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wrn QF TUB INVENTION 

The invention is directed to the fabrication of biomolecular or cellular arrays 

on metal surfaces for use in the study of interactions between large molecules, 

between cells and large molecules, and between cells, such as nucleic acid-protein 

S interactions or cellular intetactions with antigens. 

DmCRIPTION OF THE PRIOR ART 

The binding of proteins to DNA plays a pivotal role in the regulation and 

control of gene expression, replication and recombination. In addition, enzymes that 

10 recognize and modify specific oligonucleotide sequences are critical components of 

biological nucleic acid manipulation and tepair systems. An enhm=cf unders1anding 

of how these proteins· recognize certain oligonucleotide sequences would aid in the 

design of biomedical systems which could, for example, be used to regulate the 

expression of therapeutic proteins. For this reason, the study of protein-nucleic acid 

15 · interactioiiS (Le., protein-DNA and protein-RNA interactions) is a-rapidly growing ·: 

area of molecular biology, aided in part by recent advances in NMR and X-ray 

structural determination methods. At the same time, the explosive increase in the 

amount of available genomic and .extra-genomic (i.e., ribosomal) sequence 

information obtained from large-scale nucleic acid sequencing efforts creates a need to 

20 survey this vast amount of new sequence data for protein binding sites. The present 

invention addresses this need by using surface plasmon resonance (SPR) imaging 

techniques as a rapid and efficient method for screening the sequence or structure­

specific binding of proteins to large arrays of nucleic acid molecules immobilized at 

chemically-modified metal surfaces. 
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Arrays of DNA molecules attached to. planar surfaceS are currently employed 

in hybridiution adsorption experiments to sequence DNA. Pease et al. (1994) Proc. 

Natl. Acd. Sci. USA.. 91:5022-5026; to screen for genetic -mutations, Winzeler et al. 

(1998) Science 281:1194-ll97: and in DNA computing applications, Frut<?S et al. 

S (1997} Nucleic Acids Res. 25:4748-4757; and Fmtos et al (1998) J. Am. Chem. Soc. 

120:10277-10282. These mays are exposed to solutions containing fluorescently 

labeled complementary · DNA sequences, rinsed, and then .. read-out" using 

fluorescence imaging methOds. 

The technique of surface plasm.on resonance (SPR) is a surface..sensiti~ 

10 optical detection method well suited to the monitoring of reversibl~ protein-nucleic 

acid interactions. The commercially successful "BIAcore" SPR instrument (Biacore. 

AB, Uppsala, Sweden) has been used previously, for example, to study the 

interaction of DNA molecules with various enzymes. Although powerful, the 

"BIAcore" instrument has no imaging capabilities. This severely limits the number 

15 of DNA sequences that can be screened in a single. experiment. 

Surface plasmon resonance (SPR) is a surface optiCal technique which is 

sensitive to· the thickness and index of refraction of material at the interface between 

a free electron metal (e.g. go~ silver, copper, cadmium, aluminum) and a bulk 

medium, such as air or water. Surface plasmon resonance may be achieved by using 

20 the evanescent wave which is generated when a laser beam linearly polarized 

parallel to the plane of incidence impinges onto a piism ci>ated. with a thin inetal 

film. The metal may also be coated onto a thin transparent substrate such as ~ 

and this glass brought into optical contact with the prism. SPR is most easily 

observed as a reduction of the total internally reflected light just past the critical 

25 angle of the prism. This angle of minimum reflectivity (denoted as the SPR angle) 

shifts to higher angles as material is adsorbed onto the metal layer. The shift in the 

angle can be converted to a measure of the thiclmess of the adsorbed or added 

material by using complex Fresnel calculations and can be·used to deteci: the 

presence or absence of materials on top of the metal layer. 

30 
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In using SPR to test for biological, biochemical, or chemical substances, a 

beam of light from a laser source is directed through a prism onto a biosensor 

consisting of a transparent substrate, usually glass, which has one external surface 

covered with a thin film of a noble metal, which in tum is covered with an organic 

5 ·film that interacts strongly with an analyte, such as a biological, biochemical, or 

chemical substance. The organic film can contain substances, such as antibodies or 

antigens, which can bind with an analyte in a sample to cause an increased thickness 

which will shift the SPR angle. By monitoring either the position of the SPR angle 

or the reflectivity at a fixed angle near the SPR angle, the presence or absence of an 

10 analyte in the sample can be detected. 

Various types of equipment for using SPR with a biosensor for biological or 

biochemical or chemical substances are described by the Liedberg et al. article found 

in "Sensors and Actuators," Vol. 4, 1983, page 299. See also European Patent 

Application 0 305 108 and U.S. Patent. No. 5, 374, 563. 

15 The use of conventional SPR as a testing tool offers several advantages and 

disadvantages. For example, ·it is relatively fast, it requires no labeling, and it can 

be performed on site. However, as ~oted above, commercially-available devices, 

such as the "BIAcore" instrument, offer no imaging capabilities. Additionally, to 

achieve the high through-put demanded by large-scale users, there is a need . for a 

20 simple, practical. biosensor which can be readily modified or adapted to test a wide 

variety of compoWids siµlultaneously. 

In SPR imaging, a light source (typically a HeNe laser) is used to illuminate 

a prism/thin gold film sample assembly at an incident angle that is near the SPR 

angle, and the reflected light is detected at a fixed angle with a CCD camera to 

25 produce an SPR image. The SPR image arises from variations in the reflected light 

intensity from different parts of the sample; these variations are created by any 

changes in organic film thickness or index of refraction that occur upon adsorption 

onto the modified gold surface. Since SPR imaging is sensitive only to molecules in 

close proximity to the surface (within - 200 nm), unbound molecules remaining in 

30 solution do not interfere with in situ measurements. 
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. The fonnation of robust, reproducible arrays of oligonucleotides tethered to 

metal-coated. surfaces (most often gold) is an. essential requirement . for SPR imagizig 

. of protein-nucleic acid .binding interactions. To use. ~PR: imaging techniques, it is 

essential that the nucleic acid array. be ~nstructed on a noble metal surface, and for 

5 this reason DNA arrays on ~ass supports from commercially available sources such 

as Affymetrix (Santa Cl~ California) are nQt a viable option. Using self­

assembled monolayers of substituted alkanethiols as a starting point, others have 

previously developed schemes to attach single-stranded DNA molecules to 

chemically modified gold surfaces. See, for instance, U.S. Patent No. S, 629,213). 

