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Protein patterning was carried out using a simple procedure based on photolithography wherein the protein was
not subjected to UV irradiation and high temperatures or contacted with denaturing solvents or strongly acidic or
basic solutions. Self-assembled monolayers of poly(ethylene glycol) (PEG) on silicon surfaces were exposed to
oxygen plasma through a patterned photoresist. The etched regions were back-filled with an initiator for surface-
initiated atom transfer radical polymerization (ATRP). ATRP of sodium acrylate was readily achieved at room
temperature in an agueous medium. Protonation of the polymer resulted in patterned poly(acrylic acid) (PAA)
brushes. A variety of biomolecules containing amino groups could be covalently tethered to the dense carboxyl
groups of the brush, under relatively mild conditions. The PEG regions surrounding the PAA brush greatly reduced
nonspecific adsorption. Avidin was covalently attached to PAA brushes, and biotin-tagged proteins could be
immobilized through avidirrbiotin interaction. Such an immobilization method, which is based on specific
interactions, is expected to better retain protein functionality than direct covalent binding. Using biotin-tagged
bovine serum albumin (BSA) as a model, a simple strategy was developed for immobilization of small biological
molecules using BSA as linkages, while BSA can simultaneously block nonspecific interactions.

1. Introduction may have limited their us¥. Moreover, strong interactions
between the carboxyl head group of the silane and the silanol
The ability to pattern biomolecules, especially proteins, onto groups on the surface may complicate the process of SAM
a substrate is important for a variety of biological studies and formation. To avoid this complication, vinyl-, carboalkoxy-, or
applications including biosensors, studies of cell-surface interac- bromo-terminated alkylsilanes have been converted to carboxylic
tions, cell patterning, and the lik& Though concentrated efforts  acids after self-assembly and reaction with the surface silanol
have been made on protein patterning, many methods are basedroups!'—13

on nonspecific physical adsorption on hydrophobic surfaces, Here we report the synthesis of poly(acrylic acid) (PAA)
wherein the proteins tend to unfold and partially den&umn  pryshes by the atom transfer radical polymerization (ATRP) of
adsorption. The complexity of creating patterned substrates thatsodjum acrylate in aqueous media to generate carboxylic acid
combine self-assembled monolayers (SAMs) bearing functional groups on a silicon surface. Besides providing a high surface
groups to immobilize pI’OtemS with SAMs that are resistant to density of—COOH groups for protein immobilization’ the PAA
nonspecific protein adsorption leads to difficulties in effective pryshes are expected to impart biocompatidignd are more
surface construction. Veiseh et al. have created patternedropyst and self-healing toward defects than carboxyl-terminated
surfaces containing both carboxylic acid groups and poly- saMs. In comparison to carboxyl-terminated SAMs, PAA
(ethylene glycol) (PEG) and used the surface for cell patterning pryshes have significantly higher protein-binding capacities due
studies!® In their work, it was necessary to use a gold-patterned to high concentrations of COOH groups at the brush inter-
silicon substrate and a combination of thigiold and silane  facels Our synthetic methods enable the direct and efficient
chemistry to create the chemically patterned substrates. Whileformation of PAA brushes in contrast to prior studfethat

the formation of SAMs ofv-mercapto carboxylic acids on gold-  jnyolved hydrolysis of polytert-butyl acrylate) brushes by

covered substrates is widely reporfed], reports on direct  means of strong acid catalysts and the use of potentially
functionalization of a silicon surface with carboxyl-terminated ndesirable organic solvents.

alkylchlorosilanes (or alkoxysilanes) are relatively rare. Some
of the advantages of silicon surfaces are that they are inexpen
sive, molecularly flat, form thermally stable siloxy linkages with
organosilanes, and are compatible with the well-established
microfabrication techniques of the electronic industry. However,
the fact that carboxyl-terminated alkylsilanes (which are required
to form SAMs on silicon surfaces) are difficult to synthesize

We also describe the patterning of these PAA brushes using
“optical lithography as an effective alternative to microcontact
printing. The creation of a patterned surface using multicom-
ponent, microcontact printingtCP) has become a widely used
method. Usually, one compound is printed onto a substrate, and
the patterned substrate is back-filled with another compound.
The substrate used pCP is often gold and not silicon, pro-
bably because the technique is more suited for thiol chemistry
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Conventional photolithography also has been used previouslyin the presence of UV light. Thee-COOH groups were then
to pattern multicomponent silanes on silicon surfdcgsilicon reacted with an amine-terminated PEG, and the PEGylated
surface may be first coated with a PEG monolayer prior to surface was immersed in an aqueous hydrofluoric acid solution
patterning a photoresist. After the photoresist is patterned, to restore the SiH groups in the oxide squares. These new
oxygen plasma cleaning may be used to etch the exposed PEGilane groups were reacted withalkenyl carboxylic acid under
and also regenerate silanol groups on the etched surface to attacbV irradiation, and finally the-=COOH groups in this region
the surface initiator. Thus, Wang et al. have used photolithog- were activated withN-hydroxylsuccinimide (NHS) to bind
raphy to pattern PEG on a silicon surface and removed the DNA. Although an elegant method, a simpler procedure for
exposed PEG via wet etchif§,and Senaratne et al. used micropatterning a silicon surface withCOOH and PEG groups
electron beam lithography to pattern a PEG monolayer on a would be desirable. More recently, Asanuma et al. have noted
silicon surface and back-filled the etched regions with or- that the carboxyl groups could themselves react with hydrogen-
ganosilane molecules containing terminal dinitrophenyl grélps. terminated silicon, instead of the termiraCH=CH, group223
While effective, electron beam lithography is expensive and necessitating the use of an ester-terminated alkene followed by
time-consuming and not suitable for patterning large areas. deprotection of the carboxyl group after SAM formation.

