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ABSTRACT We have demonstrated the assembly of two-
dimensional patterns of functional antibodies on a surface. In
particular, we have selectively adsorbed micrometer-scale
regions of biotinylated immunoglobulin that exhibit specific
antigen binding after adsorption. The advantage of this tech-
nique is its potential adaptability to adsorbing arbitrary
proteins in tightly packed monolayers while retaining func-
tionality. The procedure begins with the formation of a
self-assembled monolayer of n-octadecyltrimethoxysilane
(OTMS) on a silicon dioxide surface. This monolayer can then
be selectively removed by UV photolithography. Under appro-
priate solution conditions, the OTMS regions will adsorb a
monolayer of bovine serum albumin (BSA), while the silicon
dioxide regions where the OTMS has been removed by UV
light will adsorb less than 2% of a monolayer, thus creating
high contrast patterned adsorption ofBSA. The attachment of
the molecule biotin to the BSA allows the pattern to be
replicated in a layer of streptavidin, which bonds to the
biotinylated BSA and in turn will bond an additional layer of
an arbitrary biotinylated protein. In our test case, function-
ality of the biotinylated goat antibodies raised against mouse
immunoglobulin was demonstrated by the specific binding of
fluorescently labeled mouse IgG.

We are interested in the development and application of
techniques for protein patterning, especially for in vitro studies
of protein function and for applications outside of the biolog-
ical context (e.g., for artificial biomineralization and in bio-
chemical sensors). In this paper we describe a general tech-
nique for producing two-dimensional patterns of functional
protein on silicon dioxide surfaces by using a combination of
self-assembled monolayers (SAMs) of alkyl silanes, albumin-
alkyl adsorption, and biotin-avidin interactions. We illustrate
the technique by generating two-dimensional patterns of func-
tional goat antibodies raised against mouse immunoglobulins
(GAM).
Our procedure begins with the formation of an n-

octadecyltrimethoxysilane (OTMS)¶ SAM on a sio2 sub-
strate. SAMs are increasingly important tools in the micro- and
nanolithographic patterning of organic and inorganic materi-
als. They have recently been used for selected area polypeptide
synthesis (1), as barriers to chemical etching (2, 3), for the
formation of microcrystals (4, 5) or microelectrodes (4), for
creation of electrically conducting polypyrrole circuitry (6), for
patterned water condensation (4), and for adhesion of cells
(7-10) and proteins (8, 11-17). OTMS is one of the most widely
used of the alkyl silanes for producing hydrophobic SAMs on
SiO2. The SAM can be selectively removed from the surface
by ultraviolet (UV) exposure through a lithographic mask. The
difference in adsorption of bovine serum albumin (BSA) to the
exposed and unexposed regions of the surface creates a

two-dimensional pattern of BSA with a surface coverage "50
times greater on the OTMS than on the exposed sio2. If the
BSA is tagged with biotin, the pattern can be transferred to a
second layer consisting of streptavidin, which bonds strongly
and noncovalently to the biotin, but which does not adhere to
exposed substrate. This streptavidin surface, in turn, provides
for chemisorption of a third layer consisting, in principle, of
any biotinylated molecule.
The SAMs were prepared as follows: We preclean our

substrates, before SAM deposition, by sonication for 15 min in
chromic/sulfuric acid glass cleaning solution (sulfuric acid/
chromium trioxide/water, Fisher catalog no. SC88-1) and
repeated rinsing in 18-MfQ-cm deionized water. The substrates
were then dried with a blast of filtered N2 gas to remove the
bulk water. It is also critical that the glassware be dried in this
way before the deposition to prevent undesirable polymeriza-
tion of the OTMS. Covalent attachment of the silane groups
was achieved by a 60-min sonication of the substrate in a
solution of 5% (vol/vol) fresh OTMS in toluene with 0.5%
n-butylamine as a catalyst. This is followed by a 30-min soak
in the same solution. SAM quality was routinely checked with
water contact angle measurements. When this measurement
showed any degradation, new samples were prepared with
fresh OTMS solution. Rinsing after removal from solution is
not needed, since the substrate will spontaneously dewet. The
temperature was kept below 23°C (18, 19). OTMS is deposited
on a hydrophilic silicon dioxide substrate such that the long
alkyl tails form a tightly packed monolayer while the Si
attaches to the substrate through Si-O covalent bonds (18,
19). OTMS deposition leaves a hydrophobic surface which is
chemically robust.
The OTMS can then be selectively removed by exposure to