10 In the subject invention, however, UV photopatteming and microcontact ptjnting 

techniques are brought to bear to allow allcanethiols to be assembled in a site­

directed manner on the metal surface, thereby enabling the creation of.multi­

component arrays. A combination of these process~ techniques along with novel 

surface chemical reactions enables the manufacture of nucleic acid arrays as 

15 descri~ herein. 

SUMMARY OF THE INVBNIION 

Disclosed is a multi-step chemical modification procedure to create 

biomolecule and/or cellular arrays on metal substrates, the arrays being specifically 

20 tailored for the study of biomolecular and cellwar interactions using surface 

plasmon resonance imaging. Arrays fabricated by this proced~ meet three specific 

requirements, namely (i) the biomolecules are covalently attached to the surface and 

. ~ active and accessible to hybridization and protein binding; (ii) the array 

background is, at first, sufficiently hydrophobic so as to allow for the "pinning" of· 

25 aqueous solutions of biomolecules or cells at specific array locations; and (iii) the 

final array background acts to inhibit the nQn-speci~c binding of protein molecules 

to the surface. The key components of this fabrication scheme are the utili7.ation of 

a reversible hydrophobic protecting group, preferably Fmoc, to control the surface 

hydrophobicity of a tethered co-modified a.Jkanethiol monolayer and the. attachment 

30 of a poly( ethylene glycol) (PEG) group to render the surface protein resistant. 
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Polariz.ation-modulation Fourier Transform. infrared (PM-FTIR) spectroscopy, contact 

angle, and SPR measurements are used to characterize each step in the surface 

modification procedure and confirm that the may background inhibits the non­

specific binding of proteins. As a final test, an SPR imaging experiment whiCh 
5 measures the adsorption of single-stranded DNA binding protein (SSB) to a dual 

component, oligonucleotide array demonstrates the utility of these surfaces for the 

monitoring of protein-nucleic acid interactions. 

The multi-step proc:Mure disclosed herein is used to create an array of spots 

that are surrounded first by a hydrophobic background which allows for the pinning 

10 of aqueous biomolecule or cell solutions onto individual array elements and then to 

replace the hydrophobic background with one that resists the non-specific adsorption 

of proteins during in situ SPR imaging measurements, thereby yielding an array of 

biomolecule or cell "islands" in a "sea" which resists non-specific adsorption of 

proteins. 

15 In the preferred embodimen4 amine-terminated alkanetbiol monolayers are 

employed as the base layer, and Fmoc and PEG modifiers are used to create the 

sequentially hydrophobic and protein adsorption-resistant surfaces, respectively. In 

the preferred embodiment, the chemical modification steps are: (i) the adsorption and 

self-assembly of an 11-mercaptoundecylamine (MUAM) monolayer on an 

· 20 evaporated gold thin film; (ii) the reaction of the MUAM monolayer with an Fmoc 

protecting group to create a hydrophobic surface; (iii) the photopatterned removal of 

· the alkanethiol followed by (iv) the re-adsorption of MUAM to create an array of 

MUAM squares (approximately 750 p.m x 750 f'Ul, although smaller or larger 

squares are attainable) surrounded by a hydrophobic MUAM-Fmoc background that 

25 can pin drops of aqueous solution; (v) the attachment of oligonucleotide sequences 

onto the MUAM squares by the reaction of the amine-terminated surface with the 

heterobifunctional cross-linker (preferably SSMCC), followed by a coupling reaction 

to a small volume (0.1 µL} of thiol-modified DNA; (vi) the removal of the Fmoc 

protecting group followed by (vii} a pegylation reaction of the MUAM with PEG-

30 NHS to create a protein adsorption-resistant background. 
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A combination of polarization-modulation FTIR speCtroscopy, contact angle 

and scanning angle SPR measurements are. uSed to characterize the surface 

modification procedure. An SPR imaging measunaent ·of the adsorption of single­

stranded DNA binding protein (SSB) onto an oligonucleotide array created by this 

5 procedure is used to demonstrate the utility of these surfaces to probe ·nucleic acid 

interactions with protein 8J1d other analytes. 

A primary advantage of the subject invention is that it allows an array of 

immobilized biomolecules or cells to be constructed in which each "island" of bound 

molecules or cells may differ from the other islands in the array. This allows for 

10 massive and.simultaneous. analysis of a tremendous number of different molecules or 

cells for their individual affinities and/or binding· characteristics to a selected analyte. 

The fabrication method described herein is· well-suited to automation and SPR 

experiemnts can be analyzed using standard-format microtiter plates and lab 

automation equipment (i.e., 96-well, 384-well, and larger formats). 

15 The arrays described herein are useful for. any· number of analyses wherein a 

biomolecule or cell interacts with a protein, antigen, . or some other molecule, such 

as in determining binding affinities, epitope mapping, restriction site mapping, 

mea8uring the binding effects of short-range secondary structure in nucleic acids, 

etc. For example, by building an array wherein islands of nucleic acids differ 

20 systematically, as by length or primary sequence, the interactions of any given 

nucleic acid sequence for any given analyte can be. quickly and exhaustively 

investigated. Likewise, the effects of short-range secondary structure in nucleic 

acids can be investigated by building an array wherein the islands of nucleic acids 

differ in sequence such that the islands contain nucleic acid sequences which 

25 progressively contain more stable secondary structures and then scanning the array 

after exposure to a given analyte. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 ·is· a schematic. representation of a fabrication scheme for constructing 

30 multi-element DNA arrays according to the present invention. A clean gold surface 
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is reacted with an ambie-terminated alkanethiol and silbsequently reacted with a 

protecting group to create a hydrophobic surface. This surface is then exposed to 

UV radiation through a quartz mask and rinsed with solvent to remove the 

alkanethiol+protecting group from specific areas of the surface, leaving bare gold 

5 pads. These bare gold areas on the sample surface are filled in with the alkanethiol, 

resulting in an array of alkanethiol pads surrounded by a hydrophobic protecting­

group background. Solutions of nucelic acid are then delivered by pipette onto the 

specific array locations and are covalently bound to the surface via a bifunctional 

linker. In the final two steps, the protecting groups on the array background are 

10 removed and replaced by functional groups which prohibit the non-specific binding 

of analyte proteins to the background. 

