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Abstract

We measured adsorption of bovine serum albumin (BSA) and fibrinogen (Fg) onto six distinct
bare and dextran- and hyaluronate-modified silicon surfaces created using two dextran grafting
densities and three hyaluronic acid (HA) sodium salts derived from human umbilical cord, rooster
comb and streptococcus zooepidemicus. Film thickness and surface morphology depended on HA
molecular weight and concentration. BSA coverage was enhanced on surfaces upon competitive
adsorption of BSA:Fg mixtures. Dextranization differentially reduced protein adsorption onto
surfaces based on oxidation state. Hyaluronization was demonstrated to provide the greatest
resistance to protein coverage, equivalent to that of the most resistant dextranized surface.
Resistance to protein adsorption was independent of the type of hyaluronic acid utilized. With
changing bulk protein concentration from 20 to 40 ug mI~2 for each species, Fg coverage on
silicon increased by 4x, whereas both BSA and Fg adsorption on dextran and HA were far less
dependent of protein bulk concentration.
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Introduction

A universal definition of biocompatibility for devices and indwelling biomaterials,
particularly for those in direct contact with blood, has yet to be established (Castner and
Ratner 2002). However, device or implant failure has been consistently linked to biomaterial
and biomedical device surfaces that provoke blood clotting, tissue inflammation, and
infection (Edmunds, Jr. et al. 2003). Blood contact with a biomaterial initiates rapid
adsorption of plasma proteins, which often elicits the foreign body reaction heralded by a
massive inflammatory response. Albumin and fibrinogen, two major blood proteins, are
among those first molecules selectively adsorbed. Their concentrations and the
concentrations of other adsorbed proteins on a surface continually vary. As the molecules
compete for surface occupancy sites, they become tightly packed, and may become
irreversibly bound and immobilized on the interface (Edmunds, Jr. et al. 2003). Adsorbed
plasma proteins can also change conformation, relative to their bulk structure, to a limited
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degree such that “receptor” amino acid sequences are exposed. These sequences can provide
signals that are specifically recognized by cells or by other macromolecules circulating in
blood, leading to initiation of thrombogenesis, platelet adhesion, platelet aggregation, as
well as complement activation leading to leukocyte aggregation (Castner and Ratner 2002;
Edmunds, Jr. et al. 2003) or other biological responses.

Numerous experimental techniques have been developed both to identify the type of, and
quantify the amount of, physisorbed proteins (Horbett and Brash 1995). Analytical
approaches to study protein adsorption have included use of radioactive labels (Dejardin et
al. 1995; Grunkemeier et al. 2000; Grunkemeier et al. 2001; Jenney and Anderson 2000;
Martins et al. 2003; Tsai et al. 1999; Tsai et al. 2002; Tsai and Horbett 1999), fluorescence
tagging (Kim and Somorjai 2003; Toworfe et al. 2004), gel electrophoresis and immunoblot
analysis (Babensee et al. 1998; Cornelius et al. 2003; Cornelius and Brash 1999; Klomp et
al. 1999; Weber et al. 2001), total internal reflection fluorescence and in situ ellipsometry
(Lassen and Malmsten 1996a; Lassen and Malmsten 1996b; Lassen and Malmsten 1997),
and electron spectroscopy for chemical analysis and time-of-flight secondary ion mass
spectrometry to characterize surfaces containing multiple types of adsorbed proteins
(Wagner et al. 2003a; Wagner et al. 2003b).

We have previously demonstrated that high-performance liquid chromatography (HPLC) is
an effective tool for investigating protein adsorption from multicomponent mixtures onto
biomaterial surfaces (Ombelli et al. 2005). HPLC chromatograms yield both quantitative and
qualitative information via peak area and retention time, respectively, for analysis of protein
mixtures. Since HPLC is an ex situ technique, the adsorbed proteins must be completely
removed from the surface for accurate measurements to be made. In our approach, very
nearly 100% of the adsorbed proteins studied are removed by rinsing the surfaces with
CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), which solubilizes
membrane proteins while preserving their native structure (Engel et al. 2003).

We have also been pursuing new synthetic surface coatings that provide reproducible
control of surface chemical composition and structural morphology. We seek to create
biomaterial coatings that incorporate molecular elements of the vascular endothelial surface
layer, or glycocalyx. This particular biological structure is composed of polysaccharides and
proteoglycans (Cryer 1983)}, which have previously been studied as coatings for
biomaterials (Dai et al. 2000; Hartley et al. 2002; Mason et al. 2000). The endothelial
glycocalyx surface layer is particularly rich in hyaluronic acid (HA), making it an attractive
molecule to study for vascular biomaterial applications. The glycocalyx in general merits
this attention since it serves as the direct molecular interface mediating contact between
circulating blood and the vessel wall. Providing a biomaterial surface structure that includes
molecular constituents of the endothelial cell surface layer should help to confer the
protection from adverse physiological responses that is afforded naturally by the glycocalyx
in vivo.

In previous studies we demonstrated our ability to prepare dextran coatings in which we
controlled thickness, wettability and roughness by varying molecular weight, polydispersity
(Ombelli et al. 2002; Ombelli et al. 2003) and degree of oxidation (Miksa et al. 2004; Miksa
et al. 2006). We now extend that work to evaluate competitive adsorption of bovine serum
albumin (BSA) and bovine fibrinogen (Fg) onto dextranized as well as introduce
competitive adsorption on sodium hyaluronate (HA) coatings. Consistent with prior studies
(Ombelli et al. 2005), sparsely grafted dextran is more effective than tightly bound (high
grafting density) dextran in suppressing individual and total protein adsorption. The
hyaluronized surfaces are equally effective as the sparsely grafted dextran layers at reducing

Biofouling. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ombelli et al. Page 3

protein adsorption. In competitive adsorption studies, dextranized and hyaluronized surfaces
attract a greater mass of BSA than Fg to their surfaces.

