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Abstract

Proteins that get adsorbed onto the surfaces of biomaterials immediately upon their implantation
mediate the interactions between the material and the environment. This process, in which proteins
in a complex mixture compete for adsorption sites on the surface, is determined by the
physicochemical interactions at the interface. Competitive adsorption of bovine serum albumin
(BSA), fibronectin (Fn), and collagen type I (Col 1), sequentially and from mixtures, was
investigated so as to understand the performances of different surfaces used in biomedical
applications. Quartz crystal microbalance with dissipation was used to monitor the adsorption of
these proteins onto two materials used in functional bone replacement, a titanium alloy (Ti6AI4V)
and Ti6Al4V physisorbed with poly(sodium styrene sulfonate) (poly(NaSS)), and three controls,
gold, poly(desaminotyrosyl-tyrosine ethyl ester carbonate) (poly(DTEc)) and polystyrene (PS). In
experiments with individual proteins, the adsorption was the highest with Fn and Col | and the
least with BSA. And, protein adsorption was the highest on poly(NaSS) and Ti6Al4V, and the
least on poly(DTECc). In sequential adsorption experiments, protein exchange was observed in
BSA + Fn, Fn + Col | and BSA + Col | sequences, but not in Fn + BSA and Col | + BSA due to
the lower affinity of BSA to surfaces relative to Fn and Col I. Protein adsorption was the highest
with Col I + Fn on hydrophobic surfaces. In experiments with protein mixtures, with BSA & Fn,
Fn appears to be preferentially adsorbed; with Fn & Col I, both proteins were adsorbed, probably
as multilayers; and with Col | & BSA, the total amount of protein was the highest, greater than in
sequential and individual adsorption of the two proteins, probably due to the formation of BSA
and Col | complexes. Protein conformational changes induced by the adsorbing surfaces, protein-
protein interactions, affinities of proteins appear to be the important factors that govern
competitive adsorption. The findings reported here will be useful in understanding host response
to surfaces used for implants.

"Corresponding Author: J. Kohn, kohn@dls.rutgers.edu, Phone: 1-732-445-3888, Fax: 1-732-445-5006.
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1. Introduction

The performance of a biomedical device is largely determined by the processes that occur
when exposed to the biological fluids that consist of a complex mixtures of proteins.! Upon
implantation, proteins in the surrounding biological fluids reach to the biomaterial’s surface
by diffusion. As a consequence an initial layer of protein is formed by adsorption.2 The
initial composition of this layer is determined by kinetic factors such as concentration and
molecular weight but also by the affinities of proteins. In turn, factors that play an important
part in the thermodynamics of protein adsorption factors such as the net surface charges,
hydrophobicity govern the rearrangements of the protein layer.2~* Interestingly, the
molecular weight is inversely related to adsorption kinetics by the diffusion coefficient, but
increases the thermodynamic stability of adsorbed protein with relatively larger Mw. That
leads to a process of exchange and transformations where in complex biological protein
mixtures larger replaces smaller according to VVroman.>~/ Alternatively, it was suggested the
concentration of a protein within a complex mixture remains the dominant factor
determining the composition of the adsorbed layer.8 In the current view, Vroman-like
exchange of proteins does occur, however it is driven by selective adsorption as the protein
molecules competing for a limited number of sites available for binding to the implant
surface.?

The changing properties of temporally evolving protein layers impact downstream events
such as the acute cellular responses occurring directly after implantation as well as the long-
term integration.2~4 10 An understanding of the underlying processes that govern protein
adsorption, interactions between proteins in a mixture and between the protein and the
substrate, and the subsequent conformation changes will be helpful in predicting the cellular
response to substrates in biological microenvironments. The most prominent proteins
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present in complex biological fluids and tissues at the implant site are albumin (Mw ~ 66
kDa), fibronectin (Fn, Mw =~ 250 kDa each homologous subunit) and collagen type I (Col I,
Mw ~ 360 kDa).4 11.12

Albumin is a small globular serum protein found in blood plasma where it contributes to the
regulation of the osmotic pressure and the transport of nutrients with low water solubility
such as fatty acids. In biotechnology, bovine serum albumin (BSA) is often used to block
“non-specific” adhesion sites for cells or antibodies.13 14 Fn is a large multi-domain
glycoprotein, abundant in the extracellular matrix (ECM). It plays a role in cell-adhesion to
biomaterials mediated by several cell recognition sites (e.g., C-terminal, N-terminal,
PHSRN), and the arginine-glycine-asparagine (RGD) sequence that are all recognized by the
respective cell-surface receptors.1® 16 The RGD sequence is also present in Col I, the most
abundant fibrillar ECM protein. Col | has mechanical functionality, e.g., it contributes to the
flexibility of the muscle, strength of the bonel’-19, and interacts with other ECM proteins
such as Fn.20

