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Abstract

Competitive protein adsorption plays a key role in the surface hemocompatibility of biological implants. We describe a quantitative chromatog-
raphy method to measure the coverage of multiple proteins physisorbed to surfaces. In this method adsorbed proteins are displaced by CHAF
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) and then analyzed by high performance liquid chromatography to separate ant
quantify the individual proteins, in this case bovine serum albumin (BSA) and bovine fibrinogen (Fg). CHAPS displaced over 95% of the adsorbed
proteins and was easily removed from solution by dialysis. This method was tested by measuring the coverage of BSA, 66 kDa, and Fg, 340 kD
simultaneously adsorbed from solutions with concentration qidénl, on bare and dextranized silicon. Relative to silicon, the dextranized
surfaces were found to strongly inhibit protein adsorption, decreasing BSA and Fg coverages by 76 and 60%, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction surface adsorbed proteins compete for occupancy of the bio-
material surface, and may become tightly packed, irreversibly
Despite the numerous biomedical implants placed succestound, and immobil§2]. Adsorbed proteins also undergo lim-
fully into patients every year, a generally accepted single definited conformational changes that may expose “receptor” amino
tion of biocompatibility for devices and indwelling biomaterials acid sequences that are recognized by specific blood cells or
has not yet been established. Ambiguity persists especially ibulk plasma proteins. Monolayers of densely packed immobile
the definition of blood compatibilityl]. The surfaces of many plasma proteins become arranged in undefined mosaics that vary
biomaterials and biomedical devices have been attributed to prapatially and temporally. This multi-protein layer determines all
voking blood clotting, tissue inflammation, and infection, which further events in coagulation and cellular adhedibg]. Fol-
contribute to their failur§2]. The initial eventin the foreign body lowing protein adsorption, the principal phenomena are blood
reaction stimulated by tissue contact with an implant is often aoagulation, platelet adhesion and aggregation, and complement
massive inflammatory response in which competitive proteiractivation leading to leukocyte aggregation.
adsorption takes place on the surface of the biomaterial. After Because of the importance and complexity of protein adsorp-
blood contacts a biomaterial, plasma proteins rapidly adsorbion on implants, several techniques have been developed to
onto the surface to form a monolayer of selected proteins. Albuidentify and quantify the type and amount, respectively, of
min and fibrinogen are among those first molecules selectivelphysisorbed proteir{8]. Traditional analytical methods to study
adsorbed, however their concentrations, as well as the conceprotein adsorption typically use radioactfde-11]or fluorescent
trations of other adsorbed proteins, change with time. Thesg 2,13]labeled compounds, gel electrophoresis and immunoblot
analysis[14—18] total internal reflection fluorescence and in
situ ellipsometry[19—21] Radioactive and fluorescent label-
* Corresponding author. Tel.: +1 215 349 5775; fax: +1 215 349 5078. ing methods can be used to measure adsorption of two proteins
E-mail address: ombellim@uphs.upenn.edu (M. Ombelli). simultaneously if different labels are used, but this technique is
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mainly used to detect a single protein adsorbing out of a mixable 1 _
ture. One disadvantage is that labeling alters the protein stru&hysical properties of BSA and Fg

ture and hence its adsorption beha\@2]. Recently, electron protein  Plasma Mass Size (nm) Volume pI Reference
spectroscopy for chemical analysis and time-of-flight secondary concentration  (kDa) (nmd)

ion mass spectrometry have been used to characterize surfaces ~ (ma/m)

containing multiple types of adsorbed prote[@8,24] These Bsa 40 66 4<3x3 271 4.7 [13]
methods are expensive, time consuming, and require specializéd 2-3 340 4% 5x5 3645 4.3 [13]

technical expertise and/or equipment. Another major limitation

is their inability to quantify protein coverage from complex mix- ] . ) o
tures, rather they only provide semi-quantitative measures ciurface for this experiment was obtained by oxidizing dex-

competitive adsorption. tran for 0.5 h prior to grafting on amino-functionalized silicon
High-performance liquid chromatography (HPLC) is now [30]. Bri_efly, our dextrg_n grafting proce_dure was developed on

firmly established as a premier technique for the analysis andingle side polished silicon wafers cut into squares of approxi-

purification of a wide range of molecules. HPLC is highly mately 1 crd. However, this surface area is too small to adso_r.b

reproducible, easily manipulated for selectivity, and generallygnough protein to be detected by HPLC which has a sensitiv-

provides high species recovef@5]. One objective of this ity determined by the efﬂm_en_cy of the UV detector, namely

paper is to demonstrate the potential of HPLC as a tool t&Pout 1ug. To overcome this issue, we therefore adapted our

investigate protein adsorption from multicomponent mixturesdextran grafting proceduf@8—30]to double side polished sili-

onto biomaterial surfaces. HPLC chromatograms provide bot§On wafers which present a surface area-46 cnt for protein

the qualitative (i.e., retention time) and quantitative (i.e., pealedsorption.