In this work, after a patterned PEGylated silicon surface was Alternative methods to prepare silicon surfaces that are densely
created using optical lithography, it was back-filled with a functionalized with carboxyl groups will be quite useful.
surface initiator for ATRP. PAA brushes were grown in the 1.2. Protein Patterning. The spatially defined presentation
regions with tethered initiator molecules, by aqueous ATRP of of a protein or biochemical ligand of interest against a protein-
sodium acrylate and subsequent formation of acid by rinsing resistant background is of importance in several areas of
with deionized water. As a proof of concept we demonstrate biotechnology and biomedical reseafétpr example, in the
covalent immobilization of fluorescently labeled bovine serum design of supports for immobilizing antigens or antibodies in
albumin (BSA) onto PAA brushes yielding well-defined BSA enzyme-linked immunosorbent assays (ELISA). Patterned arrays
patterns. We also demonstrate immobilization of biotin-tagged of carboxylated and PEGylated regions are useful for this
proteins through the avidirbiotin interaction by showing that  purpose. The—COOH groups can be readily activated by
fluoresceinated biotin can be immobilized onto a PAA brush forming acyl chlorides and nitrophenyl or succinimide esters,
region after avidin was attached to the brush. Furthermore, wewhich undergo spontaneous reaction with the amine groups in
look into the immobilization of small biological molecules onto  a protein (N-terminal oe-amino groups of lysine}?! PEG is
PAA brushes using BSA as linkages. After biotinylated BSA used to prevent nonspecific protein adsorpéor! Potential
was immobilized onto a PAA brush, the substrates were advantages of dense microarrays in the field of genomics and
incubated with streptavidin and fluoresceinated biotin sequen- proteomics have been discussed by Bhatnagar @t Eiese
tially. Because BSA is a protein blocking agent, nonspecific include reduction in the volumes of analyte and reagents and
adsorption of streptavidin onto the surface is further reduced. higher signal-to-noise ratios. The basic criterion in the design
The binding of streptavidin is only due to the specific strepta- of a protein microarray is that the protein must retain its native
vidin—biotin interaction. This method can be extended to BSA conformation (and hence its biological activity) after im-
tagged with other ligands, such as dinitrophenyl groups, to mobilization. Thus, the use of harsh solvents, strongly acidic
engineer spatially confined stimuli for the study of immuno- or basic buffers, and exposure to UV and high temperatures
globulin receptor signaling. The avidin- or streptavidin-patterned are all undesirablé’® Several methods have been used to
surfaces may also be combined with ink-jet printing or nanoarray micropattern proteins on surfaces, as discussed in the reviews
techniques for multiple protein patterning. The following section by Blawas and Reichérand Kane et a.
reviews prior methods of fabrication of carboxylate-function- Lopez et al. have patterned a gold surface with methyl-
alized surfaces. terminated and PEGylated SAMs and have used physical

1.1. Carboxylate-Functionalized SurfacesThe spontaneous  adsorption of proteins on the hydrophobic methyl-terminated
reaction of amine-containing biomolecules with activated car- regions3 Physisorption of a protein on a surface is predomi-
boxylic acids makes silicon surfaces functionalized with car- nantly driven by hydrophobic interactions, especially in aqueous
boxyl groups a versatile platform for microarray technology. A solutions of high ionic strengths. In the absence of competing
variety of biological molecules can be covalently immobilized proteins the adsorption is essentially irreversible. However,
on such substrates under mild conditions of pH and temperature.many proteins lose their native solution conformation, and hence
The use of silicon as a substrate allows the state-of-the-artactivity, upon immobilization on a hydrophobic surfage.
approaches to the microfabrication of computer chips to be Physical adsorption on untreated glass has been used to pattern
transferred to “biochip” productiof#:°As noted above, reports  albumin2? but in high ionic strength buffers where electrostatic
of direct functionalization of silicon oxide surfaces with interactions are weak, desorption of the protein from the
carboxylic acid groups remain relatively rare, and patterned hydrophilic glass substrate is very likely. Covalent immobiliza-
carboxyl-functionalized surfaces are rarer still. tion on hydrophilic substrates, as discussed by Lahiri €t3l.,

