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The high cost and harsh processing conditions associated with microfabricated biosensors demand
a new approach to receptor immobilization. We have grafted biotin labeled, 3400 molecular weight
poly(ethylene glycol (PEG to silicon surfaces to produce a dense PEG monolayer with
functionally active biotin. These surfaces have been activated with antibodies through the strong
streptavidin-biotin interaction by simply incubating the surfaces with antibody-streptavidin
conjugates. The stability of the biotinylated PEG monolayers produces a sensing element that can
be regenerated by removal of the streptavidin conjugate and stored in a dry state for extended
periods of time. ©1999 American Vacuum Socief{a0734-210(099)07605-9

I. INTRODUCTION chemistry based on the spontaneous adsorption of(gtbky
yleneiming (PE) to silicon surface$®>!* We then use im-

Biosensors are portable diagnostic tools used for the rapithunochemical techniques to characterize the biotin activity
detection of metabolites, drugs, hormones, antibodies angf the biotin-PEG films, the activity of antibody streptavidin
antigens-? Traditional biosensors are composed of disposconjugates on the biotin-PEG films, and the capability of
able sensor elements containing molecular receptors immav-PEG films to resist nonspecific adsorption. Finally, we
bilized by adsorption, covalent crosslinking or entrap-demonstrate that this surface immobilization scheme has two
ment>~® The need for real-time analysis of environmentsimportant properties for microfabricated biosensofs:
containing minute concentrations of one or more analyteghemical treatments can be used to remove the streptavidin
has prompted the development of a new generation ofomplex and regenerate the sensor surfditg;the sensor
biosensor§~° These biosensors, containing microfabricatedsurface can be dried for packaging and storage then sponta-
silicon sensing elements, promise high sensitivities and thaeously functionalized with the antibody-streptavidin conju-
ability to screen large arrays of analytes. gate.

Several new challenges are associated with immobilizin
receptors on silicon biosensors. First, the sensing elementgié MATERIALS AND METHODS
fairly expensive to fabricate and assemble, requiring it to bex. Surface chemistry
used multiple times. Second, packaging the sensing element
in the sensor typically requires drying and heating that de-
grade many important receptor systems. Third, the senstpry
element must remain active during long periods of storage.

We have developed a different approach to receptor im- SEB
mobilization in which the receptor is reversibly immobilized
at a surface that resists nonspecific adsorption. Previous
work has demonstrated the high affinity of the streptavidin-
biotin interaction® and the capacity of polgthylene glycol Streptavidin
(PEG to resist nonspecific protein adsorptith? Based on ) \
these results, we have developed an antibody based assay Biotin
that is performed on a biotinylated PEG surfaéég. 1). PEG
This approach can easily be implemented with other specific T~
molecular receptors and hydrophilic polymer films.

In this article, we describe the chemical and physical
properties of biotin(biotin-PEGQ and methoxyl terminated
PEG(M-PEG ) films. These films are formed with a two-step Fic. 1. Assembly of the immunochemical complex on biotin-PEG films.
The analyte, staphylococcal enterotoxif®EB), is captured by the mouse

dAuthor to whom correspondence should be addressed:; electronic maianti-SEB antibody-streptavidin conjugate, which is immobilized on the
glee@stm2.nrl.navy.mil biotin-PEG surface.

PEG immobilization was performed, as shown in Fig. 2,
reacting N-hydroxysuccinimidyINHS) ester PEGs with

Mouse anti-SEB —_
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Fic. 2. Chemical scheme used to immobilize PEG derivatives on silicon
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ultrafiltration (Microcon 30, Millipore. Streptavidin was re-
acted with the heterobifunctional crosslinker succinimidy!
4-(N-maleimidomethy}-cyclohexane-1-carboxylateSMCC,
Pierce’®in a 1:5 molar ratio in 50 mM NgHPQ,/NaH,PO,,
0.15 M NaCI(PBS, pH 7.2 for 30 min. The excess SMCC
was removed from the maleimide functionalized streptavidin
by ultrafiltration. The streptavidin-antibody conjugate was
formed by reacting the maleimide functionalized streptavidin
with the thiolated antibody in a 3:1 ratio in PB, pH 7.5 over-
night at 4 °C.

