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Abstract
While protein-surface interactions have been widely studied, relatively little is understood at this
time regarding how protein-surface interaction effects are influenced by protein-protein
interactions and how these effects combine with the internal stability of a protein to influence its
adsorbed-state structure and bioactivity. The objectives of this study were to develop a method to
study these combined effects under widely varying protein-protein interaction conditions using
hen egg-white lysozyme (HEWL) adsorbed on silica glass, poly(methyl methacrylate), and
polyethylene as our model systems. In order to vary protein-protein interaction effects over a wide
range, HEWL was first adsorbed to each surface type under widely varying protein solution
concentrations for 2 h to saturate the surface, followed by immersion in pure buffer solution for 15
h to equilibrate the adsorbed protein layers in the absence of additionally adsorbing protein.
Periodic measurements were made at selected time points of the areal density of the adsorbed
protein layer as an indicator of the level of protein-protein interaction effects within the layer, and
these values were then correlated with measurements of the adsorbed protein’s secondary structure
and bioactivity. The results from these studies indicate that protein-protein interaction effects help
stabilize the structure of HEWL adsorbed on silica glass, have little influence on the structural
behavior of HEWL on HDPE, and actually serve to destabilize HEWL’s structure on PMMA. The
bioactivity of HEWL on silica glass and HDPE was found to decrease in direct proportion to the
degree of adsorption-induce protein unfolding. A direct correlation between bioactivity and the
conformational state of adsorbed HEWL was less apparent on PMMA, thus suggesting that other
factors influenced HEWL’s bioactivity on this surface, such as the accessibility of HEWL’s
bioactive site being blocked by neighboring proteins or the surface itself. The developed methods
provide an effective means to characterize the influence of protein-protein interaction effects and
provide new molecular-level insights into how protein-protein interaction effects combine with
protein-surface interaction and internal protein stability effects to influence the structure and
bioactivity of adsorbed protein.
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I. INTRODUCTION
The interaction of proteins with material surfaces is of primary importance in many areas of
biotechnology and biomedical engineering, including biosensors, enzyme based
technologies, tissue engineering and regenerative medicine, implants, and biodefense. The
key element in all of these applications is the bioactive state of the protein, which can be
strongly influenced by adsorption-induced changes in a protein’s structure on an adsorbent
surface. While much work on this topic has already been reported, a fundamental
understanding on the role of different material surfaces on the conformational state, packing
arrangement, and bioactivity of adsorbed proteins is still not well understood. These
limitations are partly due to the complexities introduced by protein-protein interactions on
the adsorption responses of proteins with various levels of internal protein stability in
combination with protein-surface interactions [1-3].

As previously described by Norde [4-6] and others [7-11], when a material is exposed to a
protein-containing solution, proteins rapidly adsorb to its surfaces. Once adsorbed, forces
between the protein, surface, and solvent (e.g., electrostatic, hydrogen bonding,
hydrophobic, and/or dispersion interactions) can alter the thermodynamic state of the system
leading to spontaneous shifts in an adsorbed protein’s structure from its native state and
subsequent unfolding and spreading out on the surface. The amount that an adsorbed protein
will unfold and spread out on a surface is largely determined by the strength of the protein-
surface interactions relative to the internal stability of the protein. The extent to which
unfolding will occur is also influenced by whether or not the adjacent areas of the surface
are occupied by other adsorbed proteins and subsequent interactions with such neighboring
proteins; which, when present, result in protein-protein interactions that tend to sterically
block further unfolding and spreading. The degree to which protein-protein interaction
effects limit the unfolding or spreading of a protein on a surface can thus be simply
controlled by adjusting the concentration of the protein in solution, which influences the rate
that neighboring sites are filled.

At surface saturation, the conformational state of the final resulting adsorbed layer of protein
will thus be dependent on the combined influences of internal protein stability, protein-
surface interaction, and protein-protein interaction effects. Protein-protein interaction effects
are the least understood of these types of interactions and can be generally expected to be
proportional to the amount of the protein adsorbed on the surface (i.e., areal density of the
protein on the surface) [2]. Based on this assumption, the influence of protein-protein
interaction effects on the structure of adsorbed protein for a given type of surface should be
able to be assessed by adsorbing the protein to the surface under conditions that will provide
different degrees of areal density, which can be controlled for a given surface by varying the
protein solution concentration from which the protein is adsorbed, with higher solution
concentrations generally resulting in higher areal densities at surface saturation [12].