Fig. 2 depicts a surface reaction scheme showing the steps involved in the 

reversible modification of the array background. The starting amine-terminated 

alkanethiol surface is reacted with the Fmoc-NHS protecting group to form a 

IS carbamate linkage thus creating a hydrophobic Fmoc-terminated surface. After 

nucleic acid immobilimtion, the surfiice is deprotected, resulting in the return of the 

original alkanetbiol surface. In the final array fabrication step, the deprotected 

alkanethiol surface is reacted with PEG-NHS to form an amide bond which 

covalently attaches PEG to the array surface (to prevent non-specific binding of 

20 analyte proteins to the background). 

Fig. 4 depictS a surface reaction scheme showing the steps involved in 

immobilizing biomolecules, in this case DNA, to the array locations. A bifimctional 

linker, such as SSMCC, is used to link thiol-modified DNA to the Ml.JAM pads. 

Fig. 3 depicts PM-FfIRRAS spectra in the mid-IR region for the surfaces 

25 involved in the array background modification. (A) The starting MUAM surface. 

(B) After reaction with Fmoc-NHS, bands indicative of the carbamate linkage and 

the Fmoc ring stretch appear in the spectrum. (C) The surface is deprotected and 

reverts back to the MUAM surface as evidenced by the similarities between spectra 

A and C. (D) After reaction with PEG-NHS, bands indicative of the· amide linkage 

30 as well as those associated with the ethylene glycol groups are present. 
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Fig.- S depicts a seri~ of line profiles showing. in situ hybridi7.ation and the 

adsorption of single stranded DNA binding protein (SSB) onto a dual component 

DNA array containi-p.g oligonucleotide sequences D 1 and· D2. The solid line is the 

percent reflectivity .measured for the starting surface composed of alternating DNA 

5 probe spots Dl and D2. The dashed line is the % ~ measured after exposing the 

surface to a solution containing the complement to J)2. Apparent is an increase in 

% Rat position D2.upon binding of the complementary DNA sequence. The dot­

dashed line is the % R measured after exposing . the surface to a 200 nM solution of 

SSB. While measurable binding did occur at array location 02 (which contained 

10 double stranded DNA), the protein clearly bound more abundantly to the single­

stranded sequence Dl. 

Fig. 6 depi~ an in situ SPR difference image showmg the binding of single 

stranded DNA binding protein (SSB) to a checkerboard array of single- and double­

stranded oligonucleotide sequences. Images collected immediately before and after 

15 exposure of the stnD.ce to SSB were subtracted to produce the image shown. 

Significant binding of the protein to ~y locations with covalently bound single­

stranded DNA sequences occurred, whereas. very little: bindhlg occurred at the array 

locations which confained double-stranded DNA sequences. 

Fig. 7 depicts a series ofline profiles showing the in situ adsorption of 

20 bovine serum albumin (BSA) onto a patterned C18 I MUAM+PEG surface. The solid 

line is the % R m~ for a surface airay of 350 mm spots of C18 surrounded by 

a pegylated MUAM background The dotted line is ~e %R measured after exposing 

the surface to a .1 mglmL solution of BSA. The much lower change in %R for the 

MUAM-PEG regions indicates that ~ pegylated backgroµnd is much more efficient 

25 than C18 in resisting the non-specific binding of the BSA. 

DETAILED DESCRIPTION OF THE INVENTION 

Abbreviations and Commercial Suppliers: 

30 The following abbreviations and terms are used throughout the specification 
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and claims. All otlt~ terms have their standard, ·~ted meaning in the relevant 

art. 

"biomolecule" = any molecule found in biological material, expressly 

including, but not limited to nucleic acids, proteins, peptides, antibodies, enzymes, 

5 cell-wall components such as phospholipids, etc., and modified and synthetic forms 

thereof, such as labeled biomolecules and recombinant biomolecules. 

"BSA" = bovine serum alb~ (Sigma Chemical, St. Louis, Missouri). 

"DMF'' = dim.ethylfonnamide. 

"Fmoc-NHS" = 9-tluorenylmethoxycarbonyl-N-hydroxysuccinimide 

10 (Novabiochem, La Jolla, California). 

15 

"metal substrate" or "metal :film" = a noble-metal thin film (gold, silver, 

copper, platinum, etc.). Gold is preferred. 

"MUAM" = 11-mercaptoundecylarnine (a generous gift from the laboratory 

of Professor George M. Whitesides, Harvard University, Boston, Massachusetts). 

"NHSS" = N-hydroxysulfosuc.clninride ester. 

"nucleic acids" = deoxyribonucleic acids (DNA), ribonucleic acids (RNA), 

and peptide nucleic acids from any source, and modified· forms thereof, including, 

without limitation, labeled (radioactive, fluorescent, etc.) nucleic aci~ and nucleic 

acids modified to include a binding moiety such as a thiol group or a biotin tag. 

20 "PEG"= poly(ethylene glycol). 

"PEG-NHS" = N-hydroxysucchiimidyl ester of methoxypoly(~ylene glycol) 

propionic acid MW 2000 (Shearwater Polymers, Inc., Huntsville, Alabama). 

"poly(ethylene glycol)-modified alkanethiol" = HS(CH2) 11(0CH2CH2) 30H 

(from Dr. Whitesides' laboratory). 

25 "SSB" = single-stranded DNA binding protein (Pharmacia Biotech, 

Piscataway, New Jersey). 

"'SSMCC" = sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-l­

carboxylate (Pierce Chemical, Rockford, Illinois). 

"T AEA" = tris(2-aminoethyl)amine (Aldrich Chemical, Milwaukee, 

30 Wisconsin). 
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"TBA~ = triethanokunine hy~bloride (SigDJa) 

"m-modified alkanethiol" = an alkanethiol whose terminal carbon atom has 

been modified by the addition of a chemically-reactive moiety such as an amino, 

hydroxy, carboxy, or thiol moiety. 

S The above chemicals and were all used as received. Solvents were of 

standard laboratory grade and Millipore (Mllflborou~ Massachusetts) filtered water 

was used for all aqueous solutions and rinsing. 

