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Protein adhesion regulated by the nanoscale surface
conformation†

Eun Chul Cho,a Hyunjoon Kong,*b Tae Byeong Ohc and Kilwon Cho*c

Protein adhesion and adsorption behaviors vary in response to variations in surface wettability; however,

few reports have examined the dependence of such behaviors on variations in the surface molecular

conformations. This study examines the degree to which molecular disorder at the surface of a surface-

modified hydrocarbon chain monolayer regulates protein adhesion. Octadecyltrichlorosilane (OTS)

molecules were deposited onto silicon wafers at two temperatures, 5 �C or 55 �C, to prepare two OTS

surfaces with different degrees of molecular disorder. Atomic force microscopy (AFM) was used to

evaluate the nanoscale adhesion force between proteins and the two types of OTS monolayers during a

short contact time (<1 s). Bovine serum albumin (BSA) and human fibrinogen (HF) adhered more

strongly to the disordered than to the ordered OTS monolayer. The adhesion strength at longer contact

times (30 s–90 min) was evaluated by investigating the resistance of proteins on the OTS monolayer to

detachment by washing. The magnitude of the resistance could be predicted from the topologies of the

monolayers, as determined by AFM, after the adsorption of proteins and the subsequent washing

experiments. After a 90 min adsorption period, BSA displayed a higher resistance to detachment from

the disordered OTS monolayer than from the ordered OTS monolayer. HF displayed a higher resistance

to detachment from the disordered OTS monolayer for only very short adsorption times of less than 1

min. The results suggest that the proteins altered their adhesion onto monolayers with different OTS

conformations and that different adsorption times were required for each protein to present the

different degrees of adhesion.
1 Introduction

Protein adsorption plays a critical role in a variety of biological
processes, including cell adhesion to an extracellular matrix,
the immune response to implants, and bacterial fouling of
ltration membranes. The quantities and conformations of
proteins adsorbed onto substrates depend strongly on the
chemical and physical properties of the substrate surfaces.1–15

For example, increasing the hydrophobicity of a surface signif-
icantly increases the amount of proteins adsorbed onto the
surface. The conformations of proteins adsorbed onto solid
substrates can depend on the chemical and physical properties
of the substrates. For example, protein structures may become
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denatured, or their mode of adsorption (end-on or side-on) can
be altered.16,17

Signicant efforts have been made toward engineering the
chemical and physical properties of solid substrates for the
purpose of controlling protein adsorption. Short hydrocarbon
molecules and polymers with various functional groups have
been chemically linked to solid substrates.1–12 The densities of
these surface-modifying molecules and their spatial distribu-
tion on the nano- and micrometer scale have been successfully
modulated.12–15 Engineered surfaces can be used to regulate the
amount and type of adsorption, or they can be used to prevent
adsorption.13–15 Such surfaces are widely used in a variety of
biomedical applications, including tissue engineering,
biofouling, and biosensors.18

Protein adsorption can be regulated by varying the densities
of hydrocarbon chains that have been adsorbed onto silicon
substrates.13–15 Choi et al. prepared two monolayers with
different densities of hydrocarbon chains by varying the depo-
sition time, and themonolayer density could be used to regulate
the protein conformation.13b However, the use of an organic
monolayer’s molecular conformation to regulate protein adhe-
sion behavior is less understood. Our previous results demon-
strated that hydrocarbon monolayers can display varying
degrees of adhesion to silicon nitride AFM tips depending on
Soft Matter, 2012, 8, 11801–11808 | 11801
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the monolayer conformation.19 In light of these results, the
degree of molecular ordering is expected to signicantly
modulate the effects of other substrate properties on protein
adhesion.