Experimental

Materials and methods

All reagents and solvents were used as received unless otherwise stated.
Aminopropyltriethoxysilane (APTES), sodium periodate, 99% (NalOg), sodium
cyanoborohydrate (NaBH3CN), and dimethylformamide were purchased from Sigma-
Aldrich Co. Dextran prepared from Leuconostoc ssp (Mw = 110,000, Mw Mn™1 = 1.52) was
supplied by Fluka Chemie. All Sodium Hyaluronate (NaHA) was obtained by Sigma:
Hyaluronic Acid Sodium Salt from Human Umbilical Cord (ref H1876, lot 092K 1070,
molecular weight 3-5.8 million), Hyaluronic Acid Sodium Salt from Rooster Comb (ref
H5388, molecular weight 1.3-2.0 million), and Hyaluronic Acid Sodium Salt from
Streptococcus Zooepidemicus (ref H9390, molecular weight 0.85-1.6 million). N-Ethyl-N’-
(3-dimethylaminopropyl) carbodiimide (EDC, Sigma, 39391), and N-Hydroxysuccinimide
(NHS, Sigma, 13,067-2) were used in attaching the NaHA to the surface. The identical batch
of streptococcus zooepidemicus NaHA was investigated previously by Tadmor et al.
(Tadmor et al. 2002) and found to have a viscosity average molecular weight of 540K in
0.1M NaCl solution and an overlap concentration of 0.8 mg ml~1 in HEPES buffer, which
was deemed a “very good solvent for the HA.” Moreover a persistence length of 4.5t0 9 nm
was noted. For good solvent conditions the overlap concentration for the other NaHA
molecular weight is given by ¢*(M) = ¢*(540k) (M(540k) 98, Correspondingly, the rooster
comb and human NaHA’s have overlap concentrations of 0.4 to 0.3 and 0.2 to 0.1 mg ml™1,
respectively. Note that the overlap concentration decreases as the chain size increases,
indicating that the longer chains begin to entangle at lower concentrations than do the
shorter ones.

Double side polished silicon wafers having a surface area of ~40 cm? for protein adsorption
studies and single side polished silicon wafers measuring 35 mm x 15 mm for zeta potential
measurement were purchased from Silicon Quest Int’l (Santa Clara, CA). BSA, lyophilized,
fatty acids- and globulin-free was obtained from Sigma Chemical Co., USA, as were Fg
(fraction I; >75% clottable protein) and CHAPS (Sigma C3023). The proteins, selected
based on our previous development of the HPLC method for protein quantification (Ombelli
et al. 2005), were used without further purification. For surface preparation, the water came
from a Millipore® filtration system and had a resistivity of 18.2 mQ. To prepare protein
solutions and clean the experimental apparatus, water came from a Barnstead Mega-Pure®
MP-1 water purification system.

Surface Preparation

Dextranized Surfaces

We prepared dextranized silicon wafers using the experimental method detailed in previous
publications (Miksa et al. 2004; Miksa et al. 2006; Ombelli et al. 2002; Ombelli et al. 2003;
Ombelli et al. 2005). The dextranized surface for this experiment was obtained by oxidizing
dextran for either 0.5 or 4 h prior to grafting on amino-functionalized silicon, with full detail
of the method having been previously reported (Miksa et al. 2006). These two oxidation
times were selected because they were shown to yield surfaces having similar wettability,
roughness and thickness but different adhesion force characteristics indicating the onset of
multilayer dextran formation for the longer oxidation time (Miksa et al. 2006). Briefly, our
dextran grafting procedure requires silicon surfaces first be etched clean by immersion in
“piranha” solution (70% H,SO,4 and 30% H,0,, v v_1). After washing with, and soaking in,
water, surfaces were dried with compressed No(g) and exposed to ultra violet light in a
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UVO-Cleaner (Model 144A, Jelight Company Inc.; Irvine, CA). The resultant homogeneous
silanol layer was reacted with APTES deposited by vapor deposition under inert atmosphere
in a glove box. To control the grafting density of dextran on APTES, aqueous dextran
solutions (1 mg ml~1) were prepared and oxidized for the predetermined time (0.5 or 4 h)
before being transferred to a beaker containing NaBH3CN. After mixing, these solutions
were transferred to Petri dishes containing APTES modified silicon wafers, which were left
on an orbital shaker overnight. Subsequently, the wafers were removed from solution and
were washed with, and sonicated in, water.

Hyaluronized Surfaces

We prepared hyaluronized silicon wafers using the chemistry depicted in Figure 1.
Concentrations of NaHA in the range of 0.2 mg ml~1 to 3.4 mg mI~1 dissolved in 15 ml of
Millipore H,0. For reference, the upper concentration limit corresponds to the concentration
of NaHA in synovial fluid. NHS, measured in the glovebox, was dissolved in 3 ml of
Millipore H,0. Once dissolved, the EDC and Millipore H,O were added to the NHS+H,0
and raised to a volume of 5 ml. The ratio of NHS to EDC (40 mM:20 mM) was based on
published literature values (Stile et al. 2002). The NaHA was dissolved in Millipore H,O
and 1 ul of hydrochloric acid (HCI; Fischer Scientific) was added to lower the pH of the
solution from 6.1 + 0.2 to 4.1 £ 0.6. Once the NaHA was completely dissolved, the EDC and
NHS were added to bring the reaction volume to 20 ml. The etched silicon wafers, prior to
incubation, were immersed in Phosphate Buffered Saline (PBS; Sigma, theoretical pH 7.4)
on a shaker for ten minutes and rinsed with Millipore H,O. The immobilization reaction
proceeded at room temperature on a shaker for 20 hr. Following the incubation time, all
surfaces were washed with Millipore H,O and sonicated for 20 min in Millipore H,0.

Surface Characterization

Ellipsometry

Results for dextranized surface characterization including ellipsometry, atomic force
microscopy and contact angle measurement have previously been reported (Miksa et al.
2006). Surface characterization of hyaluronized surfaces by multiple modalities is described
below, as is the XPS and zeta potential analysis of both the dextranized and hyaluronized
surfaces.