C. Physical characterization

The chemical and physical properties of the PEI, M-PEG,
and biotin-PEG films were studied with x-ray photoelectron
spectroscopyXPS), ellipsometry, and atomic force micros-
copy (AFM). Each PEG film was studied at thréar more
PEG grafting concentrations. The conditions were chosen so
as to maintain relative molar concentration, i.e., 0.2, 2, and
20 mg/ml biotin-PEG and 0.12, 1.2, and 12 mg/ml M-PEG.
XPS analysis was performed immediately after preparing the

wafers. In the first step, high molecular weight PEI is spontaneoushySurfaces. The ellipsometry and AFM measurements were

adsorbed on the silicon wafer. In the second step, a biotin,

N-hydroxysuccinimidyl ester of PEG is grafted to the amine functionalized
PEI surface.

aminated silicon surfaces that were prepared by a process
adsorption of PEt>'* Silicon (100 wafers with a 30 nm
silicon dioxide film (Transition Technology International,
Sunnyvale, CAwere used as substrates after ozone cleanin
(UVO cleaner, model 42, Jetlight Co., Irvine, CAAIl reac-

tions were performed at room temperature unless otherwis?

stated, and Milli-Q (Millipore, Bedford, MA) water was

used. PEIl with a mean molecular weight of 500 000 was

adsorbed on the substrates by incubation with (8#4%) PEI
(Polymine SNA, BASF, Rensselaer, NYin 50 mM
N&a,CO;, pH 8.2, for 2 h. Excess PEI was removed by thor-
ough rinsing in HO. PEG derivatives were then reacted
with the PEI surfaces in 50 mM N&0O;, pH 8.2, fa 2 h at
37°C. The two PEG derivatives used werdiotin, o-NHS
poly(ethylene glycol carbonate, MW 340Qbiotin-PEG,
and NHS methoxypolgthylene glycol propionic acid, MW
3000 (M-PEG) (Shearwater Polymers, Huntsville, AL

B. Streptavidin- antibody conjugates

Streptavidin-antibody conjugates were formed by thiolat-

ing primary amines on an antibody and linking then to pri-
mary amines on streptavidin with a heterobifunctional

made on surfaces that were dried and stored for up to one
week.

X-ray photoelectron spectra were obtained using a spec-
trometer equipped with a concentric hemispherical analyzer
#) SX301 x-ray photoelectron spectrometer, Surface Science

struments The instrument was operated in a fixed ana-
lyzer transmission mode using a monochromatic Kd
x-ray source. The pass energy was 50 eV with a @00spot
gize, the take-off angle was 35°, and the normal operating
ressure was 10 Torr.

Ellipsometric measurements were made in air at 44 wave-
lengths between 400 and 750 riM-44 spectroscopic ellip-
someter, J. A. Woollam Co., Inc.The angle of incidence,
phase(A), and amplitude(¥W) were known with an uncer-
tainty of less than 0.005°, 0.02°, and 0.01°, respectively. The
complex refractive indexn(=n+ik) and layer thicknesst)
were fitted to thel andW¥ profiles using a Newton-Raphson
solution of Fresnel's reflectivity equations for multilayer sys-
tems. The absorptive contributions embodiedh iwere very
small for all the layers and were not included in the models.
Wavelength-dependent values roffor water were obtained
by fitting experimentally obtained and W profiles for re-
flection off a known silicon dioxide substrate in water to the
coefficients @, B, andC) of a three-term Cauchy model:

_ B C
n()\)—A+§+F.

crosslinker. Mouse monoclonal antibodies to SEB were thifor the PEG layer, fits af andt were made using a similar

olated by reaction with N-succinimidyl S-acetylthioacetate
(SATA), (Pierce, Rockford, Ilin a 1:10 molar ratio in 50
mM Na,HPQ,/NaH,PQ,, 1 mM EDTA (PB), pH 7.5 buffer
for 30 min. The sulfhydryl groups on the SATA-antibody
were deprotected in 50 mM hydroxylamine-HCI, 2.5 mM
EDTA, 62.5 mM NaHPQ,/NaH,PO,, pH 7.5 buffer for 2 h.