This study examined whether the degree of disorder of
surface-modifying molecules could be used to regulate protein
adhesion. Silicon substrates presenting organosilane chains
were prepared at two temperatures to produce organosilane
monolayers with two different conformations, that is, with two
degrees of intermolecular ordering. The degree of intermolec-
ular ordering was analyzed by reection–absorption Fourier
transform infrared spectroscopy (RA-FTIR). The adhesion of two
proteins, BSA and HF, onto the surface-modied substrates was
investigated by measuring adhesion strength using atomic
force microscopy (AFM). In addition, the adhesion was also
evaluated by observing the topologies of the monolayers using
the AFM aer protein adsorption followed by a washing step.
The structures of the solid substrates and the adhesion behav-
iors of the proteins were found to be correlated.
2 Experimental methods
2.1 Preparation of the organic monolayers

All organic contaminants on the silicon wafers (P-type Si(100),
Shinetsu) were eliminated by immersion in piranha solution
(H2SO4 : H2O2 ¼ 70 : 30) at 80 �C for 30 min. Aer rinsing with
deionized water, the wafers were vacuum-dried for 3 h. Two pre-
cleaned and vacuum-dried reaction asks were charged with
argon gas, and then lled with 10 mM of an octadecyltri-
chlorosilane (OTS, Aldrich)–toluene solution. Each ask con-
taining the OTS–toluene solution was respectively equilibrated
either at 5 �C or 50 �C. The pre-cleaned silicon wafers were then
immersed into the asks containing the OTS–toluene solution
equilibrated at one of the two temperatures. The reaction
between the silicon wafer and OTS was carried out for 2 h under
an Ar ow. Aer the reaction, the silicon wafers were washed
twice with toluene and once with ethanol, and then baked in a
convection oven at 120 �C for 20 min. Aer baking, the
substrates were sonicated in toluene, and then washed again
with toluene and ethanol. The chemical coupling of the OTS
monolayers to the silicon wafers was conrmed by RA-FTIR
spectroscopy (Bruker IFS 66v FT-IR). The wettabilities of the OTS
monolayers were determined by measuring the water contact
angle. Ellipsometry (M-2000V, J.A. Woollam Co., Inc.) was used
to determine the thickness of each OTS monolayer.
2.2 Measurements of the adhesion force between the OTS
monolayers and the proteins

The adhesion force between the OTS monolayers and the
protein molecules was measured by AFM (AutoProbe� CR
Research, Park Scientic Instruments). The protein molecules
were immobilized on the AFM tip surfaces as follows. First,
silicon nitride AFM tips (Si3N4, radius of 50 nm) were exposed to
oxygen plasma for one minute to generate hydroxyl groups on
the tip surfaces. The AFM tips were then immediately immersed
in to a 10 mM g-aminopropyltriethoxysilane (Aldrich)–toluene
11802 | Soft Matter, 2012, 8, 11801–11808
solution at room temperature for 2 h in order to modify the tip
surfaces with amine groups. The amine-terminated AFM tips
were subsequently exposed to a 10% v/v glutaraldehyde
(Aldrich) aqueous solution at room temperature for 30 min.
Finally, for the protein modication step, bovine serum
albumin (BSA, Mw 67 kDa, A8022 Sigma) or human brinogen
(HF, Mw 340 kDa, F-4883 Sigma) was each dissolved to a
concentration of 1 mgmL�1 in a 10 mM phosphate buffer saline
(PBS) aqueous solution (pH 7.4, Aldrich). The tips were dipped
into the protein solutions for 40 min. Aer washing with an
aqueous PBS solution, the protein-modied tips were stored in
PBS at 28 �C.

The AFM tips presenting immobilized proteins were used to
measure the adhesion force between the proteins and the OTS
monolayer. The monolayer substrate was attached to the
bottom of a liquid cell, and the cell was lled with PBS solution.
Then the cell was placed on the AFM stage and moved upward
to immerse the AFM tip. The cell was slowly brought into close
proximity to the AFM tip. At the appropriate separation
distance, an interaction force could be measured between the
tip and the substrate by approaching and retracting the
monolayer substrates. All experiments were carried out in an
aqueous PBS (10 mM, pH 7.4) solution at 28 �C. The substrate
was advanced toward the tip until contact was achieved, aer
which the substrate was retracted. The approach and retraction
distances were approximately the same, 1 mm, covered with a
velocity of 1 mm s�1. Thus, the contact time between the protein-
modied tip and the substrate was less than 1 s. The same
velocity was used for all measurements. A force–distance (f–d)
curve was plotted by recording the forces acting between the
surface and tip. As the monolayer surface approached the
protein-immobilized AFM tip, the cantilever deected due to
attraction. The magnitude of the force was calculated by
multiplying the spring constant of the cantilever (0.05 Nm�1) by
the cantilever’s deection distance. A further approach yielded
a repulsive force between the substrate and tip. The repulsive
force arising from the approach was 1 nN in all the measure-
ments. Aer contact, the substrates were retracted from the tip.
During the retraction, a “pull-off” force was observed, reective
of the detachment of the monolayer substrate from the protein-
immobilized tip. The “adhesion force” was dened as the
maximum pull-off force during retraction of the monolayer
from the AFM tip.
2.3 Protein adsorption onto the OTS monolayers

