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Abstract Surface modification strategies that take advan-

tage of the passivation effects of albumin are important in the

development of biomaterial surfaces. In this study, linear

peptides (LP1, LP2) and a small chemical ligand (SCL) with

albumin binding affinities were grafted onto silane func-

tionalized silicon substrates. Surfaces were characterized

with contact angle and ellipsometric measurements, and

densities of immobilized ligands were assessed spectro-

scopically. Ellipsometrically measured thickness correlated

with the predicted molecular lengths of grafted moieties.

Contact angle analysis indicated that the LP1 and LP2

functionalized surfaces were hydrophilic compared to SCL

functionalized and control surfaces. Adsorption of albumin

from human serum was evaluated and quantified via specific

enzyme-linked immunosorbent assays and 2D gel electro-

phoresis. The following trend was noted for surface adsorbed

albumin: LP1 [ LP2 [ SCL [ C, with LP1 derivatized

surfaces having *2.450 lg/cm2 of bound albumin. LP1

derivatized surfaces possessed the least number of adsorbed

platelets with rounded platelet morphology when compared

to control surface.

1 Introduction

Biomaterials that offer improved thrombogenicity and

material characteristics can improve material performance

in vivo [1–4]. While many factors contribute to the failure

and rejection of biomedical implants, surface-induced

thrombosis has been reported to play an important role [4].

Even though most biomedical polymers are relatively inert,

non-reactive and non-toxic, most implant materials when

exposed to physiological fluids are coated with a complex

layer of proteins, which in-part initiate surface-induced

thrombotic events [4–7]. Previous research has reported

that the adsorption pattern of plasma proteins was influ-

enced by the chemical and physical characteristics of a

variety of biomaterial surfaces [8–11]. In addition to the

adsorption of the key plasma proteins; namely, albumin,

immunoglobulin and fibrinogen, the adsorption of Von

Willebrand factor (vWF), fibronectin and vitronectin have

also been reported [5]. Albumin-coated surfaces adhere

fewer platelets whereas c-globulin and fibrinogen adsorb-

ing surfaces promote the adhesion of platelets [8–15].

Thus, surface modification strategies to yield surface-

coated or surface adsorbed albumin have been developed to

take advantage of the surface passivation effects of albu-

min coatings.

Previous research to engineer surfaces with enhanced

albumin affinity includes surfaces modified with straight

chain 16- or 18-carbon alkyl chains, the modification of PU

and PU-PHEMA surfaces with dextran: cibacron blue (CB)

dye conjugate, immobilization of albumin specific mono-

clonal antibodies [16–18]. While previous work has pro-

vided useful and critical insights, by highlighting the

importance of surface, surface chemistry, spacer moieties,

affinity ligands, epitope presentation, and surface interac-

tions in the process of protein adsorption, an opportunity

exists to design and develop small chemical ligands or

peptides with high selectivity and specificity for albumin

binding and a defined surface chemistry to anchor these

ligands. Thus, in the present paper, peptide- or small
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chemical ligand derivatized biomaterial surfaces were

generated in an attempt to control protein-surface interac-

tions and confer in situ albumin binding properties. Albumin

binding peptides that were generated by the phage-display

method and characterized elsewhere were used in our

studies [19]. Additionally, a small chemical ligand that has

been shown to preferentially interact with human serum

albumin over other plasma proteins was also employed [20].

The central hypothesis is that surfaces developed in this

study will preferentially recruit albumin in situ to keep the

surface coated with albumin and result in surfaces with

increased albumin binding and lower platelet adhesion when

compared to a control surface. In this study, silicon wafers

were used as a model substrate and self-assembled mono-

layers were fabricated using 3-aminopropyltriethoxysilane

(APTES) to serve as a template for protein immobilization on

silicon surfaces. The silane derivatized surfaces were modi-

fied further using three different ligands that have been

reported to bind human serum albumin (HSA), namely: linear

peptides; a 31-mer (AEGTGDFWFCDRIAWYPQHLCEF

LDPEGGGK; denoted as LP1), a 14-mer (DRIAWYPQ

HLGGGK; denoted as LP2) and a small synthetic ligand (2, 4,

6-Tris (dimethylaminomethyl) phenol; denoted as SCL) [19,

21]. The protein binding capacity of these surfaces was

quantified by specific ELISA (enzyme-linked immunosorbent

assay) and by 2D gel electrophoresis. The adhesion of platelets

to the modified surfaces was evaluated by scanning electron

microscopy and quantified via lactate dehydrogenase assays.

2 Experimental

2.1 Materials

Silicon (100) wafers, p-type, 2 inch diameter, one side

polished, resistivity \0.01 were purchased from Polishing

Corporation of America (Santa Clara, CA). Unless otherwise

stated, all chemicals were ACS grade or better, and used

as received. 3-aminopropyltriethoxysilane (APTES) was

obtained from Gelest, Inc. (Morrisville, PA). Peptides:

namely LP1 (AEGTGDFWFCDRIAWYPQHLCEFLDPE-

GGGK) and LP2 (DRIAWYPQHLGGGK) were custom

made from Sigma-Genosys (Spring, TX). 1-Ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC)

and N-hydroxysulfosuccinimide (NHSS) were obtained from

Pierce (Rockford, IL) and were used to crosslink peptides to

surface. 2,4,6-Tris(dimethylaminomethyl)phenol (technical,

C90%, NT) was the small chemical ligand (SCL) and the 1,4-

butanediyl diglycidyl ether (technical grade, 60%) was

respective cross linker which were obtained from Sigma (St.