area) information needed to analyze protein mixtures. With

regard to separation and quantification of several proteing.2. Materials

adsorbed on biomaterial surfaces, the main limitation of HPLC

is that it is an ex situ technique. Namely, all proteins must To prepare protein solutions and clean the experimental appa-

be completely removed from the surface and then introducetgtus only water from a Barnstead Mega-FudP-1 water

into the HPLC system. An important finding in our approach,purification system was used. Bovine serum albumin (BSA),

is that nearly 100% of the adsorbed proteins studied to datiophilized, fatty acids- and globulin-free was obtained from

can be removed from surfaces by rinsing with CHAPS (3-Sigma Chemical Co., USA, as was bovine fibrinogen (Fg) (frac-

[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), tion I; >75% clottable protein). The proteins were used without

which is known as a surfactant that solubilizes membrandurther purification. Single and mixed solutions of concentra-

proteins while preserving their native structgs]. Several tions ranging from 1 to 5Q.g/ml of both BSA and Fg were

other detergents, including SDS, were investigated; howeveprepared using 40 mM phosphate-buffer saline (PBS) at pH 7.0.

CHAPS proved to be the most versatile and efficient detergernalytical grade chemicals for the buffer preparation were used

for displacing a range of proteins. without further purification. Physical properties relevant to the
In this paper, we will show that CHAPS displaces over 95%proposed method are listedTable 1 CHAPS (Sigma C3023)

of two major plasma proteins, bovine serum albumin (BSA) ancind SDS (sodium dodecyl sulfate, Sigma L6026) were tested as

fibrinogen (Fg)[6,27], simultaneously adsorbed onto bare andsurfactants to displace BSA and Fg from bare and dextranized

dextranized silicon wafer surfaces. Having established a sug@ilicon surfaces. CHAPS was selected because, unlike SDS, it

cessful approach for displacing and recovering adsorbed BSAid not interfere in the UV/HPLC detection of proteins.

and Fg on different surfaces, we then demonstrate a method

to separate and quantify the displaced proteins by gel filtratiod.3. Methods

HPLC. In toto, this novel CHAPS/HPLC approach is used to

demonstrate that dextranized silicon surfaces strongly inhibi2.3.1. CHAPS/HPLC method

protein adsorption, relative to unmodified silicon, while pref- A flow chart of the individual steps involved in the

erentially adsorbing BSA. These results suggest that dextra@HAPS/HPLC method is shown Irig. 1. After preparing sur-

coatings on blood-contacting biomedical implants provide daces (step 1), proteins were adsorbed by immersing samplesina

promising approach for reducing inflammatory response. PBS solution containing a mixture of BSA and Fg. Afterimmer-
sion for 1 h on a shaker at 3T in PBS containing 2f.g/ml,

2. Experimental each, of BSA and Fg, surfaces were then rinsed with PBS to
remove loosely bound proteins (step 2). Adsorbed proteins were

2.1. Surfaces eluted from the surfaces by 1 h of immersion in 8 MM CHAPS

solution on a shaker at 3T (step 3). The eluted protein samples
We tested our CHAPS/HPLC method by measuring com{step 4) were then dialyzed for 24 h at@ in PBS (pH~ 7.0)
petitive protein adsorption on silicon wafers and biomimetic,replaced four times to remove the CHAPS (step 5). The sam-
dextranized silicon wafers prepared in our laboratory. The detailples were frozen te-70°C before being freeze-dried overnight
regarding the preparation and characterization of these surfacéstep 6). The displaced proteins were subsequently identified
can be found in previous publicatiof8—30] The dextranized and quantified by HPLC (step 7), as described below.
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Fig. 1. Schematic of the newly developed HPLC method for the study of com- B ami Rt

petitive protein adsorption onto the surface of materials. —
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(b) Retention time, min