In an alternative approach to prepare carboxyl-functionalized iS more desirablé*
silicon surfaces, Boukherroub et al. have used thermal hydrosi- Photochemical techniques involving aryl azide chemistry,
lylation of w-alkenyl carboxylic acid with a hydrogen-terminated nitrobenzyl caging chemistry, and diazirine chemistry have also
silicon surface?® The same reaction was found to occur at room been used,but these methods involve potentially denaturing

temperature when irradiated with 300 nm UV lighW/oicu et UV irradiation of the protein. Sorribas et al. have used a UV
al. prepared DNA microarrays using photopatterning of unde- lithography process, wherein a protein-immobilized surface is
cylenic acid on a hydrogen-terminated silicon surféderadia- first covered by a protective sucrose layer, cured in an oven,

tion of an air exposed SiH surface through a patterned mask spin-coated with a photoresist, irradiated with UV using a

leads to the formation of oxide squares in the exposed regions.lithographic mask, developed to remove exposed photoresist,
In a complex series of steps, the unexposed surface, consistingand treated with oxygen plasma to remove the protein from the
of Si—H groups, was reacted witt-alkenyl carboxylic acid exposed regiof® The sucrose layer is believed to protect 85\/
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protein from organic solvents and alkaline solutions used inthe  2.2. Patterning of PEG on a Silicon Wafer Silicon wafers, rinsed
process, which would otherwise denature the protein. Similarly, with acetone and blown dry under nitrogen gas, were cleaned with
Lee et al. have used agarose as a protective layer in photolitho-oxygen plasma cleaner (Harrick Scientific) for 5 min. Self-assembled
graphic patterning of proteir$8.In addition, they have discussed monolayers of PEG were prepared by the solution deposition technique.
the problems associated with microcontact printing, polydi- The silicon wafers were immersed in a 1% (v/v) solution of the
methylsiloxane-based microfluidic systems, and the parylene- PEGylated silane in anhydrous toluene containing catalytic amounts

based peel-off process for direct patterning of proteins.
Jun et al. have formed patterns of HO- and;OHerminated

PEG regions on chlorine-terminated silicon surfaces using the

soft lithographic technigues of microcontact printing and
micromolding in capillaries (MIMIC$? The HO-terminated

of triethylamine for about 12 h at room temperature, followed by rinsing
with anhydrous ethanol and drying with nitrogen. After deposition, the
substrates were baked at 116 for 10 min. S1813 positive tone
photoresist (Shipley) was spin-coated onto the PEG-functionalized
silicon wafers at 4000 rpm for 30 s and soft-baked at 1T5for 1

min, resulting in a film about km thick. The wafer was then exposed

PEG regions were activated by either oxidation to aldehyde or ; ;y, light (A = 405 nm, 17 mW/ct9) passed through patterns of

using N,N'-disuccinimidyl carbonate, followed by covalent
immobilization of protein molecules. The MIMIC technique has
also found application in the work of Delamarche etéznd
Patel et af®

lines with widths of 2 or um, for 2 s using a HTG System III-HR
contact aligner. After development in a tetra-methyl ammonium
hydroxide solution (AZ 300 MIF), the exposed PEG regions were etched
using oxygen plasma. The remaining photoresist was stripped off using

Protein patterning on a sub-micrometer length scale has beeracetone, resulting in PEG stripes on a silicon surface. The PEG-
achieved using electron beam lithography of organosilane patterned surfaces were used immediately in the next step of attaching

SAMs?840 and surfaces of block copolymers as templétes.
Zhang et al. created patterns of biotin in a hydrophobic
perfluoroalkyl background but could avoid nonspecific adsorp-
tion by incubating the patterned surface with streptavidin for
only a short time?

In this paper we describe immobilization of proteins on
patterned hydrophilic PAA brushes through covalent binding
and avidin-biotin interaction. UV lithography was used to
pattern a silicon surface covered with a PEGylated SAM. An
initiator for ATRP was then attached to regions not covered by
PEG. ATRP of sodium acrylate in water at or near room

temperature, using the surface-tethered initiator, resulted in facile
formation of patterned polymer brushes that were used to

selectively immobilize fluorescently labeled proteins. The

patterned proteins showed a sharp contrast against a protein
resistant PEG background when observed under a fluorescenc

microscope.

2. Experimental Section

2.1. Materials. Allyl 2-bromo-2-methylpropionate (CAS no. 40630-
82-8, 98%), chlorodimethylhydrosilane (CAS no. 1066-35-9, 98%), Pt
on activated carbon (10 wt %), triethylamine (CAS no. 121-44-8,
99.5%), sodium acrylate (CAS no. 7446-81-3, 97%), CuBr (CAS no.
7787-70-4, 99.999%), CuB{CAS no. 7789-45-9, 99.999%), 2;2
bipyridine (CAS no. 366-18-7 99%),N-hydroxylsuccinimide (NHS,
CAS no. 6066-82-6, 98%N-(3-dimethylaminopropyIN'-ethylcarbo-
diimide hydrochloride (EDC, CAS no. 25952-53:8,98%), egg white
avidin, bovine serum albumin labeled with fluorescein isothiocyanate
(BSA—FITC), biotin-tagged bovine serum albumin (BShiotin, 8—16
mol biotin per mol albumin), streptavidin (froi@treptomyces 5(6)-
(biotinamidohexanoylamido)pentylthioureidylfluorescein (fluorescein-
tagged biotin, CAS no. 134759-22+%,90%), phosphate-buffered saline
(PBS) tablets, and 4-morpholineethanesulfonic acid (MES, CAS no.
4432-31-9,> 99%) were purchased from Sigma-Aldrich and used
without further purification. 2-[Methoxy(polyethylenoxy)propyl]-
trichlorosilane (PEGylated silane, GBI(CH,CH,0)s-o(CH,)3SiCls,

e

the ATRP initiator.

