O or N.

PpNIPAM surfaces retained a 5°–12° change in contact angle across the LCST, the largest 

change in contact angle was observed with the ppNIPAM films stored at 25°C with low 

relative humidity. As importantly, there was no statistical difference in thermoresponse seen 

by changing the storage conditions of the ppNIPAM surfaces.

The results also show that the thermoresponse for ppNIPAM films were most affected by 

humidity, while spNIPAM films were affected by storage temperature. Furthermore, the best 

thermoresponse was seen on ppNIPAM surfaces that were stored at 25°C and low humidity. 

Obviously, these results indicate that temperature is affecting the stability of the films. In 
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contrast, Takezawa et al., found that their pNIPAM films are more stable when stored below 

the LCST (it should be noted that humidity was not a variable for their experiments) [50].

In contrast, the spNIPAM surfaces appear to lose the thermoresponsive characteristic of 

pNIPAM regardless of storage conditions. In fact, at the time when these surfaces would 

need to be thermoresponsive to obtain cell sheet release (2 days), the surfaces have reversed 

thermoresponse (a −6°−0° change). As early as 2 h after submersion in DPBS, the surfaces 

have drastically reduced thermoresponse, dropping from a 6°–9° change to a 2°–6° change. 

These results indicate that there is a change in the spNIPAM films’ characteristics almost 

immediately, possibly due to the delamination of the film.

From these results, it appears that ppNIPAM surfaces remain stable chemically and maintain 

thermoresponse during the experimental time frame that is consistent with cell culture. This 

would suggest that the ppNIPAM surfaces should have a better cell detachment than the 

spNIPAM surfaces. However, as determined by Lucero, et al. thermoresponse is not always a 

reliable indicator of cell response [51].

3.3. Cell adhesion

BAECs were cultured using previously described technique. [16]Cells attached to ppNIPAM 

surfaces within 2 h of seeding, comparable to blank control surfaces. However, images 

obtained 2 h after seeding the cells indicate that the cells are less likely to attach to 

spNIPAM surfaces stored below the LCST initially (see Fig. 2, middle row). Eventually, 

cells grew to confluence on all surfaces, suggesting that deposition and storage method do 

not affect the long-term cell growth of the surfaces. Since the cells do ultimately attach to 

the surfaces (as shown in Fig. 3), and surface analysis suggests that there is delamination, 

the cells are most likely attaching post delamination for all surfaces except those stored 

above the LCST in low humidity conditions. In this case, there is still limited cell attachment 

with many cell aggregates, indicating that these adherent cells would rather attach to each 

other than the substrate. Due to the aforementioned lack of cell attachment, the viability of 

the cells on the surfaces was analyzed.

3.4. Cytotoxicity

A cytotoxicity study was completed to investigate the effect of the pNIPAM leaching into 

the media. This was done by incubating the ppNIPAM and spNIPAM surfaces from each 

storage condition at cell culture conditions with media for 24 h [52]. Since it was clear from 

surface analysis that there was delamination of the spNIPAM surfaces, anything that would 

delaminate from the surfaces would be collected in this treated media. Therefore, if either 

the spNIPAM or ppNIPAM surfaces are leaching out harmful chemical byproducts to the 

cells, when the treated media is used during incubation with normal, healthy cells, the cells 

should no longer be viable. In this case, BAECs were incubated with 100%, 10%, 1%, and 

0% treated media to determine if there were any cytotoxic chemicals leaching into the 

treated media, as well as to determine what amount of the cytotoxic chemicals would 

decrease cell viability. As shown in Fig. 4, even when healthy cells were incubated with 

100% treated media, there was no adverse effect on viability for either spNIPAM or 
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ppNIPAM surfaces. The cells remained viable, staining green with a LIVE/DEAD® assay, 

with the highest possible amount of the leached chemicals.

3.5. Biocompatibility

Cells were monitored at different time points when cultured directly on the substrates to see 

which storage conditions would be the most biocompatible, or which surfaces supported cell 

growth and proliferation. BAECs were seeded at a low density and incubated for 6 h, 24 h, 

and 72 h. [52] Again, the cells’ viability was monitored with a LIVE/DEAD® assay to 

determine whether the cells that were present at each time point were healthy. As previously 

mentioned, there was minimal cell attachment to the spNIPAM surfaces initially (see Fig. 5). 