The chemical modification of a metal substrate to create a nucleic acid array 

thereon proceeds in seven general . steps These steps are illustrated schematically in 

10 Fig. 1 and are as follows: 

(1). Self-assembly of an co-modified alkanethiol monolayer on a metal substrate. 

The co-modification to the alkanethiol may be the addition of any moiety with 

enables further covalent linkages to be made the m-terminus of the alkanetbiol. 

Such modifications. include, without limitation, the addition of an amine group, a 

IS hydr(Jxyl group, a carboxyl group, or a thiol group to the co carbon of the alkanethiol 

chain. The alkanethiol · monolayer is preferably an amino-C1-~-alkanethiol, a 

sttaight-chain alkane being much preferred to branched alkane; the most prefe11ed co­

modified alkanethiol is MUAM. 

(2). Reaction of the co-modified alkanethiol surface with a hydrophobic protecting 

20 group, most preferably Fmoc. 
.·•· 

(3). Photopatteming of the .swface to create an array of bare metal areas. 

( 4). Re-assembly using additional co-modified alkanethiol to fill in the bare metal 

array eleJQ.en~ thereby yielding islands of co-modified alkanethiol. 

(5). Covalently attaching biomolecules or cells to the islands of co-modified 

25 alkanethiol. 

(6). Removal of the protecting group from the array background. 

(7). Reaction of the background with a material, preferably PEG, to make the 

background resistant to non-specific protein binding. . 

(The numbers. i~ parentheses directly above are reference numerals in Fig. 1.) 

30 To ensure the quality of the finished product, each of the.above steps may be· 
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monitored using PM-FTIRRAS, contact angle measurements, and scanning-angle 

SPR. 

The above steps are now described in greater detail, with specific reference 

being made to Fig. 1. 

S Step (1). In step (1), a monolayer of co-modified alkanethiol, preferably an 

amine-terminated alkanethiol, most preferably MUAM, is self-assembled from an 

etbanolic solution onto a silani2:ed substrate (glass or other substrate transparent to 

the wavelengths of radiation to be used in subsequent analysis) coated with a thin 

noble-metal film. In the preferred embodiment, a film of gold about 450 A thick is 

10 used. The thickness of the metal film is not overly critical insofar as the f"tlm is 

uniformly applied and will function in SPR imaging analysis. Self-assembled 

monolayers of co".'modified alkanethiols on gold have been. described previously, see, 

for example, Thomas et al. (1995) J. Am. Chem. Soc. 117:3830-3834, and are 

generally accepted by most to form well-ordered, monomolecular films. However, if 

15 left exposed for extended periods of time, the terminal amine groups of amino­

modified alkanthiols will react with 002 to form carbamate salts on the surface. 

Consequently, amino-terminated alkanetbiol-coated substrates should be handled 

with care and their exposure to C02 minimiml .. 

The PM-FTIRRAS spectrum of MUAM in the mid-IR region is shown in 

20 Fig. 3, plot (A). The small peak centered at 1545 cm-• has been assigned as the 

NH3 + deformation. The presence of this peak suggests that after a rinsing with 

ethanol and Millipore water (pH-6), a significant portion of the terminal amine 

groups exist in the protonated form. Variation in the intensity of the 1545 cm·• peak 

can be effected by rinsing the surface in solutions of differing pH. Bands at 1465 

25 and 1258 cm-1 in this same plot have been assigned to the CH2 scissoring and twist 

deformations of the alkane chains respectively. The frequencies of the peaks due to 

the CH2 asymmetric stretching mode at 2923 cm·• and the CH2 symmetric stretching 

mode at 2853 cni1 (spectrum not shown) indicate that the monolayer exists in a 

relatively ordered state. Absent from the spectrum in the CH stretching region is a 

30 band due to the N-H stretch (-3200-3500 cm·1) of the amine groups; it is assumed 
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that this band is too weak to be detected. Due to its terminal amine groups, a 

MuAM monolayei- surface. is .quite hydrophiliC, whiCh is verifiCd by a contact angle 

measurement of 36.2. + 2.5. and is consistent with monolayer formation. Ex situ 

scanning SPR was used to measure a thickness of 17.5 A + 0.4 A for a gold surface 

5 modified with MUAM; this thickness is consistent with that expected for a fully 

extended MUAM monolayer oriented nearly normal to the surface. 

Step (2). In step (2) of the array fabrication, the MUAM covered surlace is 

reacted with a reversible protecting group to create a hydrophobic surface. In the 

case of MUAM,· an amine-modified alkanethiol, the Protecting group is, 

10 appropriately, an amino protecting group, preferably Fmoc. Fmoc is a bulky, 

hydrophobic, base· labile, amine protecting group routinely used in the solid phase 

synthesis of peptides. The choice of protecting group used is dependent in large 

me&Sure upon the nature of the w-modification made to the alkanethiol. If the ~ 

modification is the addition of a carboxyl ·group, a hydrophobic carboxy protecting 

15 group would be ·used. LikeWise, if the w-modificatfon is the addition of a hydroxyl 

or thiol group, a hydrophobic hydroxy or thiol protecting group, respectively, would 

be used. Any type of hydrophobic protecting suitable for protecting the 6>­

modification used on the alkanethiol can be utruzed in the present inVe11tion. 

Numerous such protecting groups, for any number of reactive moieties, such as· 

20 · amine, hydroxy, and carboxy functionalities, are known· to the art. For example, 

chloride derivatives of both Fmoc and trityl to can· be used to reversibly modify 

hydroxyl-terininated alkanethiols. 

The specific chemical reacti<>n for Fmoc is shown in Fig. 2, reference number 

· (2). ·The N-hydroxysuccinimide ester of Fmoc {FlllOC-NHS) reacts with the terminal 

25 amine moiety of the MUAM molecule to form a stable carbamate (urethane) linkage, 

coValently attaching· the Fm0c group to the surface. The IR spectrum of Fmoc linked 

to a MUAM-coated gold substrate is shown in Fig. 3, plot (B). This spectrum 

provides evidence that the surface reaction proceeds as· expected. Promirient peaks 

at 1720~ 1544, and 1267 cm·1 are due to the carbamate (urethane) linkage which 

30 tethers the Finoc group to the MUAM surface. (The band at 1720 cm·1 has been 

12 

; I 



•· 

W000/67028 PCT/USOO/OSSSO 

. i~: . .· ~ 

assigned to the carbonyl stretching vibration (amide I), that at 1544 cm·1 to the CHN 

group vibration, and that at 1267 cm·1 to the coupled C-N and C-0 stretches (amide 

IV).) The peak at 1450 cm·1 is ascribed to the O=C ring stretch of the fluorenyl 

group and the band centered at 1147 cm·• is attributed to the Fmoc C-0-C (ether) 

S stretch. After reaction with Fmoc-NHS, the surface properties of the array are 

changed significantly; the surface is extremely hydrophobic as confirmed by the 

measured contact angle of 74.4 = ± 2.5 = • In addition, an increase in the film 

thiclmess to 22.8 A ± O.S A is· measured with scanning angle SPR. 