2.3. Synthesis of the Surface Initiator and Immobilization of the
Initiator. Hydrosilylation of allyl 2-bromo-2-methylpropionate was
carried out using a literature procedure to obtain the ATRP initiator,
3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate (CAS no.
370870-81-8, cfl in Scheme 2)2 The PEG-patterned silicon substrates
were immersed in a toluene solution of the initiator (5 mM) and
triethylamine (0.05 mM) for 18 h. The wafers were then removed from
the solution and washed with ethanol, water, and acetone sequentially.
They were blown dry under nitrogen gas and used for surface-initiated
polymerization. Plain silicon substrates without patterned PEG were
similarly modified with the ATRP initiator.

2.4. Surface-Initiated Polymerization of Sodium Acrylate.The
substrates (1 cnx 1 cm) were placed in a dry Schlenk flask. The
flask was evacuated and back-filled with nitrogen three times. Sodium
acrylate (1.88 g, 20 mmol), CuBr (57.4 mg, 0.4 mmol), CUE.0
mg, 0.04 mmol), and 2;ipyridine (137.4 mg, 0.88 mmol) were added
to another 25 mL Schlenk flask equipped with a magnetic stir bar. Air
in this flask was evacuated and replaced with nitrogen three times.
Four milliliters of water, which was purged with nitrogen for at least
30 min, was transferred to the Schlenk flask containing the monomer
using a cannula. The mixture was stirred at room temperature under
nitrogen for about 10 min until a brown solution was obtained. The
solution was then transferred into the Schlenk flask containing the
patterned substrates using a cannula. Polymerization was carried out
at 30°C for 2 h, after which the substrates were taken out of the solution
and gently sonicated in a wateethanol mixture for 5 min. They were
then rinsed with water and ethanol, blown dry under nitrogen gas, and
characterized by atomic force microscopy (AFM). Unpatterned polymer
brushes on silicon were characterized by ellipsometry and X-ray
photoelectron spectroscopy (XPS).

2.5. Immobilization of BSA—FITC. The wafers (1 cmx 1 cm)
with a patterned PEG SAM and PAA brushes were immersed in 5 mL
of MES solution (50 mM, pH~ 3.8) containing EDC (40 mg) and
NHS (24 mg). After 10 min, the substrates were taken out of the
solution, rinsed with MES buffer, and covered with a 1@0§/mL
solution of BSA-FITC in MES buffer solution (pHx 5.0). After 1 h
of incubation in darkness, the substrates were thoroughly rinsed and

90%) was purchased from Gelest. Anhydrous toluene (99.8%) was leftin PBS buffer solution (pH 7.4) overnight to deactivate unreacted

purchased from Acros. All of the other solvents for rinsing and cleaning

were obtained from Fisher. The PBS buffer solution was prepared by

dissolving the PBS tablet in water to yield 0.01 M phosphate buffer,
0.0027 M potassium chloride, 0.137 M sodium chloride, and a pH of
7.4 at 25°C. A MES solution of 50 mM concentration was prepared
in water. The pH of this solution was 3*8The MES buffer solution
was prepared by dissolving MES (50 mM) and NaOH (3 mM) in water
to obtain a pH of about 5. Distilled deionized water and ultrapure
nitrogen (99.99%, Airgas) were used throughout.

NHS ester.

2.6. Immobilization of Avidin and Incubation with Fluoresce-
inated Biotin. Avidin was immobilized on PEGPAA-patterned silicon
surfaces as described in subsection 2.5, but aufIL solution of
avidin in MES buffer solution (pHv 5.0) was used instead of BSA
FITC. The protein-immobilized surface was incubated in a solution of
100ug/mL fluoresceinated biotin in a PBS buffer solution, in the dark
for 1 h. Finally, the substrates were washed with PBS buffer solution
(pH ~ 7.4) and observed under a fluorescence microscope. A_PE:%V
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Scheme 1. Patterning of PEG and PAA Brushes on Silicon Surface?
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Scheme 2. Surface-Initiated Polymerization of Sodium Acrylate Using ATRP

3
CH, [
_ L P Pt(C) Si o
ayR e & Br —— o i Br
CH, o 40°C,15h CH, S
(1)
(o]
. CI:HS \)LONa CI:H:!
Sio, ?i\/\/o B — Sio, ?i\/\/o Br
r n
CH, o CuBr, CuBr, CH, o
2,2"-bipyridine 07 “ONa
water, RT @

PAA-patterned substrate without avidin was incubated with fluores- eV, respectively. The high-resolution spectra were fitted using a
ceinated biotin in PBS buffer solution for an hour and used as a control. Tougaard background and Gausst&wrentzian (sum) line shapes for
Avidin was also immobilized onto nonpatterned PAA brush surfaces. subpeaks.
These surfaces were then characterized by XPS. 2.9. Fluorescence Microscopy.Fluorescence microscopy was
2.7. Immobilization of BSA—Biotin and Making a Biotin — performed using an Olympus BX51 upright microscope with & 40
Streptavidin—Biotin Sandwich. Biotinylated BSA was immobilized ~ UPlan Fluorite 46 dry objective (N.A. 0.75). Images were acquired
onto PAA brushes of the PEGPAA-patterned substrates using EDC/  Using @& Roper CoolSnap HQ CCD camera and Image Pro image
NHS-mediated coupling, as described in subsection 2.5. AdOL acquisition and processing software. Fluorescein and FITC were
solution of the protein in MES buffer solution (pi 5.0) was used. observed with a 450 nm excitation and 550 nm emission filter set._ False
The BSA-biotin-functionalized substrates were incubated with 260 color fluorescence images reported here were processed using the

mL of streptavidin in a PBS buffer solution (pM 7.4) for 1 h. After ImageJ 1.36b software. All sets of control and test images were

being rinsed several times to remove free streptavidin, the substratesg][c’(::sSO‘Q';:'t gi:ezn;iznﬂzalrr:::snse;a“f;fogfrgﬁzp:;:fﬁgmh?oe sgf;'o:;
were incubated with a 10@g/mL solution of fluoresceinated biotin P g P

