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Surface immobilization of proteins in micrometer-scale patterns @
has importance for bioengineering, biosensors, and fundamental -
studies of cell biology;, but it is made challenging by the fragile
structure of proteins and their propensity for nonspecific binding
to surfaces. Several techniques such as photolithograpisoft
lithography3:8-° photochemical method8,and dip-pen nanolithog-
raphyt! have been developed, which have primarily focused on the
immobilization of one protein in defined regions surrounded by a
“background” that lacks protein (and may be additionally resistant
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to the adsorption of other proteins from solution). However, to S
imi ix interacti £ o 0 o g (@)
mimic complex celt-cell and celi-extracellular matrix interactions, Ew 5O @
patterned surfaces comprising multiple functional protein regions 2 = 0...‘ PE
on cellular and subcellular length scales would be useful. Few £ © ’6- 0.4 S
. . [¥] -
methods have been reported that allow patterning of multiple = ; ’.’Q 42
proteins on surfaces, and these may have limitations in spatial 0246 . OMF %o 62 6468 es 7
resolutiont?13in patterning fragile proteins that cannot withstand Time (min) e pH

.dehydratiorﬂ,A,lsor exposure to organic SOWerifsTo addressthese g e 1. (a) Chemical structure of PR and its mechanism for in situ
issues, we developed a photolithographic approach that utilizes apolyelectrolyte bilayer formation. (b) UV exposure time vs remaining PR
novel aqueous-processible, pH-sensitive photoresist (PR) to patterrfilm thickness. (c) UV-exposed, developed, and methylene blue-stained PR
two different proteins onto defined regions of a surface without Surface. (d) pH-dependent solubility of the UV-exposed PR.
gxposing either protein to irradiation, organic solvents, or dehydra- i, polyelectrolyte nature of the UV-exposed PR to combine
tion. L . ) ) development of water-soluble PR with in situ electrostatic self-
The appl_lca_tlo_n of photolithography to p_atternlng_ _Of blomac_ro- assembly, by using a cationic substrate to capture polyanions
molecules is limited by the harsh processing conditions required: generated at the filmsubstrate interface by the photochemical
typically, PRs are developed with organic solvents or strong bases, e action (illustrated in Figure 1a). Poly(allylamine) hydrochloride
which can denature proteins and destroy their acti#ty° To (PAH, M,, = 70 000) was adsorbed on glass coverslips or silicon
obtain a PR that could be procgssed using biological buffer§, & substrates (dry thickness 3 nm), and a 130-nm-thick film of PR
random terpolymer was synthesized (Figure 1a) by free radical o\ mer was subsequently spin-coated over the polycation mono-

polymerization of o-nitrobenzyl methacrylate ofNBMA) with layer. PR films were then exposed under a UV lamp (254 nm, 2.25
methyl methacrylate (MMA) and poly(ethylene glycol) methacrylate - my/cn) for various times and rinsed with PBS for 1 min. The

(PEGMA, M, ~ 360; synthesis details are reported in the Supporting nickness of dried films (measured by ellipsometry) after UV
Information).l These repeat units were used to tailor. the properties exposures longer than 10 min was B nm, indicating dissolution

of the resulting polymer: upon UV exposure, tbaitrobenzyl of the majority of the polymer but retention of a layer significantly
protective group is cleaved to a pH-sensitive carboxylic &1, hicker than the initial PAH film (Figure 1b). We hypothesized that
while the PEGMA units tune the hydrophilicity of the resist and s remaining film was a polyelectrolyte bilayer formed in situ at
serve as a barrier to nonspecific protein binding to PR films. In e pRr/PAH interface by electrostatic cross-linking of newly formed
addition, biotin was conjugated to hydroxyl endgroups of the carhoxylic acid groups to amines on the PAH during UV exposure.
PEGMA units to allow streptavidinbiotin-mediated coupling of 14 test this hypothesis, PR-coated substrates were UV-exposed for
proteins to the ends of flexible PEG tethers at a PR film surface. 15 min through a TEM grid as a crude photomask, rinsed with
At an optimal compositiondtNBMA ~ 43 wt %, MMA ~ 38 wt PBS, then dipped in a solution of cationic methylene blue dye. Only
%, PEGMA~ 19 wt %), thin films of the terpolymer could be  jy_exposed regions were stained (Figure 1c), suggesting that a
dissolved by phosphate-buffered saline (pH 7.4 PBS, 10 mM ,qvelectrolyte bilayer with a net negative surface charge had