Step (3). In step (3) the bond anchoring the co-modified alkanethiol to the 

10 metal substrate is selectively cleaved to yield a patterned surface of exposed metal. 

UV photopatteming is preferred· to create the patterned surface, although the means 

to create the patterned surface is not critical so long as the method reliable yields the 

desired pattern. For example, microcontact printing methods can also be used to 

yield a pattemed surfacC. Using UV patterning, the surface is exposed through a 

15 quartz mask· to UV radiation which photo-oxidizes the gold-sulfur bond that anchors 

the alkanetbiol monolayers to the surface. The SUrface is then rinsed, removing tbe 

photo-oxidi7.ed alkanetbiol and leaving an array of bare metal pads surrounded by a 

hydrophobic MUAM+Fmoc background. Using photQpatteming, features with 

dimensions as small as SO mm have been achieved; using microcontact printing 

20 methods, arrays with features as small as -100 nm are achievable. 

Step (4). In step (4), the surface is again exposed to an co-modified 

alkanethiol solution (in the preferred embodiment an ethanolic solution of MUAM) 

whereby the alkanethiol assembles into the bare gold regions producing a surface 

composed of hydrophilic MUAM pads surrounded by the hydrophobic Fmoc 

25 background. This difference in hydrophobicity between the reactive MUAM regions 

and the background is essential for the pinning of small wlwnes of aqueous 

biomolecule or cell solutions onto individual array locations. 

Step (5). At step (5) in the process, biomolecules or cells (preferably nucleic 

acids) are then covalently attached to the surface. As illustrated, the MUAM 

30 reactive pads are first exposed to a solution of a bifunctional linker. To be used in 
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the invention, the linker must be. cap~le of binding .at one end to the co-modified 

alkanethiol surface and at the o1)ier ~00. to the biomolecule or cell to be immobilized 

to form the desired .array. Any bi~~oµal linker having these characteristics can 

be used in the present invention. The Preferred bifunctional linker is SSMCC, a 

S heterobifimctional lipker which co~taill$ 1:>9th an N-hydroxysulfosuccinimide (NHSS) 

ester and a maleimide functio1ll4ity. · Th~ NHSS ester end of the molecule reacts 

with the free amine groups.on~ ~o~modified. surface, such as the MUAM spots, 

creating pads terminated in· mateimide groups which are reactive towards thiols. 

Small volumes (0.08 to 0.1 L) of 1 mM ~lutions of 5'-tbiol-modified DNA 

10 sequences are then spotted at ~-~ locations and react to form a CQVBlent 

attachment to the surface. See Fig. 2, reference numeral (5). Using this technique, a 

whole host of biomolecules and/or whole cells can ·be spotted at different array 

locations. 

A variation on this attachment sclieme whereby thiol-DNA is linked via 

15 SSMCC to a MUA/PL (11-mercaptoundecanoic acid/po~y-L-lysine) bilayer has been 

used quite extensively in this ia,b()ratory, • U.S. Patent No. S, 629,2p. Other 

researchers have used the direct seU"-assembly of tliiol-terminated DNA moJecules on 
. . . . . . . . 

gold to prepare functionaliz.ed ~' but this method· has ~e ~vantage .that 

only weak forces exist for the self~assem,bly of oligonucleotide molecules and hence, 

20 the DNA can also non-specifically adsorb to the bare gold surface. 

Here, a bifiuictional ~is~ to attach 5,-dliol-modified oligonucleotide 

sequences to reactiVe pads of aniinoalkanethiol. The bifunctional linker preferably 

contains a functionality reactive ~ amines and a ftuictionality reactive towards 

aminoalka.nethiols. The surface is first exposed to a solution of the linker, whereby 

25 one end of the molecule reacts with the aminoalkanethiol surface. Excess linker is 

rinsed away and the array surface is then spotted with. 5'-tbiol-modified nucleic acid 

which reacts with the other en4 of the bifunctional linker, forming a covalent bond 

between the nucleic acid and the . sqrface monolayer. 

·Step (6). In. step 6 the protecting group, depicted here as I?moc is removed 

30 front the array surface. Preferably, this is accomp~ by exposure to a IM 
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solution of the secon~ amine, T AEA, in D:MF. Many basic secondary amines 

can be used to remov~·:~moc from the surface; for exmii~i~ IM solutions of 

ethanolamine and piperidine can be used with equal success. T AEA was chosen 

specifically as the deprotection agent since it effectively scavenges the 

S dibenzofulvene byproduct and is efficiently rinsed from the array surface. After this 

deprotection step, the array background has been converted back to the original m­

modified alkanetbiol surface. The spectrum of a deprotected MUAM surface, the 

preferred embodiment, is shown in Fig. 3, plot (C); note the strong similarity 

between it and the original MUAM spectrum. The prominent bands due to the 

10 carbamate linkage no longer appear, indicating that the Fmoc protecting group has 

been completely removed from the surface. The deprotected surface was also 

measured with scanning SPR; the thickness measured was within ± 1 A of that 

measured for the starting MUAM surface and this gives additional proof that the 

Fmoc protecting group is removed completely from the surface. 

15 Step (7). In the final step of the array fabrication, the co-modified alkanethiol 

background is reacted with a compound to create a background tlJat is resistant to 

the non-specific binding of proteins. The preferred compound for this purpose is 

PEO-NHS, although any compound which will selectively bind to the co-modified 

alkanethiol surface and inhibit non-selective protein binding can be used. In order 

20 to effectively monitor the binding of proteins to arrays of surface-bound 

25 

biomolecules or cells, it is critical that the array background prohibit the non-specific 

adsorption of protein molecules. Significant amounts of such non-specific binding 

obscures the measurement of small amounts of protein binding at specific array 

locations. 