However, after 24 h, all surfaces have some cell attachment and proliferation. At this time 

point, spNIPAM surfaces were still not as populated compared to ppNIPAM surfaces. The 

most cell attachment for spNIPAM surfaces at 24 h was on surfaces stored at 37°C, low 

humidity. These were also the surfaces that had lost all thermoresponse at 2 h, and thus have 

delaminated to the point that the cells can better anchor to the substrate. By the final time 

point at 72 h, the cells were most confluent on ppNIPAM substrates previously stored at 

25°C, low humidity. As seen in Fig. 5, all surfaces stored at 25°C had increased proliferation 

than those stored at 37°C, regardless of humidity. However, all surface conditions were 

technically biocompatible, resulting in eventual cell attachment and proliferation without 

any cytotoxicity.

These results illustrate that all of the surfaces, including TEOS, regardless of deposition 

method and storage conditions, are appropriate for mammalian cell culture and cell 

detachment. Thus, even if the surfaces are delaminating, this is not affecting the growth or 

viability of the cells. However, since the primary use for these substrates is to generate cell 

sheets, which require intact pNIPAM films, ppNIPAM surfaces prove to be most useful. In 

the interest of thoroughness, five cell lines were tested for biocompatibility via culturing 

them on ppNIPAM films after storage at 25°C with low relative humidity. All five cell lines 

showed normal adherence and viability. Therefore, ppNIPAM films stored in this manner 

were biocompatible, and ideal for tissue engineering applications.

4. Conclusions

Although pNIPAM can be deposited using spin coating and plasma deposition, the surfaces 

are affected by both deposition method and storage condition. Over time, we find the 

spNIPAM surfaces delaminate, regardless of storage conditions. Interestingly, at 

temperatures below the LCST, the surfaces begin to resemble pure pNIPAM substrates, 

while surfaces stored above the LCST quickly lose thermoresponse and chemical 

environments indicative of a pNIPAM substrate. This delamination also affects cell 

attachment/detachment, resulting in limited attachment until after a majority of delamination 

occurs, and the surfaces better resemble their final state. PpNIPAM surfaces are more stable 

over time, regardless of the storage conditions, these surfaces have more cell attachment, 

proliferation, and detachment than the spNIPAM surfaces, making them more useful for cell 

sheet engineering applications. In addition, storage below the LCST creates more stable 

surfaces for mammalian cell applications. Although humidity seems to only slightly affect 
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surface chemistry, thermoresponse, and cell studies for ppNIPAM surfaces, there is a slight 

preference of cells to surfaces stored in low humidity conditions.
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Fig. 1. 
XPS high resolution C1s spectra of ppNIPAM (top) and spNIPAM (bottom) films after 

storage in 25°C, low humidity (left) and 37°C low (middle) and high (right) humidity 

conditions. All surfaces have the bonding environments indicative of pNIPAM deposition, 

including CH/CC (285 eV), CN/CO (286 eV), and O=CN (288 eV).
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Fig. 2. 
Bright field microscopy images obtained 6 h prior to cell seeding on ppNIPAM (top), 

spNIPAM (middle), or blank control glass surfaces (bottom). Within 6 h, there was normal 

cell attachment onto ppNIPAM and control surfaces, but minimal adhesion to spNIPAM 

surfaces.
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Fig. 3. 
Bright field microscopy images of BAECs after 48 h of incubation on ppNIPAM, spNIPAM, 

and control glass surfaces. Cells grown on ppNIPAM grew to confluence within 48 h. 

However, on spNIPAM surfaces the cells have not reached full confluence on any of the 

surfaces, where the 37°C low humidity storage conditions for these surfaces demonstrated 

the least cell attachment.
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Fig. 4. 
Fluorescent microscopy images showing live (green) and dead (red) BAECs after 24 h of 

incubation with 100% treated media extracted from ppNIPAM (top), spNIPAM (middle), or 

blank control glass surfaces (bottom). All conditions maintained normal cell growth 

resulting in live cells after being exposed to treated media. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 5. 
Fluorescent microscopy images of BAECs on ppNIPAM (top), spNIPAM (middle), and 

control (bottom) surfaces during the biocompatibility study at 6 and 72 h of exposure to the 

surfaces. Cells attached and proliferated most on ppNIPAM surfaces.
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