sodium phosphate, 140 mM sodium chloride) after brief exposure formeq between photogenerated polyanions and the underlying
to UV irradiation. polycation.

In t)_/pical photolithographic processes, a PR is_useCI onlyasa Tpe degree of ionization of weak polyelectrolytes is sensitive
selectlve!y removable physical barrier for transferring 2D patterns ;, pH, and thus the stability of a polyelectrolyte film in aqueous
present in a mask to a substrate. Here we took advantage Ofptfers can likewise exhibit pH dependerié&® Protonation of

- the carboxylic acid groups on our UV-exposed PR at reduced pH

Department of Chemical Engineering. ; R i
* Department of Materials Science & Engineering and Biological Engineering ,mad.e the polymer insoluble in acidic aqueous buffers. As ShOV\(ﬂ
Division. in Figure 1d, PR-coated substrates exposed to UV for 15 min
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Figure 2. Schematic procedure of dual streptavidin patterning.

followed by rinsing with phosphate buffer (10 mM sodium
phosphate) for 1 min exhibited dramatically different final thick-
nesses depending on the pH of the buffer solution. At low pH'’s,
the UV-exposed films were stable in phosphate buffer. However,
at a pH above 6.6, UV-exposed films dissolved to a constant
thickness £6—10 nm) characteristic of the polyelectrolyte bilayer
structure.

This unique combination of characteristteshemical patterning
on UV exposure and pH-sensitive aqueous developmeant be
exploited to create multicomponent patterns of surface-immobilized
proteins without exposing the proteins to UV irradiation or any
solvents other than gentle near-neutral biological buffers. Using a
biotinylated PR, we achieved assembly of two different fluophore-
coupled proteins (Texas Red-conjugated streptavidin (SAv-TR) and
fluorescein isothiocyanate-conjugated streptavidin (SAv-FITC))
following the scheme shown in Figure 2. A PR film spin-coated
atop a PAH monolayer was exposed to UV through a photomask
(Figure 2a) and developed with PBS rinsing (Figure 2b). Next, the
substrate was reexposed to UV without a photomask (Figure 2c),
and SAv-TR in pH 6.0 PBS was adsorbed (Figure 2d). Since the
UV-exposed PR is not soluble in pH 6.0 PBS, the thick film of
UV-exposed PR remained intact during this step, and SAv-TR was
bound to the entire surface (data not shown). By subsequently
washing the surface with pH 7.4 PBS, the thick PR film masking
the “background” was dissolved, removing SAv-TR on that region
and exposing underlying biotin groups in the retained polyelectrolyte
bilayer for “backfilling” with a second type of SAv (Figure 2e).
Finally, SAv-FITC was adsorbed on the newly exposed region
(Figure 2f).

Fluorescence micrographs of a typical surface prepared by this

Figure 3. Fluorescent microscopy of dual streptavidin patterned surface.
(a) SAV-TR fluorescence. (b) SAv-FITC fluorescence. (c) Overlay.

the resist’'s PEG groups in blocking nonspecific protein binding to
the PR films, nonspecific binding of streptavidin was measured
and found to be-6% of the total protein bound to a biotinylated
PR surface (see Supporting Information).

