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Abstract. Competitive adsorption of three human plasma proteins: albumin (HSA), fibrinogen (Fgn), and
immunoglobulin G (IgG) from their ternary solution mixtures onto a sulfhydryl-to-sulfonate gradient sur-
face was investigated using spatially-resolved total internal reflection fluorescence (TIRF) and autoradio-
graphy. The concentration of each protein in the ternary solution mixture was kept at an equivalent of
1/100 of its physiological concentration in blood plasma. The three proteins displayed different adsorption
and desorption characteristics. Each protein adsorbed less to the sulfonate region than to the sulthydryl re-
gion of the gradient. The adsorption-desorption kinetics revealed large differences in the adsorption and
desorption rates of three proteins. By fitting the experimental data to a simple model of competitive pro-
tein adsorption, the affinity of each protein to the surface at the gradient center position was ranked as:
Fgn > HSA >> IgG. Competitive exchange of adsorbed proteins was related to the magnitude of desorp-
tion rate constants. Such competitive adsorption of the three major human plasma proteins illustrates the

complex dynamics of blood proteins — biomaterials interactions.(doi: 10.5562/ccal821)
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INTRODUCTION

The role of adsorbed proteins in biomaterial-host inte-
ractions is one of the canonical themes in the field of
biocompatibility. The causality between the state of
biomaterial-adsorbed proteins and the subsequent re-
sponse by the host organism to the biomaterial implants
has been firmly established in a number of studies.'”’
While numerous experimental protein adsorption stu-
dies have been reported in the literature', the majority of
these studies were limited to a single protein and/or
uniform biomaterial “model” surface.*'* Even for these
simplified experiments a number of assumptions like,
adsorption into a monolayer, uniform surface energy, or
uniform protein-surface affinity, were introduced to
reduce the system to a manageable set of parameters.
One way to broaden the scope of protein adsorp-
tion experiments is to construct and use non-uniform
surfaces of mixed or variable chemistry. Such surfaces
serve as a better model for molecular richness typically
encountered in biological systems.''® Among the non-
uniform substrates for protein adsorption so-called

! According to PubMed = 1,000 papers are published every
year on this topic.

“gradient” surfaces have gained popularity since their
introduction in late 80°."* In our laboratory, we have
used the following gradients to study protein adsorption:
dichlorodimethylsilyl- and octadecyldimethylsilyl (C18)-
silica gradients,'"*'*** grafted PEO-silica gradient,”
and quarternary amine-silica gradient;”> each prepared
by using the methodology originally developed by Elw-
ing."® Elwing’s approach to generate surface gradients
utilizes two solvents layered on the top of each other
with a reactive silane reagent present initially only in
the lower solvent. Diffusion of the reagent into the up-
per solvent creates a silane concentration gradient ac-
ross the two liquids that controls the surface silanization
reaction. However, the diffusion approach suffers from
limited control over the surface density, the length and
the steepness of the gradient.

Recently we have engineered a more versatile gra-
dient based on an initially uniform 3-mercaptopropylsi-
lane (MTS) monolayer that is selectively oxidized by
UV irradiation using a movable mask.””** In the preced-
ing paper we reported on the adsorption of three human
plasma proteins, albumin (HSA), immunoglobulin G
(IgG) and fibrinogen (Fgn) onto the sulthydryl-to-
sulfonate chemistry gradient prepared by selective UV
oxidation of MTS monolayer. In that study the adsorp-

T This article belongs to the Special Issue Chemistry of Living Systems devoted to the intersection of chemistry with life.
* Author to whom correspondence should be addressed. (E-mail: vladimir.hlady@utah.edu)
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tion was studied from the solutions containing only one
of the three proteins.”® Here we report on the study in
which the adsorption was carried out from the ternary
protein solution mixtures containing one labeled protein
and other two unlabeled proteins. When such experi-
ments are performed with three ternary solution mix-
tures, one for each of the three labeled proteins, a com-
posite protein adsorption-desorption picture emerges
from which the rate constants for protein-surface and
protein-protein interactions could be elucidated. To
extract these parameters from the experiments we used a
simple model for protein adsorption from a ternary
solution mixture that accounted for the competition for
the surface sites on which three proteins adsorb inde-
pendently from each other (Figure 1). The model can be
mathematically presented as:

d%t(t) =k[1-0,)=0,() = 6; ()], (0,6) = 1,6, (1)
deé t(t) = k,[1=6,() = 0,(t) — 0, (1)]c, (0,£) — 1,0, (¢) )
de(sh(t) =k;[1-0,() =0, (1) ~ 0, (1)]e; (0,0) — 136; (1)

where ¢(0,?) is the protein concentration right next to the
adsorbing surface at time ¢, 6(¢) is the fraction of the
surface covered by a particular protein at time ¢, k is the
adsorption rate constant,  is the desorption rate constant
and the subscripts 1, 2, and 3 denote the three protein
species. Assuming that the adsorption of each protein at
saturation results in a full monolayer with the adsorbed
amount, /'™ the fraction of the surface covered, 6, can
be defined as 6,(f) = [(f) /[,™™, where I,(¢) is the ad-
sorbed amount at time ¢, and n stands for the subscripts
1, 2, and 3. This simple model could be expanded to
include parameters accounting for protein denaturation
and lateral interactions between adsorbed proteins,
however, such parameters were experimentally inac-
cessible in the present study.

One of the difficulties in modeling protein adsorp-
tion is the accurate computation of ¢(0,f), protein con-
centration right next to the adsorbing surface at time ¢.
Depending on the balance between the rate of arrival of
protein molecules to the adsorbing surface and the rate
of actual binding to the surface, the progress of adsorp-
tion can either be limited by transport, or by actual ad-
sorption to the surface site. The rate of protein mole-
cules arrival to the surface will depend on the manner
by which protein is transported from solution to the
interfacial region. From a quiescent solution protein will
reach the surface by pure diffusion, while from a flow-
ing (or stirred) solution protein will arrive to the inter-
face by a combination of convective and diffusive
processes.”’ Here we consider adsorption of proteins
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Figure 1. A schematic showing three proteins competitively
adsorbing onto a surface.

from a solution that is flowing through a flow channel
with rectangular cross-section. If the walls of the flow
channel act as sinks for the arriving protein molecules,
the flux of protein molecules to the surface?, J,, is:

J, = [r(4/3)] 9 (6gb7w'1"'D,") "D, c, (@)
where D, is the diffusion coefficient of protein, ¢, is
bulk protein solution concentration, [/(4/3)] is the
gamma function of 4/3, [ is the distance along the rec-
tangular flow channel measured from its entrance, b is
the thickness of the flow channel, w is the width of the
flow channel, and ¢ is the volume flow rate of protein
solution. In the absence of desorption J, equals to the
adsorption rate d/,(f)/d¢ and the process is purely trans-
port-limited. In such a case protein surface concentra-
tion increases linearly with time and the rate of trans-
port-limited adsorption is proportional to D,**, ¢,, and
to the wall shear rate, 7/” 3 which is defined as:

y=6gb”w. 3)

The consequence of the pure transport-limited adsorp-
tion is that no intrinsic adsorption-desorption rate con-
stants and protein-surface affinity are experimentally
accessible. However, protein adsorption rate is often
slower than the flux of protein molecules to the surface
and as a consequence, ¢(0,f) changes during the time of
adsorption. When the majority of the surface sites are
occupied by the protein(s), the adsorption rate will ap-
proach the adsorption-limited rate. The computation of
¢(0,t) is helped by the concept of the concentration
boundary layer (or, so-called "unstirred" layer).*' In the
case of laminar flow through a rectangular flow channel
the thickness of such layer depends on the wall shear
rate, protein diffusivity and the distance from the chan-
nel entrance. The unstirred layer thickness, o, is differ-
ent for each protein and can be computed from:

% The equivalent heat-transfer problem has been solved by A.
Leveque in 1928.%°
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It has been shown that approximately linear protein
concentration profile across the concentration boundary
layer develops rather rapidly.”* Corsel et al. have
shown that the adsorption rate equation (equivalent to
the egs. 1) can be solved with the following two boun-
dary conditions: a) the rate of adsorption is linearly
dependent to the protein concentration gradient right
next to the surface, and b) protein concentration at
distances 9, or greater from the surface equals the pro-
tein solution concentration.®> The assumption of a li-
near concentration gradient between the surface and the
bulk of the flowing solution leads to a simple expres-
sion for ¢(0,7):

el0,) = c,— (8, D, ") dI(2)/dt )

so that the Eq. 1 can be re-cast as:

t) F‘““*]/dt
t I—vmax
a ( ) max aJ max (6)
P —[F (£)/ I, Y be, =™ (1, (¢)/ T, ]
—[1,(¢)/ ™ ]
d(r, (¢)/ 1™/ de =
1- [r (t)/ 1™ -
k™ () T ey =i ™ [, (1)) 1™
Iy (1)) I™]
dr, (¢)/ 1,1/ de =
1= [[,(¢)/ 1™ ®
k™ = [0, (6)/ 1™ e, — ™[I (¢)/ 1™ ]

- [ (0)/ 1]

where &, and r,*™ are defined as the apparent adsorp-
tion rate and desorption rate constants for each of the
three proteins:

ki =k, D, /D, + 8, ky [T, = I(0)]) ©)

rnapp: Dy /(Dn + 8n ki [Ezmax - Ez(t)]) (10)
The Egs. 6-10 describe the competition of three pro-
teins for the available surface. This set of equations can
be numerically solved and compared with the experi-
mental data, thus providing an experimental access to
the adsorption and desorption rate constants.

MATERIALS AND METHODS

Materials

3-mercaptopropyltrimethoxysilane (MTS) was from the
United Chemical Technologies and was used fresh.
Chloramine-T, sodium metabisulfite, sulfuric acid, and
hydrogen peroxide were from Sigma. All other solvents
used were ACS grade or better. Glassware were cleaned
by overnight soaking in sulfuric acid plus Nochromix™
(Godax Labs) bath, followed by a thorough rising with
double-distilled deionized water, and drying in an oven.
Human HSA, IgG and Fgn were from Calbiochem.
AlexaFluor® 488 carboxylic acid, succinimidyl ester
(mixed isomers) was from Molecular Probes. Na'*’I was
from PerkinElmer.

Surface Gradient Preparation

The sulthydryl-to-sulfonate gradient surfaces were pre-
pared on fused silica slides (2.54 x 7.62 x 0.1 cm®, ES-
CO Products) following the methods published earlier.”’
Silica slides were pre-cleaned using detergent, sonica-
tion, and overnight “piranha” bath (v(H,SO,4):v(H,0,) =
7:3) wash. These substrates were further activated in a
three-step process: a 10 minutes exposure to oxygen
plasma (Plasmod, Tegal Inc., 50 W @ 200 mTorr) fol-
lowed by a 2 hours “piranha” bath and a second 10
minutes of oxygen plasma treatment. Thus activated, the
slides were immediately immersed in 1 % MTS solution
in toluene for four hours under the dark at room temper-
ature. After the reaction, the slides were sequentially
rinsed by toluene, acetone, ethanol, deionized water,
and finally dried with dry, filtered nitrogen.

Freshly prepared slide with uniform monolayer of
MTS was exposed to UV in ambient atmosphere using a
custom-designed motorized set-up to create a sulfthydryl-
to-sulfonate gradient. The UV source, a low pressure Hg
lamp (Model ELC 4000, Electrolite Corp.) irradiated the
slides while an edge mask was moved by motor-controlled
linear translator to expose the surface. The edge mask
moved at a constant rate of 0.5 cm min”' across center of
the slide for 2 minutes, thus creating a 1 cm long linear
oxidation gradient on the center of the slide (Figure 2). On
one side of the gradient region was 3 cm long uniform
oxidized MTS region exposed to UV for two minutes, and
on the other side was 3 cm long uniform MTS region that
was protected from UV oxidization by the edge mask thus
retaining the original surface sulthydryl groups.

Contact Angle Measurements

From each batch of gradient surfaces, one silica slide
was used to conduct water contact angle measurements.
A series of twenty 5 ul droplets of double-distilled wa-
ter were placed along the gradient surface and their
contact angles measured using a video goniometer
(Cam100, KSV).
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Figure 2. Schematic of sulthydryl-to-sulfonate gradient prepa-
ration method using UV irradiation and a moving mask.