Louis, MO). A Teflon beaker was used for hydrofluoric acid

treatments. All the rinsing steps involved in the experiments

utilized deionized water with resistivity 18 MX cm.

2.1.1 Serum proteins and antibodies

Human serum albumin (A9511), rabbit anti-human IgG

antibody whole molecule (I2011), HRP conjugated rabbit

anti-human IgG (A8792), human serum fibrinogen

(F4129), QuantiProTM BCA assay kit (QPBCA), In Vitro

Toxicology Assay Kit: Lactic Dehydrogenase based, SIG-

MAFASTTM OPD tablets, dialysis tubing cellulose mem-

brane (MWCO 12400) were purchased from Sigma (St.

Louis, MO). Human immunoglobulin G (HGG5000) and

human serum were obtained from EquitechBio. Inc.

(Kerrville, TX). Affinity purified goat anti-human albumin

antibody (A80129A) and HRP conjugated goat anti-human

albumin antibody (A80129P) were obtained from Bethyl

Laboratories, Inc. (Montgomery, TX). Polyclonal rabbit

anti-human fibrinogen antibody (A0080), HRP conjugated

rabbit anti-human fibrinogen antibody (A8792) were pur-

chased from Dako Cytomation (Carpinteria, CA). SDS-

OUTTM SDS precipitation kit and Silver snap stains were

obtained from Thermo scientific (Chicago, IL). The com-

plete ZOOM� Bench top Proteomics System, 4X

NuPAGE� LDS sample buffer, NuPAGE� sample reduc-

ing agent, NuPAGE� antioxidant, MOPS running buffer,

Mark12TM unstained standard molecular ladder were

obtained from Invitrogen (Carlsbad, CA) for 2D Gel

electrophoresis. Bovine blood was collected in acid–cit-

rate–dextrose (ACD) from Veterinary & Biomedical Sci-

ences, University of Nebraska Lincoln (Lincoln, NE).

2.1.2 Buffers

MES buffer (100 mM MES, 500 mM NaCl, pH 6.0) was

used to anchor peptides. Phosphate buffer (10 mM

Na2HPO4, 20 mM NaCl, pH 6.2) was used as exchange

buffer (EB) for dialyzing human serum. The exchange

buffer without salt (10 mM Na2HPO4, pH 6.2) was used as

sample incubation buffer (IB) when indicated. Prepared

surfaces were stored in 19 phosphate buffer saline (PBS)

with 0.01% NaN3 until use. For human serum albumin

(HSA) ELISA, coating buffer (0.05 M carbonate–bicar-

bonate, pH 9.6), washing buffer (50 mM Tris, 0.14 M

NaCl, 0.05% Tween 20, pH 8.0), blocking buffer (50 mM

Tris, 0.14 M NaCl, 1% BSA, pH 8.0), dilution buffer

(50 mM Tris, 0.14 M NaCl, 1% BSA, 0.05% Tween 20, pH

8.0) were prepared according to the manufacturer’s protocol

(Bethyl Lab). For human immunoglobulin G (HIgG) and

human fibrinogen (HFib) ELISA, coating buffer (0.1 M

NaHCO3, 0.1 M NaCl, pH 9.3), washing buffer (20 mM

Tris–HCl, 50 mM NaCl, 0.05% Tween 20, pH 7.2),

blocking/dilution buffer (20 mM Tris–HCl, 50 mM NaCl,

0.5% casein, pH 7.2) were prepared according to procedures

developed in our laboratory. Platelet suspension buffer

(134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM
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Na2HPO4, 1.0 mM MgCl2, 1.8 mM CaCl2, 10.0 mM

Hepes, 5 mM glucose, 0.3 g/100 ml BSA) was used to

re-suspend platelets after separation from blood. BSA and

glucose were added in the warmed solution prior to use of

platelet suspension buffer (PSB).

2.2 Surface preparation

The overall scheme to derivatize silicon surfaces and the

further synthesis of APTES-modified surfaces with the

ligands selected in this study is schematically represented

in Fig. 1. Hydroxylation of 1 9 1 cm2 silicon wafers was

carried out by first etching with diluted HF for 5 min fol-

lowed by oxidation with HNO3–500 ppm HF mixture at

80�C for 15 min [22]. Hydroxylated silicon wafers were

then exposed to anhydrous toluene containing 2 vol.% of

APTES for 30 min at room temperature under constant

stirring and nitrogen purging. Surfaces were then sonicated

and rinsed in (1) toluene, (2) toluene–methanol mixtures

(1:1 v/v), and (3) methanol sequentially for 2 min each and

then dried in nitrogen atmosphere.

2.2.1 Coupling of peptides to APTES functionalized

surfaces

For the coupling of peptides (Sigma-Genosys; Spring, TX) to

APTES-derivatized surfaces, silanized surfaces were first

equilibrated in MES buffer for 30 min. Peptides were dissolved

in a minimum volume of dimethylsulfoxide (DMSO) and

stored on ice. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiim-

ide hydrochloride (EDC) and N-hydroxysulfosuccinimide

(NHSS) were first dissolved in MES buffer and then the

solution was added to DMSO containing peptide. MES

buffer was rinsed off from equilibrated surfaces and peptide

solution was added on the surfaces. The reaction was allowed

to take place for 12 h at 4�C on a shaker (50 rpm). After

peptide coupling, surfaces were washed gently with copious

amount of MES.