deep UV light (7, 20, 21) or by electron beam lithography (3,
22) to reveal the underlying hydrophilic sio2 surface. Thus
OTMS offers a way to produce hydrophobic/hydrophilic pat-
terns on SiO2. The absence of the monolayer after exposure
can be verified by atomic force microscopy [AFM (3), includ-
ing lateral force microscopy (2, 6, 23)], scanning electron
microscopy (4, 9, 11), x-ray photoelectron spectroscopy (7, 12,
13, 20), Fourier transform infrared spectroscopy (21), and
water drop contact angles (7, 13).

For UV removal of OTMS, the efficiency of 250-nm light is
1/10 to 1/100 that of 193-nm light (7, 13, 20, 21). In this work,
UV exposure was performed with a 1000-W Hg(Xe) arc lamp
run at 440 W and delivering 1.05 W/cm2 of broad-band
radiation. Only 10 mW/cm2, at a distance of 25 cm from the

Abbreviations: SAM, self-assembled monolayer; OTMS, n-
octadecyltrimethoxysilane; GAM, goat antibodies raised against
mouse immunoglobulin; DAG, donkey antibodies raised against goat
immunoglobulin; FITC, fluorescein isothiocyanate; AFM, atomic
force microscopy; BET, Brunauer-Emmett-Teller.
§To whom reprint requests should be addressed.
1Note that n-octadecyltrichlorosilane (OTCS) is frequently cited in the
literature as a compound for the formation of SAMs and is more
reactive than OTMS.
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collimating lens, comes from the 243.7-nm Hg emission peak.
There are also peaks at 194 nm and 185 nm, but they are
attenuated to <0.5 mW/cm2 due to the optics and arc lamp's
quartz envelope. Exposure of the OTMS monolayer through a
Ni grid, for 10 min on a polished SiO2-on-Si substrate or 16 min
on a pure glass substrate, was sufficient for AFM images to
show clear square depressions roughly 2 nm deep (close to the
length of the alkyl tail); these differences in exposure times
probably arise from the greater reflectivity of the Si substrate.
These AFM images convey topographical information, but
they do not reveal the full chemical status of the surfaces (in
lateral force mode, some chemical surface characterization can
be achieved) (2, 6, 23). Despite the appearance of patterns in
AFM scans, greater UV doses were required to alter the BSA
adsorption to OTMS. When exposing the sample with a
chromium-coated quartz mask, longer exposure times are
required to remove the OTMS. A 1/4-inch (6.4-mm)-thick
quartz attenuator was also added in the beam path to reduce
heating of the mask and substrate, which may damage the
OTMS layer in contact with the chromium. The addition of the
mask and attenuator requires an exposure of 100 min due to
attenuation of the UV.
BSA is a blood protein that typically binds the hydrophobic

tails of 1 to 3 mol of fatty acids per mol of BSA (24). The
adsorption of BSA on a surface depends on the nature of the
substrate. At solution concentrations below 0.05 mg/ml BSA
will adsorb to a hydrophobic surface (methylated silica) at
virtually any pH, while it binds to hydrophilic glass in only a
narrow range around pH 5.5 (25). It therefore seemed likely
that at any pH sufficiently removed from 5.5, BSA would
adsorb more strongly to OTMS (with its long alkyl chain acting
like a nonpolar fatty acid) than to SiO2.
To verify this differential adsorption behavior we measured

adsorption isotherms for fluorescein isothiocyanate (FITC)-
tagged BSA (Sigma catalog no. A9771) on OTMS and on the
bare SiO2 substrates. Fig. 1 shows these data as well as some
of the adsorption isotherms of the OTMS after UV exposure.
The curves shown are fits to the Brunauer-Emmett-Teller
(BET) isotherm (26, 27):