The objective of this research was therefore to study the influence of protein-protein
interaction effects on the structural changes and corresponding bioactivity of adsorbed
protein on three different surface chemistries, each with the potential to interact with
proteins through a distinctly different molecular mechanism. The experimental approach that
we designed to address these issues was to first adsorb the protein from varying solution
concentrations for a period of time previously determined to be sufficient to saturate the
surface (adsorption time) in order to vary the initial areal density of protein on the surface
and the subsequent degree of protein-protein interaction effects occurring within the
adsorbed layer of protein. We then rinsed the surfaces with pure buffer to remove weakly
adsorbed proteins, replaced the protein solution with pure buffer solution to remove the
ability of new proteins to adsorb to the surface, and allowed the adsorbed protein layers to
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equilibrate under pure buffer conditions while monitoring their areal density and
conformational structure by measuring the shift in absorbance and circular dichroism (CD),
respectively, until they stabilized to an apparent equilibrated state (equilibration time).
Following equilibration, bioactivity studies were then finally conducted to quantify the
influence of the applied adsorption processes on the bioactive state of the adsorbed protein.
Under these experimental conditions, differences in the optical characteristics of the
adsorbed HEWL layers with different areal densities on a given surface can be considered to
occur under constant internal protein stability and protein-surface interaction conditions,
thus isolating the influence of protein-protein interaction effects on the structural and
bioactive response of the adsorbed protein.

II. EXPERIMENTAL METHODS
II.a. Protein and Material Surfaces

Hen egg white lysozyme (HEWL) was selected for use in this study as one of the most well
characterized protein model systems [12-19]. Being a small (MW 14 kDa) relatively ‘hard’
protein with 4 disulfide bonds stabilizing its structure, HEWL is generally considered to be a
protein with relatively high internal stability (i.e., high internal protein stability) [2, 18].

The selected material surfaces included fused silica glass (glass), high density polyethylene
(HDPE), and poly(methyl methacrylate) (PMMA). These three materials were chosen to
represent some of the most commonly used materials in biotechnological and biomedical
engineering applications [19-25]. They were also selected because their chemical
compositions provide them with the potential to interact with proteins by three distinctly
different mechanisms.

Being composed of a silicon-oxygen network with a high density of hydroxyl groups on the
surface, the glass surface has strong potential to form both accepting and donating-type
hydrogen bonds with hydrogen bondable groups of a protein as well as ionic groups for
electrostatic interactions. Because hydrogen bonds stabilize the secondary structures of a
protein (as well as playing a role in tertiary structural stability), this type of surface thus has
the potential to substantially destabilize a protein’s secondary and tertiary structures by
competing with the hydrogen bonds that serve to stabilize the protein’s internal structure.

In contrast to glass, HDPE is entirely composed of saturated nonpolar alkane chains, thus
lacking the ability to interact with a protein via either hydrogen bonding or electrostatic
effects, while having the potential to exhibit strong hydrophobic interactions with a protein’s
hydrophobic amino acid residues. Given the fact that the tertiary structure of a protein is
generally stabilized by hydrophobic interactions, HDPE thus has the potential to strongly
induce tertiary unfolding of a protein, which in turn can be expected to potentially
destabilize the native secondary structures as well.

Our third surface, PMMA, can be considered to have much lower potential to interact with
the secondary structure of proteins compared to the glass surfaces since it has a much lower
density of hydrogen bondable groups, with these representing only hydrogen-bond-
accepting groups but not hydrogen-bond-donating groups. In addition, because the hydrogen
bondable groups that are present in PMMA subsequently reduce the hydrophobicity of the
surface, it can be expected to exhibit weaker hydrophobic interactions with proteins
compared with HDPE. Therefore, theoretically, PMMA should exhibit lower protein-surface
interaction effects than either glass or HDPE, with the greater protein-surface interaction
effects from glass and HDPE occurring through distinctly different mechanisms.
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II.b. Material Surface Preparation and Characterization
II.b.1. Preparation of Material Surfaces—Custom cut glass slides (0.375″ × 1.625″ ×
0.0625″, Chemglass Life Sciences) were procured to fit our custom designed CD
cuvettes[12]. HDPE and PMMA surfaces were spin–coated onto glass slides from dodecalin
(0.5% (w/w) at 1500 rpm for 60s) and chloroform solutions (1.5% (w/w) at 1000 rpm for
60s), respectively. All chemicals including the HDPE (Mw =125,000, Sigma 181900) and
PMMA (Mw=350,000, Sigma 445746) and the solvents such as dodecalin (Sigma 294772)
and chloroform (EMD Chemicals, CX 1054) were used as supplied by the manufacturer.

Glass substrates used for adsorption studies were cleaned by sonicating in “piranha” (7:3 (v/
v) H2SO4 (EMD Chemicals, SX 1244)/H2O2 (Ricca Chemicals, 3821) and basic solution
(1:1:3 (v/v/v) NH4OH (BDH Chemicals, BDH3016)/ H2O2/ H2O) at 50°C for 1 minute.
Prior to adsorption studies, all the substrates were rinsed in absolute ethanol, followed by
nanopure water and then dried under a steady stream of nitrogen gas.