Previous studies tried to model the adsorption behavior in biological fluids by studying the
competitive adsorption from mixtures. The adsorption of Col | on hydrophobic polystyrene
(PS) substrates was reduced in the presence of BSA as demonstrated in isotopic labeling
experiments using sodium [3H] borohydride.2! On hydrophilic silicon wafers, modified with
hydrogen peroxide and hydrochloric acid-based solutions to increase the number of silanol
groups, BSA adsorption was inhibited by Col 1.22 In addition, when hydrophilic quartz
crystals coated with a thin layer of hexamethyldisiloxane and treated with O,-plasma were
used as a substrate, Fn displaced BSA over time, but not on hydrophobic surfaces (without
0,-plasma treatment).23

In this study, we attempt to gain an insight into the competitive adsorption behavior of BSA,
Col I and Fn and the changes that occur during maturation of the protein layer. As
substrates, we selected examples out of the most important biomaterials classes such as
titanium alloys, anionic polymer coatings as well as degradable and non-degradable polymer
coatings: poly(desaminotyrosyl-tyrosine ethyl ester carbonate) (poly(DTEc)), PS and gold.
Ti6Al4V is a commonly used Ti alloy as a permanent, functional substitute for bone.24
Poly(sodium styrene sulfonate) (poly(NaSS)) has been successfully grafted onto model
polymer/metal surfaces demonstrating great stability in physiological environments, and
promising /n vitroand in vivo results.?® Furthermore, poly(NaSS) has been shown to induce
selective Fn adsorption and conformation that promote cell attachment and inhibit bacterial
adhesion.28: 27 poly(DTECc) and its derivatives have been successfully applied in the
fabrication of scaffolds for bone regeneration, demonstrating osteocompatibility and
stimulating bone repair.28: 2% We used a quartz crystal microbalance with dissipation (QCM-
D), a technique sensitive to the nano-scale measuring changes in the resonance frequencies
and dissipation energy of an acoustic wave. These changes can be monitored to obtain
quantitative information about the changes of mass and conformation of adsorbed protein
layers.30
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2. Materials and Methods

2.1 Materials

2.1.1 QCM-D Sensors—Gold-coated QCM-D sensors (fundamental frequency of 5
MHz) with and without a 50 nm thick vapor deposited Ti6Al4V (titanium alloy with
aluminum and vanadium) layer were purchased from Q-Sense (Sweden). Some Ti6Al4V
sensors were physisorbed for 15 h with 15% poly(NaSS) in pure water (Sigma). The rest
were used as received. Gold coated sensors were divided into three groups: the first was spin
coated with 1% poly(DTEc) in tetrahydrofuran (OmniSolv), the second with 1% PS in
toluene (Sigma) and the last was used as uncoated gold substrates.

To prepare the sensors for QSense measurement, they were sonicated for 10 min in 99%
ethanol (Sigma) and twice, 10 min each, in MilliQ® ultrapure water (Millipore), followed
by drying in N, and UV ozone sterilization for 10 min.

The thickness of the poly(NaSS) layer was determined by QCM-D and by Toluidine Blue
(TB, Acros) assay. In the QCM-D experiment, the decrease in frequency (Af) of the dry
Ti6Al4V sensors after physisorption was measured at 37°C. The mass (Am) of the deposited
poly(NaSS) layer was calculated using the Sauerbrey equation: Am = -C.Af. This mass was
converted into thickness using the density of poly(NaSS) (0.801 g/cc; source: Sigma
Aldrich). For the TB assay, poly(NaSS) physisorbed crystals were immersed in an aqueous
solution of TB (5x10~* M) at 30°C for 6h. This allowed the complexation of the TB to
sulfonate (SO3~) groups. The surfaces were rinsed with a 5x10~3 M sodium hydroxide
aqueous solution to remove the non-complexed dye. The surfaces were then soaked in a
mixture of acetic acid/dH,0 (50/50 v/v, Sigma) for 24 h, inducing TB decomplexation. The
concentrations of decomplexed TB were measured by visible spectroscopy at 633 nm using
a Perkin-Elmer spectrometer lambda 25. Ti6Al4V on its own did not react with TB.

2.1.2 Protein Solutions—BSA (Sigma), human Fn (Sigma) and Col I (Sigma), were
used at different concentrations, mimicking their proportion (Fn/BSA) in human plasma.
BSA was used at 4000 pg/mL in phosphate buffered saline solution (PBS, Sigma), Fn at 20
pg/mL in PBS and Col | at 10 pg/mL in acetate buffer (0.1 M, pH 5.6).

2.2 Methods

2.2.1 Surface Characterization—The chemical composition of the surfaces was
assessed with a X-ray photoelectron spectrometer (XPS, K-Alpha XPS Instrument, Thermo
Scientific). 50 eV analyzer pass energy was used to quantify individual elements. Their
concentration was determined by detailed scans of each of the elements. The X-ray spot size
used was 400 pm. High resolution spectra were profile fitted (Thermo Avantage 4.51
software), and the resulting peaks areas were used to calculate the elemental compositions.

