1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
J Biomed Mater Res A. 2008 July ; 86(1): 261-268. doi:10.1002/jbm.a.31660.

Instability of Self-Assembled Monolayers (SAM) as a Model
Material System for Macrophage/FBGC Cellular Behavior

Jacqueline A. Jones?, L. Abby Qinl, Howard Meyerson?3, Il Keun Kwon##®, Takehisa
Matsuda®, and James M. Anderson1:2.7

1 Department of Biomedical Engineering, Case Western Reserve University, Cleveland, OH
44106, USA

2 Department of Pathology, Case Western Reserve University, Cleveland, OH 44106, USA
3 Department of Pathology, University Hospital, Cleveland, Ohio 44106, USA

4 Department of Industrial and Physical Pharmacy, Purdue University, West Lafayette, IN 47907,
USA

5 Department of Biomedical Engineering, Purdue University, West Lafayette, IN 47907, USA
6 Department of Biomedical Engineering, Kyushu University, Fukuoka, Japan

7 Department of Macromolecular Science, Case Western Reserve University, Cleveland, OH
44106, USA

Abstract

Novel self-assembled monolayers (SAMs) designed to present homogenous surface chemistries
were utilized to further investigate the material surface chemistry dependent macrophage and
foreign body giant cell (FBGC) behaviors including macrophage adhesion, fusion, and apoptosis.
Contact angle analysis revealed instabilities in the -CH3 and —-COOH terminate SAM surfaces
upon incubation in serum-free media at 37°C or under dry, room temperatureconditions. Further
analysis indicated that the —-CH3 terminated SAM surface degraded rapidly within 2 hours and loss
of sufficient SAM units to be comparable to the gold (Au) control surface within 24 hours of
incubation in serum-free media (SFM) at 37°C. After 5days of incubation in SFM at 37°C, the
contact angles for the -COOH terminated SAMsurfaces increased markedly. AFM analysis
confirmed the desorption of —CH3 terminated SAM molecules from the surface with increased
roughness and marked appearance of peaks andvalleys within 2 hours. A decrease in the thickness
of the -COOH terminated SAM surface also suggests molecular desorption over time. No
significant changes in contact angle or AFM analyses were observed on the —OH terminated SAM
surfaces. Cellular adhesion decreased morerapidly on the Au control and —CHg terminated SAM
surfaces in comparison to the other surfaces. However by day 10, cellular adhesion, fusion, and
apoptosis were comparable on all SAM surfaces and the Au control . These studies suggest that
SAM surfaces may not be suitable for long-term studies where material dependent properties are
investigated.
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Introduction

It is well understood that inflammation, wound healing, and the foreign body reaction
occurfollowing implantation of a biomaterial. Significant research has been conducted to
gain insight into the cellular/biomaterial interactions involved in and directing these
responses. Theoretically, an in-depth understanding of the relationships between surface
chemistry and the behavior of key inflammatory and wound healing cells (i.e. monocytes,
macrophages, foreign body giant cells, and fibroblasts) would provide a basis for
establishing criteria for designing biomaterials for use in specific applications. This study
utilizes homogeneous SAM surfaces to investigate the effects of particular surface
chemistries (hydrophobic and hydrophilic) and functional groups (- CH3, -COOH, and —
OH) on the behavior of macrophages andforeign body giant cells (FBGCs), two key cells
involved in inflammation, wound healing, and the foreign body reaction.

Self-assembled monolayer (SAM) surfaces are a unique type of surface that can present a
variety of distinct surface chemistries offering a novel means for studying cellular/
biomaterial interactions. SAMs consist of long-chained alkanethiols (HS-(CH5),. R, where
n=10-18 and R is a terminal group) that spontaneously adsorb onto a gold surface from a
solution and self-assemble to form a homogeneous monolayer. These surfaces are very
advantageous in that they can be quickly synthesized and easily modified to present a
variety of homogenous, mixed, or pattern surface chemistries. In addition, the composition
and properties of the surface are easily controlled by the synthesis parameters, distinct
alkanethiol units and terminal groups (-CH3, -COOH,— OH, —NH,) used, post-synthesis
modifications adding specific ligands or additional chemistries, and micropatterning
techniques that pattern the functional groups within the monolayer.16 Using these
techniques, tailored SAM surfaces have been created to study the effects of specific surface
chemistries on protein adsorption within 24 hours and numerous cellular behaviors over
time periods ranging from hours to days including cellular adhesion, recruitment,
orientation, migration, and cytokine release.2"-18 In addition, thesesurfaces are being
utilized in other applications to examine ligand interactions, improve the reproduction of
microarrays, and alter nanostructures on the surfaces of thin metal films.1.6:19.20 Significant
research has been conducted with these surfaces since their inceptionin the 1980s; however
more recently, the stability of these surfaces has come into question.6:21-30