II.b.2. Characterization of Material Surfaces—Surface characterization was
performed to determine the static air–water contact angle, atomic composition, film
thickness, and surface roughness of the substrates used. For all the surfaces, the static air–
water contact angle values were analyzed using a contact–angle goniometer (Kruss,
DSA-20E). Similarly, the atomic compositions were verified via X–ray photoelectron
spectroscopy (NESCA/BIO, University of Washington) and the average surface roughness
was analyzed using atomic force microscopy (Asylum Research, MFP–3D) over an area of
5μm×5μm. The thicknesses of the polymer films were characterized using variable angle
spectroscopic ellipsometry (Sopra Inc., GES–5).

II.c. Protein Adsorption and Equilibration
II.c.1 Protein Adsorption—Stock solutions of 5.0 mg/ml HEWL (Sigma, L6876) were
prepared in 10 mM potassium phosphate buffer (PPB) and filtered to remove any insoluble
aggregates. The final protein concentrations were verified via biuret method (Thermo
scientific, 23225) or absorbance at 205 nm (A205)[14, 26]. PPB was prepared by mixing
appropriate amounts of monobasic potassium phosphate (Sigma, P8708) and dibasic
potassium phosphate (Sigma, P8508) to a final solution pH of 7.4.

All adsorbent surfaces were first incubated in PPB at room temperature and then the
required amount of protein stock solution was pipetted into the buffer to make up to the
desired bulk solution concentration, with care taken to ensure that the pipet tip was below
the air–water interface during injection to avoid denaturation of the protein at this interface.
As previously mentioned, the effects of protein-protein interaction on the adsorption
responses of protein on glass, PMMA and HDPE surfaces were then varied by controlling
the adsorption-desorption kinetic parameters, namely (i) the protein concentration in
solution from which the protein was adsorbed, (ii) the time that the surfaces were exposed to
the protein solution, and (iii) the equilibration time following adsorption with the adsorbed
protein layers immersed in protein-free buffer solution.

II.c.2. Bulk Concentrations of Protein for Adsorption Studies—Protein adsorption
was conducted at room temperature under eight different protein solution concentrations
(0.03 mg/ml, 0.05 mg/ml, 0.10 mg/ml, 0.20 mg/ml, 0.40 mg/ml, 0.60 mg/ml, 0.80 mg/ml
and 1.00 mg/ml) following the adsorption process described in section S.1 of the supporting
information.

II.c.3. Adsorption Time in Protein Solution—For the protein solution concentrations
used in this study, an adsorption time of 2 hours was determined to be sufficient to saturate
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the surface for each material and protein solution concentration (see S.2 of the supporting
information), which is consistent with the previous reports on the adsorption time required
by HEWL to saturate an adsorbent surface for a wide range of solution concentrations [13,
15].

II.c.4. Equilibration Time in Pure Buffer Solution—Following the adsorption process
in the respective protein solution concentrations, the material surfaces were subsequently
washed under a steady gentle flow (12 mL/min) of protein-free buffer for five minutes in
order to remove the bulk protein solution and to desorb loosely adherent proteins. The
surfaces with the adsorbed layer of protein were then immersed in protein-free buffer
solutions for 15 hours to allow the adsorbed protein layers to structurally equilibrate.

II.d. Analysis of Adsorbed Proteins Using CD Spectroscopy
The structure of HEWL in solution, the amount of protein adsorbed on each surface, and the
subsequent adsorption-induced conformational changes on these proteins on each material
surface were determined using CD spectropolarimetry following our standardized methods
[12]. The CD spectra (consisting of the ellipticity and absorbance values over wavelengths
ranging from 190 nm to 300 nm) were obtained at room temperature using a Jasco J-810
spectropolarimeter.

The solution structure of the proteins was determined in quartz cuvettes (Starna Cells) while
the structure of the adsorbed proteins was determined using a custom-designed cuvette,
which has been previously described [12]. The CD instrument as well as the path length of
the cuvettes used in this study were calibrated to be within the recommend standards [14]
prior to these analyses (see section S.3 of the supporting information).

II.d.1. Determination of Molar Extinction Coefficient of Protein at 205 nm and
Structure of Protein in Solution—The molar extinction coefficient of the protein (ε205)
in solution at 205 nm was determined by recording the background corrected absorbance at
this wavelength (A205) for five different solution concentrations (0.20 mg/ml, 0.40 mg/ml,
0.60 mg/ml, 0.80 mg/ml and 1.00 mg/ml) in 0.10 mm pathlength (L) demountable quartz
cuvettes (Starna). The solution concentrations (Csoln) were first verified using the biuret
method (Thermo scientific, 23225)[26], following which the molar extinction coefficient of
protein in solution at 205 nm was obtained from the slope of the absorbance (A205) vs
(Csoln*L) plot.