x 1 1

Xm 1 - (c/c) 1 + (T- 1)(c/c)[

where x and c are the surface and solution concentrations,
respectively, of BSA,xm is the surface coverage of a monolayer
of BSA, and cs is the saturation concentration of BSA in the
buffer, measured to be 370 ± 20 mg/ml (5.4 mM). T is a
dimensionless fitted parameter of the curve and roughly
represents the ratio of the characteristic time a BSA molecule
spends adhered to the tested surface compared with the time it
would spend adhered to a pure solid BSA surface under identical
solution conditions (27). The BET isotherm fits serve as quali-
tative guides for understanding the adsorption behavior.
To study the BSA adsorption we have employed a flow cell

made by fixing the sample to a glass slide with silicon vacuum
grease [Dow Corning high vacuum grease (silicon-based lu-
bricant)], with -75-,um-thick coverslip fragments used as
spacers. The cell allows a series of solutions to flow across the
sample while minimizing its exposure to air, which would
increase the rate of fluorescence bleaching and the probability
of protein denaturation. First the solution of FITC-BSA,
dissolved in BRB-80 buffer (80mM Pipes/1 mM MgCl2/1 mM
EGTA adjusted to pH 6.9 with 1 M KOH), was made to flow
into the cell and allowed contact with the sample for 10 min.
We then flushed the cell with 6 cell volumes of the BRB-80
buffer to remove unattached protein.
The amount of adsorbed protein was measured by quanti-

fying the fluorescence that remained bound to the glass 1 min
after buffer flow. A conversion from fluorescence intensity to
concentration of protein was obtained by measuring the in-
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FIG. 1. Adsorption isotherms for FITC-labeled BSA measured by
fluorescence intensities. (a) Glass substrate: El indicates adsorption on
OTMS-coated glass; 0, on bare glass. Solid and dash-dot curves are fits
to BET isotherms as described in text. Parameters are cm = 370 mg/ml,
xm = 5.56 mg/m2, T = 1.6 x 105 on OTMS, and T = 2.3 x 103 on glass.
(b) Oxidized silicon substrate: O indicates adsorption on OTMS-
coated thermally oxidized Si crystal; 0, on bare thermally oxidized Si
crystal; A, OTMS after 60-min UV exposure; v, OTMS after 85-min
UV exposure. Solid, dash, and dash-dot curves are fits to BET
isotherms for the unexposed OTMS, 60-minUV exposure, and 85-min
UV exposure. The parameters are cm = 370 mg/ml and xm = 4.63
mg/m2 on all three fits, with T = 1.1 X 105, T = 1.9 x 104, and T = 2.6 x
103 for the unexposed, 60-min exposure, and 85-min exposure, re-
spectively.

tensity of known solution concentrations of fluorescently
labeled protein in a volume defined by the image plane area
and the cell depth. The values of surface concentration were
calculated as follows: The intensity of the sample is measured
by fluorescence microscopy with a CCD (charge-coupled
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FIG. 2. Fluorescence micrograph taken with a CCD camera of FITC-BSA adsorbed on a patterned OTMS surface on a silicon wafer. The inset
marker bar is 10 ,um wide, and the smallest lines of the pattern are 1 ,um wide.

device) camera. The image is then exported to a computer to
analyze the regional statistics of intensity. The number of
molecules is calculated, using the solution calibration above.
The accuracy of this technique is good to a factor of 2, due to
the calibration of intensity from the protein solution; the
relative precision is estimated at 8%.