) . . : fl intensity f diff t parts of th tt d surf .
(in PBS buffer solution), in the dark for 1 h. The substrates were finally uorescence infensity from difierent parts ot the pa. erne. surlaces
rinsed with PBS buffer solution and imaged under a fluorescence _ 2-10- Contact Angles, Surface Topography, and Film Thickness.

microscope. The control surfaces were prepared in an identical manner,ContaCt angles were measu'red using a Naval Research Laboratories
) . contact angle goniometer (Rarhart Model 100-00) at room temper-
except that BSA was used instead of biotinylated BSA. .
ature. Dynamic water contact angle measurements were performed by

2.8. X-ray Photoelectron SpectroscopyXPS measurements Were  aqition and retraction of a drop of water on the surface. Surface
performed using a Kr.atos Axis Ultra Spgctrometer (Kratos Analytical, topography and roughness were determined using a Veeco Dimension
Manchester, U. K.) with a monochromatic AbkX-ray source (1486.6 3100 scanning probe microscope in the tapping mode. Thicknesses of
eV) operating at 280 W (14 kv, 20 mA). Charge neutralization was the PEG layer and the PAA brush were measured by a Woollam
carried out by injection of low-energy electrons, and the@ls peak variable angle spectroscopic ellipsometer at & attgle of incidence.
was corrected to a binding energy of 285 eV. The pass energy of the A Cauchy model (Cauchy layer/silicon substrate) was used to fit the
analyzer was set at 20 eV for high-resolution spectra and 80 eV for data, in which the Cauchy layer was representative of the PEG SAM
survey scans, and data were acquired at energy steps of 0.5 and 0.br the PAA brush. cDV
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3. Results and Discussion (a)

3.1. PEG-PAA-Patterned Surfaces.The overall procedure
for forming PEG-PAA patterns on a silicon substrate is shown
in Scheme 1. Ellipsometry showed that the thickness of the PEG
layer was about 2.2 nm. Photolithography was used in this study
to create patterns of a PEG SAM on silicon; however, the
patterned PEG surface can also be prepared by other techniques
such as microcontact printing or electron beam lithography. The
siloxane bonds at the SAMsilicon interface are relatively stable
and withstand the high temperaturesl5°C) involved in the
patterning process. The regions not covered by the PEG were
back-filled with the ATRP initiator. PAA brushes were grown
by ATRP at room temperature. e

3.2. PAA Brushes.Due to the possibility of interaction of
the carboxylic acid groups with the ATRP catal§fsRAA is
usually prepared by hydrolysis of potg(t-butyl acrylate)®
Matyjaszewski et al. have reported an ATRP synthesis of
polystyreneblockpoly(tert-butyl acrylate) brushes on silicon
surfaces, which were converted to polystyréteek-poly(acrylic
acid) by refluxing the surfaces in aqueous hydrochloric acid
solution?® Similarly, Kurosawa et al. have prepared PAA 0 0.5 g 1.0 1.5
brushes by plasma polymerization of allyl alcohol on a quartz
surface, reaction of the surfaceOH groups with 2-bromo-2-
methylpropionyl bromide, growth dért-butyl acrylate brushes
by ATRP, and conversion of thert-butyl acrylate groups to
acrylic acid by refluxing with trifluoroacetic acid in dichlo-
romethané? However, this method is problematic if the surface
bound initiator also contains an ester group, which can also

—
o
—
4
1

0

Height (nm)

-4.0

—
(1)
—

40.0 nm

0

o

(2]

—
I

undergo hydrolysis resulting in removal of the polymer chains
from the surface. Treat and co-workers have recently reported
the formation of PAA brushes by high-temperature deprotection
of poly(tert-butyl acrylate)® Pyrolysis of thetert-butyl ester
at 200°C for 30 min produced carboxylic acid with isobutylene
as a side product. However, this procedure may not be
compatible with our strategy shown in Scheme 1. The pyrolysis
may have undesirable effects on the PEG SAMs. ]

Ashford et al. observed that aqueous ATRP of sodium (d) :, -
methacrylate resulted in controlled molecular weights and = = [~
narrow molecular weight distributiorf8. Osborne and co- E
workers have also prepared triblock copolymer brushes contain- &
ing a poly(methacrylic acid) block by aqueous ATRP of sodium .§ u
methacrylaté® Grazing incidence Fourier transform infrared &
spectra showed that rinsing the brush surface with water .
protonated the anion and removed the'Nans from the brush. 0 Um 20.0