The CD spectrum for protein in solution was then measured in the same 0.10 mm pathlength
demountable quartz cuvette (Starna) at 1.00 mg/ml solution concentration using parameters
and techniques previously described [12]. Briefly, the background-corrected solution CD
spectra were recorded from 190 nm to 300 nm at a scan rate of 50 nm/min with a response
time of 0.25 sec using six accumulations, with the CD spectra then analyzed using the
methods described in section II.d.3 below.

II.d.2. Determination of the Surface Density of Adsorbed Protein (Qads) and
Adsorbed Protein Structure—The slides supporting the material surfaces with the
adsorbed protein layers were transferred into custom-designed cuvettes and the CD spectra
were recorded before and after protein adsorption. Throughout the study, slides remained
hydrate in buffer solution. Following our established methods [12], the absorbance is
dependent only on the total mass of protein per unit area that the polarized light beam passes
through. The areal surface density of adsorbed protein (Qads) was thus estimated by the
following equation:
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(1)

where A205 is the background-corrected absorbance at 205 nm, and ε205 is the molar
extinction coefficient that was determined for the protein solution at a wavelength of 205 nm
in section II.d.1.

II.d.3. Quantification of Secondary Structure in Solution and Adsorbed State
of Protein—The background corrected CD signals that were obtained as described above
in sections II.d.1 and II.d.2 were converted to molar ellipticity (θmol) using equations 2 and
3, respectively:

(2)

(3)

where θraw is the background corrected raw CD signal, L is the path length of the cuvette
(cm), Csoln is the solution concentration of the protein (g/mL), Qads is the surface density of
adsorbed protein (g/cm2), and M is the mean residue molecular weight of 115 g/mol.

Once the CD signals were converted to their respective molar ellipticity units, the spectra
were then deconvoluted to predict secondary structure using the CONTIN/LL, SELCON3,
and CDSStr methods provided with the CDPro package using the SP43 and SP48 protein
reference datasets[16]. Each of the deconvoluted spectra was then assessed for quality by
analyzing the R-fit using non-linear regression [16]. The final secondary structures represent
the averaged structures obtained from all of the reliable outputs (R-fit < 10) resulting from
the above described data analysis methods, which are consistent with the data analysis
recommendations for CD [14, 17]. For the purposes of this study, we were primarily
interested in the percent helical structure of HEWL as a sensitive indicator of adsorption-
induced changes in the HEWL’s structure.

II.e. Bioactivity Assays of HEWL
We used a turbidometric assay to measure the enzymatic activity of HEWL, which was
carried out using a custom-designed cuvette that was previously described[12, 27]. Bioactive
substrates were prepared in PPB to a final concentration of 60 mg/liter Micrococcus
lysodeikticus (Sigma M3770) and the assays to determine the enzymatic bioactivity were
done at pH 7.4 for a time period of 10 min at 450 nm. Prior to performing the assay, samples
were incubated with the bioactive substrate at room temperature for 1 min before the
decreases in absorbance at 450 nm (ΔA450) were recorded.

II.e.1. Solution-State Bioactivity of HEWL—The solution-state activity assays were
determined by estimating the activity rate of HEWL when injected immediately into the
custom designed cuvette containing bare substrates without any adsorbed protein. For the
bioactive substrate concentration and the experimental conditions that were used in our
current study, the activity rate was found to be linear for each of the surfaces over the
protein mass range of 0.1 μg – 30 μg, suggesting that the protein’s active site was not
saturated by the bioactive substrate at these concentrations (see section S.5 of the supporting
information).
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The specific activities of the proteins in solution were subsequently calculated by
normalizing ΔA450 to the amount of protein in solution, with the values found to be constant
over the working mass range used in these studies.

II.e.2. Adsorbed-State Bioactivity of HEWL—Due to concerns that the bioactivity
assay may have some unappreciated influence on the layers of adsorbed protein, bioactivity
assays were only performed at the end of the experiment for the HEWL layers after the 15 h
equilibration period under pure buffer conditions. The bioactivities of the adsorbed proteins
were then assayed after the completion of the CD analyses. The amount of adsorbed protein
was quantified by the layer’s absorbance at 205 nm (A205), both before and after the
bioactivity assays were performed to ensure that the bioactivity assays did not cause a
measureable amount of the protein to be desorbed from the adsorbent surface. The specific
activities of the adsorbed proteins were then calculated by normalizing the ΔA450
absorbance values by the total amount of protein adsorbed on the surface (Qads* area of
adsorbent surface). The relative bioactivities (%) of the adsorbed proteins were then
determined by normalizing the measured adsorbed-state specific activity to the protein’s
solution-state specific activity.