The dried film thickness of NaHA at the three different molecular weights was measured as
a function of NaHA concentration using a Rudolph Research AutoEL-I1 ellipsometer. These
initial studies were conducted to guide selection of the optimum NaHA molecular weight
and concentration for protein adsorption experiments. Measurements were performed on
three separate samples, with mean values and standard deviations plotted in Figure 2.
Solution concentrations for immersion ranged from dilute (below c*, the overlap
concentration) to semi-dilute (up to a maximum of 3.4 mg mi~1). For the two highest
molecular weight NaHA subtypes, layer thickness increases strongly for concentrations
greater than the overlap but decreased after a concentration of 1.2 mg ml~1 is reached. This
initial increase may result from the dramatic increase in viscosity above the overlap
concentration whereas the decrease might result from slower relaxations and reduced
reactivity near the crowded surface. Further studies are needed to understand the mechanism
underlying these observations. Other than the thickness at 1.2 mg ml~3, the streptococcus
zooepidemicus NaHA was relatively insensitive to solution concentration, averaging about
50 nm from 0.2 to 3.4 g mlI™1. Human NaHA produced the thickest films and streptococcus
zooepidemicus NaHa produced the thinnest films, reflecting the high and low molar mass of
these molecules, respectively. The thickest layers occurred for a concentration of 1.2 mg
ml~1, which is above the overlap concentration for all NaHA (Tadmor et al. 2002). Overall
thickness ranged from 41 to 122 nm.
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Atomic Force Microscopy

AFM contact force measurements and surface morphology images were obtained using a
Digital Instruments Multimode Scanning Probe Microscope equipped with a Veeco fluid
imaging cell and Veeco model NP-S10 tips. Tips were etched using a piranha solution
before data collection. Contact force measurements were made using contact mode to
determine the nominal contact force of the tip to the sample, F = kAZ, where AZ is distance
from the control point to Vcsmin and k is the spring constant, 0.32 N m™1 (Digital
Instruments Veeco Metrology Group 1999). Force measurements were taken in 5 different
spots per sample and the AZ values were averaged. The sensitivity representing the
cantilever deflection signal versus voltage applied to the piezo was calibrated before
measurement. Results of the contact force measurements appear in Figure 3.

The data demonstrate that human NaHa yielded the highest contact force, whereas contact
force was nearly indistinguishable between the rooster comb and streptococcus
zooepidemicus species over the range of concentrations tested. As shown in Figure 2, the
human NaHA also produced the thickest films consistent with deeper penetration of the tip
necessitating greater pull out force. The insensitivity to film thickness difference between
rooster and streptococcus zooepidemicus NaHA layers suggests that film thickness is not the
lone determinant (e.g., molecular weight of grafted chains). The contact force was
essentially equal for all three species at a concentration of 1.2 mg ml~L. Based on this result
and the results in Figure 2 indicating an intermediate thickness value for rooster comb
NaHA, we selected this particular NaHA concentration of 1.2 mg ml~1 for making grafted
surfaces to investigate protein adsorption characteristics. Further analysis including surface
topography and wettability were carried out on these NaHA coatings as a function of
solution concentration. X-ray photoelectron spectroscopy (XPS) and zeta potential
measurements were performed on the surface types used for the protein adsorption analysis.

Topographical and flattened images of the three types of hyaluronized surfaces were
captured using AFM in the fluid tapping mode at a height of 30 nm. The surface roughness

I
was determined as RA=;ZH IZjl, the arithmetic average of the absolute values of the

n
surface height deviations measured from the mean plane, and RMS= VZi—] |Z-/| /", or root

mean square measure of the average of the height deviations taken from the mean data
plane. The software package Nanoscope 111, version 5.12r2 was used to analyze the 500 nm
scan size for each image. The ranges of values for RA roughness were 1.2—-6.1 nm (human
NaHA), 0.3-4.7 nm (rooster comb NaHA) and 0.2-3.2 nm (streptococcus zooepidemicus
NaHA) whereas the ranges of values for RMS roughness were 1.6-7.4 nm (human NaHA),
0.5-7.4 nm (rooster comb NaHA) and 0.3-5.7 nm (streptococcus zooepidemicus NaHA).
Although these roughness values showed no discernible trend with bulk concentration, they
are consistent in magnitude with the measured persistence length of NaHA, 4.5t0 9 nm
(Tadmor et al. 2002).

As an example, representative AFM images are demonstrated in Figure 4 for four different
concentrations of rooster comb NaHA, including 0.5 mg mI~1, which is below the overlap
concentration, and 1.2, 2.0 and 3.4 mg ml~1 which encompass the semidilute regime and the
concentration of NaHA in synovial fluid (3.4 mg mI™1). At 1.2 mg mI~1 there is an inversion
on the surface, seen on the topographic AFM, from brown to yellow. This suggests that the
surface is completely covered by NaHA and a thicker layer denoted by surface features is
observed. Similar features were noted for both the human NaHA and streptococcus
zooepidemicus NaHA coated surfaces, which are not shown.
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Figure 5 quantifies the dimensions of the surface features, such as those shown in Fig. 4.
The diameter ranges from 21.8 to 188.6 nm for all specimens studied while the height ranges
from 3.2-17.8 nm for all specimens examined. The diameters are not corrected for tip
deconvolution and therefore the actual size is less than those reported. While the height and
diameter features appear more or less uniform across the concentration spectrum for
streptococcus zooepidemicus NaHA, the general trend is for the diameter and height sizes of
the human NaHA and rooster comb NaHA to fluctuate in parallel below 1.2 mg mI~1 (height
and width increase and decrease together with increasing concentration) and to fluctuate
inversely above this concentration. In particular, at 3.4 mg ml~1, the surface becomes rather
smooth as noted by the flat pancake like features shown in Figure 4D. Similar surface
structure is also observed for the human NaHA and streptococcus zooepidemicus NaHA
surfaces at this highest concentration evaluated. Although quite small, these features are on
the size scale of adsorbed proteins and therefore their existence must be identified and
characterized for any future investigation to fully interpret the protein resistance associated
with such surfaces.

