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Fabrication of Nanometer-Sized Protein Patterns Using Atomic Force
Microscopy and Selective Immobilization
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ABSTRACT A new methodology is introduced to produce nanometer-sized protein patterns. The approach includes two
main steps, nanopatterning of self-assembled monolayers using atomic force microscopy (AFM)-based nanolithography and
subsequent selective immobilization of proteins on the patterned monolayers. The resulting templates and protein patterns
are characterized in situ using AFM. Compared with conventional protein fabrication methods, this approach is able to
produce smaller patterns with higher spatial precision. In addition, fabrication and characterization are completed in near
physiological conditions. The adsorption configuration and bioreactivity of the proteins within the nanopatterns are also
studied in situ.

INTRODUCTION

Micropatterns of bioreceptors such as DNA, proteins, and Production of patterns smaller than 100 nm requires new
oligonucleotides have revolutionized the life science andabrication and characterization strategies. Scanning probe
pharmaceutical industries (Nicolini, 1995). Microfabricated microcopy (SPM) such as scanning tunneling microscopy
DNA chips or DNA microarrays have been used to measur¢STM) and atomic force microscopy (AFM) are well known
expression levels of genes in plant, yeast, and human sarfor their capability to image materials with the highest
ples (Schena et al., 1996; Ramsy, 1998; Cairney et alspatial resolution (Binnig et al., 1986; Bottomley et al.,
1999). Many diseases can be diagnosed using DNA 01996; Colton et al., 1997). Taking advantage of the sharp-
protein microarrays (Blawas and Reichert, 1998; Wittstockness of the tips and the strong and localized tip-surface
et al, 1998; Edelstein et al., 2000). Microarrays usinginteractions, SPM has also been used to produce nanometer-
fluorescent probes are widely used to screen a large numbgfzed patterns on surfaces (Nyffenegger et al., 1997; Liu et
of compounds produced using combinatorial chemistry ang. 2000).

to identify potential drugs for the pharmaceutical industry  An alternative approach of nanofabrication involves the
(Fodor et_ al., _1991). Further miniaturizz_ition of the_se bioar-ge of organic thin films with two or more components; one
rays or biochips offers the reward of higher density. Moreyiit reactive terminal groups, which can bind proteins, and
importantly, by nanofabrication of bioreceptors, one may bgne gther one, which is biologically inert (Fang and Knobler,
able to influence or control bioreactions, since the dlmen-1996; Fang et al., 1997). Typically, the two components are
sion of the bioentities such as proteins is on the order Ofnixed in solution and then form a self-assembled mono-
nanometers. One prospective application is to regulate Cel|?:1yer (SAM) or a Langmuir-Blodgett (LB) film (Fang and
extracellular matrix protein interactions by positioning theseKnobIer, 1996; Fang et al., 1997). The resulting thin films

prot_ems on surfaces with nanometer precision. . consist of domains of bioactive molecules inlaid in nonre-
Micropatterns as small as 300 nm can be readily pro-

. . ctive assemblies. The size of the reactive islands depends
duced using well-known techniques. Frequently reportec‘Fl b

: I . . n th ncentration an mple preparation condition
methods of microfabrication include photollthography0 e concentration and sample preparation conditions

(Fengsalal and Cass 1996; L and Hicy, 100, emard 2% 200 KISDEr, 1996 Fr o 1, 1097 o cor
et al.,, 1998; Nicolau et al., 1998) and micromachining bhy

(Bergman et al., 1998). These techniques produce featuraCtionS (Mooney et al., 1996; Lestelius et al., 1997; Buijs et

e ) U
as small as .um. Recent advances in electron and argon iona?" 1998; Nicolau et al., 1998), covalent binding (Norde et

beam lithography and microcontact printing have brokenaI., 1995; Vinckier et al., 1995; Wagner et al., 1996; Silin et

the wavelength barrier and produced patterns as small ffé 1997) or biospecific linkage (Lee et al., 1994; House-

300 nm (Tiberio et al., 1993; Sondag-Huethorst et al., 1994Man and_Mrksich, 19_98;_ Dontha et aI.,_ 1999; Mrks_ich,
Mrksich et al., 1996; Bergman et al., 1998). 2000). This approach is simple, although it suffers a disad-

vantage that the distribution and size of the receptor islands
are determined by the interplay between the kinetics and