To create a background that is resistant to the non-specific binding of 

proteins, the MUAM surface was reacted with PEG-NHS as is shown in Fig. 2 

reference number (7). As was the case in the Fmoc-NHS + MUAM reaction, PEG­

NHS reacts with the terminal amine groups of the MUAM to form an amide linkage, 

covalently attaching the PEG polymer chain to the surface. The preferred PEO-NHS 

30 polymer has an average molecular weight of 2000 and contains one NHS ester 

15 
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moiety per molecule, allowing for a single point of attachment. The· spectrum 

collected for a MUAM surface. reacted with PEG-NHS is shown in Fig. 3, plot (D). 

The peaks which appear at 1660 cm·• and 1576 cm·• have been assigned as amide I 

and II bands, respectively. The bands at 1457 cm·1 and 1250-1260 cm·1 are ascribed 

S to the scissoring and twist deformations of.the CH2 groups contained in both the 

MUAM alkyl chains and the ethylene glycol (EG) groups. The band at 1352 cm·• is 

due to an EG CH2 wagging mode, and the band centerCd at 1148 cm·• is due to the 

C-0-C (ether) stretch of the ethylene glycol units. After the reaction of the 

deprotected surface with PBG-NHS, the surface remains hydrophilic and has a 

10 measured contact angle of 37.3 •± 2.6 '. A total thickness of 23.8 A ± 0.8 A was 

measured for a MUAM monolayer film after reaction with PEG-NHS. This increase 

of only 6 A of PEG suggests that only a small fraction. of the amine groups. of the 

MUAM are modified and that the oligo(ethylene glycol) chains are lying flat across 

the surface. 

15 ·An SPR imaging experiment (see Example 2 and Fig. 7) was used to 

20 

measure the non-specific adsorption of BSA to a dual component surface (~11-thiol I 

MUAM+PEG) and shows qui~ clearly that MUAM+PEG effectively resists the non­

specific adsorption of proteins. 

·EXAMPLES. 

The following Examples are included solely to provide a more complete 

understanding of the. present invention. The Examples do not limit the scope of the 

invention disclosed and claimed herein in any fashion. 

25 Standard Procedures for All Examples: 

Gold substrates used _in PM-FTIR and contact angle measurements were 

purchased commercially {Evaporated Metal Films) and those used in scanning or 

imaging SPR measurements were prepared by vapor deposition onto microscope 

slide covers that had· been silani7.ed with (3-mercaptopropyl)trimethoxysilane 

30 (Aldrich) in·a manner similar to that reported by Goss et al. (1991) Anal. Chem. 

16 
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63:85-88. 

All oligonuclebtldes were synthesized on an .Afil~ ~oster, California) DNA 

synthesizer at the University of Wisconsin Biotechnology Center. Glen Research's 

(Sterling, Virginia) "5'-Thiol-Modifier C6" and ABI's "6-FAM'' were used for S'-

5 thiol-modified and S'-fluorescein-modified oligonucleotides respectively, and 

"Spacer Phosphoramidite 18" (Glen Research) was used for the addition of an 

ethylene glycol spacer region. Thiol-modified oligonucleotides were deprotected as 

outlined by Glen Research's product literaturC.(Glen Research Corp. (1990) "User 

Guide to DNA Modification and Labeling,,). Before use, each oligonucleotide was 
10 purified by reverse-phase binary gradient elution HPLC (Shimadzu (Columbia, 

Maryland) ''SCL-lOA VP'') and DNA concentrations were verified with an HP8452A 

UV-VIS spectrophotometer (Hewlett-Packard, Palo Alto, California). 

The sequences of the DNA molecules used in the SSB experiment of 

Example 1 were as follows: 

15 DI = S' HS(CH:z)6(T)1~C OAT GCA GOA GCA A (SEQ. ID. NO: 1) 

n2·= 5'HS(CH:z)6(CH2CH20)24GCT TAT CGA OCT TIC G (SEQ. ID. NO: 

2) 

D2 complement = S' FAM-CGA AAG CTC GAT AAG C (SEQ. ID. NO: 3) 

The buffer used in the BSA and SSB SPR imaging experiments contained 20 

20 mM phosphate, 100 mM NaCl, lmM EDTA, 1 mM DTI, and S mM MgCl2 and 

was buffered at pH 7.4. 

Multi-step array fabrication: A clean gold substrate was immersed in a 1 

mM ethanolic solution of MUAM for at least one hour to allow for the adsorption 

and self-assembly of the aminoalkanethiol monolayer. The substrate was rinsed with 

25 ethanol and water, dried under a stream of N2, and was then reacted with a·solution 

ofFmoc-NHS (3 mM in 1:1 DMSO:lOO mM TEA buffer, pH 7). The sample was 

soaked briefly in DMSO to remove unreacted Fmoc-NHS from the surface and then 

photopatterned by irradiating the sample with UV light from a mercury-xenon arc 

lamp through a quartz mask. Subsequent rinsing of the sample with ethanol and 

30 water removed alkanethiol from the exposed areas. The sample Was re-exposed to 
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the ethanolic MUAM solution resulting bi an array .of MUAM elements surrounded 

by a hydrophobic l\+WAM+Fmoc background. Single-strande~ 5'-thiol modified 
: ·. . 

DNA was then imm9biUzed onto the array locatiens using an attachment scheme 

modified slightly fro111 ~used previously~ Briefly, the amine-terminated 

5 MUAM array element$ were spotted with 0.1 µL of a 1 mM solution (in 100 mM 

TEA, pH 7) of the heterobifunctional linker SSMCC, . ~g a thiol-reactive, 

maleimide-tenninated surface. 5'-Thiol-modified DNA sequences were then 

covalently attached to these m8leimide-tenninated array elements by spotting the 

sample with 0.1 µL. drops of solutions containing 1 mM DNA onto the specific array 

10 locations and reacting for at least 2 homs in a humid environment to prevent solvent 

evaporation. After exposure to the DNA solution, the surface was rinsed. with water 

and soaked in_buffer.to remove unbound DNA sequences. The Fmoc was then 

removed from the background by immersing the array in a IM solution of TAEA in 

DMF for 10 minutes. The deprotected surface was rinsed with water and 

15 subsequently reacted with 4 mM PEG-NHS. (in 100 mM TEA, pH 8) to pegylate the 

array background, ,_-endering it resi$t8Jlt to protein mm-specific binding. 