II.f. Statistical Analysis
The results from this study are presented as the mean values ± 95% confidence intervals
(C.I.). The statistical significance of differences between mean values for different samples/
conditions was evaluated using either the Student’s t test or a nonparametric sign test [28,
29], with values of p < 0.05 being considered as statistically significant.

III.RESULTS AND DISCUSSION
III.a. Surface Characterization

Table 1 presents the results analyzed by the characterization techniques applied to the
surfaces used in this study. All of the measured values reported in Table 1 fall within the
expected range [20-24].

III.b. Areal Density of Adsorbed Protein and Protein-Protein Effects
Figure 1 presents a plot of the areal density of the adsorbed HEWL on each of our three
surfaces for each solution concentration. As these plots clearly show, 2 h of exposure to the
protein solutions resulted in very similar areal densities for each surface, which fall within
the areal densities corresponding to the theoretical limits for a saturated surface for a
monolayer of HEWL organized in a close-packed side-on orientation (0.17 μg/cm2) and
close-packed end-on orientation (0.26 μg/cm2) [13]. It is also important to note that the
surface densities at this time-point generally increased with increasing solution
concentration for each surface between these two theoretical values, with protein-protein
interaction effects considered to increase in magnitude with increased surface density. The
fact that the distribution of initial areal densities of adsorbed HEWL was quite similar for
each of our three materials also indicates that, on average, the protein-protein interaction
effects were initially quite similar for each type of surface.

As indicated by the 5 h time point in Figure 1, when the layers of adsorbed lysozyme were
allowed to relax for three hours under pure buffer solution conditions, the areal densities of
each layer spontaneously decreased to values at or below that for a close-packed side-on
orientation. Following these shifts, the areal densities were still found to be widely
distributed, thus continuing to provide a range of protein-protein interactions for each
surface type. The areal densities then appeared to stabilize with relatively little further
change with continued exposure time. However, comparison of the mean values of the
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concentrations on each of the surfaces between the 5-10 h and 10-17 h time points using a
nonparametric sign test [28, 29] reveals that the consistent slight decreases in areal density
over time do actually represent a statistically significant difference (p < 0.05), thus showing
that the lysozyme continued to desorb from the surface at a very slow rate. Most
importantly, the results for each time point during this equilibration phase of the
experiments continued to provide a broad range of areal densities, which we assume to
proportionally correspond to a broad range of protein-protein interaction effects within the
adsorbed protein layers.

III.c Adsorption-Induced Changes in Protein Secondary Structure
The influence of adsorption conditions on the secondary structure of the adsorbed HEWL is
presented in Figure 2. The percent helical structure shown in Figure 2 corresponding to the 0
h exposure times represents the native helical content of the protein in solution (38 ± 2%
helix), with the subsequent time points representing the average helical structure of the
protein layers in the adsorbed state. The 2 h time point represents the structure of the
saturated layers of the adsorbed protein after 2 h exposure to their respective protein solution
concentrations followed by rinsing in pure buffer to remove loosely bound proteins, while
the time points after 2 h represent the time given the protein to equilibrate following
adsorption while immersed in pure buffer solution (e.g., 5 h time point represents 2 h
exposure under the designated protein solution concentration followed by 3 hours of
equilibration in PPB).

As shown in Figure 2, adsorption of HEWL to each surface following 2 h exposure to the
protein solution resulted in a significant reduction of helical secondary structure for each
surface and for each solution concentration, which reflects the combined influences of
protein-surface interaction, protein-protein interaction, and internal protein stability effects
upon HEWL. Comparisons of the adsorption response at 2 h between these three surfaces
show some interesting differences. In particular, the solution concentration from which
HEWL was adsorbed had a very strong influence on the adsorbed structure on glass, with
greater helicity being retained for adsorption from increased solution concentration. In
distinct contrast to this, while a significant loss in helical structure upon adsorption also
occurred on the HDPE and PMMA surfaces, the range of the influence of solution
concentration was much reduced. In addition, the increase in solution concentration had very
different effects on the protein’s structure on these surfaces compared to the glass surface.
On PMMA, there was actually significantly reduction in the helical structure for the HEWL
layers adsorbed from solutions of higher protein concentration, while there was no
significant difference in the drop in the percent helical structure between layers adsorbed
from different solution concentrations for the HDPE surface.

The data shown in Figure 2 for the exposure times of 5, 10, and 17 h represent the structural
response of HEWL during the 15 hours of equilibration in the pure buffer following the 2 h
adsorption period. As shown in Figure 2, the structure of the HEWL on each of these
surfaces underwent significant further changes between the 2 h and 5 h overall exposure
times, but then generally tended to stabilized at the 5 h time point. Subsequent changes in
the percent helicity between the 5 h, 10 h, and 17 h time points was not significantly
different (p > 0.05) for any of our surfaces except for the transition from the 5 h to the 10 h
time exposures times for HEWL on glass, which showed slight but still statistically
significant further decreases in helicity (p < 0.01; nonparametric sign test [28, 29]).