: — o thermodynamics of self-assembly and protein adsorption on
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lithography (SPL). These prepatterned SAMs will dictatereported by our group (Xu and Liu, 1997; Xu et al., 1999).
the subsequent adsorption of proteins. The structure dbelectivity of protein adsorption can be achieved with the
resists and protein patterns and their bioactivity will beknowledge of variation in protein affinity toward different
studied in situ using AFM. SAMs (Prime et al., 1991; Frey et al., 1995; Norde et al.,
1995; Vinckier et al., 1995; Wagner et al., 1996; Patel et al.,
1997; Blawas et al., 1998; Buijs et al., 1998). It is known
MATERIALS AND METHODS that SAMs terminated with oligo(ethylene glycol), or
Preparation of self-assembled monolayers tri(propylene sulfoxide) can resist protein adsorption (Prime
The compounds 1-hexanethiol (HS(§ECH,, 95% purity), 1-decanethiol, and Whitesides, 1993, Deng et al., 1996; Harder et -al" 1998,
(HS(CH,),CH,, 96% purity) 1-dodecanethiol (HS(GH.CH,, 96% puri- McPherson et al., 1.9_98) and thus are good candldate§ for
ty), and 2-mercapto-1-propanoic acid (HS(GHEOOH, 97%) were pur-  Matrix layers. In addition, we have found that many proteins
chased from Aldrich (St. Louis, MO). Compounds of 3-mercapto-1-pro-€xhibit very little adsorption onto methyl-terminated SAMs
panal (HS(CH),CHO), 11-mercapto-1-undecanal (HS(GHCHO), and  under specified conditions, e.g., when the solution pH value

fl?I'm‘?maﬂfo'l'hexzdeca”"ic ‘:‘Cijd (Hs_@l'lﬂng) were Zy';]‘h‘?;tizigmdeviates sufficiently from the isoelectric point (IEP) of the
ollowing the procedures reported previously (Corey and Schmidt, : - _ .
Bain et al., 1989). Ultraflat gold films, 150 nm in thickness, were preparedprOtemS (Wadu MeSth”ge et al., 2000)' Commonly used

according to the method developed by Hegner (Hegner et al., 1993) an@r()tei_n ?‘dheSive groups inCI_Ude carboxylic apid, aldehydgs,
Wagner (Wagner et al., 1995). The resulting gold surfaces have a meadnd biotin, onto which proteins may attach via electrostatic

roughness of 2-5 A according to our AFM measurements. Thiol self-interactions, covalent binding, and biospecific interactions,
assembled monolayers, (SAMs) were prepared by immersing the freshlyespective|y (Tarlov etal., 1993: Lee et al., 1994; Wollman
prepared gold films into the corresponding thiol solutions (0.1 to 1.0 mM) N\ . . .
for at least 18 h. et al.,, 1994; Vinckier et al., 1995; Mooney et al., 1996;
Wagner et al., 1996; Blawas et al., 1998; Dontha et al.,
1999). Recently, SAMs terminated by short peptide ligands
Protein solutions such as Arg-Gly-Asp tripeptide have been used to immobi-
Bovine serum albumin (BSA, fraction V, which is essentially fatty acid lize proteins and cells (Houseman and Mrksich, 1998; Pa-
free), lysozyme (LYZ, from hen egg, 95% purity), rabbit immunoglobulin Kalns et al., 1999; Mrksich, 2000).
G (IgG, purity 95%), rabbit anti-BSA 1gG and mouse anti-rabbit IgG were ~ Our procedure is illustrated in more detail in Fig. 1.
purchased from Sigma Biochemicals (St. Louis, MO) and used WithOUtNanografting can produce patterns of SAMs with nanome-
further purification. The proteins were diluted to the desired concentrationﬁer precision and the molecules within these patterned areas
with the corresponding buffer solutions. ' .
are closely packed (Xu et al., 1998). Under a typical low
load, e.g., 0.1-1.0 nN, methyl-terminated SAM matrices are
Atomic force microscopy imaged in solution (Fig. 1A). A fabrication site is then