The wettability of the various surfaces was evaluated using a dynamic contact angle
measuring system from Data Physics, model OCA 15 equipped with a video CCD-camera
and SCA 20 software. The contact angles were measured using the sessile drop method with
water (polar liquid, Millipore), dilodomethane (apolar liquid, Sigma) and glycerol (polar
liquid, Acros). Prior to any measurement, sensors were allowed to dry overnight in a vacuum
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oven. Sensors were then positioned in a closed thermostatted chamber at 25°C saturated with
the liquid sample (to avoid evaporation) and drops of 4 L in volume were placed on the
surface by a micrometric syringe, and left undisturbed for 8 sec before measurement. The
surface energy was determined using the equations described in3! and the SCA 20 software.
Data presented are the average of 3 measurements on 3 sensors of each kind.

Atomic force microscopy (AFM) measurements were obtained with a PicoPlus scanning
probe microscope interfaced with a Picoscan 2500 controller (Keysight Technologies, USA).
Each sample was imaged with a 5 x 5 pm? piezoscanner. Imaging and roughness analyses of
PS, poly(DTEc), gold and Ti6Al4V surfaces was performed in contact mode at RT. A v-
shaped silicon cantilever (Keysight Technologies, USA) was used with a spring constant of
0.24 N/m and speed 0.5 I/s. The cantilever was calibrated using the thermal tune method
(Thermal K). The force exerted on the surfaces was of 0.85 nN. The roughness and imaging
of the poly(NaSS) physisorbed surfaces was acquired using the tapping mode because of the
adhesion observed between the sample surface and the tip. Here, a bar-shaped silicon
cantilever (Keysight Technologies, USA) was used with a spring constant ranging between
25-75 N/m, speed of 2.0 I/s and resonance frequency of 300 Hz. Three randomly distributed
areas were analyzed per surface using the PicoView 1.20 software (Keysight Technologies,
USA) and the WSx5M.32 Roughness was reported as mean roughness (Ra).

2.2.2 Single Protein Adsorption—A baseline was obtained with PBS. BSA, Fn and
Col I were then individually introduced into a QCM-D module at a rate of 25 uL/min

(37 °C). The flow was maintained until saturation was reached. PBS solution was used to
remove unattached protein molecules after saturation. The influence of the acetate buffer
used in the Col | solution was less than 5 Hz and was therefore small enough to be neglected
during the analysis.

Cell cultures using MC3T3-E1 osteoblast-like cells were conducted for 2 h on BSA, Fn and
Col | pre-adsorbed surfaces. The detailed procedure can be found in6.

2.2.3 Protein Competition—Experiments were designed to understand the competitive
adsorption of three proteins (BSA, Fn and Col 1) majorly involved in the cell response to
biomaterials on different surfaces by using QCM. The aim was to differentiate the roles of
(i) the surface, (ii) the protein/surface interactions and (iii) protein/protein interactions in the
global protein response. For this purpose proteins were presented to the surface sequentially
and from a mixture. The tests were conducted at 37°C and at a flow rate of 25 uL/min. Data
from PBS was used to obtain the baseline.

2.2.3.1 Sequential Adsorption: Each of the five surfaces was exposed to a sequence of
two proteins at a time for a total of six combinations: BSA + Fn, Fn + BSA, Col | + BSA,
BSA + Col I, Col | + Fn and Fn + Col I. The concentration of each protein was kept the
same. The adsorption of the first protein was followed until a plateau was reached. Then, a
second protein solution was introduced into the module and left until a new adlayer reached
saturation. Between injections, PBS was used to clean the system and remove unadsorbed
proteins.
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2.2.3.2 _Mixture: Two proteins in a ratio of 50/50 v/v were used in three combinations
(BSA & Fn, Col | & Fn and Col | & BSA) on each surface. The concentrations of the
proteins were kept the same. The protein solution was kept in contact with each surface until
the frequency and dissipation reached a plateau.

2.2.4 QCM-D Analysis—A QCM-D system (Q-Sense E4 instrument, Biolin Scientific,
Sweden) was used to monitor the frequency (Af) and dissipation (AD) shifts during protein
adsorption. Voigt model was used to calculate the adsorbed protein masses by including the
changes in both the frequency and dissipation, and thus taking into account the viscoelastic
contributions of the hydrated layer. Data from the 39 to the 11™ harmonics were used in the
analysis. The results were reported as mass per area (g/cm?2). To take into account the
differences in surface roughness of the different substrates, these calculated masses were
normalized to the Wenzel roughness ratio. This ratio relates the real area or “ironed area”,
the sum of the areas of all triangles, valleys and peaks, formed by three adjacent points, and
the apparent area or geometric area, which is selected during AFM analysis33 and in this
case corresponds to 25 um2.

2.4 Statistical Analysis

All the trials were conducted in triplicate. Numerical data were reported as mean + standard
deviation (SD). Statistical significance was determined by one-way analysis of variance
(ANOVA) or Kruskal-Wallis non-parametric test, depending on the distribution checked by
KS normality test using the GraphPad Prism 5.0 software. Multiple comparisons were
obtained after application of Tukey’s correction. Significance is defined as having p<0.05.

3. Results and Discussion

Representative and commercially important candidate materials from different classes of
biomaterials were used as substrates in our protein adsorption studies by QCM-D. These
were two metals (a titanium alloy and gold), an anionic polymer coating (poly(Na SS)), a
degradable polymer (poly(DTEc)) and a non-degradable polymer (PS).