Preliminary results indicated that BSA adsorption onto
OTMS is an exponential function of time with a characteristic
time constant of -3 min at 0.01 mg/ml solution of BSA on
OTMS, and <10 sec at 0.1 mg/ml. There was, however, no
substantial desorption of BSA after 1 hr of exposure to
protein-free buffer. The adsorption differential between the
OTMS and the substrate allows the chemical nature of the
UV-exposed regions to be compared with those shielded by
the mask. Although OTMS is topographically removed by a 10-
to 16-min exposure, Fig. lb shows that 85 min of exposure to
UV is required before the surface adsorbs BSA at a level
comparable to that of the original substrate. Above 0.01 mg/ml
BSA, adsorption on OTMS-coated glass levels out at 5.6 ± 1.7
mg/M2, and it maintains this level at least to 0.5 mg/ml. On
thermally oxidized silicon, coated with OTMS, the adsorption
plateau was measured at 4.6 ± 0.2 mg/m2, the same as on a
glass substrate within experimental error. Fair and Jamieson
calculate (28) that a close-packed monolayer of BSA should
have a surface concentration of 2.5 mg/M2, assuming BSA
(molecular mass = 69 kDa) to be an ellipsoid with major and
minor axes of 14.0 nm and 3.8 nm and that it adsorbs with its
major axis parallel to the surface. Our measured surface
concentrations are somewhat above this value. However, given
inherent systematic uncertainties in converting fluorescent
yield to surface concentration and our observed plateau in
adsorption, we interpret our results as indicating that BSA
forms a monolayer on OTMS. According to a BET model, as
the solution concentration increases, the surface adsorption
will at some point rise beyond the monolayer level. However,
our attempts to measure this multiple layer adsorption regime
for BSA have been frustrated by the rapid desorption of
subsequent layers when BRB-80 is made to flow in to remove
the unabsorbed BSA.
The adsorption results shown in Fig. 1 indicate a significant

adsorption differential between OTMS and SiO2 surfaces.
They imply that patterned OTMS would be effective at pro-
ducing high-definition monolayer patterns of BSA. From Fig.
1 it is evident that the largest adsorption differential available
in BRB-80 is 24:1. We have investigated the influence of pH
on adsorption: By replacing Pipes buffer with Hepes, the pH
can be extended from 6.9 to 8.2, where the differential
increases to 50:1 with BSA at 4 jig/ml (Pipes and Hepes are
standard biological buffers obtained from Sigma, catalog nos.
P6757 and H3375, respectively).

Fig. 2 shows a fluorescence micrograph of such a pattern of
FITC-labeled BSA. In this case, the OTMS surface was
prepared on a commercially available Si wafer, thermally
oxidized to produce a 200-nm-thick surface layer of SiO2
(2-inch P<100> wafers, Silica Source Technology, Tempe,
AZ). The patterned OTMS shows the preferential adsorption

of the BSA to the OTMS regions. The fluorescently labeled
BSA was made to flow across the substrate in a cell as
described above, and the cell was rinsed with protein-free
buffer. Fluorescence microscopy was used to image the result-
ing patterns. This process reproducibly results in monolayer
BSA adsorption, patterned with resolution limited only by the
resolution of the UV lithography.
These BSA patterns are easily extended to additional pro-

teins through the use of biotin and streptavidin. Biotin is a
small molecule (244 Da) that can be attached to most proteins
through a succinimide ester (29). Streptavidin is a globular
protein (60,000 Da) with four binding sites for biotin on two
opposing sides (30). In our process, biotinylated BSA at 4
,ug/ml is made to flow across the surface to create a biotin
pattern. After 10 min, we pass 6 cell volumes of buffer solution
and then 6 cell volumes of streptavidin, 18 p,g/ml, tagged with
FITC, through the cell. The streptavidin is allowed 2 min of
adsorption before it is rinsed away with another 6 cell volumes
of buffer. Fig. 3a shows a fluorescence micrograph of the
streptavidin chemisorbed in a pattern from the same mask as
the fluorescent BSA of Fig. 2. Our measurements suggest that
2.8 ± 0.5 molecules of streptavidin chemisorb to each molecule
of BSA. We have determined that streptavidin alone does not
exhibit monolayer scale adsorption to either the OTMS or the
bare substrate, thus necessitating the biotinylated BSA as an
intermediate.
The biotinylationli of crystallized and lyophilized BSA (97-