XPS Analysis

The samples for XPS and SEM analyses were prepared
following the same protocols as gradient surfaces except
by using smaller fused silica plates (1.0 x 1.0 x 0.1 cm®).
The samples included uniform monolayers of MTS ex-
posed to UV for 0, 1, and 2 minutes. The XPS spectra
were recorded with an XPS spectrometer (Axis-Ultra
DLD, Kratos) at the University of Utah Nanofab Lab.
The spatial distribution of negative surface charges on
the gradient surfaces was analyzed using cationic col-
loidal gold nanoparticles (average diameter 15 nm, SPI)
as adhesion probes. The suspension of cationic gold
particles was diluted to 4 x 10° particles ml' with phos-
phate buffer saline (PBS) solution before use, incubated
with MTS samples for two hours, rinsed with PBS,
double-distilled deionized water, and dried in air. The
samples were imaged using high resolution SEM (FEI
NovaNano FEG SEM 630) at 40,000x magnification.

Labeling of Proteins

HSA, IgG or Fgn were each covalently labeled with
AlexaFluor488 dye following the protocol from Mole-
cular Probes.”® After labeling the protein concentrations
were measured using the Biorad® protein assay. The
labeling degree of HSA, IgG, and Fgn, defined by a
molar ratio of AlexaFluor488 dye to the protein, deter-
mined from absorbances at 280 nm and 460 nm, was
found to be 0.78, 1.40, and 0.68, respectively. Chlora-
mine-T method was used to radio-iodinate HSA, IgG
and Fgn with 'I."* A PD-10 column (GE Healthcare)
was used to remove the unreacted Na'*’I from the pro-
tein. The 'I-labeled proteins were used within a week.

TIRF Experiments

A spatially-resolved TIRF technique was utilized to
record protein adsorption kinetics.'” The TIRF flow cell
contained two identical rectangular flow channels allow-
ing for two adsorption experiments to be carried out on a
single gradient surface sample. Each adsorption experi-
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ment was carried out using the solution containing all
three proteins at 1/100 of their respective plasma concen-
trations (i.e. 0.4 mg ml”" HSA + 0.12 mg ml™' IgG, +
0.03 mg ml"' Fgn) in PBS, pH 7.4, with one of the three
proteins being labeled with AlexaFluor488 dye. In each
experiment, a ternary protein solution mixture was first
flowed for 11 minutes through the channel at a flow rate
of 0.70 cm® min ™" to replace pre-filled PBS solution and
initiate adsorption; after that, PBS solution was injected
at the same flow rate for 11 minutes to replace protein
solution and initiate desorption. All solutions were
flowed in the direction from the oxidized MTS end
across the gradient region to the non-oxidized MTS end,
i.e., from sulfonate to sulthydryl regions across the gra-
dient. An evanescent wave created by spatially filtered,
expanded Ar'-ion laser beam (488 nm, 0.5 mW total
power) was used to excite fluorescence from adsorbed
proteins. The fluorescence emitted along the gradient
was imaged using a 50 mm lens (f/4, Pentax) onto the slit
of a monochromator (1681C, SPEX Industries Inc., /4, 2
mm slit, 300 grooves mm ' grating), and recorded every
second by a thermo-cooled charged couple device cam-
era (C200, Photometrics)." The fluorescence was back-
ground-subtracted and corrected for the laser beam in-
tensity profile. The TIRF adsorption-desorption kinetics
were quantified using autoradiography.

Autoradiography Experiments

In autoradiography experiments, protein adsorption was
carried out under the conditions identical to the TIRF
experiments, except that the AlexaFluor488-labeled
protein was replaced with 'I labeled protein.*® After
completing the adsorption-desorption cycles, 3 ml of
0.6 % glutaraldehyde in PBS solution were injected into
the channel to fix the adsorbed protein molecules for 5
minutes. The channel was dried under nitrogen flow,
and the flow cell was disassembled. On a separate uni-
form MTS plate a set of droplets with known amounts
of '®I-labeled protein were dried to create a calibration
plate for each protein.*> The gradient surface with ad-
sorbed '“I-labeled proteins and the calibration plate
were placed in a plastic bag, brought into contact with a
Kodak MS film in a light-tight cassette, and exposed for
around 30 hours at =70 °C. The exposed film was
processed in an automated developer system, digitized
using a high resolution 16-bit scanner, and analyzed
using imaging analysis software (ImageJ, W. Rasband).