PM-FT-IRRAS Measurements; PM-Ff-IRRAS spectra were collected on a 

'Mattson RS-1 spectrometer equipped with either a narrow band HgCdTe detector 

(for spectta in the mid-IR regio~ 2000-1000 cm-1
) or an InSb detector (for spectra in 

20 the CH stretching region, 3400-2600 cm-1). The optical . layout and previously 

developed real-time interferogram sampling methods have been described elsewhere 

and need not be elabo.-ated upon here. The PM-FT-IRR.AS differential reflectance 

. values (% R/R) were converted to absorbance units for comparison with 

conventional IRRAS data. Spectra are an average of 1000 scans collected at 2 cm·1 

25 resolution. 

Contact Angle Measurements: Water contact angles were determined at 

ambient laboratory temperatures using standard and well known procedures. Ten 

microliter droplets were dispensed from a Gilson pipette onto the surface and the 

. angle measurement was. recorded immediately. Reported contact angle values ·for 

30 both the Fmoc and PEG functionali:zed surfaces are the average of 12 different 

18 

! I 



·'': .. 

W000/67028 PCT/US00/05550 

measurements taken oµ ,~.individually prepared sampies,~d the value for MUAM is 
. '"' •·. ·1 . . !. ~ .!. 

the average of 30 m~~ents taken on 10 different ~pies. 
Scanning Angle SPR Measurements: The-optical-technique of ex situ 

scanning SPR was used to determine the thickness (reported hereinabove) of 

5 MU.AM, MUAM+Fmoc, and MUAM+PEG assembled on BK7 coverslips (Fisher 

S~ientific, Pittsburgh, Pennsylvania) onto which 475 A of Au was vapor deposited. 

Details of the SPR experiment and thickness calculations have been reported 

elsewhere. Briefly, the reflectiVity (R) of a p-polarized HeNe laser beam (632.8 nm) 

from a sample assembly (BK7 prism/Au/thin film/air) is monitored as a function of 

10 incident angle, to generate a SPR curve (%R vs. angle). A steep drop in the 

reflectivity occurs at angles just past the critical angle (-44 = ). The exact position of 

the minimum is determined by the thickness and index of refraction of material 

adsorbed at the gold surface. A 4-phase complex Fresnel calculation was used to 

determine the film thickness and a refractive index of 1.45 was assumed for all the 

15 thin films measured here. 

SPR Imaging Apparatus: The in situ SPR imaging instrument is a modified 

version of that described previously, see Jordan & Com (1997) Anal. Chem. 

69(7):1449-1456; Thiel et al. (1997) Anal. Chem. 69:4948-4956; Jordan et al. (1997) 

Anal. Chem. 69(24):4939-4947; and Frutos et al. (1998), supra, in which the HeNe 

20 laser and beam expander have been replaced by a collimated white light 

source/bandpass filter combination. A more thorough discussion of this modification 

in the context of near IR (NIR) SPR imaging is reported elsewhere, see Nelson et al. 

(1999), in preparation. In short, a collimated, polychromatic beam of light was used 

to illuminate an SFl 0 prism/Au/thin film/buffer assembly at a fixed incident angle 

25 near the SPR. angle. The reflected light was passed through a 10 nm bandpass filter 

(830 nm) and was collected with an inexpensive CCD camera. Differences in the 

reflected light intensity measured at various locations on the sample create the image 

and are a direct result of differences in the thickness or refractive index of the 

material bound at the gold surface. The image shown in Fig. 6 was collected in situ 
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for a sample constructed on SFIO substrates onto wllich 450 A of Au had been 

deposited. Data work-up was done using NIH Image v.1~61 software. 

Example 1: SPR imaging measurements of the binding of single stranded DNA 

binding protein to arrays ·of single and double-stranded DNA sequenees: 

To demonstrate that nucleic arrays can be used in coqjunction with imaging 

IO SPR to monitor protein-nucleic acid binding, a checkerboard surface was 

constructed containing both single-stranded DNA (DI, SEQ. ID. NO: 1) and double­

stranded DNA (02 and its complement, SEQ. ID. NOS. 2 and 3, respectively), by 

the methods described immediately above. The binding of single-stranded DNA 

binding protein, SSB, to the may surface was then monitored by SPR. As its name 
. . . 

15 implies, SSB (a tetramer of four identical subunits With a total molecular weight of 

75,000 D) binds tightly, sel~vely, and cooperatively to single--stranded DNA and 

plays· a central role in DNA replication, repair, and recombination. Fig. 6 shows the 

difference between two images collected immediately before and after the exposure 

of the surface to SSB. The raised areas on the image are a measure of the Change in 

20 %R upon adsorption of the protein to the surface. The array loCations at which the 

protein bound correspond to those regions which were modified with single-stranded 

DNA sequences . 

. Fig. 5 shows various line proflles taken from images collected during the 

course of the experiment. These "line profiles," ~ch provide quantitative 

25 information, are constructed by averaging the %R values measured for each colunm 

of pixels in a selected rectangular region drawn across the image and then plotting 

this average value against that column's lateral position. The solid line shows ·the 

starting surface in which two 5'-thiol-modified, single-stranded DNA sequences, DI 

and D2, were immobilized in a checkerboard pattern onto the array surface. The 

30 sequences of these two DNA probe strands are noted above. Each sequence 

20 
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contains a 5'-thiol modifier, a spacer region, and a 16 Qase-long variable sequence. 

The variable regions \Ve:~ specifically chosen from a lib~ developed for the 

purposes of DNA computing, Frutos et al. (1997)· supra,--they and their complements 

exhibit no cross hybridization. To position the DNA sufficiently far from the 

5 surface so that stearic hindrance does not interfere with the hybriclimtion adsorption 

process, a spacer region is incorporated. A I ST spacer region was used for DI, but 

sequence D2 contained a similar length EG spacer instead. This was necessary 

given the fact that SSB is known to bind quite strongly to polyT sequences. The 

dashed line shows the effects of exposing the surface, in situ, to a solution 

10 containing the 16-mer complement to D2 (SEQ. ID. NO: 3). A measurable change 

in %R occurred at location D2, indicating that hybridi2:ation adsorption of the 

complementary sequence took place; no increase in signal was seen at the DI 

locations. The dot-dashed line shows the surface after exposure to a 200 nM 

solution of SSB. As expected, the protein bound strongly to locations on the array 

15 which were single stranded but also bound slightly to those locations that contained 

double-stranded sequences. Since SSB does not bind to double-stranded DNA, we 

attribute the increased signal at location D2 to the binding of SSB to single-stranded 

DNA present at these locations as a result of incomplete hybridimtion. It is 

important to note that the array background successfully resisted the non-specific 

20 binding of both complementary DNA molecules and single-stranded binding protein; 

this allows the measurement of small changes in %R without interference from a 

high background signal. 