Protein adsorption measurements were carried out in two steps.
The freshly prepared OTS monolayers were immersed in the
protein solution (1 mg mL�1, pH 7.4) at 28 �C. The immersion
time was varied from 0 to 90 min. The samples were then
immediately transferred into a 1 wt% sodium dodecyl sulfate
(SDS) PBS aqueous solution and incubated for 1 h to detach the
adsorbed proteins from the OTS monolayers. Aer desorption,
the samples were immersed in deionized water for 30 s for
rinsing, immediately followed by vacuum drying. A control
experiment was conducted as follows. The substrates were
immersed in the protein solution and then transferred to an
This journal is ª The Royal Society of Chemistry 2012
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aqueous PBS solution without SDS for 1 h to allow desorption.
The substrates were then immersed in deionized water for 30 s.
The topologies of the residual protein layers remaining on each
OTS-presenting silicon wafer aer the completion of the
experiments were examined by AFM (NanoscopeIII, Digital
Instruments) operated in the tapping mode. The thickness of
the protein layer deposited onto the OTS-monolayer over 90min
was measured by ellipsometry.
3 Results and discussion
3.1 Characterizations of the octadecyltrichlorosilane (OTS)
monolayers on silicon wafers

The conformations of the OTS chains on the silicon substrates
were modulated by varying the preparation temperature. Briey,
an OTS–toluene solution was equilibrated in a reaction ask at
either 5 �C or 50 �C under Ar ow, and a cleaned silicon wafer
was placed into the ask. The reaction between the wafer and
OTS proceeded over a maximum of 2 h to avoid the generation
of a thick OTS lm on the silicon wafer. Aer the reaction, the
substrate was washed, baked, sonicated, and again washed to
prepare the OTS monolayer. RA-FTIR analysis of the OTS
monolayers prepared at 5 �C revealed symmetric and asym-
metric stretching peaks corresponding to CH2 groups at 2850
and 2919 cm�1, respectively. In contrast, the OTS monolayers
prepared at 55 �C yielded peaks at 2854 and 2924 cm�1 (Fig. 1).
The shi toward higher wavenumbers in the monolayers
prepared at higher temperatures implied a higher degree of
intermolecular disorder in the monolayer.19–21 Increasing the
preparation temperature from 5 to 55 �C also reduced the
thickness of the monolayer from 2.4 � 0.1 nm to 1.5 � 0.07 nm,
as measured by ellipsometry. The melting temperature of the
OTS monolayer was approximately 30 �C.19–21 Therefore, OTS
monolayers prepared at 50 �C were expected to have a higher
degree of intermolecular disorder than those prepared at 5 �C
because the OTS molecules were likely to collapse and pack in a
lower density on the silicon substrate. Meanwhile, changes in
the preparation temperature minimally affected the surface
topology/roughness, as investigated by the AFM images (data
not shown).19 The results suggested that the OTS molecules at
Fig. 1 RA-FTIR spectra of the ordered and disordered OTS monolayer surfaces.

This journal is ª The Royal Society of Chemistry 2012
both temperatures were uniformly tethered onto the silicon
wafer without segregation or island formation. The uniformity
was further conrmed by measuring the equilibrium water
contact angles on these monolayers. For the OTS monolayers
prepared at 5 �C and 55 �C, the contact angles were 107.0 � 0.8�

and 104.0 � 1.1�, respectively, and there was no hysteresis. The
slightly lower contact angle for the monolayers prepared at 50
�C probably resulted from CH2 exposure in the less densely
packed OTS monolayers.13a
3.2 The adhesion strength of the proteins on the OTS
monolayers