Recent studies in our laboratory have shown that hydrophobic, hydrophilic/neutral, and
hydrophilic/ionic surface chemistries affect macrophage adhesion, fusion, apoptosis, and
activation in opposing manners.31-37 Particularly, hydrophobic and hydrophilic/ionic
surfaces promote macrophage adhesion and fusion and inhibit macrophage apoptosis, while
hydrophilic/neutral surfaces inhibit macrophage adhesion and fusion and promote
macrophage apoptosis and activation.31:36.:37 These findings prompted a more intensive
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investigation into the effects of particular surface chemistries and functional groups on
macrophage behavior.

In this study, we employ these unique SAM surfaces to evaluate the effects of the commonly
utilized functional groups (-CH3, -COOH, —OH) and hydrophobic/hydrophilic surface
chemistries on macrophage adhesion, fusion, and apoptosis. As the study progressed, the
SAM material stability became uncertain; therefore, the focus of this research was revisedto
include an evaluation of these surfaces as a stable material for use in our 10 day, in vitro
human monocyte/macrophage cell culture system.

Materials and Methods

Self-Assembled Monolayer Synthesis

The SAM surfaces investigated within this study have a chemistry of HS(CH5),1X with
either a -CHs (hydrophobic), -COOH (hydrophilic), or -OH (hydrophilic) functional group.
Unmodified gold surfaces were utilized as a control within these studies. Recent studies
suggest that the stability of the SAM surface is questionable over time dueto various factors
explained later; therefore a SAM synthesis protocol was developed based upon commonly
utilized techniques in order to synthesize fresh SAM surfaces for each
experiment.27:13.14.38-41 prior to alkanethiol assembly, glass coverslips (no. 2, d=18mm,
Scientific, Pittsburgh, PA) were primed with a 100A thick layer of titanium to improve the
adhesion of the gold coating, and then were coated with a layer of gold (1000A thick) using
asputter coating technique (2M/torr deposition rate, 3x10 torr power). The pre-coated glass
substrates were cleaned to remove any debris or contaminants using a series of acetone,
absolute ethanol, and deionized, distilled water washes. Clean substrates were immersed in a
1.0 mM ethanolic, alkanethiol solution under a nitrogen environment for 18-20 hours at
room temperature to allow the monolayers to spontaneously form and assemble.
Subsequently, the alkanethiol surfaces were rinsed in absolute ethanol (3x) to remove any
non-adsorbed alkanethiol molecules. Surfaces were then dried ina nitrogen stream and
equilibrated in Dulbecco’s Phosphate Buffer Saline with Mg*2 and Ca*2 (PBS*) for 15
minutes at room temperature.

Surface Characterization

SAM surfaces were characterized using water contact angle analysis via the sessile drop
method and a goniometer (Edmund Scientific, Barrington, NJ) at 22°C room temperature.
Contact angles were measured immediately upon synthesis at day 0 and subsequently on
untreated samples at day 40 to determine modification long-term stability. In addition, select
samples weretreated via incubation in serum-free media (SFM) (Gibco, Grand Island, NY)
at 37°C to determine modification stability under aqueous culture conditions. Treated
samples were measured for contact angles after 2 hours, 6 hours, 24 hours, 5 days, 10 days,
and 18 days of treatment. Contact angles were taken over two areas on each of the surfaces
to elucidate surface homogeneity. Both advancing and receding water contact angles were
measured and are reported as the mean + standard deviation to further detect surface
inhomogeneities.
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Atomic force microscopy was conducted using a Nanoscope Illa (Digital Instruments, Santa
Barbara, CA). Measurements were taken using a silicon nitride cantilever tip (spring
constant = 0.58 N/m) in air. Dry, freshly synthesized surfaces were imaged at t=0 and after 2
hours of treatment in serum-free media at 37°C to determine changes in the topography of
the surfaces within 2 hours in an aqueous, 37°C environment. A total of three samples were
analyzed over two areas on each sample. AFM 3-D images and roughness measurements are
presented.