X-ray photoelectron spectroscopy characterization

The surfaces were also evaluated for confirmation of dextran and HA immobilization using
XPS with a Physical Electronics Quantum 2000 spectrometer with a 200 um spot size and
monochromatic Al Ka. radiation (1486.68 eV). The X-ray source was operated at 50 W and
15 kV. Core-level signals were obtained at photoelectron takeoff angles of 45° (2.5 nm
detection depths) with respect to the sample surface.

For dextranized silicon surfaces, XPS multiplex surveys showed the ratio of C to N on
average to be 11.1. Our experiments yield a C to N ratio of 7.6 for the APTES layer, i.e., the
aminated silicon. This is consistent with values ranging from 5.5 to 10.8 as appear in the
literature, depending on the extent of hydrolysis (Howarter and Youngblood 2006). Since
the dextran layer thickness can vary, detection of nitrogen from within the APTES layer is
possible. The amine groups may be exposed within the dextran layer, since the AFM images
as seen, for instance, in (Tsai et al. 2011a) for surfaces prepared identically can appear
patchy. For our hyaluronized silicon surfaces made at the NaHA concentration of 1.2 mg
mlI~1, XPS used under the same conditions as for dextran showed the ratio of C to N on
average to be 10.8 (streptococcus zooepidemicus NaHA), 11.2 (human NaHA), and 11.4
(rooster comb NaHA). These values are all consistent with XPS results for HA films
determined in chemisorptions experiments (D'Sa et al. 2011; Suh et al. 2005). Given that the
ellipsometric data presented in Figure 2 indicate the HA films to be much thicker than the
2.5 nm detection depth used, it is unlikely that these measurements include interference from
other chemical constituents present.

Zeta potential measurements

The zeta-potential of single side flat surface samples was measured using a DelsaNano-C
zeta potential and submicron particle size analyzer (Beckmann Coulter) utilizing the flat
surface cell. The electrophoretic mobility of probe particles between the flat surface samples
and cell surface was measured by using electrophoretic light scattering. The zeta potential in
volts (&) was calculated from the Smoluchowski equation:

=2y,
£

in which n is the viscosity of the solution at 25 °C, ¢ is the dielectric constant of the solution
at 25 °C and U is the electrophoretic mobility of probe particles. The solution (1073 M NaCl
solution (40 ml) with probe particles (140 pl), pH = 7.01) was used in all measurements.
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Each measurement was the average of 70 individual measurements performed at various
positions (10 measurements each in 7 positions). All measurements were performed using at
least three distinct surface samples. The technique was applied knowing that assessment of
neutral molecules (e.g., dextran) is difficult to achieve using electrophoretic techniques.

For HA, the zeta potential measurements were independent of the various HA subtypes (& =
—11.8 £ 3.4 mV), indicating that the carboxylic acid functional groups of the HA layers
confer a net negative surface charge. Zeta potential measurements of the dextranized
surfaces were attempted, however the values obtained were not reproducible and varied
between —100 and 100 mV. This phenomenon results from our preparation method for
dextranized surfaces, which involves the oxidation of dextran using sodium periodate to
prepare dialdehydes that covalently bind to the aminated surfaces. The resulting dextranized
surfaces contain alcohols and aldehydes that do not ionize appreciably at physiologic pH
(Hardwick 2007). Therefore, zeta potential measurements, which rely on flowing charged
particles over the surface, were unable to determine reliably the surface charge of the nearly
neutral dextranized surfaces.

Differential Quantification of Protein Adsorption

We prepared protein solutions and measured protein adsorption on the various silicon,
dextran and NaHA surface subtypes using the experimental method detailed previously
(Ombelli et al. 2005). Briefly, single and mixed solutions of BSA and Fg were prepared
using 40 mM phosphate-buffer saline (PBS) at pH 7.0. Analytical grade chemicals for the
buffer preparation were used without further purification. For these studies we restricted our
choice of surfaces to six preparations: bare silicon, dextranized (0.5 hr and 4 hr oxidation
time) and human NaHA, rooster comb NaHA and streptococcus zooepidemicus NaHA at
1.2 mg ml~1 concentration.

Proteins were adsorbed on surfaces by immersing various samples in protein-laden PBS
solution containing a 50/50 mixture of BSA and Fg at concentrations of 20 and 40 pg ml~2
each for prescribed intervals of 10, 30, 60 or 120 min. Surfaces were rinsed with PBS to
remove loosely bound proteins. The residual adsorbed proteins were eluted from the
surfaces by immersion in 8 mM CHAPS solution on a shaker. Eluted protein samples were
dialyzed in PBS to remove the CHAPS. Samples were frozen and then freeze-dried. The
desorbed proteins were then identified and quantified using a Beckman Coulter System
Gold® HPLC system running 32 Karat™ software to perform size exclusion
chromatography. A detailed description of each step of the procedure is described elsewhere
(Ombelli et al. 2005). All experiments were run in triplicate, with the mean values and
standard deviations determined from the resultant measurements.

The elution spectra of single protein and binary 50/50 mixtures of BSA and Fg over a range
of concentrations are shown in Figure 6, with data plotted with arbitrary magnitude as
absorbance at 210 nm (Ay1) versus retention time (min). This comparison allows unique
and distinct identification of the two main peaks appearing at 11.9 min and 16.5 min for Fg
(340 kDa) and BSA (66 kDa), respectively and provides calibration for the quantitative
assessment of protein adsorption. Overall, the technique requires 24-36 hr from surface
immersion in protein solution to completion of the quantitative analysis, which is
sufficiently sensitive to detect nanogram amounts of protein. Protein recovery is nearly
complete (Ombelli et al. 2005): a few additional experiments were conducted using
fluorescently labeled proteins (Texas-Red tagged albumin and Oregon-Green tagged
fibrinogen) to demonstrate that any residual protein remaining on the study surfaces
following elution or on transfer surfaces such as the dialysis membrane was below the
detection limit.
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Contact Angle Measurement

Using a 2 ul sessile drop, water contact angle measurements were performed on bare,
dextranized and hyaluronized surfaces before and after protein adsorption. Samples were not
conditioned prior to measurements being made. For the protein cases, samples were
immersed for 1 h in either single or double protein solutions at concentrations of 20 pg mi~2
in PBS. All measurements were made under ambient conditions with relative humidity
~50%. The analysis was performed using a Ramé-Hart (Mountain Lakes, NJ) model 100-00
goniometer with a software-controlled auto-pipetting system and the DROPimage advanced
software package. Determination of the contact angle was by numerical curve fitting of the
droplet profile at the three-phase boundary from the image captured by a CCD camera. Data
were collected 1 to 2 s after the drop was deposited on the sample. Measurements were
averaged for at least three drops on at least three different regions for each sample, with a
minimum of five samples for each of the different surface coating.