RESULTS

Gradient characterization

Figure 3 shows the results of surface gradient characte-
rizations. Water contact angles (Figure 3A) decreased
smoothly across the gradient region from 62 + 3° (MTS
monolayer that was blocked from UV exposure) to = 27
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Figure 3. A) Typical water contact angles along the sulthydryl-to-sulfonate gradient surface prepared with 2 minutes of UV irrad-
iation. B) XPS sulfur S2p spectra of the MTS monolayers after different UV irradiation times. C) SEM images of cationic gold
nanoparticles adhered to the MTS monolayers exposed to UV irradiation (bar = 2 um).

+ 6° (MTS monolayer exposed to UV irradiation for 2
minutes). The XPS sulfur S2p spectra (Figure 3B) of the
MTS monolayer after different UV irradiation times
showed the emergence of a higher binding energy peak
at 168 eV, indicating the conversion of surface sulthy-
dryls into sulfonates. The ratio of sulfur in the oxidized
state (168 eV peak area) to the non-oxidized state (163.5
eV peak area) was approx. 30:70 for 2 minutes of UV
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Figure 4. A) Autoradiography calibration plot for '*’I-Fgn (bottom) and the image of the '*I-Fgn calibration plate (top). B)

irradiation, indicating that only about 30 % of surface
—SH groups were oxidized by UV. The XPS survey data
showed = 2 atomic % of sulfur, consistent with pre-
viously published data for MTS monolayers.”® The
uniformity of the MTS monolayer was previously estab-
lished by mapping the adhesion (pull-off) forces on
unmodified and oxidized MTS*. The number of catio-
nic gold nanoparticles adhered to the MTS monolayers
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Fgn adsorption profile across the sulfhydryl-to-sulfonate surface gradient. Also shown is the autoradiograph image of the whole

flow channel.

Croat. Chem. Acta 84 (2011) 193.



198

40x10°
30
Q
2
[
>
2
g 204
f=1
S
s
10
0 A
|| T | | T 1
00 02 04 06 08 10

Tysa/ ngem’™

Tysa/ ngem™

Y.-X. Ding et al., Competitive adsorption of three human plasma proteins

0.6

0.5

0.4+

0.34

0.2

sulfhydryl  gradient  sulfonate
B
0.0 T T T 1
-1.0 -0.5 0.0 0.5 1.0

Position from the center / cm

0.1+

Figure 5. A) Autoradiography calibration plot for '*I-HSA (bottom) and the image of the '*’I-HSA calibration plate (top). B)
'I_.HSA adsorption profile across the sulfhydryl-to-sulfonate surface gradient. Also shown is the autoradiograph image of the

whole flow channel.

40x10° ]

30

20

Mean gray value

10

A
04
T T T T T 1

00 02 04 06 08 1.0

EgG / ng em’?

Figure 6. A) Autoradiography calibration plot for '*I-IgG (bottom) and the image of the '*’I-IgG calibration plate (top). B)

)

Iy / ngem™

0.30 7

0.254
sulfonate

sulfhydryl

gradient

0.204

0.154

0.10

0.054

0.00 l T | 1
-1.0 -0.5 0.0 0.5 1.0

Position from the center / cm

1251

IgG adsorption profile across the sulfhydryl-to-sulfonate surface gradient. Also shown is the autoradiograph image of the whole
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increased with the UV irradiation times as expected for
the conversion of the weakly charged surface sulhydryl
groups into the strongly charged sulfonate groups. The
average number of particles per pm? (£ st. dev.) was:
2.6 £ 1.0 (no UV), 6.5 £ 1.5 (1 minute UV) and 18.7 +
2.9 (2 minutes UV) (Figure 3C).