Chromatography analysis was conducted on a Beckmagg 2. sec of a 50/50 mixture of BSA and Fg. (a) Comparison with the elu-
Coulter System Gofll HPLC system running 32 Kargf soft-  tion pattern of a mixture of five gel filtration standards ((1) thyroglobuti,
ware. The apparatus was comprised of a 126 pump model solveit0 kDa, (2) IgG M. 158 kDa, (3) ovalbuminiy, 44 kDa, (4) myoglobinMy
delivery module, a 168 programmable detector module, which i47 kPa. (5) Vitamin B12M,, 1.35kDa). (b) Comparison with the elution pat-

a diode array UV-vis HPLC detector set at 210 nm wavelengtlﬁesrgse;’;?g éﬁ'%ntshgigzmmg BSA alone and Fg alone. Column and conditions
and a manual injector. Because BSA and Fg have similar iso-

electric points, p=4.7 and 4.3, respectively, but significantly

different molecular weights, 66 and 340kDa (sEsble ), these experimental conditions, the peaks for Fg and BSA are
size exclusion chromatography (SEC) was used to identify anceadily separated.

quantify the proteins. SEC separates biomolecules based on dif- In Fig. 2b, the spectrum of the 50/50 mixture of BSA and
ferences in their molecular size. To accomplish this we used &g (dark solid line) is compared with that of pure Fg and pure
bonded silica Bio-Sil SEC 250 column (Bio-Rad). The eluentBSA. Structurally, Fg is a dimer, each half of which is com-
was a buffer composed of 0.05 M NaPiOy, 0.05 M NaHPO;, posed of three disulfide-bonded polypeptide chains designated
0.15M NaCl and having pH 6.8. The flow rate was set atAa, BB, andvy [3], whereas BSA consists of a single peptide
0.6 ml/min with a 20Qul. injection volume. The elution spectra chain forming three small globular unit3]. We can assign the

of a 50/50 mixture of BSA and Fg are shownhig. 2 The  strongest peaks at a retentiontimes of 11.9 and 16.5minto Fgin
data are plotted as absorbance at 2104wy, versus retention its dimeric form and BSA in its monomeric form, respectively.
time in minutes. To identify the specidsSig. 2a compares the The weaker peaks near retention time of 14.9 min are attributed
spectrum of the 50/50 mixture (solid line) with a mixture of to Fg molecules in monomeric or fragmental form and BSA
five gel filtration standards (thyroglobulif,, 670kDa; IgG, molecules in dimeric fornj31]. In the current work the sec-
M,, 158 kDa; ovalbuminM,, 44 kDa; myoglobinM,, 17kDa; ondary peak appearing at a retention time of 14.9 min will not
vitamin B12, M,y 1.35kDa). This comparison allows for the be analyzed.

identification of the main peaks at 11.9 and 16.5min as Fg To quantify the amount of proteir1ofrom known concen-
(340kDa) and BSA (66 kDa), respectively. The difference intrations of Fg and BSA were measuré&ij. 3shows calibration
retention time Az, between the two species is 4.6 min so, undercurves for both the Fg and the BSA main peaks. They were
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obtained by injecting fixed volumes of 50/50 mixtures of BSA from dextranized Si

and Fg with concentrations ranging from 1 tog@ml and mea-
suring the Fg and BSA peak areas. As an example, the elution
spectrums of 50/50 mixtures with concentrations of 1, 10, 30
and 50un.g/ml are reported in the inset &ig. 3.

Two factors determine the choice of detergent. As previously
noted, the detergent must displace nearly 100% of adsorbed pro-
teins. A second feature is that the detergent does not interfere

Az]o. a.u.