Results and Discussion

The silicon wafers we have selected to use here as model materials are different from the
silicones (e.g., PDMS and similar polymers) commonly used in medical devices such as
tubing sets and catheters. Additionally, the amino-functionalization via silanization route we
have taken for the dextran chemical surface modification is generally regarded as safe in
terms of potential mutagenicity and toxicity when contact with the human body is
anticipated. The grafted dextran and HA layers are stable, with AFM and ellipsometric
evaluation of samples showing no degradation in surface features several weeks after
synthesis.

The contact angle measurements on silicon, dextran grafted silicon and NaHA grafted
silicon are given in Table 1. First, the NaHA surface has the lowest contact angle with water
(most wettable). Second, exposure of dextranized surfaces to the salts from PBS lowers the
contact angle by ~ 6° from the mean values obtained without PBS exposure. This effect was
minimal on the hyaluronized surfaces. Third, surfaces covered with protein have a greater
contact angle than untreated samples. Moreover, the contact angle values are confined to a
narrow range of values for each surface. The largest contact angle of ~70° is found on the
silicon wafer and the lowest contact angle of ~40° occurs on the hyaluronized surfaces. The
contact angle measurements demonstrate relative equivalence for the specific subtypes of
NaHA studied.

Figure 7 shows the surface density (I') of BSA (Figure 7A), Fg (Figure 7B) and total protein
(Figure 7C) adsorbed from 50/50 mixed solutions at 20 pg ml~2 for each protein onto
silicon, dextran- and hyaluronate-modified silicon. As seen in Figure 7A, after incubation
for 10 min, the surface coverage of BSA ranged from a low of 3 + 0.5 ng cm~2 on rooster
comb and streptococcus zooepidemicus hyaluronate-coated silicon to a high of 29 + 2 ng
cm~2 on silicon, with the intermediate coverage of 7 + 1 ng cm~2 and 16 + 1 ng cm~2 found
for the two dextran-coated silicon surfaces having 0.5 h and 4 h oxidation times,
respectively. This rank order of I'sj > I'pex > I'ya Was maintained for BSA coverage for
each of the longer exposure times. BSA coverage approached a constant value after 60 min
for all substrate types. Compared to the 10 min values, the BSA coverage increased 10 to
17-fold on the hyaluronate-coated silicon, 12-fold on the 0.5 h dextran-coated silicon, 14-
fold on the 4 h dextran-coated silicon and 12-fold on the silicon surface, which adsorbed a
maximum of 358 + 11 ng cm™2.

As seen in Figure 7B, after incubation for 10 min, the values of the surface coverage of Fg
were tightly clustered in the range of 5-10 ng cm~2 for the three different subtypes of
hyaluronate coatings and both the 0.5 h and 4 h dextran-coated silicon. Protein adsorption
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was noticeably greater on silicon (46 + 4 ng cm~2), even at this early time point. At times
sufficiently long for adsorption to have reached a plateau on all surfaces, the rank order for
Fg coverage was I'sj > I'pex 4nr = T'HA > I'dex 0.5nr- Maximal coverage was observed to
occur by 30 min for the 0.5 h dextran-coated silicon and at 1 hr for the other surfaces. At
maximal coverage the Fg surface concentrations were 22 + 2 ng cm~2 on 0.5 h dextran-
coated silicon, in the range of 35 + 3 to 42 + 3 ng cm™2 for the three different NaHA
coatings as well as 4 h dextran-coated silicon and 103 + 7 ng cm~2 on bare silicon. Overall,
the total surface coverage (BSA + Fg) seen in Figure 7C follows the trend for BSA surface
coverage represented in Figure 7A, with I'sj > T'pex anr > Tpex 0.5hr = [Ha throughout, with
tight clustering of the values for the three NaHA subtypes and the 0.5 h dextranized
surfaces. At maximal coverage, occurring at 1 h or longer, the total protein surface
concentration was 461 + 41 ng cm~2 on silicon, 262 + 17 ng cm™2 on 4 h dextran-coated
silicon, and in the range of 83 + 8 to 106 + 13 ng cm~2 for the three NaHA subtypes and the
0.5 h dextranized surfaces, all of which were closely grouped.. These findings demonstrate
that, with respect to bare silicon surfaces, the polysaccharide coatings reduce the maximum
total protein coverage by 43% for 4 h dextranized silicon, by 77 to 82% for the 0.5 h
dextranized silicon the three different hyaluronized silicon surfaces. Moreover, after 1 h of
protein exposure, all surfaces showed preferential adsorption of BSA from the mixed BSA/
Fg solution, with the percentage of BSA ranging from 56 to 58% of the total protein
adsorbed on the various hyaluronate-coated silicon surfaces, 78% (bare silicon) and 79 to
85% on the various dextran-coated silicon surfaces. This result indicates some surface-based
specificity for the differential competitive adsorption of the proteins.