Cauchy model; howeveB andC were insignificantly small.
The adsorption densityl’) in air was calculated using the
measuredt and the simple geometric relationship= pt,
where the densityp) was set to 1 g/ml.

Atomic force microscope measurements were made using
an optical lever AFM equipped with a liquid céMNanoscope

The excess SATA and deacylation buffer were removed bylla, Digital Instruments, Santa Barbara, CAapping mode
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TaBLE |. Results of XPS study of M-PEG and biotin-PEG films formed on silicon wafers. The peak shifting due
to charging was corrected by taking the peak value of thep$ipeak to be 103.3 eVRef. 18 and the atomic
concentrations were calculated using the standard sensitivity fa@&efs22.

Grafting
concentration % Si 2py» % C 1s % C 1s % N 1s % O 1s
Chemistry (mg/ml) (103.3eVy (285.6eV (286.5eV (399.1eVy (533.0eV
PEI 24 19 7 50
M-PEG 0.12 26 8 11 6 48
1.2 23 7 19 5 46
12 17 5 32 4 42
Biotin-PEG 0.2 25 7 14 6 48
2 19 6 25 6 43
20 13 5 38 4 38

cantilevers(Nanosensors, Germanyvith spring constants film. XPS spectra of PEI films formed on silicon wafers,
near 30 N/m were used for the imaging at approximately 300Fable |, contains significant amounts of silicon, oxygen, ni-
kHz in air. trogen, and carbon. The carbon has a Cls 285.6 eV binding
energy associated with PE|.The relative abundance and
binding energies of elements associated with both silicon
Streptavidin labeled with the radioisotoff@ was used to  dioxide'® and PEI are consistent with previous work, which
determine(i) the activity of biotin in films formed at 0.2, 2, shows that adsorption of the branched high molecular weight
5, 10, and 20 mg/ml biotin-PEG grafting densiti¢s) the  PEI gives a thin film of irreversibly bound, amine groups on
capacity of M-PEG films to resist nonspecific adsorption atmica surface? Grafting PEGs to PEI reduces the elemental
0.2, 5, and 12 mg/ml M-PEG grafting densities. First, thecomponents associated with the PEIl-silicon substrate and
streptavidin concentrations, the labeled-to-unlabeled streptgroduces an XPS carbon spectrum that would be expected
vidin ratio and incubation time, were selected for the optimalfor a surface containing a large amount of coupled PEGs,
signal. The surfaces were then incubated withu&gml 123 i.e., the C 1s region of the spectrum contains a lar@e-O—
streptavidinlAmersham Pharmacia Biotech, Piscataway), NJ peak at 286.5 eV’ The strength of the-C—O— and Skig-
in PBS for 2 h, which was determined to produce near satunals allows us to track relative changes in the PEG density
ration level binding. The adsorbed and unadsorbed streptavinrough the—C—O- to Siratio. The density of both the
din fractions were separated by thorough rinsing of the surbiotin-PEG and the M-PEG films appears to increase as the
faces in 0.05%(w/v) Tween-20(Sigma, St. Louis, IL in PEG grafting concentration increases.