We have found that ATRP growth of sodium acrylate brushes rigure 1. Tapping-mode scanning probe microscopy height images
may be successfully performed in water at room temperature of (a) a PAA brush grown by surface-initiated polymerization and (c)
using the CuBTr/2,2bipyridine catalyst system. Reactions for 2-um-wide alternating stripes of a PEG SAM and PAA brush on silicon
the synthesis of surface-initiated ATRP initiator, 3-(chlorodim- substrates. The_height profiles of_ transverse sections near the centers
ethylsilyl)propyl 2-bromo-2-methylpropionate, and the PAA of the scan regions are shown in panels b and d, respectively.
brushes are shown in Scheme 2. About 10% of Giative
to CuBr) was used to moderate the polymerization rate. X-ray AFM (Figure 1) showed that the dry thickness of the PAA
photoelectron spectra revealed the absence 6fNsuggesting brushes was about 30 nm.
that the carboxylate anions were fully protonated. XPS studies Figure 1a shows a height image of a PAA brush surface
also indicated the absence of CuBr or CuBit the brush obtained by scanning probe microscopy. The surface was rinsed
surface®® The advancing and receding water contact angles of with ethanol after polymerization and dried under a stream of
the PAA brush surface weréay = 45° and Orw = 9°, nitrogen at room temperature. The root-mean-square roughness
respectively. Treat et al. have report@gdy = 48° andOrw = was 0.7 nm. The height image of a patterned silicon surface
34°,%8 while Husemann et al. observed an advancing water with 2-um-wide PAA stripes juxtaposed to PEG-covered stripes
contact angle of 15°2 If the brush thicknesses are comparable, is shown in Figure 1b. The ATRP initiator selectively attached
then the reason for the differences in contact angles must lie into regions not covered by PEG and could successfully initiate
the thermal and solvent treatments of the brushes before contacpolymerization of the sodium acrylate monomer. The surface
angle measurements. The brush surface was rinsed with wateccomposition of the PAA brush was characterized using X-ray
and ethanol and dried at room temperature in a vacuum ovenphotoelectron spectroscopy. The C 1s peak could be deconvo-
before measuring the contact angles. Both ellipsometry andluted into three subpeaks positioned at binding energy vaéu[g\s/
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Figure 3. (a) Fluorescence microscopy image of avidin-immobilized
PEG—PAA-patterned surface that was incubated with fluoresceinated
biotin (cf. Scheme 4) and (b) intensity profile along a line section
shown in panel a.

Figure 2. (a) Fluorescence image of BSA—FITC immobilized on
2-um-wide PAA brush patterns in a background consisting of PEG
SAM (cf. Scheme 3). The darker regions are the PEG-covered
substrate where there was no covalent binding or nonspecific
adsorption of BSA—FITC. (b) Intensity profile along a line section

shown in panel a. interaction between the positively charged protein and the

negatively charged carboxylate group was hypothesized to be

of 285, 285.4, and 288.8 eV, and with relative areas of 42%, responsible for this effect. However, they have also noted certain
29%, and 29%, respectively (cf. Supporting Information). The ambiguities in this hypothesis. Because the carboxylic acid
curve-fitting results are in accord with previously reported XPS groups were quantitatively converted to NHS esters before
characterization of PAA surfacé$The PEG SAM showed two  protein coupling, the surface is expected to be largely neutral
peaks, at 286.5 and 285 eV, respectively. The former peak, within the ester form. But it is likely that the hydrolysis of the NHS
a relative area of 87%, corresponds to the ether carbon atomsester is fast relative to the coupling of the protein, in which
of the PEG group. The hydrocarbon peak arises from the propyl case the surface would be negatively charged. Moreover,
carbon atoms in the PEGylated molecules used for preparingprotonation of thee-amino groups of lysine residues is of
the SAM. concern at lower values of pH. The reduced nucleophilicity due

3.3. Protein Patterning through Covalent Immobilization. to protonation is unfavorable for the coupling reaction. Never-
The patterned PAA brushes were further characterized usingtheless, Lahiri et al. have achieved immobilization of a variety
the binding of fluorescently labeled BSA. Figure 2 is a of proteins in solutions with pH values of 7 or lower. The
fluorescence image of a pattern withuBz-wide stripes of PAA e-amino groups of the lysine have &pof 10.457 Therefore,
in a PEGylated background. BSAITC was selectively im- almost all of the—=NH; groups are expected to be protonated at
mobilized on the PAA regions resulting in fluorescence, while these pH values. Yet, significant amounts of proteins attached
the PEG regions were dark. The fluorescence intensity did notto the carboxylated surfaces. We used a MES buffer solution
change significantly even after washing with 0.5 M sodium of pH ~ 5.0 for immobilizing both BSA (pE 4.9) and avidin
chloride solution in water, indicating that protein immobilization (pl = 10.8). Initial experiments using fluorescence microscopy
on the PAA brush was very stalfie. showed that acidic media resulted in higher amounts of BSA

Covalent immobilization of proteins on the PAA brush was immobilization (data not shown). We also used XPS to
carried out as shown in Scheme 3 using a published proce-characterize the BSA immobilization onto unpatterned PAA
dure®56 Activated NHS esters of the polymer carboxylic acids brushes on a silicon surface (cf. Supporting Information). About
were first generated by a reaction mediated by the water-soluble80% of the carbon atoms at the surface belonged to protein
carbodiimide, EDC. The reaction was performed in 50 mM MES molecules, which is indicative of the high surface coverage that

solution (pH~ 3.8). The NHS esters were then reacted with
e-amino groups of lysine residues in a MES buffer solution (pH
~ 5.0). After immobilization, the surfaces were washed and
incubated with a PBS buffer solution (pHd 7.4) to hydrolyze
residual NHS esters.