The adhesion strengths of the proteins on substrates with
different degrees of disorder among the OTS chains were eval-
uated on the nano-Newton scale using AFM tips chemically
functionalized with BSA or HF. Fig. 2 shows the f–d curves
obtained between the AFM tips and OTS-monolayers. Over the
course of recording 60–70 f–d curves using one AFM tip and one
monolayer, no noticeable changes in the f–d curve shape were
observed. This indicated that the proteins did not extensively
detach from the AFM tips and the monolayer conformation did
not change signicantly during the measurements. A higher
degree of intermolecular disorder (in the monolayer prepared
from the solution at 50 �C) resulted in a higher protein adhesion
Fig. 2 Force–distance curves for the OTS monolayers and the protein-immobi-
lized tips: (a) BSA and (b) HF.

Soft Matter, 2012, 8, 11801–11808 | 11803
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Fig. 4 The average adhesion force between the OTS monolayers and the
protein-immobilized tips.
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strength (measured during the retraction of the OTS monolayer
from the tip) for both BSA (Fig. 2a) and HF (Fig. 2b). Fig. 3 shows
the histograms of the adhesion forces between the OTS mono-
layers and the tips. Each histogram was obtained by aggregating
the data collected from 3 independent samples (using 3 sets of
AFM tips and monolayers). The BSA-modied tips displayed
adhesion forces in the presence of the ordered OTS monolayer
of 6–20 nN, with the most common values in the range of 8–10
nN. The BSA-modied tip on the disordered OTS monolayer
yielded an adhesion force of 10–20 nN, with the most common
values in the range of 12–14 nN. The HF-modied tip in the
presence of the ordered OTS monolayer displayed an adhesion
force of 8–23 nN, with the most common values in the range of
8–12 nN. In the presence of the disordered OTS monolayer, the
HF-modied tip displayed an adhesion force of 22–30 nN, with
the most common values in the range of 25–26 nN. It is worth
noting that the asymmetric histogram for the HF-modied tip
in the presence of the ordered OTS monolayer (Fig. 3c) resulted
from the aggregation of data from 3 independent tests: the
result was not due to a trend (e.g., an increase in the adhesion
force over time) during the measurement. The statistical anal-
ysis showed that the dependence of the HF adhesion strength
on the degree of disorder of the OTS molecules exceeded the
corresponding dependence of BSA (Fig. 4).

The adhesion energies required during retraction were
calculated by integrating the area under the f–d curve (Fig. 2).
For BSA, the energy increased from 2.45 � 10�15 J to 3.08 �
10�15 J, and for HF, the energy increased from 3.62 � 10�15 J to
9.7 � 10�15 J, from the ordered to the disordered surface. The
adhesion energy per protein was also estimated from the f–d
curves (Fig. 2), the surface area of the AFM tip, and the molec-
ular size of each protein (see the ESI†). For HF, the energies were
estimated to be 1.36 � 10�16 and 3.64 � 10�16 J per HF mole-
cule for the ordered and disordered OTS monolayers,
Fig. 3 Histograms of the maximum adhesion force (during retraction) between
the OTS monolayers and the protein-immobilized tips: (a) between the ordered
OTS monolayer and the BSA-immobilized tip; (b) between the disordered OTS
monolayer and the BSA-immobilized tip; (c) between the ordered OTS monolayer
and the HF-immobilized tip; and (d) between the disordered OTS monolayer and
the HF-immobilized tip.

11804 | Soft Matter, 2012, 8, 11801–11808
respectively. For BSA, the energies were 1.99 � 10�17 and 2.51 �
10�17 J per BSA molecule for the ordered and disordered OTS
monolayers, respectively.

Interestingly in our results, the proteins showed different
adhesion strengths depending on the conformations of the
monolayers, even aer short periods of contact (<1 s). Although
the water contact angles of the two monolayers differed by 3�,
this difference was not expected to signicantly affect the
protein adhesion strength. It was reported that less densely
packed monolayers facilitate the penetration of protein mole-
cules into a monolayer.13–15 Combining our results and the
previous reports, proteins may respond differently to mono-
layers with different conformations, thereby inducing different
adhesion strengths. It is possible that the proteins and the
disordered OTS molecules adhered by interlocking more
strongly, and greater energy was required to separate the
proteins from the disordered than from the ordered OTS
monolayer (see Fig. 5).