In summary, by utilizing the unique combination of photo- and
pH-sensitivity of the described photoresist, two-component protein
patterning was achieved under conditions that avoid exposing the
proteins to conditions outside the narrow range of physiological
pH, ionic strength, and temperature where their stability is greatest.
Singly biotinylated proteins (some available commercially) are
readily prepared by recombinant DNA technology, and using the
process outlined in Figure 2, such proteins can be readily im-
mobilized into two different regions of a substrate with high fidelity
by simply incubating the surface with each protein following
streptavidin in steps 4 (Figure 2d) and 6 (Figure 2f). This patterning
strategy should have resolution limits similar to standard photo-
lithography; we have been able to fabricate surfaces witarhO-
features using simple benchtop contact printing methods. Further,
patterning of multiple protein arrays in 2D patterns should be readily
achieved using contact aligners common in the silicon processing
industry by step-and-repeat patternisdg.

Acknowledgment. This work was supported by the DuPont-
MIT Alliance and the Arnold and Mabel Beckman Foundation. We
thank Dr. Sangyoung Jon for helpful discussions.

Supporting Information Available: Synthesis and biotinylation
of PR and characterization of protein binding to patterned surfaces.
This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Blawas, A. S.; Reichert, W. MBiomaterials1998 19, 595.

(2) Folch, A.; Toner, MAnnu. Re. Biomed. Eng200qQ 2, 227.

(3) Whitesides, G. M.; Ostuni, E.; Takayama, S.; Jiang, X. Y.; Ingber, D. E.
Annu. Re. Biomed. Eng2001, 3, 335.

(4) Ito, Y. Biomaterials1999 20, 2333.

(5) Orth, R. N.; Clark, T. G.; Craighead, H. Biomed. Microdeices2003

5, 29.

(6) Flounders, A. W.; Brandon, D. L.; Bates, A. Biosens. Bioelectron.
1997, 12, 447.

(7) Nicolau, D. V.; Taguchi, T.; Taniguchi, H.; Yoshikawa,l&ingmuir1998
14, 1927.

(8) Bernard, A.; Renault, J. P.; Michel, B.; Bosshard, H. R.; Delamarche, E.
Adv. Mater. 200Q 12, 1067.
(9) Yang, Z. P.; Chilkoti, A.AAdv. Mater.200Q 12, 413.
(10) Willner, I.; Katz, E.Angew. Chem., Int. EC00Q 39, 1180.
(11) Lee, K. B.; Park, S. J.; Mirkin, C. A.; Smith, J. C.; Mrksich, Bicience
2002 295 1702.

process are shown in Figure 3. Figure 3, parts a and b, was taken (12) Holden, M. A.; Cremer, P. §. Am. Chem. So@003 125 8074.

from the same surface with excitation/emission filters matching
Texas Red and FITC, respectively. Figure 3c shows an overlay of

the two images. The red- and green-channel images show the clear 9

(13) Blawas, A. S.; Oliver, T. F.; Pirrung, M. C.; Reichert, W. Mangmuir
1998 14, 4243.

(14) Lee, K. B.; Lim, J. H.; Mirkin, C. AJ. Am. Chem. So@003 125, 5588.

Tien, J.; Nelson, C. M.; Chen, C. Broc. Natl. Acad. Sci. U.S.2002

99, 1758.

segregation of the two proteins to their respective regions; the target (16) Sorribas, H.; Padeste, C.; TiefenauerBiomaterials2002 23, 893.

region/nontarget region fluorescence ratios for the first (red) and
second (green) proteins were 5.724 0.74 and 4.82+ 1.10,
respectively, values which compare well to prior reports of
patterning single proteins on surfadé8.n support of the role of

(17) Barzynski, H.; Sanger, BAngew. Makromol. Chem981, 93, 131-141.
(18) Schwalm, RJ. Electrochem. Sod.989 136, 3471-3476.

(19) Sukhishvili, S. A.; Granick, SI. Am. Chem. So@00Q 122 9550-9551.
(20) Yang, S. Y.; Rubner, M. KI. Am. Chem. So2002 124, 2100-2101.

JA048261M

J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004 9171