with the chromatography measurements of the desired proteins. T S —

After investigating several detergents, CHAPS was found to 10 2 " 16 s 0

be the best choice because the concentration can be greatly ® Retention time, min

reduced by extensive dialysis against PBS buffer. As demortig 4. Elution pattern of a 20mM: (a) SDS and (b) CHAPS solution before
strated inFig. 4a, SDS (one possible detergent candidate) soluand after extensive dialysis against PBS buffer. Columns and conditions as in
tionsinjected in the HPLC system show strong peaks between 13gs. 2 and 3

and 17 min even after dialysis for 24 h &@in PBS (pH~ 7.0)

replaced four times. In contrast, CHAPS solutions do not shov.3.2. Protein fluorescence measurements

any strong peaks between 10 and 17 min after dialysis under To determine the efficacy of CHAPS solutions to displace
the same conditiond=(g. 4b). To allow a direct comparison of proteins from surfaces, fluorescence measurements of proteins
the CHAPS and SDS adsorption peaks with those from the didabeled with Oregon Green (OG) 488 dye (Molecular Probes,
placed proteins, an elution pattern containing of both BSA andugene, OR) were performed in separate tests. Solutions con-
Fg displaced from dextranized silicon (presented lat&ign7)  taining either labeled BSA (20g/ml) or Fg (20ug/ml) were

is included inFig. 4a and b. As shown irfFig. 4a the peaks adsorbed onto silicon and dextranized silicon surfaces which
associated with BSA/Fg strongly overlap with the SDS peaksvere placed in 12-well tissue culture plates (Corning Inc.,
both before (solid line) and after (dashed line) dialybig. 40  Costar, NY) for 1 h on a shaker at 3€. The BSA and Fg
shows that the CHAPS spectrum overlaps the BSA/Fg beforiabeling and the quantification of labeled proteins on the sur-
dialysis (solid line). However, following dialysis, the main peaksfaces were performed according to the method described by
of Fg and BSA (i.e., between 10 and 17 min) are easily distinToworfe et al.[12]. The concentration and degree of labeling
guished from the CHAPS spectrum (dashed line). Moreover, thevas determined by transferring 100 ml of the BSA and Fg into
absorbance from CHAPS over this time range is flat allowingcuvettes (1 cm pathlength) for spectrophotometer readings of
for easy subtraction. Although CHAPS and SDS have similathe conjugate solutions at 280 and 496 nn. The optimum degree
critical micelle concentrations (7—10 mj82]), their micellar  of labeling for BSA and Fg is between 4 and 8 mol of Ore-
properties are significantly different. CHAPS has an aggregagon Green 488 dye/mol of protein (Molecular Probes). BSA
tion number of 4—14 and an average micellar molecular weighdimers, less than 10% of all the molecules, are not included
of 6000 Da whereas SDS has significantly larger values of 621 the evaluation of the degree of labeling. BSA and Fg con-
and 18,000, respective]$2]. The large size of the SDS micelle centrations were determined using 4¥00*M~1cm™1 and
compared to CHAPS may explain why SDS is difficult to remove5.12x 10° M~1cm™1, respectively, as the molar absorptivities
by dialysis. of the proteins at 280 nif33]. Fluorescence readings were per-
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formed in a microplate reader (Chamel&¥n Hidex, Finland) After incubation for 1h, the surface coverage of BSA was
at 485 nm excitation and 535 nm emission wavelengths, so th@&60+ 40 ng/cnt on silicon and 10610 ng/cn? on dextran-

the fluorescence of the solid surface, with the adsorbed labelepated silicon. The surface coverage of Fg was580 ng/cn?
proteins on it, was directly determined. After incubation, initial on silicon and 15@- 15 ng/cnf on dextran-coated silicon fol-
fluorescence readings were recorded after washing substrated@wing incubation. After washing with CHAPS, the surface
PBS to remove loosely bound proteins and prevent rebindingioverage of BSA was reduced to 11 ng/cn? on silicon and

A second reading was recorded after the same substrates wéré: 0.5 ng/cnt on dextran-coated silicon. The surface coverage
washed by 8 mM CHAPS solutions for 1 h on a shaker &@7  of Fg decreased to 2Z3 ng/cn? on silicon and 2 1 ng/cn?

This procedure replicated the experimental conditions used iin dextran-coated silicon following CHAPS exposure. These
the protein displacement step of the HPLC method Egel). results indicate that CHAPS exposure displaced 95.0-96.9% of
A comparison between the two fluorescence readings alloweddsorbed protein that remained after the initial PBS wash. These
for the determination of the efficiency of CHAPS at displacingfindings also demonstrate that the effect of the dextran surface

BSA and Fg from the surfaces. coating reduces both BSA and Fg adsorption by approximately
72—73% with respect to bare silicon surfaces.