D. Immunochemical characterization

PBS (PBST). The total amount of?® in each fraction was Ellipsometry was used to characterize the thickness and
measured using liquid scintillation countifgeckman LS-  refractive index of each layer in the PEG film. Analysis of
6500 multipurpose scintillation counter, Fullerton, ICA the silicon wafers following PEI adsorption did not show a

A sandwich enzyme linked solid-phase immunoassayignificant change in th& and W profiles, indicating the film
(ELISA) for measuring staphylococcal enterotoxin®EB)  thickness is too small to be measured using ellipsometry.
concentrations was used to assess the activity of biotin-PEGhe density and thickness of the PEG films, measured as a
surfaces® A mouse monoclonal antibody to the SEB- function of grafting concentration, are summarized in Table
streptavidin conjugatél.5 ug/ml) was incubated with dense |I. A systematic increase in the density of both the M-PEG
biotin-PEG films, i.e., films formed at 13 mg/ml biotin-PEG. and the biotin-PEG films is observed as the grafting concen-
After incubation with serial dilutions of SEBSigma Chemi- tration of PEG increases. At the highest grafting concentra-
cals, followed by rabbit antibody to SEBToxin Technol-  tions, the M-PEG and biotin-PEG densities are-2062 and
ogy Inc., Sarasota, Fland anti-rabbit IgG-horseradish per- 3.1+-0.3 mg/nt, respectively, which is equivalent to the
oxidase (0.07 ug/ml, Caltag Labs, Burlingame, QAthe
peroxidase enzyme was identified with the addition
of 2,2’az!no-d(3-ethyl-benzth|aqu|ne SUIfonatESUbstrate TaBLE Il. Results of ellipsometry study of M-PEG and biotin-PEG films
(KPL, Gaithersburg, MDfor 20 min. The wells were iNnCU-  formed on silicon wafers.
bated for 1 h at each step unless otherwise specified. Be:

tween each step, the wells were washed three times with Grafting ~ Amount  Refractive  Layer
PBST concentration adsorbed index thickness
' PEG (mg/mi) (mg/ n?) (n) (nm)
[ll. RESULTS AND DISCUSSION M-PEG 12 2.6:0.2 1.432-0.003 2.6-0.2
o ) ) 1.2 1.6-0.2  1.42-0.02  1.6-0.2
A. Characterization of the chemical and physical 0.12 1202 138001 1.2¢02
properties of PEG films Biotin-PEG 20 3.+0.3 1.5010.003 3.1-0.3
. . 2 15:0.5 1.49@:0.020 1.5:0.5
The PEG film structure, formed on silicon surfaces, can 0.2 1805 14900.020 1805

be derived from XPS characterization of each layer of the
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Fic. 4. Biotin-PEG grafting densitfclosed circlesand streptavidin binding
density(open diamondson 0.2, 2, 5, 10, and 20 mg/ml biotin-PEG films.