Lahiri et al. have found that the highest levels of protein
immobilization were obtained when the pH of the coupling
buffer was one unit below the pl of the protein, that is, when
the protein was positively charg€dA favorable electrostatic

can be achieved using this method.

3.4. Protein Patterning Using Avidin—Biotin Affinity. In
subsection 3.3, we discussed covalent immobilization of BSA
on PAA brushes. Although the covalent binding method is
simple and provides stable immobilization, it usually involves
a multipoint attachment of proteins to surfaces, resulting in a
random orientation of the immobilized protein and a loss of
activity associated with structural deformati®nSingle-point
attachment of proteins is expected to result in a more contre{lsq/
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Scheme 3. Protein Immobilization on a PAA Brush Surface by EDC/NHS Coupling
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Scheme 4. Protein Immobilization to PAA Brushes through Avidin—Biotin Interaction
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and oriented immobilization. The avidirbiotin interaction is can be compositionally different but contain, on average, 5
widely used for controlled immobilization of proteins. Because mannose and 8l-acetylglucosamine moieties per subifit.
each avidin molecule has four biotin-binding sites, avithiotin Figure 4b shows a high-resolution C 1s XPS spectrum of an
complex formation also has been used for multilayer im- avidin—-PAA surface. Deconvolution of the C 1s peak into
mobilization of proteins and enzyme&s.Here, we created  sybpeaks was performed on the basis of high-resolution C 1s
patterned arrays of avidin, on a PEGylated background, for xps spectra of model poly(amino acid) surfaces reported by
further functionalization with biotinylated molecules. Avidinwas Bomben and De®* Using a series of homopolymeric amino
covalently attached to PAA brushes through EDC/NHS cou- acids, Bomben and Dev found that deconvolution of the C 1s
pllng B|Ot|n'tagged prOteinS may then be immobilized onto the peak into Only three SubpeakS, Corresponding to theC@r
surface through avidinbiotin interaction, which was demon- c_H hydrocarbon peak at 285.0 eV, the amide@ peak at
strated by attachment of fluoresceinated biotin to avidin modified 287 8 eV, and the amine-EN peak at 286.3 eV, resulted in
regions, as shown in Scheme 4. good agreement between the experimental ratios of peak areas
The attachment of avidin to the PAA brush was confirmed and the theoretical ratios. The theoretical areas of peaks were
by fluorescence microscopy. The binding of fluorescein-tagged calculated from the known poly(amino acid) structure. The use
biotin to avidirf® resulted in the image shown in Figure 3. The of more than three peaks was not found to be necessary.
control surface, where the PERAA-patterned surfaces were  However, the hydroxylated amino acids, threonine (Thr) and
incubated with fluorescein-labeled biotin, showed negligible serine (Ser), were not studied by Bomben and Dev. Avidin has
binding of biotin (data not shown). a high content of these amino acids (20 Thr residues and 9 Ser
X-ray photoelectron spectroscopy was used to characterizeresidues per subunit). In fact, the fraction of Thr residues in
the binding of avidin to unpatterned PAA brushes. Figure 4a avidin (~0.16) is higher than that of any other amino acid
shows the XPS survey scan of a PAA brush surface with residue. Moreover, the oligosaccharides attached to;7Asn
immobilized avidin, which is qualitatively similar to the XPS  contain mannose ard-acetylglucosamine moieties, which are
spectrum of avidin reported by Nehilla et®lWe carried out also highly hydroxylated. These oligosaccharides constitute
a detailed analysis of the high-resolution C 1s spectrum to about 10% of the total mass of the glycoprotein. Hence, in
determine the extent of attachment of avidin to the PAA brush. addition to the three characteristic poly(amino acid) peaks used
Avidin is a well-characterized glycoprotein and is amenable to by Bomben and De a C-O (alcohol or ether) peak is also
such an analysis. It consists of four identical polypeptide chains, expected near 286.5 eV in the XPS spectrum. In addition, a
each containing about 128 amino acid residdégach subunit carboxylic acid GO peak due to the PAA brush will be
has a carbohydrate moiety attached at the asparaginyl residuebserved near 289 eV. As can be seen from Figure 4b, the
17 (Asny). The oligosaccharides attached to the four subunits experimental spectrum could be fitted very well (correlat'&)BV
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Figure 4. (a) XPS survey spectrum of covalently immobilized avidin
on a PAA brush surface and (b) the high-resolution C 1s spectrum,
resolved into component peaks. The peak assignments are: (1) C—C
and C=C, (2) C—N and C=N, (3) C—OH and C-0-C, (4) C=0
(amide), and (5) C=0 (carboxylic acid). The circles represent the
experimental data points. The continuous line is the best-fit curve.
The dashed curves are fitted subpeaks. The spectra were acquired
at an electron emission angle of 0°.