It is worth noting that the adhesion energies of HF were
higher than those of BSA in the presence of either monolayer.
BSA molecules are globular in conformation,22 whereas two of
Fig. 5 Schematic diagrams illustrating adhesion between the protein-immobi-
lized tips and the OTS monolayers.

This journal is ª The Royal Society of Chemistry 2012
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Table 1 Ellipsometric thicknesses of the protein layers adsorbed onto the OTS
monolayers aer washing either with PBS or a washing solution (SDS solubilized
in PBS aqueous solution)

Proteins

Ordered monolayer Disordered monolayer

PBS wash Detergent wash PBS wash Detergent wash

BSA 2.4 � 0.1 nm 0.8 � 0.4 nm 2.0 � 0.1 nm 1.9 � 0.3 nm
HF 5.4 � 0.2 nm 2.1 � 0.2 nm 5.3 � 0.1 nm 2.3 � 0.2 nm
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the six domains of HF (D and aC) are unstable.23,24 As the HF
molecules are quite exible,25 this exibility may facilitate
adhesive interactions with the OTSmonolayers and increase the
strength of the adhesive interactions relative to those of BSA.
More importantly, from our results, the molecular structure of
the proteins altered the degree of OTS monolayer’s disordering
effect on the adhesion strength with the proteins; however, the
role of the chain exibility in HF may be reduced in the pres-
ence of the ordered OTS monolayer due to the weak binding of
the proteins to the ordered monolayer.
3.3 Adhesion of proteins onto the OTS monolayers based on
the adsorption studies

The adhesion strengths of the proteins on the OTS monolayers
were further evaluated by characterizing the topologies of the
OTS monolayers aer protein adsorption and subsequent
washing with a wash solution. The experiment was designed to
investigate the ability of the adsorbed proteins to resist
detachment from the OTS monolayers aer a long period of
time (>30 s) in contact with the monolayers, which would
predict the adhesion strength between the proteins and the
substrates. The two OTS substrates were exposed to a protein
PBS solution at 28 �C. An initial adsorption time of 90 min was
used for both proteins. Aer adsorption, the substrates were
immersed in a wash solution for 1 h. The wash solution con-
tained sodium dodecyl sulfate (SDS) dissolved in an aqueous
PBS solution. The protein coverage and adsorption patterns on
the OTS monolayers were observed by AFM imaging. For
comparison, we obtained control images of the substrates
exposed to the protein solution and immersed in PBS (without
SDS).
Fig. 6 AFM images of BSA adsorbed onto the OTS monolayers after 90 min,
followed by immersion in either (a and b) PBS aqueous solution or (c and d) SDS
dissolved in an aqueous PBS solution for 1 h: (a and c) for the ordered OTS
monolayer and (b and d) for the disordered OTS monolayer. The image areas
correspond to 10 � 10 mm2 and the insets correspond to 2 � 2 mm2.

This journal is ª The Royal Society of Chemistry 2012
Fig. 6 shows AFM images of BSA adsorbed onto the OTS
monolayers. For the control experiment (a and b), the two
substrates displayed similar topologies aer a protein adsorp-
tion incubation period of 90 min and a subsequent gentle rinse
with PBS. In the meantime, the surface topologies of the two
substrates covered with proteins differed signicantly aer
washing the protein-adsorbed substrates with the wash solution
(c and d). The BSA may have been more readily washed away
from the ordered OTS monolayer than from the disordered
monolayer. The average thickness of the protein layer on the
disordered OTS monolayer, as measured by ellipsometry (see
Table 1), was higher than the thickness of proteins on the
ordered OTS monolayer.

Fig. 7 shows the surface topologies of the OTS monolayers
aer an HF adsorption incubation period of 90 min followed by
rinsing with either PBS (a and b) or the wash solution (c and d).
Aer washing with PBS, the surface topologies of the two
substrates were found to be essentially identical: the surfaces
were very smooth and without defects. Although washing with
the wash solution removed some of the proteins from the
Fig. 7 AFM images of the HF layer adsorbed onto the OTS monolayers after 90
min, followed by immersion in either (a and b) PBS aqueous solution or (c and d)
SDS dissolved in an aqueous PBS solution for 1 h: (a and c) for the ordered OTS
monolayer and (b and d) for the disordered OTS monolayer. The image areas
correspond to 10 � 10 mm2 and the insets correspond to 2 � 2 mm2.