Results for the experiments conducted using the higher protein concentrations of 40 pug ml~1
appear in Figure 8. As before, the maximum surface coverage was also achieved at the 1 h
time point for these experiments. The effect of increasing the BSA concentration in the bulk
liquid had its greatest influence on surface coverage of silicon at short (10-30 min) time,
with surface concentrations being ~ 2—3 times higher than those found with the lower bulk
concentration (Figure 7A). At long times (1 h or more), however, the BSA surface coverage
was only ~ 10% higher than was found using the lower bulk concentration. The effect of
increasing the BSA concentration in the bulk liquid also influenced the surface coverage of
the dextranized surfaces at short (10 min) time, with surface concentrations being ~ 2.4
times higher than those found with the lower bulk concentration (Figure 7A). At longer
times (30 min or more), however, the BSA surface coverage was ~ 50% higher on the
dextranized surfaces and approximately doubled on each of the hyaluronized surface
subtypes than was found using the lower bulk concentration. While this may speak to some
surface specificity for competitive adsorption between the different proteins, it also points to
maximal surface coverage with albumin occurring. A monolayer covering has been reached
at the lower concentration, and this is followed by the formation of protein multilayers as
observed in (Holmberg and Hou 2010) with the bulk concentration having been increased.

As indicated in Figure 8B, the effect of increasing the Fg concentration was much more
pronounced on the silicon surfaces compared to the dextranized surfaces, especially after
sufficient time for maximum surface concentration to be achieved. The Fg surface
concentration was ~4.4-fold higher than was measured on surfaces following exposure to the
lower bulk concentration. The dextranized surfaces more fully resisted additional Fg
adsorption at the higher bulk protein concentration, with maximal surface concentration
being 90 + 7 ng cm~2 and 26 + 2 ng cm™2 for the 4h and 0.5 h dextran preparations,
respectively. For the 0.5 h dextranized surface, this represented an increase of only ~18%
from the surface concentration maximum measured after sample immersion in the lower
bulk concentration solution. Each of the three subtype hyaluronized surfaces strongly
resisted biofouling with Fg, similar to the 0.5 h dextranized surface, across the entire time
domain. Under conditions of higher bulk protein concentrations, the Fg surface
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concentrations fell from higher values (Figure 7B) to values in the range of 18 + 1 t0 25 + 2
ng cm~2 for these experiments. These surface concentrations are actually 29-40% lower
than were found with the 20 pg mi~1 bulk protein solution. In the face of a net increase in
the total protein adsorption occurring (Figure 8C) in comparison to that occurring at the
lower bulk concentration (Figure 7C), there is a greater resistance to Fg adsorption, or,
alternatively, a competitive advantage for BSA adsorption, to these particular surfaces at the
higher bulk protein concentration.

Similar findings have been observed by Holmberg et al. (Holmberg and Hou 2010) for
competitive adsorption of albumin and fibrinogen onto polyethylene terephthalate and glass
surfaces. Their work demonstrates not only that albumin forms multilayers on the surface,
but that the interface region acts as a disordered matrix of different proteins in which the
various species can have surface interactions, interactions with other proteins, or interactions
that involve both the surface and other proteins. The resultant magnitude of protein
adsorption is dependent on the nature and strength of interactions. Conceptually, proteins are
able to adsorb into multiple layers stacked atop each other. Moreover, the replacement of
high mobility proteins that arrive to the surface early by less motile proteins which bear a
higher affinity for the surface (i.e., the VVroman effect) is dependent on fibrinogen levels.
While this does not have to be the dominant process during competitive adsorption, the
decrease in fibrinogen levels observed in the face of increased fibrinogen levels raises the
possibility that albumin may have a higher affinity for certain surfaces and thereby resist
competition with, or replacement by, fibrinogen.

The total protein surface concentration again tracked directly with the BSA concentration, as
shown in Figure 8C. It is important to note that doubling the bulk BSA and Fg
concentrations yielded nearly a doubling of the maximal total protein surface concentration
on the silicon surfaces at long times, from 461 + 41 ng cm~2 (Figure 7C) to 849 + 47 ng
cm~2. This was about 5.5 to 6 times greater than the total protein surface concentration
(Figure 7C) measured at long times on all three types of hyaluronized surfaces and the 0.5 h
dextranized surfaces. The effect of doubling the bulk protein concentrations was to increase
the total protein surface concentration measured at long times by ~45% on each of the two
different dextranized surfaces and, differentially, by 45% for human NaHA, 60% for rooster
comb NaHA and by 84% for streptococcus zooepidemicus NaHA. While it may appear
coincidental that the two proteins reached maximal surface coverage at approximately the
same time, this is likely to result from our selection of bulk concentrations lower than levels
often studied (Holmberg and Hou 2010; Oesterberg et al. 1995), diffusion limited transport
processes for the proteins out of the bulk solution (Lampe et al. 2010).

The differences in protein adsorption onto the various surface coatings we have tested are
characteristically related to surface structure. We have previously prepared and
characterized thin hydrated dextran films on silanized substrates (Miksa et al. 2004; Miksa
et al. 2006; Ombelli et al. 2002; Ombelli et al. 2003; Ombelli et al. 2005), with the resultant
properties of dextranized films prepared by our method to be in agreement with those
prepared by other investigators (Beyer et al. 1996; Kuhner and Sackmann 1996). Our
hyaluronized surfaces are newly evaluated both for surface structure as well as for protein
coverage. These surfaces have been optimized for the protein adsorption experiments by
selecting a specific bulk concentration (1.2 mg mI~1) from a wide array of possibilities
examined in our preliminary characterization work. However, based on AFM results
obtained and presented in Figures 3, 4 and 5, along with the surface roughness results
(above) and wetting data (Table 1), our choice of a single bulk NaHA concentration for
synthesis of surfaces for the more advanced studies of protein adsorption yields a cohesive
set of similar data for each of the three types of hyaluronate examined. Interestingly, the
dimensional characteristics of the features present on these new surfaces has been shown to

Biofouling. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ombelli et al.

Page 11

have yielded the tallest structures bearing the smallest diameters of all of the surface features
examined over the range of concentrations studied, as shown in Figure 5. One might think
that such a detailed surface structure would present an enormous surface area for protein
adsorption. However the various hyaluronized surfaces, despite their intrinsically distinct
morphological features and unique biological derivations, were nonetheless equally resistant
to total protein adsorption while not being substantially different from the 0.5 h dextranized
surfaces in this regard.