2.2.2 Coupling of SCL to APTES functionalized surfaces

For SCL coupling, silanized surfaces were equilibrated

with isopropyl alcohol (IPA) for 30 min and, exposed to

1,4-butanediyl diglycidyl ether (BUDGE) dissolved in IPA

for 8 h at room temperature with gentle shaking. Upon the

completion of the BUDGE incubation step, surfaces were

exposed to SCL (SCL: BUDGE at 6:1 molar ratio) for 24 h

at room temperature on a shaker. At the end of incubation,

surfaces were washed with DI water. Surfaces prepared

were stored in PBS buffer containing 0.01% NaN3 at 4�C

until further use.

Untreated wafer (denoted as C) were rinsed in ethanol

followed by sonication and rinsing in DI water and stored

under similar conditions.

2.3 Surface characterization

2.3.1 Ellipsometry

The increase in film thickness at the end of each step shown

in Fig. 1 was measured by spectroscopic ellipsometer

M2000 V operating in the UV–Visible region at Center for

Fig. 1 Schematic
representation of the surface
functionalization method.

Silicon wafer was first

hydroxylated (step 1) followed

by silanization (step 2) with

APTES to yield surfaces with –

NH2 moieties. In step 3, linear

peptides were covalently

anchored to the silanized

surface via EDC–NHSS

crosslinker. In step-4, SCL was

also immobilized on silanized

surface (step 4) via a

bifunctional epoxide, BUDGE.

Unmodified surfaces served as

controls (C)
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Materials Research and Analysis, University of Nebraska

(Lincoln, NE). Spectroscopic ellipsometry measurements

were done in air immediately after surface preparation. The

experimental data for LP1 and LP2 modified surface were

fitted in four-layer models which consist of a silicon base

layer and three consecutive uncoupled Cauchy layers. Each

Cauchy layer corresponded to different step of surface

modification. For SCL anchored surface, the experimental

data was fit to five layer models consisting of silicon base

layer and four consecutive uncoupled Cauchy layers [23].

Each reported value represented the average value and

standard error of at least three separate thickness values from

each of the three different batch of experiments (n = 9).

2.3.2 UV–Visible spectroscopy

The density of surface grafted peptides (LP1, LP2) and

SCL (n = 6) were measured with bicinchoninic acid assay

and malonic acid–acetic anhydride (MA–AA) condensa-

tion assay, respectively [23]. The grafting density of the

peptides and SCL immobilized on surfaces was estimated

by correlating the concentrations of peptides and SCL in

solutions, based on the available amine (BCA assay) and

tertiary amine (MA–AA assay) groups, respectively.

2.3.2.1 BCA assay Briefly, three 1 9 1 cm2 of peptide

grafted (sample) and silanized (blank) surfaces were

washed with MES buffer, dried under N2 atmosphere and

placed in well of a six-well TCP plate. Serial dilutions of

LPI and LP2 (0–50 lg/ml) served as standard. 1 ml of the

QPBCA assay reagent was added per well and incubated at

37�C for 2 h, allowed to cool and absorbance at 570 nm

was measured. The average data with standard error was

represented here (n = 6).

2.3.2.2 MA–AA assay Malonic acid (MA) was pre-des-

iccated for 24 h at 110�C and was dissolved in acetic

anhydride (AA) to make the coloring reagent. Serial dilu-

tions of SCL in tetrahydrofuran (THF) (0–50 lg/ml) were

prepared and mixed with coloring reagent at a ratio 1:1.5,

allowed to react at room temperature for 20 min and the

absorbance at 390 nm was recorded [24]. Three 1 9 1 cm2

of SCL grafted (sample) and BUDGE grafted (blank) sur-

faces were washed with DI water, dried under N2 atmo-

sphere and placed in well of a six-well TCP plate and 1 ml

of coloring reagent was added. After incubation at 50�C for

20 min, absorbance at 390 nm was recorded. The average

data with standard error was represented here (n = 6).

2.3.3 Contact angle measurement

Advancing contact angle measurement was performed

following sessile drop method with OCA 15, SCA 20, Data

Physics Instrument GmbH (Filderstadt, Germany). Contact

angles (h) were measured using two polar liquids, DI

water, ethylene glycol and two apolar liquids, diiodo-

methane, a-bromonaphthalene. The size and volume of the

drops were kept constant (1 ll with flow rate of 0.1 ll/s).

Contact angle measurements were done after an average

6 h of surface preparation. To avoid spreading of the drops

and droplet shape variation, contact angle values were

recorded within 15–20 s after placing the drop. The aver-

age contact angle values were collected from at least five

drops on different areas of a modified wafer. Repeated

measurements from three different batches of reactions

showed all average contact angles values with ±5� stan-

dard error. All measurements were conducted in air and at

a temperature of 23�C. The method of estimation of polar,

apolar component of the surface tension was described

elsewhere [22, 25, 26].