3. Results 3.2. Surface coverage by CHAPS/HPLC method

3.1 Protein displacement by CHAPS Before analyzing competitive adsorption, CHAPS/HPLC

. . . was initially used to determine single protein coverage on both
Fig. Sshows the surface density) of BSA (Fig. 58) and Fg bare and dextranized silicon as showrFig. 6. Each experi-

(Fig. 5b) adsorbed from pure solutions on silicon and dextran- T
modified silicon. Each value af is the average of three fluo- ment was repeated five times. The surface coverage of BSA was

rescence readings performed on five different surfaces. For ea400jE 50 ng/ent on silicon and reduced to 12015 ng/enf on
gsp o : %baxtran-coated silicon. Similarly, the surface coverage of Fgwas
surface, these readings were within 10% of each other.

500+ 130 ng/cm on silicon and reduced to 13016 ng/cnt
on dextran-coated silicon. The protein resistance of dextranized
400 ‘ _ silicon will be explored in an upcoming paper. These coverages
HEEl After incubation . . .
7 After washing with CHAPS are in excellent agreement with those obtained by the fluores-
I cence method shown Fig. 5 demonstrating the reliability of
300 |- the CHAPS/HPLC methodrig. 7 shows representative elu-
tion patterns of mixed solutions comprised of both BSA and
| Fg following displacement from both bare and dextranized sili-
200 | con surfaces. The range of retention time (10—18 min) shown in

" Fig. 7a includes the appearance of both proteins. To accentuate
I the smaller Fg peak, a narrow range of retention time, from 10
100 b to 13 min, is plotted irFig. 7b. A standard chromatogram of a

- bulk mixture of Fg and BSA is also shown fifig. 7a and b.

Sor Using the calibration data (e.gig. 3), the raw chromatogra-

350 |

250

BSA surface density, ng;’cm2

ol phy data were converted to BSA and Fg surface concentrations
(a) Silicon Dextran (") for both substrates and plottechiy. 8 The values of " were
600
I Il After incubation 600 »
500 [ After washing with CHAPS | I Silicon
[ Dextran

500

2

400

400
300

300
200 |

200

Fg surface density, ng;’cm2

Protein surface density, ng/cm

100

(b) Silicon Dextran

Fig. 5. Protein surface density on bare and dextranized silicon surfaces BSA ' Fg

(adsorption from 2@.g/ml solution) before and after washing by 8 mM CHAPS

solutions for 1 h at 37C, obtained using fluorescence method. (Top) BSA andFig. 6. Single protein surface densityon bare and dextranized silicon surfaces
(bottom) Fg. (adsorption from 2@.g/ml solution) obtained using CHAPS/HPLC method.
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determined to be 36@ 40 ng/cn? for BSA and 50+ 5 ng/cn?

for Fg on silicon and 85 9 ng/cn? for BSA and 20k 2 ng/cn?

for Fg on dextranized silicon. The experiments were repeated
on five silicon and dextranized silicon surfaces.

From these competitive adsorption experiments, dextran
coatings are found to decrease total protein adsorption by 74.4%
compared to the bare silicon controls. The individual proteins
are observed to decrease by similar amounts, namely 76.4%
for BSA and 60.0% for Fg. Moreover, both surfaces after 1 h
show preferential adsorption of BSA from the mixed BSA/Fg
solution, with BSA accounting for 80.9 and 87.8% of the total
protein adsorbed onto the bare and dextranized surfaces, respec-
tively.

4. Discussion

Quantitative and selective methods are needed to interrogate
competitive protein adsorption to biomaterials, especially vas-
cular implants and other blood-contacting surfaces. Although
considerable experimental data are available on the kinetics of
irreversible protein adsorption, little is known about the selec-
tivity of proteins adsorbed on surfaces. Our approach, called
the CHAPS/HPLC method, provides quantitative analysis of
multiple proteins that have been adsorbed onto solid substrates.
Referring to the flowchart of CHAPS/HPLC illustratedhiy. 1,

a systematic discussion of the relevant experimental steps is pro-
posed.