3.1 Surface Characterization

The protein adsorption behavior is highly dependent on the surface chemistry, wettability
and topography. Therefore, we carried out XPS (surface elemental compaosition), contact
angle (surface energy) measurements and AFM on the five substrates: vapor deposited
Ti6Al4V and gold, physisorbed poly(NaSS) as well as spin-coated poly(DTEc) and PS.

The chemical composition of coatings of Ti6Al4V, poly(DTEc) and PS was consistent with
those in the literature (Table 1).34-38 C, N and O were present in gold substrates, both new
as well as those used and then cleaned using the manufacturer’s protocols. These are
adsorbed from the surroundings. Since the protein adsorption experiments were carried out
after a PBS wash, the effect of this layer is likely of little consequence. Successful
physisorption of poly(NaSS) was confirmed by an increase in C, reduction in Ti, Al, and V
relative to Ti6AI4V and by the presence of Na and S. However some of these changes are
small, and in some instance marginal, compared to those in chemical grafting. Chemical
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grafting is characterized by a large increase in C, a significant reduction, but not complete
absence, of Ti, Al and V, and a stoichiometric ratio of Na to S ranging between 3 and 0.3
caused both by the oxidation reaction taking place during grafting and the formation of the
grafted poly(NaSS) layer.34 35 39 \We employed the mild physisorption process to deposit
poly(NaSS) onto the fragile, titanium-alloy coating obtained by physical vapor deposition
(PVD) on a standard gold-coated QCM-D crystal. Chemical grafting requires harsh
oxidation conditions to prime for the surface immaobilization of the poly(NaSS) by radical
polymerization, that are incompatible with coating QCM-D substrates. The differences in
surface compositions in the two methods are due to a thinner poly(NaSS) layer obtained by
physisorption than by chemical grafting. The immobilization of physisorbed poly(NaSS)
onto Ti6AIl4V surfaces was confirmed by TB colorimetric method and by QCM-D. The
thickness of poly(NaSS) was found to be 11 nm (9.0x10~7 + 0.13x10~7 g/cm?) by TB and
13 nm (1.1x107% + 0.21x1076 g/cm?) by QCM-D.

Based on the contact angle data, the substrates were categorized by increasing
hydrophobicity and decreasing hydrophilicity in the order: Ti6Al4V, poly(NaSS), gold,
poly(DTEc) and PS (Table 2). The contact angles of polar liquids such as water and glycerol
and the non-solvent, apolar liquid diiodomethane changed in a consistent manner for the
individual substrates. For example, the contact angle of water is low for Ti6AI4V with ~ 35°
and high for PS with ~ 94°. Conversely, the contact angle of diiodomethane is ~ 36° for
Ti6Al4V and ~ 30° for PS. The surface energy of Ti6Al4V is ~ 15 mN/m higher than that of
PS.

Measurement of the polar and dispersive components (yP and 9) of surface energy gives
insight into the forces that are prevalent in interactions between substrates and proteins. In
Ti6Al4V and poly(NaSS) yP is large thus, suggesting that protein molecules will adsorb to
these surfaces via electrostatic forces. In contrast, y is large for gold, poly(DTEc) and PS,
which leads to interactions meditated by weak dispersion forces and other hydrophobic
contributions.*0

Introduction of sulfonate groups by chemical grafting of poly(NaSS) has been found to
increase the surface hydrophilicity of titanium alloys.3* Here we find that poly(NaSS)
physisorption does not change surface wettability significantly. This could be because by the
some of the sulfonate groups on the polymer are involved in physisorbing the polymer to
titanium, and thus fewer sulfonate groups are available to contribute to the surface
hydrophilicity and for interaction with proteins.

In addition to the surface chemistry the surface wettability is influenced by the topography
(Figure 1).41. 42 AFM analysis showed that Mean Roughness (R,) increased as PS <
poly(DTEc) < gold < poly(NaSS) < Ti6Al4V (Figure 2). Thus, smooth, hydrophobic
surfaces are obtained by spin-coating of PS*3 and poly(DTEC). In contrast, the vapor
deposition of metal-alloys produced rougher surfaces. For Ti6Al4V surfaces, we find a water
contact angle of 6,, = 35° as compared to conflicting values reported in the literature with
By = 88° and 62°.44 45 These surface energies are important in explaining the QCM-D data
discussed in later sections. The mass of the adsorbed proteins in the polar Ti6Al4V and
poly(NaSS) calculated using the Voigt model were at least 2x larger than that with the
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Sauerbrey model, they were about the same in poly(DTECc) and PS, and the two masses were
between these two extremes in gold. Voigt model takes into account the viscoelastic
properties of the adsorbed layer, while the Sauerbrey equation assumes that the adsorbed
layer is rigid. The differences in the results from these two models show that the nature of
the protein adlayer depends dramatically on the polarity of the substrate; the layer is rigid on
hydrophobic substrates, and compliant on polar substrates.