2.3.4 Protein adsorption study

2.3.4.1 Protein incubation In separate experiments, sur-

face were incubated with (a) single component protein

system (1 mg/ml HSA in IB), and (b) human serum that

was dialyzed against exchange buffer [19]. Human serum

was dialyzed to render it compatible with the protein

incubation and binding conditions. Before incubation,

surfaces were copiously washed to remove NaN3 and

placed in wells of a six well TCP plate (three 1 9 1 cm2

surfaces/well). Upon incubation for 6 h surfaces were

copiously washed, transferred to new TCP plates and sur-

face adsorbed proteins were eluted with 1% SDS [27, 28].

As higher concentration of SDS (2–4%) or CHAPS was

noted to inhibit ELISA assays (data not shown) and

interfere with routine sample concentration steps, 1% SDS

was used to elute proteins. Further, the total amount of

proteins eluted were noted to be similar between CHAPS

and 1% SDS treatments [23]. The total protein was quan-

tified using microplate BCA assay as per manufacturer’s

instructions. The protein samples were stored in aliquots at

-20�C until further analysis. Eluates obtained from sur-

faces exposed to human serum were further analyzed with

two dimensional gel electrophoresis and ELISA.

2.3.4.2 Two dimensional gel electrophoresis The 1%

SDS eluates samples were treated with SDS-OutTM pre-

cipitation kit before running the 2D gels according to

manufacturer’s protocol. The samples were then rehydrated

by mixing with 8 M Urea, 2% CHAPS, 0.5% (v/v)

ZOOM� Carrier Ampholytes, 0.002% Bromophenol Blue,

and 20 mM DTT (Invitrogen; Carlsbad, CA) and a total

protein of 2 lg was loaded onto immobilized pH gradient

(IPG, linear gradient, pH range 3–10) gel strips. The feed

human serum was also analyzed with 2D gel and 20 lg of
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total protein were loaded. 2D gel electrophoresis and

staining were carried out according to the manufacturer‘s

protocol. Digital images of the gels were analyzed using

DECODON Delta2D software, DECODON GmbH (Gre-

ifswald, Germany). Protein spot identification was obtained

by matching the gel with the plasma master gel from the

Swiss-2DPAGE database (http://www.expasy.org).

2.3.4.3 ELISA The concentration of HSA, HIgG and

HFib in various samples was determined by the ELISA

procedure outlined elsewhere [29, 30]. Briefly, the plates

coated with goat anti-human albumin antibody, rabbit

anti-human IgG antibody or rabbit anti-human fibrinogen

antibody for HSA, HIgG and HFib ELISA, respectively.

Protein standard curves were prepared in both sample

buffer and buffer containing 1% SDS and eluate samples

were diluted in sample buffer. Bound HSA, HIgG and HFib

were detected with HRP conjugated goat anti-human

albumin antibody, rabbit anti-human IgG antibody or rabbit

anti-human fibrinogen antibody, respectively. A SIGMA-

FASTTM OPD tablet was used as substrate. The bound

chromophores were recorded at 490 nm with an ELX

800 absorbance microplate reader, BioTek Instruments

(Winooski, VT). All samples were assayed in triplicates of

quadruplicate applications.

2.4 Platelet adhesion study

2.4.1 Washed platelet preparation

Bovine blood in acid-citrate-dextrose (ACD) was subjected

to centrifugation at 2009g for 20 min at room temperature.

Platelet rich plasma (PRP) was pipetted out and PRP was

subjected to an additional step of centrifugation. PRP was

centrifuged at 2,0009g for 12 min at room temperature and

the clear, pale yellow supernatant was discarded. Platelet

precipitate was re-suspended gently in PSB to make

washed platelets and the concentration was measured with

an Advia 2120 Multispecies Hematology Analyzer at

Physicians Laboratory Services (Lincoln, NE). The sur-

faces were tested with washed platelets within 4 h of

platelet preparation.

2.4.2 Surface-washed platelet incubation

Surfaces were first directly exposed to human serum,

washed copiously and hydrated with PSB buffer for at least

3 h at 37�C in TCP plates. Collagen coated cover slide

(positive control) were also hydrated with PSB buffer. The

platelet concentration for adhesion studies was adjusted to

be *1 9 108/ml of PSB and added to the test surfaces

after aspirating the buffers and incubated for 1 h at 37�C

under static conditions. After 1 h, the platelet suspension

was removed and the surfaces were quickly rinsed with

PSB before proceeding with the characterization steps.

2.4.3 Lactate dehydrogenase assay (LDH assay)

Several dilutions were made from the stock platelet sus-

pensions with PSB, and LDH assay analysis was under-

taken according to manufacturer‘s protocol to make a

standard curve. The calibration curve was made of LDH

activity versus platelet number based on the Hematology

Analyzer measurement of the original stock platelet sus-

pension in cells per milliliters.

At the completion of the incubation step of test surfaces

with platelets, the surfaces were washed with PSB briefly,

transferred to a new TCP plate and 1/10th volume of

commercially available lysis buffer (100 ll for 1 cm2

surface) was added to release the platelets. The concen-

tration of the platelets was measured as detailed earlier and

the calibration curve was used to quantify the number of

adhered platelets.