As with the 2 h results, comparisons of the structural behavior of HEWL between our three
surfaces for the 5, 10, and 17 h time points suggest that HEWL behaved distinctly
differently on each different type of surface, with the influence of the protein solution
concentration from which the HEWL was adsorbed having the opposite effect on PMMA as
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it did on glass, with relatively little effect on HDPE. In order explore the influence of
protein-protein interaction effects more directly based on our assumption that the degree of
protein-protein interaction effects within the adsorbed HEWL layers is directly proportional
to the areal density of the layer, the values of the percent helical structure for the data shown
in Figure 2 were replotted against the areal densities for the HEWL layers from Figure 1,
with these plots presented in Figure 3.

The data presented in Figure 3 provide a much clearer picture of the influence of protein-
protein interaction effects (as represented by the areal density) on the stability of the
adsorbed HEWL (as represented by the percent helicity) for each of our three surfaces. On
the glass surface, increased areal density of the adsorbed protein layer is clearly shown to
stabilize the protein against protein-surface interaction-induced unfolding with only a 20%
decrease in the native-state % helicity (38% to 30%) for the highest areal density (0.25 μg/
cm2, reflecting a close-packed end-on structure; see Figure 2), while at the lowest areal
density (0.045 mg/cm2, reflecting an areal density 4x lower than that for a close-packed
side-on structure) caused the helicity to decrease all the way down to only 4% (i.e., 90% loss
in helicity). As shown in Figure 3.b, changes in areal density of HEWL on HDPE had
minimal influence on its helical structure with the percent helicity ranging from 12 to 22%
with an average of about 18% helicity (53% loss in % helicity). As the most interesting (and
unexpected) result, protein-protein interaction effects are shown to have the opposite effect
on HEWL on the PMMA surface compared with glass. On the PMMA surface, when
protein-protein interaction effects were decreased by the displacement of proteins from the
surface from their initial saturated condition, HEWL actually refolded to regain the
percentage of helicity lost following the initial adsorption process to attain a percent helicity
equal to its native-state solution structure.

Based on these combined results, we hypothesize the following general molecular-level
relationships between protein-surface, internal protein stability, and protein-protein
interaction effects in order to explain the observed behavior presented in Figure 3. On
surfaces with a large density of hydrogen bondable and ionic groups, such as glass, protein-
surface interaction effects will occur in the form of competition of the surface hydrogen
bondable groups with the hydrogen bonds that stabilize the secondary helical structure of the
protein [31], thus tending to destabilize the helical structures of the protein on the surface.
protein-protein interaction effects, in turn, tend to restrict the conformational freedom of
neighboring proteins thus providing a stabilizing force that helps to inhibit the unfolding
process induced by protein-surface interaction effects. Therefore under low areal density
conditions when protein-protein interaction effects are minimized, protein-surface
interaction effects tend to overcome internal protein stability effects, leading to substantial
unfolding of the protein on this type of surface. Similarly, under high areal density
conditions, protein-protein interaction effects couple with the internal protein stability
effects to help stabilize the protein, thus limiting the degree of unfolding that occurs.

In contrast to surfaces with a high density of hydrogen-bondable and ionic groups on the
surface, highly hydrophobic surfaces, such as HDPE, which do not have hydrogen bonding
capability, have the potential to strongly interact with the hydrophobic amino acid residues
that typically stabilize a protein’s tertiary structure [31]. Because of the substantial
thermodynamic driving force behind hydrophobic interactions in aqueous solution, this type
of protein-surface interaction effect dominates over both internal protein stability and
protein-protein interaction effects for HEWL, with protein-protein interaction effects then
having relatively little influence on the degree of protein unfolding that occurs upon
adsorption.
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As a third category of surface chemistry, surfaces with moderate density of hydrogen-
bondable and/or charged groups have only moderate capability to form hydrogen bonds with
the protein, while also tending to be only moderately hydrophobic. These types of surfaces
can thus be expected to exhibit relatively weak protein-surface interaction effects, with only
moderate tendency to disrupt both the hydrogen bonds that stabilize the helical secondary
structures of the adsorbed protein and moderate tendency to compete with the hydrophobic
interactions that tend to stabilize the protein’s tertiary structure. We propose that the
presence of high protein-protein interaction effects on a protein adsorbed on this type of
surface will apply additional in-plane compressive forces on the protein that will tend to
destabilize its structure, thus causing protein-protein interaction effects to contribute to the
unfolding of the protein. However, if the strong protein-protein interaction effects
contributing to this destabilization are then removed, a protein with high internal protein
stability (such as HEWL) will tend to overcome the weak protein-surface interaction effects
working to unfold the protein on the surface, resulting in a tendency for the protein to
actually refold back towards its native structure. Although speculative at this time, this
hypothesized interplay between internal protein stability, protein-surface interaction, and
protein-protein interaction effects is consistent with the results obtained from this present
study.