3.2 Adsorption of Individual Proteins

We studied the adsorption behavior of BSA, Fn and Col | considering the critical variables
such as concentration, Mw and diffusion coefficients (Figure 3). Five examples of important
biomaterials classes were selected as adsorption substrates based on surface properties, such
as chemical composition and wettability.#6-48 Examples of the frequency and dissipation
curves are shown in Figure 4 for gold. Similar results were obtained on other substrates.
When expressed in terms of protein mass and not in moles of protein, the results show BSA
to be the least adsorbed protein, while Col I and Fn are the most adsorbed.

That BSA had the smallest observed adsorbed surface mass on all the substrates can be
explained by considering the molar mass of BSA (66 kDa) and its affinity for surfaces as
well as all structural contributions to the quantities of adsorbed protein. The smaller size of
BSA molecule, results in faster diffusion and saturation but seems not to determine the mass
of the adsorbed layer. BSA, with a tightly packed globular shape, undergoes only little
structural reorganization following adsorption such as switching from “side-on” or “end-on”
conformation; thus only little additional molecules are able to be introduced into the surface
layer.48. 49 |n contrast, Fn not only has a higher Mw (250 kDa), but can assemble with its
long-axis perpendicular to the surface, resulting in a higher mass per unit area.16 Fn
polymerization/complex formation has also been reported.5% Col I, on the other hand, is
likely to form multiple layers and may undergo reorganization into fibrils at the surface.5! If
we take into account the affinities of those proteins to the surface, these adsorption results
are consistent with previously observed ones on similar surfaces: BSA has a lower affinity to
surfaces (K, 107> L/mol) when compared to Fn (K, 1076).

The adsorption kinetics for BSA, Fn and Col | were followed to the endpoint (Figure 4).
BSA saturated after 30 min according due to its high concentration (4000 pg/mL) and
diffusion coefficient.1” 20 By comparison, Fn achieved the steady state after a much longer
interval of 4 h, and Col | reached the plateau only after 12 h. This observation can be
explained in part by the low concentrations of Fn and Col | with 20 pg/mL and 10 pg/mL,
respectively. In addition, structural changes that occur subsequent to the initial adsorption
contribute to slower saturation as limited new binding sides are accessible over time. Thus,
the endpoint of protein adsorption is determined by the rate of protein refolding and rotation
at the surface rather than the rate of adsorption.#® This finding has implications for
biomaterials coatings as crowded protein interfaces from concentrated solutions may result
in unfavorable conformations for cell adhesion.*® At low concentrations, proteins are able to
spread and reach a conformation that minimizes the energy after adsorption.48: 49

From the perspective of the substrates, the highest surface mass of adsorbed proteins was
observed for Ti6Al4V with and without physisorbed poly(NaSS) (Figure 3). These values
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have been corrected to take into account the differences in the surface roughness.
Interestingly, when poly(NaSS) was present on Ti6Al4V, 37% more collagen was adsorbed;
BSA adsorption was slightly higher, and Fn adsorption was statistically not much different.
Although poly(NaSS) is slightly smoother than Ti6Al4V, the amount of protein adsorbed
onto poly(NaSS) is higher even after normalized to the differences in the surface area. This
finding constitutes a remarkable example of how the introduction of charged functional
groups can selectively increase adsorption for a specific protein such as Col 1.2 For
poly(NaSS) the increased binding is mediated by sulfonate groups which (1) are negatively
charged, (2) induce swelling in buffer solution leading to higher available surfaces area
(binding sites) for protein adsorption when immersed in physiological fluids,>3 and (3)
increase the protein affinity (Fn).

The protein adsorption decreased on more hydrophobic surfaces such as gold and even more
so for poly(DTEc) and PS. The mean roughness of poly(DTEc) and PS are about the same
(Figure 2). However, poly(DTECc) surfaces showed higher cell adhesion than PS, despite its
hydrophobicity and low protein adsorption profile (Figures 3 and 5). Thus, the amount of
protein adsorbed onto the surface is not always a predictor of cell adhesivity.> © This could
be because the protein molecules that actually reach the surface undergo significant
conformational rearrangements during adsorption that result in increased exposure of cell
binding sites (e.g. RGD).%’ It is possible that the amide functionality present in the DTE
repeating unit in this polymer provides hydrogen-bonding sites for cell adhesion proteins,
thus stabilizing their native state.28 The best cell attachment profile was obtained from
physisorbed poly(NaSS) this is consistent with previous results observed on sulfonated
surfaces. It is likely that the electrostatic interactions that in part govern the protein
adsorption on these surfaces alter the protein conformation in such a way as to improve the
interaction with cell integrins involved cell adhesion. In this case protein adsorption may
correlate with the cell-adhesion.2”: 45

3.3 Competitive adsorption of proteins

To mimic the adsorption behavior of proteins from complex biological fluids, we applied
combinations of the set BSA, Fn and Col I in sequence in which one protein is first adsorbed
followed by a second ( indicated by “+”), and from binary mixtures two proteins are present
in solution at the same time (indicated by “&”). The mass change deduced from QCM-D
relates to the change in the hydrated mass of the adsorbed protein. Furthermore, the
dissipation change that is evaluated from the QCM-D data could be due to changes in the
conformation of the adsorbed protein, to changes in the water content, or a combination of
the two. QCM-D by itself does not different possibilities to be distinguished, and also lacks
the specificity to identify the protein that is adsorbed. This imposes a limitation in
interpreting the results from the adsorption of multiple proteins. Nevertheless, we were able
to make reasoned conclusions about the nature of the final adsorbed protein layer by making
use of the corroborative results on these same proteins found in the literature, and by
following the changes in both mass and dissipation.