While the improved resistance to protein adsorption of NaHa and 0.5 h dextran compared to
the 4 h dextran and bare silicon might appear consistent with the water contact angle
measurements in Table 1, other studies of anti-fouling coatings have shown that there is no
direct relationship between the value of the water contact angle and protein deposition on
the surface layer (Emmenegger et al. 2009). We have performed these experiments at a
physiological value of pH and using a balanced salt solution. This has the effect of
maintaining meaningful, electrostatic interactions between elements of the surface coatings,
and the proteins to which the surfaces are exposed consistent with the biological milieu in
which vascular devices are employed. Extremes of pH and salt concentration are known to
cause significant deviation in the electrostatic interactions involved in biofouling (Su and Li
2007). Additionally, the specific chemical composition, the roughness, and the topography
all contribute to the affinity of plasma proteins as biofouling occurs. However, the direct
into relationships between the physical and chemical properties of surfaces in the protein
adsorption responses they elicit are not fully understood. Therefore, the ability to craft tailor
made surfaces to control space biofouling still relies on experimental methods aimed at
discerning the structure/function relationships. Certainly, important biological processes
such as protein adsorption are controllable to some degree. Using chemical grafting methods
such as those employed here to induce surface modifications onto soft materials gives rise to
the possibility that biomimetic function, or at least bioinert characteristics, can be imparted
in a scalable manufacturing process (Variola et al. 2009).

Differential effects of the surface coatings on both total and individual protein adsorption
most likely result from the chemical composition of the surface coatings, as well as their
topology. Both fibrinogen (Cai et al. 2006) and albumin (Xiang D.Z. et al. 2007) have been
shown to adsorb less to those surfaces having lower zeta potential. Our findings for HA
coated surfaces, for which the zeta potential is negative, are consistent in this regard, as
demonstrated in Figures 7 and 8. However, the proteins studied do not necessarily adsorb
with greater mass per area to the dextran coatings, which bear a relatively neutral surface
charge. We have also shown in Figures 7 and 8 that the oxidation time used in the
preparation of dextranized surfaces translates directly into effects on biofouling. Dextran, a
naturally occurring polysaccharide, has many characteristics that are favorable for its
application as an anti-fouling coating. It is water soluble, neutral, and non-toxic. One recent
evaluation of the protein resistance of dextranized surfaces clearly demonstrated that both
the molecular weight, and the relative degree of oxidation markedly influenced both the
chemical structure of the surface molecules, and the degree to which they resisted protein
adsorption (Martwiset et al. 2006). Our finding that surface saturation with protein has
occurred by one hour is consistent with experimental technique used in those experiments.

The protein repelling capability of our hyaluronate coated surfaces is consistent with that
demonstrated by a variety of graft copolymers bearing dextran side chains (Perrino et al.
2008). The rationale in those studies was to mimic biological membrane surfaces through
the use of a biomimetic alternative to the highly hydrated glycocalyx cell coating known for
its anti-adhesive properties. This is particularly important in preventing blood clotting in
response to its contact with artificial surfaces (Keuren et al. 2003). Our rationale is similar in
that the biologic interface between blood and the vasculature is the endothelial cell
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glycocalyx. In addition to carbohydrates, its molecular structure is comprised by significant
fraction of glycoproteins and proteoglycans and includes hyaluronic acid as a major
backbone molecule. Thus, sodium hyaluronate is an accessible compound that may therefore
serve as an acceptable biology-inspired alternative to dextran as a component of an
antifouling surface coating. HA-based hydrogels have been shown to have anti-adhesive
properties for cell adhesion. Park et al. (Park et al. 2003) found that fibroblasts did not
spread on HA-containing gel surfaces. Polystyrene surfaces modified via immobilization of
hyaluronic acid have been shown to resist attachment of human lens epithelial cells for
application in ocular medicine (D'Sa et al. 2011). Patterned surfaces of dextran and HA
show preferential attachment of macrophages to the dextranized regions (Tsai et al. 2011b).
In contrast to cell binding resistance, some HA materials have been shown to enhance
bacterial adhesion, and HA modified PDMS surfaces were recently shown to enhance
corneal epithelial cell and 3T3 fibroblast adhesion (Alauzun et al. 2010). These examples
indicate that resistance to, or enhancement of, adhesion of specific cell lines may depend on
the presence of HA molecules in the surface layer.

The physical immobilization of hyaluronic acid in the model hydrogels has previously been
shown to reduce protein adsorption. Suh et al. (Suh et al. 2005) showed HA applied by spin
coating onto glass resulted in reductions in BSA, fibronectin and IgG adhesion. Van Beek et
al. (Van Beek et al. 2008) studied protein adsorption onto HA containing hydrogels.
Although their specific application was for contact lenses, and the fact that the associated
study protein, lysozyme, is not considered to be a significant offender in blood plasma-based
biofouling, the study does indicate an influence of a high-density hydrated interfacial layer
to overcome charge effects governing protein adherence to the surface. Our results,
bolstered by the zeta potential measurements, are certainly consistent with this approach.
We add also to the understanding of this effect by our study of the differential effects of
multiple hyaluronic acids (i.e., human, rooster comb, streptococcus zooepidemicus) as well
as two distinct dextran preparations in this project.

This study also demonstrates a major advantage of our CHAPS/HPLC experimental
technique to measure the protein surface concentration, since the approach is both
quantitative and selective. This method enables us to interrogate competitive protein
adsorption to biomaterials, especially vascular implants and other blood-contacting surfaces
without having to rely on indirect methods such as protein depletion from the bulk liquid
phase (Noh and VVogler 2006) or X-ray photoelectron spectroscopy (XPS) (Hamilton-Brown
et al. 2009; Morra and Cassinelli 1998; Su and Li 2007). While our method was originally
tested using bare silicon and dextran-grafted silicon surfaces synthesized and characterized
in our laboratories (Miksa et al. 2004; Ombelli et al. 2002; Ombelli et al. 2003), it has
proven to be equally useful for the hyaluronized surfaces studied.