III.d Adsorption-Induced Changes in Protein Bioactivity
The key element in most applications where protein-surface interactions are important is the
bioactive state of the adsorbed protein. Protein bioactivity is primarily determined by the
structure and accessibility of a protein’s bioactive site, both of which are influenced by the
combination of protein-surface interaction, protein-protein interaction, and internal protein
stability effects in an adsorbed protein layer. In this section, results for the influence of these
interactions on the conformation and bioactivity of adsorbed HEWL on our three material
surfaces are presented.

III.d.1 Relationship between the Conformation and Bioactivity of Adsorbed
HEWL under Varying Protein-Protein Interaction and Protein-Surface
Interaction Conditions—Figure 4 presents the bioactivities of the adsorbed HEWL
expressed as a percentage of its solution bioactivity vs. its percent helicity for each of our
three surfaces for the layers of adsorbed HEWL at the 17 h exposure time (i.e., 2 h
immersion in protein solution followed by 15 h equilibration in pure buffer solution).

As shown in Figures 4.a (glass) and 4.b (HDPE), HEWL loses more than 60% of its
bioactivity following adsorption, with an apparent direct linear correlation between the
retained relative bioactivity of adsorbed HEWL and its percent helicity. These results
suggest that on both of these surfaces, HEWL bioactivity is primarily being influenced by
the structure of the bioactive site, with loss in helical structure from the native state
structure, which is 38% helix, reflecting the degree of conformational distortion of the
bioactive site. Comparing these results to the results shown in Figure 3 (% helicity vs. areal
density), suggests that on glass, protein-protein interaction effects primarily influence
HEWL bioactivity by acting to inhibit protein-surface interaction-induced unfolding, which
in turn helps preserve the structure of the bioactive site. Alternatively, on HDPE, for which
the adsorption response was found to be dominated by protein-surface interaction effects,
the loss in percent helicity of HEWL results in loss of bioactivity, presumably through
concomitant structural distortions in the structure of the bioactive site, but with little
influence from protein-protein interaction effects.

The bioactive response of HEWL vs. percent helicity when adsorbed on PMMA was again
quite surprising and distinctly different from the behavior of HEWL on either glass or
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HDPE. As indicated from the results presented in Figure 3, when protein-protein interaction
effects were minimized, HEWL was able to regain a percent helicity that was not
significantly different than that of its native structure (38% helicity). As shown in Figure 4.c,
the adsorbed HEWL retained up to 55% of its solution-state bioactivity under these
conditions, but with its percent bioactivity rapidly decreasing to as low as only 20% for
relatively small decreases in % helicity from that point. A strong correlation is indicated
between bioactivity and helicity as the % helicity decreased, but only down to a value of
about 35%. The apparent correlation then reversed, with bioactivity rapidly increasing as
helicity further decreased down to a value as low as about 20%. Thus, as indicated in Figure
4c, while a low correlation is found between the overall results for bioactivity and %
helicity, the data suggests two subdomains within the overall data set that exhibit strong
correlation, but in the opposite directions to one another. Surprisingly, HEWL exhibited the
highest percent bioactivity at its lowest percent helicity, which, as shown in Figure 3,
corresponds to conditions of the strongest protein-protein interaction effects. These results
suggest that the loss in bioactivity of HEWL on PMMA is not just a result of adsorption-
induced structural changes in its bioactive site. Other factors are evidently playing a
substantial role, such as possibly the influence of protein-protein interaction effects on the
protein’s orientation on the surface and the subsequent accessibility of the bioactive site for
the substrate used in the bioactive assay. It is also, of course, possible that the combination
of protein-surface interaction, protein-protein interaction, and internal protein stability
effects on this surface result in structural distortions of the bioactive site in HEWL that are
not directly reflected by the overall helicity of the protein on this surface. At this time, we
can only speculate on explanations for this behavior and further studies are required to
provide additional understanding of these intriguing results.

IV. CONCLUSION
A new experimental approach has been developed and applied to study the combined
influence of protein-surface interactions, protein-protein interactions, and internal protein
stability on the conformational behavior and bioactivity of adsorbed protein. In this paper,
we present the first application of the developed methods to characterize the adsorption
response of HEWL on glass, HDPE and PMMA surfaces, with these surfaces selected to
provide three characteristically different molecular mechanisms for their interactions with
the protein.