Macrophage/FBGC In Vitro Cell Culture System

Equilibrated SAM surfaces were sterilized with 100% ethanol, placed into 12-well tissue
culture polystyrene (TCPS) plates (Fisher Scientific, Pittsburgh, PA) and secured with
silicone rings (ID=1.59cm, OD=2.22cm, h~8mm) for use in culture within two hours of
synthesis. Silicone rings were cut from silicone tubing (Cole-Parmer, Vernon Hills, IL),
sonicated for 5 minutes in 100% ethanol, rinsed with distilled water, air-dried, and sterilized
using ethyleneoxide prior to insertion. The resultant surface area was 198mm?2.

Human blood monocytes and serum were isolated using a Ficoll and density gradient
centrifugation technique as described previously.#2 Freshly isolated monocytes were plated
at a concentration of 7.5 x 10° cells in 0.5 mL of serum-free media (SFM) with 20%
autologous serum and were allowed to adhere for 2 hours. After 2 hours, supernatants
containing non-adherent cells were collected via pipetting for non-adherent cell analysis,
adherent cells were rinsed with warmed PBS** and refed fresh media containing SFM with
20% heat-treated (56°C for 1 hour) autologous serum. Cell cultures were incubated at 37°C
in a 5% CO» environment for 3, 7 and 10 days. At days 3 and 7, IL-4, a fusion inducing
cytokine, was added to the fresh media (15ng/mL) for select samples. Adherent and non-
adherent cell cultures were examined using the following procedures.

Adherent Cell Analysis

Late stage apoptosis was identified in adherent cell cultures obtained at day 3, day 7, andday
10 using TDT-mediated dUTP-flourescein nick end-labeling (TUNEL) (Roche,
Indianapolis, IN)in accordance with the manufacturer’s instructions. Subsequently, the
adherent cell cultures were labeled with DAPI (Roche, Indianapolis, IN), a nuclear label,
and Alexa Flour 594 (Invitrogen, Carlsbad, CA), a phalloidin that binds to filamentous actin
in the cytoskeleton, in accordance with manufacturer’s instructions. At day 0 (2 hours),
adherent cells were visualized using only Alexa Flour 594 and DAPI.

A total of 10 fields (40x) were analyzed for the total number of adherent cells, the numberof
nuclei in FBGCs, the number of FBGCs, and the number of apoptotic cells. The adherent
cell density is reported in cells/mm2, while percent fusion was calculated to be the number
of nuclei in FBGCs divided by the total number of nuclei. Apoptosis results are presented as
the percentage of apoptotic cells of the total number of adherent cells. All data is reported as
the mean + the standard error of the mean (SEM).
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Results

Surface Characterization

Contact angle analysis was measured to determine the presence of the SAM modifications
overtime. At day 0, the advancing water contact angles for the Au control and the -CHg, —
COOH, and —OH terminated SAM surfaces were 68° + 11°, 970 + 20, 350 + 49, and 49° +
3°, respectively (Figure 1A). The —-CHg terminated SAM surface contact angle decreased
significantly to 58° + 1° after incubation in an agueous environment of serum-free media at
379C for 5 days (Figure 1B). The contact angle for the -COOH terminated SAM surfaces
increased slightly to 49° + 2°, while the —OH terminated SAM surface contact angles
remained unchanged. After 18 days of treatment in serum-free media at 37°C (Figure 1C),
the contact angles for the Au control (55° + 3°) and the —CH3(60° + 2°), -COOH (50° * 2°),
and —OH (52° + 2°) terminated SAM surfaces were comparable to day 5 values. Forty days
after synthesis, the contact angles for dry, untreated samples at room temperature in the dark
(Figure 1D) decreased for the —CH3 terminated SAM surfaces to levels (60 © + 2°)
equivalent to those measured on the treated samples at days 5 and 18. In contrast, the —
COOH and —OH terminated SAM surfaces remained relatively comparable to the values
seen at day 0 (40° £ 4° and 51° + 29).