10, and 20 mg/ml biotin-PEG-NHS. Figure 4 shows that both
the activity and density of the biotin-PEG film increases with
Fic. 3. AFM tapping mode images of M-PEG film&) Topographic image  the grafting concentration reaching a maximum coverage of
$f 0.12 mg/ml M-PEG film in air. Image size: kmx1 umx5 nm. (b} 505 picomoles of streptavidin per square millimeter at
opographic image of 12 mg/ml M-PEG film in air. Image sizeurhXx1 o . .
4MX5 nm. biotin-PEG concentrations greater than 10 mg/ml. At maxi-
mum coverage the area per bound streptavidin molecule is
33 nnf/molecules, which is approximately one half the geo-
maximum density achieved with similar PEG grafting metrically allowed closed packed monolayer density allowed
schemeg? by the 4x4x4.4 nm streptavidin molecufé. The area per
Tapping mode AFM measurements of the PEG films werébiotin-PEG-NHS molecule at maximum coverage is approxi-
made in air at the three adsorption concentrations. All filmsmately 1.9 nrmolecule. At the minimum biotin-PEG con-
appear to be uniform on the 10-1Q@0n scales; however, centration the streptavidin binding and biotin-PEG density
submicron scale topographic images in air revealed they arare 249 and 3.2 nffmolecule, respectively.
composed of nanometer scale globular domains. These do- The capability of PEG films to block nonspecific strepta-
mains were most distinct in shape in films formed at thevidin adsorption was measured at M-PEG films at 0.2, 5, and
lowest grafting concentratiofiFig. 3(A)] but become less 12 mg/ml M-PEG. The amount of streptavidin adsorbed on
defined as the PEG grafting concentration was increaseghe surfaces increased from 0.802.0006 picomoles/mfm
[Fig. 3(B)]. The domains appear to be associated with locaht 12 mg/ml M-PEG to 0.00£0.001 picomoles/mmat 0.2
density fluctuations in the film, and the loss of the domainmg/ml M-PEG. These results suggest nonspecific adsorption
shape with increased PEG concentration may be associateduld account for approximately 30% of the total bound
with denser, more uniform films. streptavidin on dense biotin-PEG films and all of the strepta-
XPS, ellipsometry, and AFM characterization of the PEG-vidin bound to the biotin-PEG surface at low coverage.
PEI films support the model of the film presented in Fig. 2, Immunochemical characterization of the biotin-PEG film
in which PEG and PEI form distinct layers on top of the indicates that a significant fraction of surface immobilized
silicon dioxide substrate. The 500 000 MW PEI forms a thinbiotin is available for binding with free streptavidin and that
layer that is strongly adsorbed at the interface. The 3000 anthis fraction increases with PEG grafting density. The
3400 MW M-PEG and biotin-PEG form thicker films that M-PEG film also resists nonspecific protein adsorption at the
increase in density with increasing PEG concentration. Théighest grafting concentrations. Clearly, for biosensor appli-
grafting density and thickness of the PEG films at maximumcations PEG grafting concentrations of 10 mg/ml or greater
coverage are consistent with a densely packed, end-graftirghould be used to form a functionally active film.
monolayer.

B. Characterization of the biotin activity and fouling C. Immunochemical performance of biotin-PEG films

resistance of PEG films Packaging and marketing considerations require the active

The capability of free streptavidin to bind to biotin-PEG element of a biosensor be dried and stored for extended pe-
films was measured witlf3 labeled streptavidin at 0.2, 2, 5, riods of time. The fact that biotin and PEG are relatively
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biotin-PEG concentrations greater than 10 mg/ml a dense
08 | ? polymer monolayer was formed in which a significant frac-
tion of the biotin groups is accessible for binding with free
% streptavidin. Antibody-streptavidin conjugates can be used to
04 ¢ activate the biotin-PEG surfaces in a simple incubation step.
3 The biotin-PEG films and antibody-streptavidin conjugate
0 , , produce an antibody immobilization scheme with two impor-
B tant advantages for silicon biosensatig;the surface can be
? stored dry and spontaneously functionalized by specific
antibody-streptavidin conjugate@i) the films can be treated
with denaturing reagents to remove immuonochemical com-
04 | . plexes without damaging the biotin or the PEG. This treat-
ment has been used to regenerate the surfaces without a loss
0 ? ‘ ‘ in sensitivity. This approach to receptor immobilization may
0.1 1 10 100 also have several other advantages. First, PEG is known to
SEB Concentration (ng/ml) enhance the chemical stability of proteins and could impart
increased stability to immobilized antibodies. Second, the

Fic. 5. SEB ELISA demonstrating the behavior of 13 mg/ml biotin-PEG streptavidin-biotin interaction is formed in a single step that
surfaces(a) The functional activity of freshly prepared and dried surfaces is H ;

shown by open squares and closed diamonds, respectively. The backgrouggmd facilitate receptor patterning.
on the freshly prepared and dried surfaces was 00198 and 0.1%0.05

optical density, respectivelyb) The functional activity of freshly prepared

and regenerated surfaces is shown by open squares and closed diamonds,

respectively. The background for the regenerated surfaces exposed and

exposed to the conjugate was 0:02001 and 0.030.001 optical density, %bKNOWLEDGMENTS
respectively.
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