Conclusion

Biofouling of coated surfaces in contact with plasma proteins occurs rapidly but is
differentially dependent both on surface molecular structure and the protein concentration to
which the surfaces are exposed. Concurrent albumin and fibrinogen adsorption from a
binary solution measured by the CHAPS/HPLC method increase monotonically to saturation
on bare, dextranized and hyaluronized silicon surfaces. As expected, the degree of dextran
oxidation correlates with the extent of protein adsorption. Total protein coverage on the
hyaluronized surface was comparable to that for the 0.5 h oxidized dextran coating. This
was approximately an order of magnitude smaller than the protein coverage on bare silicon.
Agueous AFM imaging afforded us the height, diameter, and roughness of the hyaluronate
surfaces, enabling us to choose a consistent surface preparation across the three different
species derivations in the semi-dilute regime. The water contact angle data indicate the

Biofouling. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ombelli et al.

Page 13

hyaluronate coatings to be more hydrophilic than the dextranized surfaces, although the
surface topology is comparably dimensioned. This study reveals that the molecular structure
and molecular composition of a surface coating remain fundamental variants in its
biofouling potential. Additionally, for the hyaluronized surfaces, increasing the bulk
concentration of the proteins led to a reduction in the surface biofouling with fibrinogen at
the expense of an increase in albumin surface coverage. This may have implications for
biocompatibility in terms of resultant immune responses, cellular adhesion and
thrombogenesis in a more replete biological environment. Overall, surface coating by
hyaluronization provides a biological molecule alternative to dextran for the synthesis of a
thin film layer comprised of a molecular constituent of the endothelial cell glycocalyx.
Based on the protein adsorption measurements presented, surface grafting of a hyaluronate
layer affords significant antifouling capability.
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Figure 1.
Mechanism for surface immobilization of NaHA onto SiO, via the EDC/NHS method.
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Figure 2.

Ellipsometric thickness (A) of () human, (¥, ¥) rooster comb and (o,m) streptococcus
zooepidemicus NaHA grafted layers as a function of bulk substrate concentration during
processing. Concentrations of NaHA in the dilute and semi-dilute regimes (i.e., below and
above c*, the overlap concentration) for each specific species are delineated by open and
solid symbols, respectively.
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Figure 3.

Atomic Force Microscopy measurement of adhesion force of (e) human, (V, ¥) rooster
comb and (o,m) streptococcus zooepidemicus NaHA grafted layers as a function of bulk
substrate concentration during processing. Concentrations of NaHA in the dilute and semi-
dilute regimes (i.e., below and above c*, the overlap concentration) for each specific species
are delineated by open and solid symbols, respectively.
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Figure 4.

Representative flattened and topographic AFM images of rooster comb NaHA at
concentrations of A) 0.5 mg mi~1, B) 1.2 mg ml™1, C) 2.0 mg mI~ and D) 3.4 mg mI~1.
Vertical scale 30 nm, scan size 500 nm.
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Figure 5.

Average feature height (o,m) and diameter (o, ) determined from topographic AFM images
of human, rooster comb and streptococcus zooepidemicus NaHA grafted layers as a function
of bulk substrate concentration during processing. Concentrations of NaHA in dilute and
semi-dilute regime (i.e., below and above c*, the overlap concentration) are delineated by
open and solid symbols, respectively.
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Figure 6.

Size exclusion chromatography analysis of single protein solutions of (A) BSA and (B) Fg
over a 0.5-5 pg ml~1 range of concentrations and (c) of 50:50 binary protein solutions of
BSA and Fg over a 1-50 pg ml~1 (total mass) range of concentrations.
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Figure 7.

Protein surface density I" on (e) bare silicon, (V) 4 h dextranized silicon, (m) 0.5 h
dextranized silicon, (¢) human hyaluronized (1.2 mg ml™1), (A) rooster hyaluronized (1.2
mg mi~1) and (@) zoo hyaluronized (1.2 mg mI~1) silicon surfaces. Adsorption was from
50/50 mixtures of BSA and Fg at 20 pug ml~1 each. Panels are: (A) BSA surface
concentration; (B) Fg surface concentration and (C) Total protein surface concentration.
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Figure 8.

Protein surface density I" on (e) bare silicon, (V) 4 h dextranized silicon, (m) 0.5 h
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dextranized silicon, (¢) human hyaluronized (1.2 mg ml™1), (A) rooster hyaluronized (1.2
mg mi~1) and (@) zoo hyaluronized (1.2 mg mI~1) silicon surfaces. Adsorption was from

50/50 mixtures of BSA and Fg at 40 pg ml~1 each. Panels are: (A) BSA surface

concentration; (B) Fg surface concentration and (C) Total protein surface concentration.

Biofouling. Author manuscript; available in PMC 2012 May 1.



Page 25

Ombelli et al.

‘11w Bl 0z a1em suonesusou0d UIslold "uondiospe Jo Y T 03 pa1oalans saoepins paziuoinjeAy pue paziuexsp ‘aJeq o ajbue 10eIu0d JaleA

NIH-PA Author Manuscript

9CZFTTIY VvCZF8Tyr CCFSEr €E€FLT9 0€F09S 8CFS569 bd+vsg+sad

LT+807 6TFETr 8T+0E€ 8TF6'LS <¢C+2¢S TE€EF689 vSd+Sdd

8T+88 LT+96E 8T+C6E LT+995 €T+¢05 6CFLV9 f4+s4ad

9T*G2C STF6T¢ 9TFTEC 6CFILY VEFTVE 0 Sad

LT¥92 9TFV¥2C LTF6T¢ VIFTES OTFV0ov 0 0°H

007 181500y uewinH uv yso uonn|os
VHEN teaxeq TRRIITTS

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biofouling. Author manuscript; available in PMC 2012 May 1.