A time course experiment on the —CH3 terminated SAM and Au control surfaces
wasconducted to determine changes in contact angle values within the first 24 hours of
treatment in serum-free media at 37°C (Figure 2). The advancing and receding contact
angles for the —-CH terminated SAM surface decreased from t=0 (98° + 2°) to 2 hoursof
treatment (81° + 13°) and decreased significantly (p<0.05) 6 hours (65° + 4°) and 24 hours
(52° + 29). The contact angles for the Au control surfaces were comparable to one another
over time and ultimately comparable to the —CH3 terminated SAM surface by 24 hours of
treatment (56° + 3°).

AFM Analysis

AFM analysis was conducted on the SAM surfaces immediately (<2hours) following
synthesis and after 2 hours of treatment in serum-free media at 37°C in order to further
investigate the stability of the SAM alkanethiols. AFM images are shown in Figure 3 and
the roughness and thickness values are shown in Table 1. The Au control surface remained
unchanged between t=0 and t=2 hours with roughness values of 0.40 + 0.06 and 0.44 + 0.03
respectively (Figures 3A & 3E). The topography for the —-CHs3 terminated SAM surface was
relatively smooth at t=0 with a roughness of 0.25 + 0.10 and a thickness of 0.58 £ 0.39 nm
(Figure 3B). As suspected, this topography changed after 2 hours of incubation in serum-
free media at 37°C increasing significantly in roughness (0.76 + 0.34) and thickness (1.89
0.58 nm) (Figure 3F). This change in topography supports the hypothesis that the
alkanethiols desorbed from the surface leaving pits in place of the desorbed alkanethiols. In
Figures 3C & 3G, strong peaks with average heights of 5.00 £ 2.91 nm were present on the —
COOH terminated SAM surfaces following synthesis at t=0 and were reduced after 2 hours
of treatment to 3.49 + 1.72 nm. Lastly, the —OH terminated SAM surfaces remained
relatively comparable before and after treatment in serum-free media at 37°C.
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Cellular Adhesion

Cellular adhesion was comparable on all surfaces at day 0 averaging 2,250+90 cells/mm?
(Figure 4). The adherent cell density decreased significantly on the —-CH3 terminated SAM
(691279 cells/mm?) and Au control (1,120+240 cells/mm?) surfaces by day 3 to values
statistically less than the —-COOH (2,030+160 cells/mm?2) and —OH (1830170 cells/mm?)
terminated SAM surfaces (p<0.05). A decrease in adherent cell densities was observed on all
surfaces by days 7 and 10 in the presence and absence of IL-4; however there were no
significant differences between surfaces at these later timepoints.

Macrophage Fusion into FBGCs

Macrophage fusion into FBGCs was equivalently minimal on all materials at day 3 (Figure
5).Percent fusion increased over time and remained comparable on the majority of the
surfaces. Macrophage fusion was significantly greater on the —OH terminated SAM surface
at day 7 with (19%+9%) or without (10%=+6%) IL-4 and at day 10 with IL-4 (33%+12%).
Also, fusion was greater on the -COOH terminated SAM surface than on the Au control or —
CH3 terminated SAM surface at day 10 with IL-4 (16%+6%).

Monocyte/Macrophage Apoptosis

The percentage of apoptotic cells on the Au control and —CHg terminated SAM surfaces
were comparable (8%+7% and 11%+9%) and slightly greater than the percentages on the —
COOH (1%+0%) and —OH terminated SAM (1%:+0%) surfaces at day 3 correlating with the
significant decrease in adhesion seen on these surfaces at this time (Figure 6). This trend
remained at day 7 without IL-4, however at day 7 in the presence of IL-4 and by day 10,
percent apoptosis was relatively comparable on all materials.

Discussion

Immediately following synthesis, the presence of the alkanethiol on the material surface was
confirmed by contact angle analysis of each of the SAM surfaces. Advancing contact angles
onthe —CH3 terminated SAM surfaces were comparable to the expected, previously reported
values of 101°, 107°, and 117°.1243 |n contrast, contact angles for both the -COOH and —
OH terminated SAM surfaces were higher than the expected values, 25° and 20°,
respectively, but were within range of other previously reported values.12:22:43:44 prior
research conducted in numerous laboratories have reported a wide range of contact angle
values for the -COOH (28°, 42°, and 72°) and —OH (25° and 82°) terminated SAM
surfaces.12.22:4344 This observed range may be due to defects in the SAM surface that
resulted during synthesis and/or subsequent alkanethiol degradation that altered the chemical
groups exposed at the material surface varying the contact angles measured.