2.5 Scanning electron microscopy (SEM) analysis

The morphology of surface adhered platelets was analyzed

by SEM analyses. Test surfaces that were exposed to

platelet suspensions were gently rinsed with PSB, fixed

with 2% glutaraldehyde for 1 h, sequentially dehydrated

with ethanol solutions and finally dried overnight [31–33].

All surfaces were sputter-coated with gold and examined

using a Hitachi S4700 Field-Emission SEM at Center of

Biotechnology, University of Nebraska Lincoln (Lincoln,

NE).

2.6 Statistical analysis

In general, the quantitative results and bar graphs were

expressed as the mean value ± standard error (SE) over

the sample number n. Any significant differences were

measured using two sample t-tests assuming unequal

variance and P \ 0.005 was considered statistically

significant.

3 Results

The ligand-derivatized surfaces were characterized by

ellipsometry, contact angle analysis. The amount of surface

immobilized ligand was determined by UV–Visible spec-

troscopic analysis and the respective values are reported

in Tables 1 (ellipsometry and UV–Visible spectroscopy)

and 2 (contact angle). The thickness obtained after hydrox-

ylation (step 1) was 2.484 ± 0.106 nm which included

–OH-terminated silicon oxides in addition to the bare
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unmodified silicon wafer. The thickness obtained after

silanization (step 2) was 1.103 ± 0.219 nm, where a the-

oretical monolayer of APTES was calculated to be

0.916 nm. After the EDC-NHSS step, no thickness increase

was observed on silanized surfaces; however, an increment

of 1.626 ± 0.313 nm was noticed after anchoring BUDGE

(step 3 of SCL). Table 1 shows the increase in thickness

upon the covalent immobilization of the LP1 and LP2 on –

NH2-functionalized silicon surfaces and SCL on BUDGE-

functionalized surface as measured by VASE and modeled

by Cauchy layer approximation. The calculated theoretical

length of the LP1, LP2, and SCL moiety under fully

stretched condition were 4.557, 2.058, and 0.718 nm,

respectively. The resultant thickness upon the covalent

immobilization of selected ligands listed in Table 1 match

the calculated values.

The immobilization methods for LP1 and LP2 were

tailored such that the carboxyl moiety on the peptides

reacted with the –NH2 group of the surface anchored

APTES. In the case of SCL, the –OH group on 2,4,

6-tris(dimethylaminomethyl)phenol was reacted with the

epoxide group of the grafted BUDGE on surface anchored

APTES. The presence of these groups were assayed and

reported as surface densities (lmol/cm2) in Table 1. A

2-fold higher surface density of immobilized LP2 was

obtained as compared to LP1. Peptide- or SCL-immobi-

lized surfaces were also characterized by AFM (supple-

mentary Figure 1) and surfaces with low roughness

(R \ 1 nm) were obtained.

The measured contact angles on LP1, LP2, SCL, C sur-

faces with polar and apolar liquids and the corresponding

surface components as estimated using the equations listed

in previous literature [25, 26] are shown in Table 2. The

contact angle measurement with the polar liquids showed a

slight increase in the measured value for surfaces func-

tionalized with LP2 (42.1 ± 1.0) when compared to sur-

faces functionalized with LP1 (36.5 ± 0.5). However, the

increase was more noticeable for surfaces functionalized

with SCL surface (57.3 ± 0.4), indicating an increase in the

hydrophobic nature of the surface. A contact angle of

85.1 ± 0.6 was noted for C indicating a highly hydrophobic

surface. The variation in the apolar component of surface

tension was similar to the observed trend with contact angle

measurements. The following trend was noted for the

negative polar component of surface tension of function-

alized surfaces: LP1 [ LP2 [ SCL [ C. The variation

in the positive polar component of surface tension was

indiscernible. Our results indicate that peptide-terminated

surfaces were more hydrophilic compared to SCL-func-

tionalized and C surface. No noticeable change in the

computed values of the surface free energy was observed.

The interfacial surface free energy (mJ/m2), which is an

indirect measure of the net hydrophilicity of a surface, was

observed to vary with ligands used to functionalize APTES

modified surfaces (Table 2). Values of -25.998 ± 2.326,

26.387 ± 1.402, and 46.305 ± 1.727 mJ/m2 were noted for

LP1, SCL functionalized and C surfaces, respectively. A

change in polarity was observed between LP1-, LP2- and

SCL-modified surfaces.

The amount of total protein in the eluate fractions,

obtained upon the exposure of test surfaces to either (a)

pure HSA or (b) human serum were estimated with BCA

assay and ELISA, respectively, and reported in Table 3.

The levels of HSA (*4.5 mg/ml), HIgG (*1.5 mg/ml)

and HFib (0.3 mg/ml) in the human serum feed sample

were also confirmed by specific ELISA assays (Table 3).