3.3.1 Sequential Adsorption—Substrates were exposed to six pairs of proteins. The
adsorbed mass of the second protein is shown in Figure 6 (left panel). Right panel shows the
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changes in frequency and dissipation on gold. All the features, including the sharp change in
AD with collagen were observed on all the other substrates as well. The protein masses
given in the figure are relative to that observed in single protein experiments. We observed
that in all instances with the exception of Col I + Fn, the adsorption of the first protein
reduced the adsorption of the second protein. This effect was more pronounced when the
first protein was larger or had a more complex architecture than the second (Fn + BSA or
Col I + BSA in Figures 6A and 6B, respectively).

In the case of BSA + Fn the amount of the two proteins adsorbed together after almost 4 h
was similar to that of Fn by itself (Table 3), e.g. on poly(NaSS), the adsorbed mass is ~ 2101
ng/cm? with BSA+ Fn and ~ 2113 ng/cm?2 with Fn. The histogram in Figure 6A, shows that
the amount of Fn adsorbed after the adsorption of BSA is 50-70% of that found with Fn by
itself. This assumes that Fn is deposited on top of BSA, but in fact a continuous
displacement of BSA by Fn occurs with time (Vroman effect), and eventually there is only
Fn on the surface. By studying the adsorption of BSA, 1gG and fibrinogen (Fg) from
mixtures onto PS coated QCM-D sensors, Green et al. determined that BSA is displaced by
other proteins: 1gG displaced BSA very quickly, while Fg was capable of desorbing both
BSA and 1gG.>* Fn exhibits the same pattern of desorption.>® By using antibody detection
they demonstrated BSA was no longer present by the time Fg saturated the surface.
Additionally, in the dissipation curves in Figures 4 and 6A, we see that AD in BSA + Fn is
twice that with Fn by itself. Large AD is associated with increased flexibility of the adsorbed
proteins.>® It is possible that the electrostatic interactions of BSA with the negatively
charged sulfonate groups of poly(NaSS) are weak enough that when Fn arrives at the
surface, it displaces BSA as postulated in the VVroman effect. These considerations lead us to
conclude that the adsorbed mass with BSA+Fn is entirely due to Fn, thus demonstrating the
Vroman effect.

Vroman effect® 6 was also observed in the sequences BSA + Col | (Figure 6B) and Fn + Col
| (Figure 6C). In these sequences, the large changes in dissipation after the introduction of
Col I show a large increase in the flexibility of the protein layer. This suggests that the
proteins are more loosely bound to the surfaces, and are capable of being displace or
undergo conformational rearrangements.

In Fn + BSA and Col | + BSA sequences, the first protein to be adsorbed prevented the
adsorption of BSA, obviously because the first protein is larger and has a greater affinity to
the surface than BSA.

The adsorption of proteins from Col | + Fn (Figure 6C) was dependent on the nature of the
surface, hydrophobicity or hydrophilicity, and the charge. Col I reduced the adsorption of Fn
on Ti6Al4V and gold, and increased it on poly(NaSS), poly(DTEc) and PS. The behavior
observed on Ti6Al4V and gold is expected as both surfaces are not charged and are
hydrophilic. Therefore, the secondary structure (triple-helix) of Col I that contains the
binding domains remains folded, thus decreasing the accessibility to the Fn-binding regions.
In contrast, poly(DTEc) and PS are hydrophobic, and poly(NaSS) is negatively charged. It is
possible that hydrophobic and electrostatic interactions, allow the secondary structure of Col
| to unfold. The resulting conformation will expose more Fn-binding sites.#8: 4° Interactions
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between Col | and Fn in physiological solutions enable the Fn molecule to acquire a more
stable conformation by increasing the number of active binding sites.®’ It is however
important to recall that once adsorbed on hydrophobic surfaces such as poly(DTEc) and PS,
the proteins are unlikely to desorb to make room for other proteins to bind. As a result,
multilayer protein associations often occur.48: 49 Fluorescent studies of Williams et al.
showed that Col | binds to Fn through a collagen binding site near the middle of the Fn
protein chain, generating a tight bond that decreases the protein diffusion coefficient but
increases the flexibility of the N-terminus of the Fn molecule (unfolding). This allows for
other binding sites to be exposed, including more regions for Col I binding and even
possible sites for self-assembling, all contributing to Fn adsorption.>8

3.3.2 Adsorption from Binary Protein Mixtures—The competition between proteins
for the adsorption sites on the surfaces was studied from binary mixtures of BSA, Fn and
Col I. Figure 7 (left panel) shows the mass of protein adsorbed on each substrate and an
example of the changes in frequency and dissipation with time. Examples of the frequency
and dissipation curves are shown in the right panel for gold. Similar results were obtained on
other substrates.