The CHAPS/HPLC method was tested using bare silicon as
a control and dextran-grafted silicon surfaces synthesized and
characterized in our laboratori¢gg8—30] The dextran graft-
ing chemistry was extended to double-sided surfaces to provide
a sufficiently large homogeneous sample that would nomi-
nally adsorb microgram quantities of proteins (i.e., sufficient
for detection by UV absorption). Measurement sensitivity, but
not surface shape, is then a limitation for application of this
method, which is good for any geometry. Radioiodine labeling,
one of the most sensitive and precise methods for measuring
quantity of protein adsorbed, the detection limitis on the order of
1 ng/cnt [3]. Popular techniques such as gel electrophoresis and

[ 1BSA ; X . ; o
400 :ngS immunoblot analysi$14—18] provide only a semi-quantitative
L I Total estimation of the protein coverage. In the current use, the sen-

300

200

100 4

0 : : ;

Silicon Dextran

sitivity of CHAPS/HPLC is 25ng/crh This detection limit
can be readily improved te-2 ng/cn? by displacing proteins
from larger surface areas. Namely, the surface area of double
sided silicon wafers was 40 énalthough wafers with signifi-
cantly larger diameters are available. Including all experimental
errors, the precision of the present CHAPS/HPLC method is
+10 ng/cn?. This value is similar to total internal reflection flu-
orescence, in situ ellipsometry and fluorescent labeling methods
[12,13,19-21]

The physical properties of the particular proteins (BSA and
Fg) chosen for testing the CHAPS/HPLC method dictated the

Fig. 8. Protein surface density on bare and dextranized silicon surfaces (c:ompe"f—Se of SEC, which allows for the separation of the two proteins

on the basis of their different molecular weights. We empha-

itive adsorption from a mixture of BSA and Fg both at concentrationsgZl).
Data obtained from the chromatogramdHig. 6 and the calibration curves in
Fig. 3