Typically three 1 9 1 cm2 surfaces were exposed to 1 ml

of serum, thus equaling an exposure of * 4.5 mg of HSA,

*1.5 mg of HIgG, and *0.3 mg of HFib, respectively

(based on levels estimated by ELISA, Table 3). Though the

level of fibrinogen in serum is lower compared to levels

reported in plasma (2.0–4.5 mg/ml), the individual protein

exposures employed in this paper are comparable to the

amounts reported in previous studies that use 1/10th diluted

plasma [34, 35]. Surfaces derivatized with LP1 were noted

to adsorb 5-fold higher amounts of surface adsorbed HSA/

cm2 when compared to C. The total amount of adsorbed

HSA on C and surfaces derivatized with LP2 or SCL was

Table 1 Surface characterization

UV–Visible spectroscopy Ellipsometry

Surface Ligand packing density

(lmol/cm2)

Theoretical length (nm) Measured thickness (nm)

LP1 0.069 ± 0.017* 4.557 4.146 ± 0.179

LP2 0.152 ± 0.027* 2.058 1.547 ± 0.130

SCL 0.287 ± 0.058** 0.718 0.669 ± 0.129

C – – –

The surface density of immobilized ligands was evaluated with BCA (*) and MA–AA (**) assay and the average data with standard error has

been reported here (n = 6). The increase in thickness upon the completion of steps detailed in Fig. 1 was measured by ellipsometry. Theoretical

length was calculated from bond length under fully stretched condition. The reported average and standard error includes n = 9 for LP1, LP2,

and n = 3 for SCL surfaces
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observed to be 2.0 to 2.6-fold lower when compared to LP1

derivatized surfaces. Our results indicate that similar

amounts of HIgG were adsorbed on C and surfaces

derivatized with LP2 or SCL. Surprisingly, no surface

adsorbed HFib was detected in the eluates fractions from

surfaces derivatized with LP1 or LP2, where the sensitivity

of the HFib ELISA was between 0.3 and 5 ng. Surfaces

derivatized with SCL and C yielded 210 and 98 ng/cm2 of

surface absorbed HFib, respectively. The analysis of elu-

ates by both ELISA assays and 2D gel electrophoresis

indicates that under the conditions employed, surfaces

derivatized with LP1 preferentially adsorb HSA when

compared to other plasma proteins. In a separate experi-

ment, surfaces were pre-exposed to pure HSA, followed

by copious washing and the exposure to human serum

yielding higher values of surface adsorbed HSA/cm2, lower

amounts of surface adsorbed HIgG and undetectable

amount of HFib (data not shown). The results summarized

here indicate that the surface adsorbed HSA was not

replaced by serum proteins, in a significant manner.

2D gel electrophoresis was employed to assess the dis-

tribution of adsorbed proteins and shown in Fig. 2. A

separate gel was also ran with the feed serum to confirm the

presence of desired proteins in the feed (supplementary

Figure 2). The identities of proteins present in the eluates

fractions were confirmed from reference human serum

obtained from Expasy SWISS 2D PAGE database. An area

at the intersection of isoelectric point (IP) (5.56–5.88) and

MW (67–68 kDa) was designated to be HSA. The heavy

chain IgG was spotted at the juncture of IP (6.32–7.92),

MW (115–100 kDa) and IP (6.15–9.02), MW

(55.7–50 kDa) whereas light chain IgG was designated at

IP (4.94–8.81), MW (29–22.6 kDa). For fibrinogen,

a-chain was designated at IP (6.66–7.40), MW

(67–63 kDa), b-chain was designated at IP (6.10–6.55),

MW (56–54.8 kDa); c-chain was designated at IP

(5.07–5.62), MW (51.3–44.7 kDa). All the gel images (2A

and 2B) were mapped with respect to master human plasma

reference gel to identify the spots using DECODON Delta

2D software.

To quantify the relative intensities of the protein bands

observed on the gel images, each gel was separately ana-

lyzed with DELTA 2D software. The intensity of each

identified spot was computed, normalized and comparative

plots for HSA, HIgG, and HFib are presented in Fig. 3,

respectively. The relative abundance of the surface adsor-

bed HSA, HIgG (light and heavy chain), HFib (alpha, beta

and gamma chain) for all surfaces are represented in Fig. 3.

Figure 3 showed the maximum intensity of HSA

(18.925 ± 3.198) from human serum adsorbed on LP1

compared to LP2 (7.041 ± 0.258), SCL (2.272 ± 0.005),

and C (5.722 ± 0.220). The relative amount of IgG bound

to the LP1 surfaces was much less compared to otherT
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surfaces. There was a relatively large amount of light chain

IgG present in the eluted protein from the SCL surface. The

adsorbed HFib spots were barely detectable on LP1 and

LP2 whereas they were strongly present on the SCL and C.

From the gel analysis, we observed higher amounts of

adsorbed HSA on surfaces derivatized with LP1 and LP2

when compared to either C or SCL-derivatized surfaces.

However, to get rid of ambiguity from either an over or

under estimation of silver stained gel pictures and to

directly quantify the amount of specifically adsorbed pro-

teins, the eluted fractions were analyzed by specific ELISA

assays and reported (Table 3).