In the first moments of interaction, the sorbent surface is mainly populated by smaller and
more abundant molecules because of their faster rate of diffusion. At later stages, the
adsorbed molecules may be displaced by others with stronger affinity and tendency to be
adsorbed (usually less motile). This way, in the course of the adsorption process, the protein
population at the surface and by extension the solution will change, resulting in a protein
layer whose composition is often completely different from the initial composition.*® This
process is observed with BSA & Fn mixture (Figure 7A), as indicated by a continuous
increase in dissipation, indicative of the flexibility of the layer; in the absence of protein
exchanges, dissipation would be constant.56 As in the case of sequential adsorption, the
protein mass resulting from the mixture is similar to that of adsorption of Fn alone (Table 3).
Together with the results from section 3.3.1, we can conclude that BSA, despite being
adsorbed first onto the surface, is progressively displaced by Fn until saturation is reached.

In the Fn & Col | mixture, complete protein adsorption was attained 12 h after insertion
(Figure 7B). A sharp decrease in frequency caused by the initial adsorption of proteins was
followed by a small but continuous increase in frequency. The corresponding small decrease
in mass from 3 h to 12 h is not accompanied by an expected decrease in dissipation. Instead,
AD continues to increase, indicating that the protein layer is soft and flexible. This assertion
is consistent with the finding that Voigt mass was 5 to 20x the Sauerbrey mass only in this
set of measurements. It could be that extensive protein-protein interactions are occurring
resulting in complex formations or protein displacement, as seen earlier in the sequential
insertion of proteins (section 3.3.1). When Col | binds to Fn through a collagen binding site
near the middle of the Fn protein chain as a consequence of such interactions, Fn unfolds
exposing additional binding sites, thus allowing for more protein-protein interactions. As a
result of the ensuing self-assembly, a multilayer of proteins is likely to be formed.>8
Interestingly, the total protein mass adsorbed onto Ti6AI4V (~ 3885 ng/cm?), poly(NaSS) (~
5391 ng/cm?) and gold (= 3009 ng/cm?) is close to that of the sum of the individual masses
of Col I and Fn (Figure 3 or Table 3). On hydrophobic surfaces, poly(DTEc) and PS, the
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adsorbed protein mass is higher than the sum of masses the two proteins adsorbed
individually (~ 4374 and ~ 4564 ng/cm?, respectively). We notice a similar behavior in the
sequential adsorption of Col | + Fn (Figure 6C). The hydrophobic surfaces induce the
adsorbed proteins to unfold, and cause them to expose their normally buried hydrophobic
residues and thus increase the exposure of other protein binding sites.4® We recently
demonstrated that despite these favorable interactions with hydrophobic surfaces,
hydrophilic surfaces such as Ti6AI4V and poly(NaSS) are more advantageous for
osteoblastic cell attachment using Fn & Col | mixtures at the interface,3* as the unfolding of
the protein at the hydrophobic surface may lead to protein denaturation or loss of activity.>?

The observations with the Col | & BSA mixture were quite different (Figure 7C and Table
3): on all the surfaces, not only is the behavior different form the two other mixtures, but the
amount of protein adsorbed was higher than the sequential combinations or the sum of the
individual values. The change in AD was also greater, indicating more viscous behavior of
the adsorbed proteins. This could be caused by the formation of BSA-Col | complexes at
before being adsorbed onto the substrate. At the pHs used in these experiments (7.4,
physiological), Col I interacts more easily with other proteins in solution.9 BSA contains
numerous binding sites for hydrophobic molecules that are also present in the Col |
molecule.b? Since the concentration of BSA is the highest of the three proteins used in study,
numerous interactions can occur. Because of small size and globular shape of BSA and the
fibrous structure of Col I, BSA molecules interact with the sites that are less accessible to a
larger structured protein. All these factors contribute significantly to the increased
adsorption of the Col | & BSA mixture.

Conclusions

The study of the adsorption of BSA, Fn and Col | onto Ti6Al4V, poly(NaSS), gold,
poly(DTEc) and PS showed that the competitive adsorption is determined by the type of
proteins present in the solution and the nature (hydrophilic/hydrophobic/charged) of the
surface. Conformational changes of the proteins that occur upon adsorption plays a large
role in this process.

We find that the adsorption of larger proteins that undergo conformational change (Fn and
Col 1) is higher than that of small-tightly packed proteins (BSA). The proteins we have
studied have a greater affinity to hydrophilic surfaces. Poly(NaSS) and Ti6Al4V were the
most adsorptive surfaces. Poly(DTEc) was the least adsorptive surface, although cell
attachment was the highest.