99% pure bovine albumin, Sigma catalog no. A4378) has some
impact on its adsorption to the surfaces used here. Increasing
levels of biotinylation of the BSA increases the adsorption of
the BSA to untreated SiO2. In BRB-80 buffer, BSA biotin-
ylated at 8-12 molecules of biotin per molecule ofBSA actually
has a higher affinity for glass than for OTMS. However, when
the Pipes was replaced with Hepes and the pH was adjusted to
7.49, BSA biotinylated with 140 ,ug of biotin ester per 1 mg of
BSA followed by FITC-labeled streptavidin, in the same
buffer, emitted a fluorescence signal greater on the OTMS
than on the SiO2 regions by a factor of -32. We also found that
added salts decrease adsorption on both the OTMS and glass.
Optimization of all these factors may eventually lead to even
higher adsorption differentials.
The streptavidin pattern provides a surface of general utility

for chemisorbing other biotinylated proteins. As an example,
we have used these streptavidin patterns to bind biotinylated
antibodies and verify selective adsorption of the target antigen
by two-color fluorescence microscopy. Fig. 3 Left shows a
collection of streptavidin patterns imaged with a fluorescein
filter set. These patterns were used to adhere a layer of
biotinylated goat IgG antibodies raised against mouse immu-

'Biotinylation method from BioSearch, San Rafael, CA: Biotinami-
docaproate n-hydroxysuccinimide ester is prepared at 1 mg/ml in
dimethyl sulfoxide and added at various volumes to 1 ml of 1 mg/ml
BSA. This solution is allowed to react at room temperature for 4 hr.
The solution is then dialyzed four times in 2 liters of phosphate buffer
(20 mM Na2HPO4/150 mM NaCl, pH to 7.4 with 1 M HCI).

Biophysics: Mooney et al.
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FIG. 3. Fluorescence micrographs of proteins adsorbed on a pat-

terned OTMS surface. Images were taken through a fluorescein filter

set (Left) or through a rhodamine filter set (Right). (a) Image of a

patterned streptavidin layer tagged with FITC. The layer is visible,

attached to the underlying biotinylated BSA. The inset marker bar is

10 ttm wide. (b) Filters set up for rhodamine fluorescence to show

minimal crossover from the fluorescein. The upper-right corner has

had the intensity increased by 16X to show the weak signal. (c) A new

substrate with a streptavidin image in the fluorescein spectrum after

exposure to rhodamine-labeled mouse antibodies. (d) The same

location, using the rhodamine filter set to reveal the mouse immuno-

globulin layer bound to the pattern through the biotinylated goat

antibodies raised to mouse immunoglobulin (GAM), which are at-

tached to the streptavidin layer. e, g, and i are the streptavidin images
that are associated withf, h, andj in the rhodamine wavelengths after

exposure to rhodamine-labeled rat, goat, and donkey antibodies,

respectively. In the upper right corner of b, h, and] the signal has been

increased by 16X to be visible to the eye. The images show the relative

brightness of the crossover of the fluorescein into the rhodamine

spectrum as well as the low levels of adhesion of the goat and rabbit

antibodies. Taken together, these images show that the surface-bound

GAM remains functional in selective binding of the target mouse

antibodies.

noglobulin (GAM; Jackson ImmunoResearch catalog no. 115-

065-003). In Fig. 3 Right we show images taken with a filter set

appropriate for rhodamine-tagged protein. These images show

adsorption detected for a variety of proteins. Fig. 3b shows the

rhodamine image before the target protein and demonstrates

that the crossover of the fluorescein into the rhodamine

spectrum is minimal. Fig. 3d shows local area binding of

tetramethylrhodamine-labeled mouse immunoglobulin (Jack-
son ImmunoResearch catalog no. 209-025-082) to the biotin-