The abilities of the modified surfaces to bind platelets

were evaluated. The number of bound platelets was mea-

sured by LDH assay and is shown in Fig. 4. Figure 4 shows

the number of platelets adhered to the various surfaces

(platelets/cm2) that were directly exposed to serum. Col-

lagen-coated glass slides were included as a positive con-

trol. A platelet density of 2.1 9 106 platelets/cm2 was

obtained for the collagen-coated surfaces. Surfaces deriv-

atized with LP1 had the lowest platelet densities, 4.0 9 105

platelets/cm2. The following trend was noted for platelet

densities: LP1 \ LP2 \ SCL \ C. In a separate experi-

ment, test surfaces were pre-incubated with HSA followed

Table 3 Estimation of surface density (lg/cm2) of adsorbed proteins

by BCA assay by ELISA

Surface Single component

(HSA) (lg/cm2)

Human serum

HSA (lg/cm2) HIgG (lg/cm2) HFib (lg/cm2)

LP1 3.981 ± 0.115 2.456 ± 0.100 0.688 ± 0.048 nd

LP2 2.024 ± 0.092 0.793 ± 0.015 0.304 ± 0.018 nd

SCL 1.045 ± 0.095 0.618 ± 0.065 0.491 ± 0.037 0.217 ± 0.015

C 0.886 ± 0.070 0.553 ± 0.028 0.302 ± 0.048 0.097 ± 0.007

Feed concentration (mg/ml) 1 4.091 ± 0.836 1.346 ± 0.265 0.295 ± 0.127

Surfaces, as indicated, were either exposed to pure HSA solution (1.0 mg/ml) or human serum, in separate experiments. Upon completion of the

incubation step, surfaces were washed and surface adsorbed proteins were eluted with 1% SDS. BCA assay was used to quantify the total amount

of HSA present in the eluates from surfaces exposed to pure HSA solutions. Specific ELISA assays were used to determine the concentration of

HSA, HIgG, and HFib present in the eluates from surfaces exposed to human serum, and also that of the feed serum employed

Fig. 2 2D gel electrophoresis
analysis of surface adsorbed
proteins. Surfaces were exposed

to human serum for 6 h, washed

and surface adsorbed proteins

were eluted with 1% SDS and

analyzed by 2D gel

electrophoresis. (a) surface

functionalized with LP1,

(b) surface functionalized with

LP2, (c) surface functionalized

with SCL and (d) C surfaces.

(a-chain: a chain, b-chain: b
chain, g-chain:

c chain)
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by human serum incubation. Pre-exposure with HSA on the

LP1 and LP2 surface further reduced the adhesion of

platelets (supplementary Figure 3). The platelet adherence

on all surfaces was statistically different from the positive

control (P \ 0.005).

Figures 5 and 6 show representative SEM pictures of

platelets on indicated surfaces that were first exposed to

human serum followed by washed platelets. The mor-

phology of adhered platelets was classified according to

Cooper’s scheme (Table 4). As shown in Fig. 5, surfaces

derivatized with LP1 (a of Fig. 5) demonstrated a reduced

adhesion of platelets. A higher magnification of the

adhered platelets on surfaces derivatized with LP1 showed

disc shaped platelets with no pseudopodia formation (b of

Fig. 5). Although the platelet density of surfaces deriva-

tized with LP2 were higher when compared to LP1

derivatized surfaces, similar morphologies were observed

(c, d). In contrast, a dense adherence of platelets along with

clear pseudopodia formation were observed on surfaces

derivatized with SCL (a, b of Fig. 6) or C surface (c, d of

Fig. 6). The dense adherence of platelets on surfaces

derivatized with SCL or C is further supported by the

higher values of platelet densities obtained (Fig. 4). The

adhered platelets on collagen I coated surface was highly

dense with distinct pseudopodia formation (supplementary

Figure 4).

4 Discussion

In this study, material surfaces capable of selectively bind-

ing albumin in situ were generated by grafting albumin

binding peptides and small chemical ligands with docu-

mented affinity for albumin. The surfaces prepared in this

study with variable surface properties were tested for protein

adsorption under static conditions. Silanized surfaces are

non-fouling and can adsorb proteins; however, the pattern of

adsorbed proteins was random, similar to control surfaces.

Thus, unmodified surface was selected as the control. Sur-

faces derivatized with LP1 were shown to be highly selec-

tive and specific towards albumin over other serum proteins

and the order of selectivity of the ligands used in the present

study is as follows: LP1 [ LP2 [ SCL [ C. This observed

selectivity resides in the affinity character of the peptides

and their presentation upon surface immobilization. The

rational of the protein adsorption experiments at pH 6.2 was

to create the protonated –NH2 moiety on peptides and

–N(Me)2 on SCL thus facilitating a charge based interaction,

in addition to the affinity-based interactions with albumin

(IP * 5.5) which has a net negative charge at pH 6.2. LP1

and LP2 have disassociation constants (KD) of 0.950 and

125 lM, respectively, and the SCL was noted to have a KD

of 10 mL [19, 21]. The enhanced albumin binding affinity

of LP1 (IP = 4.4) or LP2 (IP = 8.8) derivatized surfaces at

the selected pH can be attributed to the affinity-binding

nature of LP1 and LP2 coupled with short-range electro-

static charge repulsion arising from the surface terminal

functional groups and long-ranged hydrophobic interaction

aided by the long peptide chain. In contrast to LP1 deriva-

tized surfaces, SCL derivatized surfaces bound comparable

amounts of HSA as the LP2 surface with significantly higher

amounts of surface adsorbed HIgG and HFib were noted.