Soft Matter, 2012, 8, 11801–11808 | 11805
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substrates, the topologies of the two substrates did not differ
signicantly. In addition, the average thicknesses of the protein
layers on either monolayer were essentially identical under the
two conditions.

Fig. 6 and 7 may suggest that HF adhered to the substrates
more strongly than BSA. These results were consistent with the
results of the adhesion force measurements. However, HF
molecules adhered to both monolayers with similar adhesion
strengths aer a protein adsorption incubation period of 90
min, while BSA displayed different adhesion strengths over the
same timescale. In contrast with the results from BSA, the HF
molecules appeared to adhere strongly to both substrates over a
90 min protein adsorption time. To clarify the similar adhesion
of HF for both monolayers at this adsorption time, we con-
ducted a series of HF adsorption experiments over several
adsorption times. In all experiments, the SDS PBS aqueous
solution was used for washing, and the washing time was held
constant at 1 h. Fig. 8 shows the adsorption time-dependent
topologies of the ordered OTS monolayer substrates. The HF
molecular coverage was initially very low (Fig. 8a and b), but the
coverage gradually increased with the adsorption time. In
Fig. 8 AFM images of HF adsorbed onto the ordered OTS monolayers as a
function of the adsorption time. After adsorption, the samples were immersed in
detergent for 1 h. The adsorption times for each sample were (a) 30 s; (b) 60 s; (c)
90 s; (d) 120 s; (e) 180 s and (f) 90 min. (a)–(d) show the two distinct topologies.
The image areas correspond to 10 � 10 mm2.

11806 | Soft Matter, 2012, 8, 11801–11808
addition, different topologies were observed at early adsorption
time (0–120 s). It was worth noting that the images shown in
Fig. 8a–c did not arise from the debris introduced during
imaging or defects in the monolayer. The nodes in the images
were similar to those reported previously for adsorbed HF.26

Beyond an incubation time of 180 s (Fig. 8e), the ordered OTS
monolayer surface was uniformly covered with the HF mole-
cules. In contrast, the HFmolecules covered the disordered OTS
monolayer more rapidly than the ordered OTS monolayer
(Fig. 9), and more proteins were present on the disordered
substrate than on the ordered substrate aer an adsorption
time of 30 or 60 s. Although the disordered OTS monolayer
displayed different topologies at 90 s with HF, the two topolo-
gies were not much different as in the case of ordered OTS
monolayers (0–120 s).

These results suggested that the adhesion strengths of the
proteins and the resistance of the proteins to detachment were
higher for the disordered monolayer than for the ordered
monolayer. The adsorption studies additionally showed that
different adsorption times were required for the two proteins to
Fig. 9 AFM images of HF adsorbed onto the disordered OTS monolayers as a
function of the adsorption time. After adsorption, the samples were immersed in
detergent for 1 h. The adsorption times for each sample were (a) 30 s; (b) 60 s; (c)
90 s; (d) 120 s; (e) 180 s and (f) 90 min. (d) shows the two distinct topologies. The
image areas correspond to 10 � 10 mm2.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 11 Average heights of the layer of HFmolecules adsorbed onto the surfaces
of the OTS monolayers, as a function of the adsorption time.
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achieve different levels of adhesion to the substrates. The
adhesion strength of BSA on the ordered OTS substrate
remained weak compared to the adhesion strength on the
disordered substrate, even aer a 90 min adsorption time. On
the other hand, differences in the adhesion strength were
observed for HF only on short adsorption timescales of less than
1 min. Aer 90 s, HF did not display any differences in the
adhesion strength. These results indicated that the HF mole-
cules adhered to the OTS monolayers strongly and rapidly,
regardless of the OTS conformation, even when HF remained
only for a few minutes.