Autoradiography

Adsorption profiles recorded by autoradiography after
completed adsorption — desorption cycles are shown in
Figures 4-6. The left panels show the calibration plots
and the autoradiography images of the calibration plates.
The right panels show the expanded profile of the pro-
tein surface density across the gradient regions and the
autoradiography images of the adsorption flow channel.
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Adsorption of '*I-Fgn from the ternary solution mixture
with unlabeled HSA and IgG onto the sulfhydryl-to-
sulfonate surface gradient is shown in Figure 4.

5[_Fgn showed twice as much adsorption (3 Fon <
0.48 pg cm ) on the sulfhydryl end than on the sulfonate
end ([Fen = 025 pg cm ) of the gradient. Adsorption of
'Z.HSA from the ternary solution mixture with unlabeled
Fgn and IgG onto the sulthydryl-to-sulfonate surface gra-
dient is shown in Figure 5. A smaller adsorption contrast
was found across the gradient: Ijsy ~ 0.43 pg cm > on
sulfhydryl end vs. Tjysa = 0.35 ug cm > on the sulfonate
end of the gradient. '*I-IgG binding to the sulfhydryl-to-
sulfonate gradient surface from the ternary solution mix-
ture with unlabeled Fgn and HSA showed ten-fold less ad-
sorption than what was found for Fgn or HSA (Figure 6).
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Figure 7. Adsorption-desorption kinetics of AlexaFluor488-labeled Fgn (A), HSA (B) and IgG (C) from the ternary mixtures onto
the sulfonate end, the center, and on the sulfhydryl end of the gradient. Vertical arrows mark the start of the desorption cycles

with flow of PBS.

TIRF-measured Adsorption-desorption Kinetics

Figure 7 shows the TIRF-measured adsorption-desor-ption
kinetics of AlexaFluor488-labeled proteins from the ter-
nary solution mixtures after the fluorescence was converted
into adsorbed amount using the autoradiography data. The
adsorption kinetics on three representative positions are
shown: on the sulfonate end, the center of gradient, and on
the sulthydryl end of the gradient, res-pectively. Vertical
arrows mark the start of desorption cycles with PBS solu-
tion flow starting at t = 660 s. Alexa-Fluor488-Fgn dis-
played similar initial adsorption rate on each of the three
different surface locations (d/gy/dt = 1.3 % 107 pg cm™
s") (Figure 7A). The PBS flow did not desorb any ad-
sorbed fibrinogen. AlexaFluor488-HSA showed an early
inflexion in the initial adsorption; its highest adsorption
rate was found at the downstream sulthydryl region of the
gradient (d/jyga/df = 1.1 x 1072 pg em ™ s ') (Figure 7B).
The HSA adsorption rates were lower at the sulfonate side
and at the center of the gradient positions (d/ysa/d? =
8.0 x 107 ug em > s, both of which were upstream rela-
tive to the sulthydryl position. A significant amount of
desorption of adsorbed Alexa 488-HSA was found with the
initial desorption rate of d/jyga/df ~—2.7 x 10> pgcm s~
at all three gradient positions. Figure 7C shows the adsorp-
tion-desorption kinetics of AlexaFluor488-labeled IgG
from the ternary solution mixture. At each of the three
gradient positions IgG displayed similar initial adsorption
rates (d/j,6/dt = 3.4 % 107 pg cm™ s™"). However, approx-
imately 1—1.5 minutes after the start of the flow of protein
solution a maximum in IgG adsorbed amount was reached,
after which IgG adsorption decreased to a lower, steady
state level before the beginning of the PBS-initiated de-
sorption. The transient adsorption maxima of AlexaF-
luor488-labeled IgG were found at /46 = 0.124, 0.117, and
0.057 pg cm  at the sulfhydryl end, the center, and the
sulfonate end of the gradient, respectively. PBS desorption
further removed about 1/3 of adsorbed AlexaFluor488-
labeled IgG.