ylated GAM which were adhered to the fluorescein-labeled

streptavidin pattern in Fig. 3c. Here, after the patterning of

streptavidin, 6 cell volumes of 2 ttg/ml biotinylated GAM were

passed into the cell for 2 min, during which time the goat

antibodies chemisorb to the streptavidin layer. Adsorption is

followed by a buffer rinse to remove unbound protein. To test

functionality of the bound GAM, 6 cell volumes of mouse IgG
immunoglobulins tagged with a tetramethylrhodamine fluo-
rescent marker were passed into the cell and allowed 2 min for
binding to the adsorbed GAM. After 6 cell volumes of buffer,
fluorescence of the sample revealed the pattern in Fig. 3d.
Thus, the biotinylated and chemisorbed GAM is still func-
tional at recognizing and binding mouse antibodies. As a
control, FITC-BSA and tetramethylrhodamine-tagged rat,
goat, and rabbit immunoglobulins were made to flow across
the GAM surface in place of the mouse immunoglobulins. The
adsorption of the rat immunoglobulin was only 18% of the
adsorption of the mouse IgG, while the adsorption of the goat
and rabbit IgG was at low enough levels that it was difficult to
quanitatively separate the IgG signal from the FITC crossover
within the uncertainty of3% of the mouse antibody rhodamine
signal level. Various images in the fluorescein wavelengths of
the FITC-labeled streptavidin patterns are shown in Fig. 3 e,
g, i, and k. The corresponding images in the rhodamine
wavelengths after exposure to mouse, rat, donkey, and rabbit
IgG antibodies are presented in Fig. 3 d,f, h, andj, respectively.
These images demonstrate that the GAM surface retains its
functionality for selective adsorption of the target mouse
immunoglobulin.
To estimate the fraction of the biotinylated and adsorbed

GAM molecules that remained functional, we studied the goat
antibody surface as follows: Subsequent to streptavidin pat-
terning of GAM, rhodamine-labeled donkey IgG antibodies
raised against goat immunoglobulin (DAG; Jackson Immuno-
Research catalog no. 705-025-003), at 2 ,tg/ml, were made to
flow across the surface to determine whether the GAM was
chemisorbed in a form recognizable to the DAG. The same
pattern visible in the streptavidin fluorescence was then also
visible with rhodamine filters, indicating that the surface is
recognizable as goat antibody. The level of DAG binding
calculated from fluorescent signals was 0.51 mg/M2, indicating
1 DAG molecule per 37 streptavidin molecules adsorbed on
the surface (using a DAG mass of 150 kDa from Jackson
ImmunoResearch). Thus, the GAM layer is still largely rec-
ognized as goat immunoglobulin by the DAG and the density
of the GAM is on the order of a monolayer coverage. In
contrast, the fluorescence measurements with rhodamine-
labeled mouse IgG (instead of the DAG), such as Fig. 3d,
revealed that the mouse immunoglobulin was bound at a
concentration of 0.22 mg/m2. Using a mass of 160 kDa from
Jackson ImmunoResearch, this implies 1 mouse immunoglob-
ulin molecule per 83 streptavidin molecules on the surface. If
we assume that steric hindrance allowed only 1 DAG antibody
to bind to each GAM on the surface, then these results indicate
that the density of the GAM is also at 1 GAM per 37
streptavidins and that 45% of the GAM monolayer retains its
ability to bind a mouse immunoglobulin. If 2 DAG molecules
on average bind to each GAM molecule, then the density of
the GAM is 1 GAM per 74 streptavidins, and the functionality
of the GAM would be estimated at "90%. Effects of fluo-
rescent bleaching were minimized by measuring the fluores-
cence after less than 30 sec of exposure under the microscope.
We are presently attempting a more direct measurement of the
percent functionality through the use of biotinylated and
fluorescently tagged GAM. However, our present results show
that the surface remains largely functional.

In this paper we have described a method to adhere func-
tional antibodies to a patterned surface. Patterned OTMS on
SiO2 provides a selective surface on which to adsorb a mono-
layer of streptavidin via a biotinylated BSA intermediate. The
streptavidin layer can then be used to attach a variety of
biotinylated proteins. Our results suggest at least two distinct
ways to generalize the process for patterned adhesion of
arbitrary functional proteins. First, our demonstration of
antibody function suggests that any protein for which an
antibody is available can be localized to the pattern by means
of antibody binding. Second, given the variety of proteins that

12290 Biophysics: Mooney et al.
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have been demonstrated to retain function after biotinylation,
one can imagine direct replacement of biotinylated antibody
with arbitrary biotinylated protein. The wide availability of
antibodies and biotinylated proteins suggests that our proce-
dure is generally applicable for in vitro protein studies and the
technological utilization of protein function.

We acknowledge support of this project by the Office of Naval
Research through Grant N00014-94-1-0621.
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