size that SEC is one of several possible separation approaches
offered by HPLC, including reversed phase chromatography,
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ion-exchange and hydrophobic interaction chromatography, as Despite these limitations, the CHAPS/HPLC method
well as affinity chromatography. In general, HPLC encom-described herein is a powerful tool for studying the complex
passes a highly versatile set of separation techniques that camteractions between multicomponent mixtures of proteins and
be chosen depending on the properties of the proteins dhe surfaces of biomaterials and biological implants. Because
interest. this method provides a quantitative measure of protein adsorp-
A key step in the CHAPS/HPLC method was the identifi- tion, it can be used to screen the biocompatibility of material sur-
cation of CHAPS as a facile, efficient detergent for displacingfaces which are candidates for biomedical devices or indwelling
adsorbed proteins. At least 95% efficiency in displacing promaterials. A major strength of CHAPS/HPLC is that it is the
teins was achieved without any demonstrable interference witfirst technique that is both quantitative and selective. While the
the UV detection of the proteins after injection in the HPLC sys-pilot studies in this paper demonstrate proof of concept using
tem. Although CHAPS shows adsorption peaks in the 10—18 mitwo proteins, CHAPS/HPLC has the potential to be developed
retention region (i.e., BSA +Fg region, seig. 4b), it is easily  for the study of competitive adsorption of mixtures containing
removed from solution by dialysis against PBS buffég. 40  three or four proteins (e.qg., fibronectin, von Willebrand factor,
shows that, following dialysis, CHAPS-related peaks are nwitronectin[4—8]), on virtually any surface of interest includ-
longer present in the retention time range for the elution ofng polymers, metals, ceramics as well as glass. Note that other
BSA and Fg. Thus, the BSA/Fg spectrum will not be con-detergents may be necessary for new combinations of proteins
founded by the presence of CHAPS. After ensuring removal ofind surfaces.
surfactant, the efficiency of CHAPS to displace BSA/Fg from  True understanding of blood compatibility requires tracking
both surface types needed to be demonstrated. Using an estabe adsorption of hundreds of proteins from a plasma over a
lished fluorescence technique to measure protein adsorptidiroad range of time. No techniques can accomplish this task.
from single-component solutiorf2], the surface concentra- However, because HPLC is able to identify and quantify proteins
tion of adsorbed BSA and Fg was quantified on both surfaceBom a variety of synthetic and biological sources the CHAPS/
before and after washing with CHAPS. This protocol employedHPLC method is inherently attractive for studying competitive
the same experimental conditions used for protein removal prioadsorption from multicomponent systems and possibly body
to HPLC quantification. The results from these parallel experifluids. For example, CHAPS/HPLC can be used to follow the
ments confirmed that less than 5% of the total adsorbed protegdsorption of selected proteins known to underlie the biocompat-
remained bound to the solid substrate. ibility (namely, BSA, Fg fibronectin, von Willebrand factor, vit-
Although an extensive array of methods are available to studyonectin, IgG[4-8]) directly from plasma. Platelet adhesion, as
protein adsorption, clearly no single technique can provide avell as the surface activation of coagulation, has been observed
complete understanding of all relevant aspects of protein-surfade have a causal relationship to the composition of the adsorbed
interactions. Thus, a number of complementary methods arngrotein layer. Because synthetic surfaces tend to adsorb rela-
presently used to describe adsorption to the full extent pogively large amounts of Fg, fibronectin, von Willebrand factor
sible. Hlady et al[34] have summarized the attributes of an or IgG, the biocompatibility of implants may be largely deter-
ideal method: quantitative, fast response, in situ, conformationmined by their “selectivity” towards specific adsorbed species.
ally sensitive, applicable to all surface geometries and type®n the other hand, surfaces that preferentially adsorb BSA or
and applicable to competitive adsorption. No available methodgtheoretically) no proteins are relatively blood compatildg
including the CHAPS/HPLC method, have all these attributesThus, by using CHAPS/HPLC to track three- or four-candidate
Whereas the advantages of CHAPS/HPLC as a method to stugyoteins from blood, this method can become an essential tool
mixed protein surfaces have been discussed, two limitations afe testing the biocompatibility of surfaces found in biomedical
its inability for in situ analysis and the need to displace pro-devices. The CHAPS/HPLC method can provide quantitative
teins. Because it is not in situ, the CHAPS/HPLC method ismeasurements of selective adsorption of BSA and Fg on bare
unsuitable for following rapid protein adsorption kinetics onand dextranized silicon surfaces. The ability of dextranization
the scale of 1s or faster. Second, because proteins must be dis-decrease total protein adsorption by 70% with respect to bare
placed prior to HPLC, surfaces must be rinsed with a surfactargilicon has been demonstrated. Our studies also show that the
able to displace all the adsorbed proteins. We have attempteatextranized surfaces preferentially adsorb BSA after immersion
to minimize any uncertainty in the displacement step by usingn a BSA/Fg solution comprised of these proteins at the same
a standard, constant washing procedure. We minimized the log®ncentration (2p.g/ml). Even though this is the first quantita-
of protein due to adsorption to the dialysis membrane and/or thtve study of simultaneous BSA and Fg adsorption on bare and
walls of the vessel during freeze-drying by repeated rinsing. Welextranized silicon, a comparison with literature data on single
note that protein coverage values obtained by CHAPS/HPL@rotein adsorption is in particularly good agreement with our
are in very good agreement with those obtained by the fluoredindings. Ortega-Vinuesa et §85] and Sharma et gi36] report
cence methods as demonstrated by compafing. 5 and 6  coverages 0f-400 ng/cnd for BSA and~700 ng/cm for Fg for
This agreement suggests that the amount of protein lost durintpese proteins adsorbed from single protein solutions on silicon.
the dialysis/freeze-drying steps is very small. Through paralleThese values agree both with our one component coverage stud-
experiments involving fluorescently tagged proteins, the effecies on silicon which yield single 360 and 550 ngfcfar BSA
tiveness of CHAPS at displacing BSA and Fg from surfaces haand Fg, respectively as well as the total coverage determined
been demonstrated. from CHAPS/HPLC in competitive adsorption studies.
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greatly reduced. Dextrans are known to show very low non-[5] W.B. Tsai, J.M. Grunkemeier, T.A. Horbett, J. Biomed. Mater. Res. 44
specific interactions with protein@7] and dextran coatings (1999) 130. ) )

. . . . .[6] J.M. Grunkemeier, W.B. Tsai, C.D. McFarland, T.A. Horbett, Biomate-
reduce protein adsorption at surfaces enhancing biocompati* rials 21 (2000) 2243
bility [38.—40]- For the first time, this S.tUdy shows t_hat BSA_ [7] 3.M. Grunkemeier, W.B. Tsai, T.A. Horbett, J. Biomat. Sci. Polym. E
preferentially absorbs to dextran, relative to Fg. This result is 12 (2001) 1.
important because polymers capable of preferentially adsorbin@S] W.B. Tsai, J.M. Grunkemeier, C.D. McFarland, T.A. Horbett, J. Biomed.
BSA are thought to be less thrombogenic than those enriched in  Mater. Res. 60 (2002) 348. _