Vroman effect was seen in sequential adsorptions of BSA + Fn, Fn + Col | and BSA + Col 1.
With Fn + BSA and Col | + BSA, the first protein to adsorb prevented the adsorption of the
second protein. In the Col | + Fn sequence, the adsorption of Fn was greater than its
individual values. This is attributed to the electrostatic interactions between proteins. The
most hydrophobic surfaces adsorbed the most protein likely by causing the secondary
structure of Col | to unfold and thus increasing exposing the binding sites.
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Proteins with a higher affinity to the surfaces are preferentially adsorbed even when present
in a mixture with smaller proteins with weaker affinity; adsorption from BSA & Fn mixtures
was similar to that of Fn by itself. With molecules of similar affinity to the surface, the
adsorbed mass is twice the individual masses, suggesting formation of layered structure; this
was observed in Fn & Col I mixtures. The Col | & BSA mixture was unique in that it
showed the highest protein adsorption among the three mixtures. This could be due to the
formation of BSA and Col | complexes favored at the higher BSA concentration and basic
pH.
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Figure 1.
Topography (5 x 5 um?) of Ti6Al4V, poly(NaSS), gold, poly(DTEc) and PS surfaces

obtained by AFM.
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Figure 2.
Mean roughness (Ra) of Ti6Al4V, poly(NaSS), gold, poly(DTEc) and PS surfaces

determined by AFM. The Wenzel ratios for these five substrates are 1.01557, 1.00727,
1.00156, 1.00046, and 1.00039, respectively.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 August 23.

PS




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Felgueiras et al. Page 19

40007 ——4 —FH
|i{ *%k% *%k% **%k% *%x% :I TI6A|4V
*%k K *%k K *% 1 Poly(NaSS)
C\IA 3000_ *%k % *%k% % _T_ *%k%k % |:| G
= [ old
L _ BB Poly(DTEc)
£ 2000 ¥ 1 mE PS
N
()]
®
= 1000-
Ll L ,
BSA Fn Col |
Figure 3.

Single protein adsorption of BSA, Fn and Col | onto Ti6Al4V, poly(NaSS), gold,
poly(DTEc) and PS, after saturation (37°C and 25 pL/min). Significant differences between
surfaces pre-adsorbed with the same protein are indicated by * (* p<0.05, ** p<0.001 and
*** n<0.0001).
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Figure 4.

Representation of frequency (Af) and dissipation (AD) changes (9t harmonic) with time
during single protein adsorption onto gold sensors (example), at 37°C and 25 puL/min.
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Figure 5.

Correlation between the amounts of BSA, Fn and Col | adsorbed onto the five surfaces and
the MC3T3-E1 cell attachment in the presence of the same proteins (the actual amount of
cells attached to each surface can be found in2’).
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Page 22

Left panel: Adsorption of the second protein onto Ti6Al4V, poly(NaSS), gold, poly(DTEc)
and PS after the adsorption of the first protein, until saturation. The protein percentages
shown in the left panel is the ratio (as %) of the amount of the second protein adsorbed, after
a first protein, to the amount adsorbed when the second protein is present by itself on the
same surface (100%). Right panel: Representation of frequency (Af) and dissipation (AD)
changes (9" harmonic) with time during sequential adsorption of proteins onto gold sensors.
(A) BSA + Fnand Fn + BSA; (B) BSA + Col | and Col | + BSA,; (C) Fn + Col I and Col | +

Fn, at 37°C and 25 pL/min.
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Figure 7.

Left panel: Mass density changes on Ti6Al4V, poly(NaSS), gold, poly(DTEc) and PS as a
result of the adsorption of binary mixtures (two proteins in solution). Significant differences
between surfaces are indicated by * (* p<0.05, ** p<0.001 and *** p<0.0001). Right panel:
Representation of frequency (Af) and dissipation (AD) changes (9t harmonic) with time
during adsorption of mixtures of proteins onto gold sensors (A) BSA & Fn; (B) Fn & Col I;
(C) Col I & BSA, at 37°C and 25 pL/min.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 August 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Felgueiras et al.

Page 24

Table 1.
XPS elemental composition of bare Ti6Al4V, poly(NaSS) physisorbed Ti6Al4V, gold, poly(DTEc) and PS
surfaces.
XPS Atomic Percentage
Surface Au N C o Ti Al \% Na S Impurity
Ti6AI4V - - 33+10 188+24 569433 17.2+20 33+0.1 - - 0.6+0.1
Poly(NaSS) - - 53+33 154+13 494+27 161+24 17+03 108+19 07+01 0700
Au 50.0+58 9004 289+34 13342 - - - - - 43+07
Poly(DTEC) - 40+01 750+05 21.0+06 - - - - - -
PS - - 100.0+0.0 - - - - - - -
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Table 2.

Page 25

Contact angles of water (6y,), diiodomethane (84) and gycerol (84), and dispersive component (v9), polar

component (yP) and surface energy (Ay) of Ti6AI4V, poly(NaSS) physisorbed Ti6AI4V, gold, poly(DTEc)
and PS surfaces.

Contact Angles

Surface Energy

Surfaces 0y (°) 64 (%) 64 (°) y4(MN/m) P (MN/m) Ay (MN/m)
Ti6AlI4V 349+96 36.2+4.2 548+37 24.6 271.7 52.3+3.0
Poly(NaSS) 421+19 341+33 58035 221 28.3 50.1+22
Gold 60.1+4.0 333%27 67157 34.1 10.5 446+4.4
Poly(DTEc) 83.6+38 321+20 76.3+4.2 321 8.6 40.7+£2.7
PS 940+15 304x08 78303 36.8 0.7 375+14
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