25 

This Example shows that the arrays fabricated according to the present 

invention can be used to probe nucleic acid-protein interactions. 

Example 2: Demonstration that PEG block non-specific protein binding: 

Here, an array of C18 alkanethiol spots were assembled on a MUAM+PEG 

background using the techniques described above. The array was then exposed to 

BSA and the percent reflectivity measured as described in Example I. The results 

30 are shown in Fig. 7. In Fig. 7, the solid line shows the percent reflectivity of the 
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array prior to exposure to BSA. The da$.ed line shows the presence reflectivity 

after exposure to B~~· 
While some ~SA did adsorb to the MUAM+PEG. background, a vastly large 

amount of BSA ~rbed to the untreated C11 spots. This Example thus shows that 

5 PEG can be used to ~bit the non-specific binding of proteins to the background 

surface. 

22 
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CLAIMS 

11111111111111 11111 11111111111 
* C L M S * 

What is claimed is: 

1. A method of making a biomolecule or cellular array on a metal substrate 

comprising: 

(a) depositing an c..J-modified alkanethiol monolayer on a metal substrate; 

(b) reacting hydrophobic protecting groups with the monolayer; 

(c) patterning the monolayer to create an array of exposed met.al substrate 

areas; 

(d) depositing co-modified alkanethiol in the areas of exposed metal 

substrate, thereby yielding an array of discrete, unprotected c.>-modified alkanethiol 

spots; 

(e) attaching biomolecules or cells to the discrete, unprotected c..J-modified 

alkanethiol spots, thereby yielding an array of discrete spots having biomolecules or 

cells immobilized thereon; 

(f) removing the protecting groups of step (b); and then 

(g) making the monolayer resistant to non-specific protein binding. 

2. The method of Claim 1, wherein in step (a), an am.ino-Ca-Ci.t-alkanethiol is 

deposited on the metal substrate. 

3. The method of Claim 1, wherein in step (a), MUAM is deposited on the metal 

substrate. 

4. The method of Claim 1, wherein in step (b), Fmoc is reacted with the 

monolayer. 

5. The method of Claim 1, wherein in step (c), the monolayer is patterned by 

selective exposure to UV radiation. 
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6. The method of Claim 1, wherein in step (d), MUAM is deposited in the areas 

of exposed metal substrate • 

. 7. The method of Claim l, wherein in step (e), nucleic acid molecules are 

attached to the· discrete, unprotected ea>-modified alkanethiol spots using a bifunctional 

linker. 

8. The method of Claim 1, wherein in step (e), DNA molecules are attached to 

the discrete, unprotected ea>-modified alkanethiol. spots. 

9. The method of Claim 1, wherein in step (e), RNA molecules are attached to 

the discrete, unprotected ea>-modified alkanethiol spots. 

10. The method of Claim 1, wherein in step (e), a heterobifunctional linker is 

used. 

11. The method of Claim 10, wherein in step (e), SSMCC is used as a linker. 

12. The method of Claim 1, wherein in step (f), the protecting groups are removed 

by treating the monolayer with a secondary amine. 

13. The method of Claim 12, wherein in step (f), the protecting groups are 

removed by treating with a solution selected from the group consisting of T ABA, 

ethanolamine, and piperidine. 

14. The method of Claim 1, wherein in step (g), the monolayer is made resistant 

to non-specific protein binding by attaching PEG moieties thereto. 

15. The method of Claim 1, wherein in step (a) the ea>-modified alkanethiol 

monolayer is deposited on a gold substrate. 
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16. The method of c1aiiti 15, wherein in step (a), an ~o-C8-C24-alkanethiol is 

deposited on the gold substrate. 

17. The method of Claim 15, wherein in step (a), MUAM is deposited on the gold 

substrate. 

18. The method of Claim 15, wherein in step (b), Fmoc is reacted with the 

monolayer. 

19. The method of Claim 15, wherein in step (c), the monolayer is patterned by 

selective exposure to UV radiation. 

20. The method of Claim 15, wherein in step (d), MUAM is deposited in the areas 

of exposed gold substrate. 

21. The method of Claim 15, wherein in step (e), nucleic acid molecules are 

attached to the discrete, unprotected w-modified 8.Ikanethiol spots using a bifunctional 

linker. 

22. The method of Claim 15, wherein in step (e), a heterobifunctional linker is 

used. 

23. The method of Claim 22, wherein in step (e), SSMCC is used as a linker. 

24. The method of Claim 15, wherein in step (f), the protecting groups are 

removed by treating the monolayer with a secondary amine. 

25. The method of Claim 15, wherein in step (g), the monolayer is made resistant 

to non-specific protein binding by attaching PEG moieties thereto. 

26. A biomolecule or cellular array on a metal substrate, the array produced 

according to the method recited in Claim 1. 
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27. A biomolecule or cellular array on a gold substrate, the array produced 

according to the method recited in Claim 15. 

28. A biomolecule or cellular array on a metal substrate, the array comprising a 

plurality of discrete biomolecule or cellular spots covalently bonded to an c..>-modified, 

alkanethiol-coated metal substrate, the discrete spots separated from one another by a 

background material resistant to non-specific protein binding. 

29. The array of Claim 28, wherein the spots are DNA spots. 

30. The array of Claim 28, wherein the spots are RNA spots. 

31. The array of Claim 28, wherein the background material comprises PEG 

moieties. 

32. The array of Claim 28, further comprising a binfunctional linker interposed 

between each biomolecule or cellular spot and the c..>-modified, alkanethiol-coated 

metal substrate. 

33. The array of Claim 28, wherein the metal substrate is gold. 
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