The SAM synthesis parameters utilized in this study were chosen based upon commonly
utilized SAM synthesis techniques to minimize inhibitory factors that result in surface
defects such as debris or defects on the gold substrate, low concentrations or impure
alkanethiol solutions, insufficient time allowed for assembly (typically 2-12 hours for long
chain thiols and 24 hours for short chain thiols), and high oxygen content in the alkanethiol
solution and environment.2:6:7:13.14,38-41.45.46 | aqdition, studies have shown that longer
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alkanethiol chains (C4g) form SAM surfaces with fewer defects than short chain alkanethiols
(n<9) and that fewer defects occur with higher incubation temperatures; therefore, the
alkanethiols utilized in this study were of moderate to long chain length (C4,) and were
incubated at room temperature in a nitrogen atmosphere.28:46

Variations in the contact angles over time revealed that the —-CHs terminated SAM surfaces
were unstable in both serum-free media at 37°C (treated condition) within days and in a dry,
room temperature environment (untreated condition) over longer periods of time. This
instability began as quickly as 2 hours when incubated in serum-free media, in agreement
with similar findings by Scotchford et.al.13 Significant research has demonstrated that SAM
surfaces become unstable over time as indicated by changes in contact angles, AFM,
IR,XPS, SPR, and Raman spectroscopy results.13:23.24.26.29 AFM analysis of these surfaces
in our study confirmed the partial desorption of the —-CH3 terminated SAM moleculesbefore
and after 2 hours of treatment in serum-free media at 37°C by changes in the topography of
the surface from a relatively smooth topography to a more rough, thicker
topographycomposed of taller peaks and valleys.

Alkanethiols can easily be removed from the material surface as a result of direct desorption
as disulfides upon exposure to liquid media or due to oxidation into sulfinates and sulfonates
upon exposure to air followed by desorption when exposed to solvents, both of which are
promoted with increasing temperatures.21:23.25.2947 gty dies have shown that this
degradation occurs rapidly within hours of exposure to air and that subsequent immersion in
liquids furthers this degradation.2>2° In addition, degradation of SAMs has also been shown
to begin at boundaries of defects; therefore, any potential defects resulting during synthesis,
discussed above, provide additional locations for degradation.21:27 A combination of these
mechanisms: direct-desorption, oxidation, and synthesis defects; may explain the instability
of these SAM surfaces over time.

Instability in the -COOH terminated SAM surfaces was observed with contact angle
analysis after 5 days of incubation in serum-free media at 37°C and within 40 days when
leftuntreated in a dry, room temperature environment. Previous research has shown that
unbound alkanethiols can remain at the material surface, and it has been suggested that these
alkanethiols in the solution form interplanar hydrogen bonds with the —-COOH terminal
groups of alkanethiols within the monolayer potentially forming a partial bi-layer. 4546
AFM analysisrevealed the potential presence of this bi-layer effect on the -COOH
terminated SAM surfaces with peak heights over twice the size of the alkanethiol chains.
These peaks diminish after 2 hours of treatment in serum-free media at 37°C suggesting that
the bi-layer desorbed within the aqueous environment. This bi-layer effect may also account
for the slightly greater contact angle initially seen following synthesis of these materials.
Contact angle and AFM analysis of the —OH terminated SAM surfaces did not indicate any
significant instabilities in the surface over time in either condition suggesting that these
surfaces are more stable than the -CH3 and -COOH terminated SAM surfaces.

SAM stability may also have a cellular dependent component. Previous research
demonstrated that endothelial cell attachment could be controlled using micropatterned
SAM surfaces and that this attachment could remain localized to the microprinted patterns
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over time indicating that the integrity of mixed micropatterned SAM surfaces was
maintained up to 24 hours.”-1648 ater, Chen et.al. investigated the cell-dependent nature of
SAM stability by seeded 3T3-L1 pre-adipocytes or bovine pulmonary artery endothelial
cells to non-adhesive hexa(ethylene glycol)-terminated alkanethiols (EG6 SAM) SAM
surfaces that were patterned with adhesion-promoting hexadecanethiol. The time until
whichthe patterned adhesion failed was measured as an indication of rate of degradation of
the non-adhesive EG6 SAM surface over time.28 The findings from this study demonstrated
that SAM instability was further promoted in the presence of the adipocytes in comparison
to the endothelial cells as a result of the adipocyte secretion of alcohol dehydrogenase
(ADH) and/or aldehyde hydrogenase, two enzymes that are associated with fatty acid
metabolism and have been shown to oxidize and degrade poly(ethylene glycol) chains.
Addition of inhibitors of ADH activity minimized these degratory effects confirming the
hypothesis that the instability was enhanced by products of the adipocytes. Macrophages and
FBGCs are known to have a low pH (3.6-3.7) inthe pericellular space and to secrete
enzymes, oxygen free radicals, and acids that can oxidize, degrade, and/or desorb SAM
molecules providing a mechanism by which adherent macrophages and FBGCs in our study
can reduce SAM stability over time in culture.21:26:49