To investigate any difference in adsorption patterns of HF for
the two monolayers over the adsorption period, sectional
analysis of the AFM images was conducted, yielding interesting
results for the ordered OTS monolayers (Fig. 10a). The heights
of the HF molecules attached to the ordered substrates were
fairly large, 25–40 nm aer 30 s. The height decreased with
increasing adsorption time, reaching 6–7 nm. In contrast, the
heights of the HF molecules adhered to the disordered
substrate were lower than the heights on the ordered OTS for
short adsorption times (Fig. 10b). Fig. 11 shows plots of the
average heights of the HFmolecules on the two OTSmonolayers
as a function of the adsorption time. The average height of the
layer adsorbed onto the ordered OTS monolayer changed
signicantly from 33 nm at 30 s to 6 nm at 180 s, whereas the
heights of the HF molecules on the disordered OTS layer were
nearly constant for all adsorption times.
Fig. 10 Sectional analysis of the AFM images of HF adsorbed onto the ordered
OTS monolayers, as a function of the adsorption time. After adsorption, the
samples were immersed in the washing solution for 1 h. (a) Ordered OTS
monolayers and (b) the disordered OTS monolayers. The adsorption times are
noted in the figures.

This journal is ª The Royal Society of Chemistry 2012
The reason underlying such results remains unclear. Several
possibilities may be considered. The average protein layer
height of 33 nm aer a 30 s adhesion time was comparable to
the longitudinal distance of the HF molecules (47 nm). The
protein layer height of 6 nm, observed aer 90 min adsorption,
was comparable to the proposed width of HF (5 nm)23 or slightly
larger than the experimentally measured height for a single HF
molecule.24,26 These results might suggest that changes in the
adsorption mode of HF, from end-on to side-on, may have
altered the thickness of the protein layer;27 however, there is a
lack of evidence to support the notion that the height of the HF
protein layer aer 30 s adsorption time was solely due to an end-
on height adsorption conformation in single molecules. Single
molecule imaging revealed the heights of the HF molecules
adsorbed onto a substrate, which were less than 2 nm and
probably indicated side-on adsorption.26 Therefore, at short
periods of adsorption time, the extremely large heights of the
HF molecules adsorbed onto the ordered OTS monolayer were
attributable to lateral stacking among the proteins on top of
proteins that were strongly adhered onto the substrates. During
the early stages of adsorption onto the ordered OTS monolayer,
HF molecules adsorbed randomly and lled the vacant sites
(end-on adsorption) on the monolayer surface. Over time, the
unstable protein molecules that had adsorbed during the initial
stages of adsorption were displaced by stably anchored
proteins.27 In addition, the weakly bound proteins were
removed during the washing step. In such a case, the different
topologies on the ordered OTS monolayer at early adsorption
times (Fig. 8a–c) might be due to the unstable adsorption. The
ts to heights of HF for the ordered OTS monolayer, shown in
Fig. 11, were used to estimate a characteristic time of 54 s from
which the height of adsorbed HF was not signicantly changed.
From the AFM studies, it was also found that the adhesion force
between HF and the ordered monolayers was increased to 19 nN
� 1.5 nN for the velocity of 0.2 mm s�1 (for the velocity of 1 mm
s�1, the ordered and disordered monolayers yielded 13 � 3.2
and 26 � 2.0 nN, respectively, as shown in Fig. 4). The results
are probably implying that the HF molecules required some
time to strongly adhere to the ordered OTS monolayer.
Soft Matter, 2012, 8, 11801–11808 | 11807
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Meanwhile, the heights of the HF layers adhering to the disor-
dered OTS substrate remained small for all adsorption times,
suggesting that the HF molecules adhered to the disordered
OTS monolayers strongly, even for short adsorption times.
4 Conclusion

This study examined the role played by the degree of molecular
disorder in surface-modifying hydrocarbon chains in the regu-
lation of protein adhesion behavior. Adhesion and adsorption
studies showed that different adhesion behaviors were observed
for BSA or HF in the presence of OTS monolayers having
different degrees of molecular order. In addition, different
timescales were observed for the different adhesion behaviors;
HF displayed different adhesion behaviors on the two mono-
layers within very short adsorption periods or contact time (<1
min) whereas the BSA adhesion differed even for long adsorp-
tion times. The results of this study demonstrate the impor-
tance of the monolayer structure for regulating protein
adhesion and adsorption behaviors. These results will be useful
in applications involving cell adhesion regulation, array design,
and proliferation, as well as in regulating protein patterns on
substrates.
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