This non-discriminating nature of the SCL derivatized sur-

face was likely due to a weak affinity of SCL (IP C 8.0) for

HSA which is based on mixed mode interactions. The

Fig. 3 2D gel images (from Fig. 2) were mapped and analyzed with

Delta2D software. The area, designated for HSA, HIgG (light and

heavy chain) and HFib (a, b and c chain) were quantified and software

generated averaged area ± SE (n = 3) is presented in the graph

Fig. 4 Surface density (number of platelets/unit area) of adsorbed

platelets by LDH assay. Surfaces, as indicated, were incubated in

human serum, washed and followed by incubation with washed

platelets. The results are expressed as platelet density ± SE (n = 10).

* The amount of adhered platelets was significantly different

(P \ 0.005); *** the amount of adhered platelets was not statistically

different (P \ 0.1)
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Fig. 5 SEM micrographs of surface adhered platelets. Surfaces, as

indicated, were incubated in human serum, washed and followed by

incubation with washed platelets. Surfaces were rinsed, fixed and

visualized by SEM. (a, b) surface functionalized with LP1,

(c, d) Surface functionalized with LP2. Scans at two different

magnifications (5009 and 8,0009) are shown

Fig. 6 SEM micrographs of surface adhered platelets. Surfaces, as

indicated, were incubated in human serum, washed and followed by

incubation with washed platelets. Surfaces were rinsed, fixed and

visualized by SEM. (a, b) Surface functionalized with SCL,

(c, d) unmodified control surface. Scans at two different magnifica-

tions (5009 and 8,0009) are shown
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nonspecificity of the C can be attributed to the hydrophobic

nature of the C that creates a truly lipophilic based interac-

tion aided with highly entropically driven adsorption of

non-specific proteins. Similar to studies reported else-

where, elution of bound proteins was achieved with SDS

[27, 28].

A comparative analyses of the characteristics of the

albumin binding surfaces previously reported in the liter-

ature reveals the following: (1) cibacron blue when

immobilized on a variety of surfaces either directly or via

dextran, conferred albumin binding properties with mod-

erate specificity. Surface adsorbed HSA in the range of

0.05–2.7 lg/cm2 was obtained depending on the polymer

employed and comparable amounts of fibrinogen were also

bound [13, 16, 18, 36–40]; (2) binding of C16–C18 ligands

on a variety of surfaces yielded surfaces with 0.1–2.0 lg/

cm2 of adsorbed HSA binding properties with low selec-

tivity for HSA over other serum proteins [35, 41–44]; (3)

immobilization of small ligands (e.g., 2-hydroxyethyl

methacrylate, L-ascorbic acid, polylysine, etc.) on surfaces

yielded surfaces that were highly non-specific and when

exposed to plasma adsorbed similar amount of HSA and

HFib [45–47]. Our results indicate that the linear peptide,

LP1, when linked to silicon surface bound HSA over other

serum proteins in a specific and a selective manner and

have reduced affinity for HIgG and negligible affinity for

HFib under static condition.

Previous research has identified surfaces that bind high

levels of HIgG and HFib as preferred substrates for platelet

adhesion and activation [1, 5, 48]. Albumin binding has

been noted to preserve the nature of the surfaces as plate-

lets have no known receptor for albumin [13, 16, 17]. Thus,

as expected, surfaces derivatized with LP1 had the lowest

platelet densities and rounded platelet morphology was

preserved on the LP1 surfaces. The ratio of adsorbed HSA

to adsorbed HIgG and HFib HSA= HIgG½ � þ HFib½ �ð Þ was

around 3.0 for surfaces derivatized with LP1. The ratio of

adsorbed HSA to adsorbed HIgG and HFib was around 1.0

for surfaces derivatized with SCL or C and these surfaces

were noted to possess higher platelet densities with

extensive spreading. Interestingly, a very low amount of

surface adsorbed fibrinogen (*5 ng/cm2) has been repor-

ted to induce maximum platelet adherence (49].

Similar to C surfaces used in this study, when silicon-

alloyed pyrolytic carbon (PYC) surfaces were exposed to

platelets, platelet densities in the range of 1.5–2.0 9 106

platelets/cm2 were noted and dendritic to spread mor-

phologies were observed [50]. The blood compatibility of

PYC has been largely ascribed to its ability to tenaciously

adsorb plasma albumin, which in turn inhibits platelet

adhesion, spreading, and activation. Several investigations

indicate that this mechanism may be incomplete since PYC

induces extensive in vitro platelet adhesion and spreading

even in the presence of albumin, and is not passive to

platelet adhesion in vivo, at least as demonstrated in a non-

anticoagulated sheep model [50]. Perhaps a surface modi-

fication of silicon-alloyed PYC, using a strategy similar to

that proposed in this study would be successful in gener-

ating surfaces with acceptable surface properties. The

surface modifications described in this study using linear

peptides that bind HSA can be used to modify biomaterial

surfaces owing to their selective and specific HSA binding

properties.

5 Conclusion

The highlights of our present study are as follows: (1) a

surface modification technique was developed to immobi-

lize HSA-binding linear peptides and small chemical

ligands on material surfaces, (2) peptide-derivatized sur-

faces conferred HSA-binding selectivity and specificity

over other plasma proteins, (3) peptide-derivatized surfaces

were shown to possess the lowest platelet adherence, and

(4) rounded morphology of the platelets was preserved on

peptide-derivatized surfaces. Our current studies include

the evaluation of these surfaces under shear flow in a flow

chamber when using platelet poor plasma and the quanti-

fication of coagulation parameters.
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