Ultimately, the SAM surfaces in our study were sufficiently similar to result in
relativelysimilar amounts of adhesion, fusion and apoptosis over time. Interestingly, the
higher levels of adhesion on the —-COOH terminated SAM surfaces observed in comparison
to the —CHg3 terminated SAM surfaces at early timepoints and the instability of the surfaces
within a short period of time mirrors a previous study conducted analyzing osteoblast-like
cells and the stability of a HS(CH5,),COOH and HS(CH5)7CH3 containing SAM surfaces
within 24 hours.13 This study found that a greater number of osteoblast-like cells adhered to
—COOH terminated SAM surfaces at 24 hours and that the contact angles decreased
significantly for both the -CH3 and -COOH terminated SAM surfaces incubated in serum-
free media or DMEM containing fetal bovine serum.13 Although it is a different cell type,
the studies were conducted using similar synthesistechniques and conditions suggesting that
the cellular/biomaterial interactions seen in this study are valid with respect to these
particular SAM surfaces. Conclusions regarding the effects of specific functional groups can
not be made due to the unknown nature of the SAM surface over time.

In conclusion, self-assembled monolayer surfaces display significant instability making
them a questionable model surface system for utilization in studies of cellular/biomaterial
interactions. Nevertheless, numerous studies have been conducted with these seemingly
simplistic materials over both short (minutes to <24 hours) and long (days) periods of time
oftentimeswithout a full analysis of the SAM stability over the timeframe of the
experiments. This research demonstrates the instability of the SAM surfaces over the
experimental timeframe occurringas early as within 2 hours of incubation in serum-free
media at the culture temperature of 37°C suggesting that SAM surfaces may not be suitable
for long-term studies where materialdependent properties are investigated. In future studies,
further analysis of the material stability post synthesis, prior to use, and over the time period
of the study is crucial to permit sound conclusions regarding material-dependent protein
adsorption or cellular behavior. In addition, this research prompts further investigation into
the cell-dependent nature of SAM surface stability.
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at 378C for 5 (B) and 18 (C) days post synthesis. Mean 6 standard deviation (n 5 6, 3). “‘#”’
indicates statistical difference between advancing and receding values for this material in
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Figure 2.
Early changes in water contact angles on methyl SAM surfaces in an aqueous environment.

Samples were incubated in SFM at 378C. Mean 6 Standard deviation (n 5 3). ““*”” Indicates
a statistical difference between the contact angles for the _CH3 terminated surface and
angles for the Au surface at this time-point (p < 0.05).
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AFM images of the gold control (A, E) and the methyl (B, F), carboxyl (C,G), and hydroxyl

(D, H) SAM surfaces immediately after synthesis (A-D) and after 2 h of treatment (E-H).
Samples treated were incubated in SFM at 378C for 2 h.
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Macrophage fusion into FBGCs on SAM surfaces over time. Mean 6 SEM, n 5 3. ‘A"’
indicates that the values for this material are statistically greater than gold (p 5 0.04).
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Table 1

AFM Results for the SAM Surfaces Prior to and After TreatmentA

Parameter Surface ALt=0 After 2 hours of Treatment*
Gold 0.40 £ 0.06 0.44 +£0.03
Methyl 0.25+0.10 0.76 £ 0.34
Roughness
Carboxyl | 1.97+1.15 1.23+0.52
Hydroxyl | 0.61+0.03 0.65 +0.30
Gold - -
Methyl 0.58 +0.39 1.89+0.58
Thickness/Peak Height (nm)
Carboxyl | 5.00 +2.91 349+1.72
Hydroxyl | 1.67 £0.12 1.77+1.16

*
Treated samples were incubated in serum-free media at 37Cc¢ for 2 hours

N
Results are the mean =+ standard deviation (n=3).
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