DISCUSSION

Blood plasma proteins make 7 % of total blood volume.
A dozen blood plasma proteins have concentration larg-
er than 1 g I (Ref. 5). To investigate competitive ad-
sorption of dozen or more proteins on biomaterials from
a multi-protein solution mixture could be challenging.
In this study we selected the three major proteins: HSA,
Fgn, and IgG, for a competitive adsorption on a model
gradient surface with a variable surface chemistry. The
selected three major proteins are not only the proteins
with the high concentration in blood plasma, but are
also important in the physiological response to im-
planted biomaterials. Adsorption of fibrinogen to bio-
materials is known to result in platelet adhesion and
activation®® > indicating that if fibrinogen is adsorbed
to a surface, inactive platelet integrins will bind to it
leading to platelet adhesion and activation.’**" Ad-
sorbed HSA has been known to make biomaterial tran-
siently more compatible*"** and suppress the blood
platelets activation,” although a recent report claimed
otherwise.** IgG has it’s own role in the activation of
complement system® and is commonly used in biosens-
ing devices.*

In the previous study we estimated that the sulfhy-
dryl-to-sulfonate gradient surface is negatively charged at
pH 7.4: = 0.007 C/m” at the sulhydryl region and ~ 0.030
C/m? at the sulfonate region.”® The UV irradiation of the
MTS monolayer has thus generated both the gradient of
surface wettability (Figure 3A) and the gradient of sur-
face charge, ranging from weakly charged sulthydryl
groups to a mixture of strongly charged sulfonates (= 0.3
surface fraction) and sulthydryls (= 0.7 surface fraction).
The surface charge densities on both sides of the gradient
are insufficient to induce counterion condensation. The
gradient of negative surface charge was further confirmed
by the adhesion of cationic gold nanoparticles (Figure
3C). In terms of biological relevance the free sulthydryl
groups are capable of forming disulfide bonds with
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cystein’s side chain in proteins, and sulfonate groups are
found in many natural protein binding macromolecules
such as heparin and glycosaminoglycans.

The adsorption-desorption kinetics can provide
important information about protein-surface interac-
tions. For non-uniform surfaces such as surface gra-
dients, the spatially-resolved TIRF technique has been a
reliable tool to study the protein adsorption kinetics and
establish adsorption and desorption rate constants.*” To
interpret experimental data in this study we have se-
lected a simple model for protein adsorption from a
ternary mixture; a model that assumes competitive ad-
sorption of proteins into a monolayer and neglects even-
tual protein denaturation and protein-protein lateral
interactions, but accounts for the transport of the protein
molecules across the concentration boundary layer. The
modeling started by finding the desorption rate constant
for each protein, r,”*", from the desorption cycles of
TIRF experiments. Because ¢, = 0 during the desorption
part of the experiment, Eqs. 6—8 can be re-written as:

dir, (¢)/r,™ Jjde= —r™[ T, ()/ T,"1. (11)

At high protein surface coverage when [I;,™ —I,(1)]— 0
there are no free binding sites available for re-adsor-
ption of desorbed molecules so that 7, = r,. Once the
desorption rates were found for each protein, the ap-
proximate thicknesses of the concentration boundary
layer were calculated for each protein using eq. 4, I;,™™
values were taken from the single protein experiments
or were fitted by the model, and the Eqs. 6—10 were
simultaneously fitted to the experimental adsorption
data for three proteins with three k, rate constants as
adjustable parameters.
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The best overall fit for the competitive adsorption
cycle of the three proteins onto the center of the gradient
region is shown in Figure 8. A very good fit for fibrino-
gen adsorption from the ternary solution mixture was
obtained with kg, = 0.008 pgfl em’s Trgn =~ 0.0 s
Tyg™ = 1.3 pg em * (fitted). The simultaneous fit for
HSA (kysa = 0.0004 pg ' cm® s, ryga == 0.00005 s ',
Tisa™ = 0.83 pg cm %) showed a deviation from the
experimental data as the fitted adsorbed amounts were
higher than the experimental results in the initial adsorp-
tion period. Reducing HSA adsorption rate constant,
kusa, and/or increasing the desorption rate constant,
rusa, did not make the HSA fit any better. It is plausible
that there was another process in HSA adsorption that
has not been predicted by the simple model. It has been
suggested that HSA adsorbs into two distinct popula-
tions: one that is irreversible bound and other one that is
slower but reversible upon desorption with PBS solu-
tion.”® Indeed, the HSA desorption kinetics was best
fitted with two desorption rate constants, and only the
higher one was used in our simple model (Figure 7B).
The same simultaneous fit predicted well the transient
adsorption maximum of IgG (kg = 0.0009 pg lem’s
g = = 0.04 57, I™ = 0.60 pg cm *). While the
model seemed to capture correctly the position and the
timing of the transient adsorption maximum, it also
predicted adsorbed IgG to be completely displaced by
the other two proteins before the onset of the desorption
cycle, which has not been found in the experiments.
This discrepancy may also indicate the existence of the
two bound IgG fractions: a fraction that could be dis-
placed by other two proteins and other fraction that
could be displaced by the PBS solution. Clearly, the
simple model could be improved, for example, by add-
ing the reversible vs. irreversible protein fraction scena-
rios for HSA and IgG. However, one could argue that
there might be other reasons for the observed discrepan-
cies and that any additional scenarios to be included in
expanding the simple model would first need to be con-
firmed by independent experiments. Even with these
discrepancies between the fitted and experimental data,
the simple model seemed to have served well as a first
step towards predicting competitive protein adsorption.