Table 1. Relative Areas of the C 1s Subpeaks in the XPS
Spectrum of the Avidin-Tethered PAA Brush Surface and Number
Distribution of Carbon Atoms at the Surface

percentage of C 1s peak area

peak position (eV) carbon atom total avidin PAA
1 285.0 C—CandC=C 56.3 23.9 324
2 285.9 C—NandC=N 11.8 11.8
3 286.5 CcC-0 6.0 6.0
4 288.0 C=0 (amide) 11.0 11.0
5 289.3 C=0 (acid) 14.9 1.0 13.9

coefficient,r = 0.999) using these five subpedksGauss-

Lorenztian sums were used as the line shapes for curve fitting. brush interio
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Figure 5. (a) Fluorescence microscopy image of a streptavidin-
immobilized BSA—PAA surface that was incubated with fluoresce-
inated biotin. Immobilization of streptavidin was achieved through
biotinylated BSA, which was covalently tethered to the PAA stripes
(cf. Scheme 5). The darker regions correspond to PEG. (b) A control
patterned surface where the BSA was not tagged with biotin. No
streptavidin, and hence no fluoresceinated biotin, attached to the
surface.

(amide) 20.91%, and=€0 (acid) 1.77%. The expected distribu-
tion of carbon atoms in avidin was calculated from its amino
acid and oligosaccharide compositions as reported by DeLange
and Huang?%6 These values are also in accord with the relative
areas of C 1s subpeaks in the XPS spectrum of pure avidin
(data not shown).

It is evident from the values reported in Table 1 that about
54% of the C 1s peak area is from avidin. The avidin molecules
can be localized on the silicon surface in two distinctly different
ways. First, they can form a monolayer on top of the PAA brush
without diffusing into the brush. Second, they can penetrate the
brush layer. For a monolayer of avidin with a thicknedsof
~4.8 nn¥7 and an electron escape depthof ~3.3 nm®8 the
expected contribution of avidin to the C 1s peak area is about
76.6%°%° which is higher than the experimentally determined
value of 54%. Thus, we have either less than complete coverage
of avidin at the PAA surface or a situation where the protein
molecules penetrate the PAA brush. Prior studiéshave
shown that protein molecules do not just bind to the surfaces

of PAA brushes but can also penetrate and interact with the
r2

Table 1 shows the peak positions and relative areas of the fitted 3.5. Patterning Small Biological Molecules Using BSA as

subpeaks. Using the experimentally known ratios efGCand

Linkages. In subsections 3.4 and 3.5, we discussed two methods

C=0 peak areas for PAA (from the C 1s XPS data for a PAA to pattern proteins that have several functional groups available

brush shown in the Supporting Information), the individual

for modification with other biomolecules and ligands. A single

contributions of avidin and PAA to the peak areas were also molecule of BSA has about 60 lysine residues, and hence 60

calculated, as given in Table 1.

amino groups that can react with carboxylic acids. Thus, BSA

The relative areas of subpeaks shown in Table 1 are in goodcan function as a multisite linkage between biofunctional

agreement with the known composition of avidin.—C and

C=C 44.48%, C-N and G=N 21.94%, C-O 10.90%, G=O

ligands, such as biotin or 2,4-dinitrophenyl moieties, and
patterned PAA brushes. Moreover, BSA is commonly usegb((/
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Scheme 5. Immobilization of Biotin Using BSA as Linkages
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“block” nonspecific adsorption of biomolecules on surfaes.
Here, we used biotinylated BSA to pattern biotin molecules on
silicon surfaces. The PAA regions were selectively function-
alized with biotinylated BSA by covalent coupling. The surfaces
were then incubated with a PBS buffer solution of streptavidin
(pl ~ 5.3). Biotin—streptavidin complex formation (affinity
constant~10Y M~1) resulted in an almost irreversible im-
mobilization of streptavidin on the PAA regions. The strepta-
vidin binding was characterized by complexation of fluoresce-
inated biotin with streptavidin. The series of reactions are
represented in Scheme 5.
Figure 5a shows a fluorescence microscopy image of strepta-

vidin immobilized on 5um-wide PAA brushes. The control

environment for immobilizing other proteins. Thus, this method
can be expanded to immobilize a range of antigens or ligands
for biosensing applications and to study cell-surface interactions.
The problem of nonspecific binding can be greatly reduced by
this approach.
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4. Conclusion

A versatile procedure was developed to pattern biological
molecules with low-level nonspecific adsorptions. A PEG
monolayer was patterned based on photolithography. Surface-
initiated ATRP of sodium acrylate was carried out successfully
in water at room temperature on patterned surfaces where PEG
was etched. PAA brushes acted as robust templates for protein
immobilization by providing a high density efCOOH groups
on the surface, while PEG surrounding the brushes restricted
proteins into the brush region further.

Two different strategies for protein immobilization were
discussed. First, protein (BSA) molecules were directly im-
mobilized on PAA brushes through covalent linkages. Second,
a protein such as avidin was attached, which could then be used
to bind different biotinylated molecules through the almost
irreversible avidir-biotin interaction. We also used a simple
strategy to immobilize small biological molecules using BSA
as linkages. We have utilized the effectiveness of BSA in
blocking nonspecific interactions by immobilizing biotin-tagged
BSA to the patterned brushes. We found that the attachment of
streptavidin was only through specific recognition of biotin.
Streptavidin did not bind in the absence of the latter. Moreover,
by itself being a polypeptide, BSA offers a nondenaturing
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