. dg] P. Dejardin, P. ten Hove, X.J. Yu, J.L. Brash, Langmuir 11 (1995)

Fg. For example, albumin coated surfaces have been shown to
inertto platelgts, whereas fibripoge_n enhances platelet adhesi@gn) m.c.L. Martins, D. Wang, J. Ji, L. Feng, M.A. Barbosa, Biomaterials
and aggregatiof41]. The findings in our paper suggest that 24 (2003) 2067.
dextran-based coatings are advantageous for blood-contactifig] C.R. Jenney, J.M. Anderson, J. Biomed. Mater. Res. 49 (2000) 435.

medical devices, especially when fibrinogen-inert surfaces aré?l G-K. Toworfe, R.J. Composto, C.S. Adams, |.M. Shapiro, P. Ducheyne,
J. Biomed. Mater. Res. 71A (2004) 449.

required such as in vascular applicatigas]. [13] J. Kim, G.A. Somorjai, J. Am. Chem. Soc. 125 (2003) 3150.
[14] R.M. Cornelius, J. Sanchez, P. Olsson, J.L. Brash, J. Biomed. Mater.
5. Conclusion Res. A 67A (2003) 475.

[15] N. Weber, H.P. Wendel, G. Ziemer, Biomaterials 23 (2001) 429.

_ ; : ; :21d16] R.M. Cornelius, J.L. Brash, Biomaterials 20 (1999) 341.
Blood-borne proteins rapldly adsorb onto forelgn matenaljl?] J.E. Babensee, R.M. Cornelius, J.L. Brash, M.V. Sefton, Biomaterials

that come into contact with blood or plasma, and the resultant * ;4 (1998) 839.

adsorbed protein layer determines all further events in coagulatg] A.J.A. Klomp, G.H.M. Engbers, J. Mol, J.G.A. Terlingen, J. Feijen,
tion and cellular adhesidA1]. When testing the biocompatibil- Biomaterials 20 (1999) 1203.

ity of candidate materials for blood-contacting medical devices[lg] S- tasse”: m ma:msze”, j go::o@gs :”:ef;ace :C?- 1?8 (ggg) 433‘3-
tis importantto assess their behavior with respectto competitivigy) & 2220 | VAT 5 800 EECE o8 108 (0 e
protein adsorption. Among the many analytical techniques avai 2] T. Beugeling, S. Dawids, in: S. Dawids (Ed.), Test Procedures for the
able to study protein adsorption onto surfaces, no technique has Biood Compatibility of Biomaterials, Kluwer Academic Publishers, Dor-
yet to be readily applied to quantitatively and selectively study  drecht, The Netherlands, 1993, p. 229.

competitive adsorption. We developed a HPLC-based methdd3l '\R/'-S- Xvagfryzgﬂdasqen' T.A. Horbett, D.G. Castner, J. Biomed. Mater.
using CHAP.S to d|splace proteins and SEC to qua_mnfy an 4] MG.};: Wagner(, T.A.)Hdrbett, D.G. Castner, Biomaterials 24 (2003) 1897.
identify proteins previously adsorbed to surfaces. This metho 5] M.-I. Aguilar, HPLC of Peptides and Proteins (Methods and Protocols),
uses a simple and convenient protocol, provides excellent pre-  Humana Press, Inc., Totowa, NJ, 2004.

cision and expands the experimental tools for assessing tti#s] M.F.M. Engel, A.J.W.G. Visser, C.P.M. van Mierlo, Langmuir 19 (2003)
biocompatibility of new and old materials. In developing the . §9I329Andrade V. Hiady. Ann. NLY. Acad. Sci. 516 (1687) 158
.methOd’ we evaluated the efficacy .O.f a deXt.rar.] coatm_g ona SILQS% M bmbelli, D’.M.. Ecknzlémn, RJ Cllompoéto, Mat. Rc(es. Sgc. Sy.mp. Proc.
icon substrate to control non-specific protein interactions. Our = 45, (2002) 205.

competitive adsorption studies on bare and dextran-modified Sij29] M. Ombelli, D.M. Eckmann, R.J. Composto, Mat. Res. Soc. Symp. Proc.

icon surfaces indicate that dextranized films significantly reduce 774 (2003) 93.
protein adsorption. [30] D. Miksa, E.R. Irish, D. Chen, R.J. Composto, D.M. Eckmann, Mat.
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