The overall picture of the competitive adsorption
of Fgn, HSA and IgG provided by the simple model can
be summarized as follows:

a) fibrinogen adsorbed irreversibly, hence its af-
finity for the surface was the highest of the
three proteins,

b) albumin adsorbed reversibly with the dissocia-
tion constant, defined as Ky = r,/k,, Kqinsa =
0.125 pg cm* (or, ~ 1.87 nmol dm>),

¢) immunoglobulin G adsorbed reversibly with
the apparent dissociation constant Ky, = 44.4
pg cm (or, = 296.3 nmol dm ),
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d) affinity of each protein to the surface (inverse
of the dissociation constant) at the gradient
center position ranked as: 1/Kqpgn > 1/Kqnsa
>> 1/K g1g6,

e) adsorption of both IgG and Fgn was initially
transport-limited, and

f) transient adsorption maxima of IgG signified
the time of the transition between the transport-
and adsorption-limited regimes.

The last point f) requires the following commentary:
initial IgG adsorption rate increased as long as there was
enough of the surface available for adsorption. Once the
surface filled up with proteins, the IgG adsorption rate
slowed down, reached zero (hence, the adsorption max-
imum), and then became negative (Figure 7C). Because
IgG had the highest desorption rate constant of all three
proteins, its lifetime in the adsorbed state was shorter
than the surface lifetime of Fgn or HSA molecules. By
being more frequent, IgG desorption events created an
opportunity for the other two proteins to bind to the
surface sites left open by IgG. As a consequence of this
competitive exchange process the adsorbed layer was
slowly depleted from the bound IgG molecules. Similar,
but much less pronounced transient adsorption maxima
could also be seen in HSA adsorption kinetics on the
sulfonate side of the gradient (Figure 7B), indicating
that HSA desorption rate constant for this surface region
was larger than the desorption rate constant of Fgn. The
competitive adsorbed protein exchange process, the so-
called “Vroman” effect, illustrates the adsorption dy-
namics of the blood protein — biomaterials interactions.’
The composition of the adsorbed proteins layer on bio-
materials changes over time and so does the host physi-
ological response to the implanted material.

CONCLUSION

Competitive adsorption of three major human plasma
proteins, albumin, fibrinogen, and immunoglobulin G,
illustrates the complex dynamics of blood proteins —
biomaterials interactions. The three proteins displayed
different adsorption and desorption characteristics with
each protein adsorbing less to the sulfonate region than
to sulthydryl region of the gradient. The TIRF-measured
adsorption-desorption kinetics revealed the differences
in the adsorption and desorption of three proteins. By
fitting the experimental data to a simple model of com-
petitive protein adsorption, the affinity of each protein
to the surface at the gradient center position was ranked
as: 1/Kgpgn > 1/Kqusa >> 1/Kq1e6. The competitive ex-
change of the adsorbed proteins was related to the mag-
nitude of their desorption rate constants. The simple
model failed to perfectly fit HSA, and to some degree
IgG adsorption data, most likely due to the presence of
two adsorbed fractions, reversibly and irreversibly

bound, for these two proteins. In contrast, Fgn adsorp-
tion data were fitted well as being initially transport-
limited and completely irreversible.
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