The results from the structural studies indicate that protein-protein interaction effects tend to
(1) stabilize the structure of HEWL on a silica glass surface, which can be expected to
exhibit strong hydrogen bond and electrostatic interactions with proteins; (2) have little
influence on the structure of HEWL on strongly hydrophobic surfaces, such as HDPE; and
(3) actually destabilize the structure of HEWL on a PMMA surface, which has only
moderate hydrogen bonding and hydrophobic character. Furthermore, the results of the
bioactivity studies indicate that protein-protein interaction effects play a less direct role on
the bioactivity of adsorbed HEWL through their influence on the adsorbed protein’s
structure, with bioactivity reducing in direct proportion to the degree of adsorption-induced
disruption of the protein’s structure, as indicated for the glass and HDPE surfaces. However,
protein-protein interaction effects may also influence adsorbed-state bioactivity by affecting
the accessibility of the protein’s bioactive site, either by directly blocking access or by
influencing the orientation of the protein such that access to the bioactive site is blocked by
the surface itself. We speculate that these later effects may be responsible for the lack of a
clear overall correlation between bioactivity and adsorbed structure of HEWL on PMMA.
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Highlights

• Influence of surface chemistry and protein-protein effects on protein adsorption

• Protein-protein effects are strongly influenced by surface chemistry

• Protein-protein effects strongly influence adsorbed protein structure

• Protein-protein effects strongly influence adsorbed protein bioactivity
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Figure 1.
Effect of varying exposure time on the surface density of HEWL adsorbed on (a) glass, (b)
HDPE, and (c) PMMA surfaces. (Exposure time point (e.g., n hours; n≥2) represents 2 h
exposure under the designated protein solution concentration followed by (n-2) hours of
equilibration in PPB) (N=3; averaged 95% C.I. = ±0.032 μg/cm2 for areal density
measurements). τside (0.17 μg/cm2 and τend (0.26 μg/cm2) refers to the theoretical full
surface coverage of HEWL for adsorption in ‘side-on’ and ‘end-on’ orientations,
respectively [13]. The decrease in areal density on each of the surface from 2-5 h, 5-10 h,
and 10-17 h are statistically significant at p < 0.05 per the non-parametric sign test [28, 29]
(see Table S.2. of the supporting information for the raw data in Fig 1).
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Figure 2.
Helical content of adsorbed HEWL on (a) glass, (b) HDPE, and (c) PMMA surface as a
function of exposure time. Symbols represent the different protein solution concentrations
that were used to adsorb the HEWL to each surface. Zero time point represents the native
helical structure of HEWL in solution, which was 38% (± 2%), consistent with the reported
secondary structure [30]. (N = 3, averaged 95% C.I. values = ±4 % helicity for each data
point). Data points for the 2 h time point for (b) and (c) have been shifted slightly for
visualization due to overlap. The black arrows indicate the direction of increasing solution
concentration from which the protein was adsorbed. (see Table S.4. of the supporting
information for the raw data in Fig. 2.)
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Figure 3.
HEWL % helicity (y-axis) vs. areal densities (x-axis) of the adsorbed HEWL layers on (a)
glass, (b) HDPE, and (c) PMMA. (N=3; averaged 95% C.I. values of ±4 % for helicity and
±0.032 μg/cm2 for areal density.) (Table S.5. in supporting information provides the raw
data in Fig. 3.)

Wei et al. Page 17

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Bioactivity vs. percent helicity for adsorbed HEWL on (a) glass, (b) HDPE, and (c) PMMA
for 17 h exposure time period. Three separate correlation lines given in (c) represent the
correlation between bioactivity and percent helical structure of lysozyme for percent helicity
< 35%, > 35%, and overall. (N=3; averaged 95% C.I. values of ±4% for helicity and ±9%
for bioactivity.)
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Table 1

Surface characterization: Atomic composition, static contact angle, film thickness, and surface roughness
analyses for each surface. (Mean ± 95% C.I., N = 3.)

Surface
Moiety C (%) S (%) N (%) O (%) Roughness

(nm)
Contact
Angle (°) Thickness (nm)

GLASS ** 25.0 (2.0) * < 1.0 49.0 (2.0) < 10.0 23 (4) NA

PMMA 76.0 (1.0) * * 24.0 (1.0) < 1.5 63 (3) 90 (10)

HDPE 96.0 (3.0) * * 3.0 (3.0) < 8.0 97 (5) 100 (10)

*
indicates a negligible value;

**
Fused glass slide also contains Zn (<1%), Al (<1%) and Si (22.0±1.0%). The presence of extra carbon composition is believed to be originating

from surface contamination due to the exposure of samples to air after the cleaning procedure. These are the typical adventitious and unavoidable
hydrocarbon impurities that adsorb spontaneously from ambient air onto the GLASS surfaces [24].; NA refers to the thickness of the GLASS slides
described in II.a.1.
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