The AFM used for this study incorporates a home-constructed, deﬂection-seleCted’ typically on a large flat terrace. When a higher

type scanner controlled by commercial electronics and software (RHKforce’ _e.g., _10_30 nN, is a_pplled to the AFM tip ‘?'U””g
Technology, Inc., Troy, MI). The instrument allows simultaneous acqui- Scanning (Fig. 1), the matrix molecules under the tip are
sition of multiple images such as topography, frictional force, and elasticitydisplaced. New thiol molecules from the solution above

images. The scanner may be operated under ambient laboratory conditiongssemble immediately onto the exposed Au(111) substrate,
in vacuum, or in solution (Kolbe et al., 1992; Liu et al., 1994). The following the shaving track of the AEM tip. Under reduced

cantilevers made of W\, were either sharpened microlevers from Ther- . ing f the feat h terized in situ (Fig. 1
moMicroscopes (Sunnyvale, CA) with a force constant of 0.1 N/m orMagiNg Torces, the reatures are characterized in siu (Fig.

standard microlevers from Digital Instruments (Santa Barbara, CA) with &C). TO produce protein patterns, the matrix layer comprises
force constant of 0.38 N/m. Images were acquired with a typical imagingthiols that are protein non-adhesive, whereas the nanopat-
force of 0.15 NN using contact mode imaging in liquid media. Under theseterned areas contain thiols with protein adhesive termini
imaging conditions, little perturbation is observed for adsorbed proteins °%,ch as aldehyde and carboxylate (Wadu-Mesthrige et al.,
surfaces. " .

1999). Under carefully chosen conditions, proteins selec-

tively adsorb onto these nanopatterns. The selectivity of
RESULTS AND DISCUSSION protein adsorption arises from the difference in the protein
affinity toward the surfaces of SAMs, which can be regu-
lated by varying the terminal groups and the immobilization
conditions. We are able to control the conditions such that
The success of our approach relies upon 1) production cidsorption occurs primarily on the nanopatterns of SAMs
nanometer-sized patterns of SAMs and then 2) selectiveontaining reactive groups (e.g., aldehyde, carboxylate, or
adsorption of proteins onto these patterns. The quality of théiotin) as shown in Fig. D. Proteins that are weakly bound
protein nanostructures depends on the spatial precision ®b the methyl-terminated areas are rinsed away with buffers
SAM nanopatterns and on the selectivity of protein adsorper surfactant solutions. Using this method, nanopatterns of
tion. Patterned SAMs are produced with nanometer preciproteins have been fabricated with lateral dimensions rang-
sion using nanografting, a technique that was developed aridg from 10 nm to 1um.

Basic procedure of fabrication of
nanometer-sized protein patterns

Biophysical Journal 80(4) 1891-1899



Fabrication of Nanometer-Sized Protein Patterns 1893

height / nm

S50 100 150 200
distance / nm

c] @ “ ke

I e

FIGURE 2 Nanopatterns of LYZ produced by immobilization of pro-
teins via physisorptionA) A 400 X 400 nnt area of a decanethiol SAM
imaged under regular imaging forc&)(A 10 X 150 nnt line and a 100<

150 nnt rectangle of 3-mercapto-1-propanoic acid nanografted within a
400 X 400 nnt area of a decanethiol SAMC] After subsequent 4-min
immersion in a LYZ solution; @) Corresponding cursor profile of the
protein nanopatterns. In the cursor plots the origin is the gold surface
determined by displacing SAM. The cursor profile on the corresponding

patterned SAM is shown in the same plot. The black solid filled area
i(i(i(/Z/Z/Z/Z/Z/Z/Z/Z/Zi(i(FIK represents undisturbed matrix SAM, the area filled with vertical lines
[ | follows the topography of the nanografted pattern from the white lines in

imageB, the white unfilled areas show the adsorbed protein, for the cursor
line in C.

FIGURE 1 Schematic diagram illustrating the basic steps to produce

nanometer-sized protein pattern#) (The surface is imaged under low thigls. The fabrication and imaging of SAM nanopatterns

force, where X represents protein non-adhesive terminal groups such ere conducted in an aqueous medium containing 1 mM

methyl, and Z represents protein adhesive groups such as carboxylate or . . .
aldehyde. B) Nanometer-size patterns of Z-termini are produced underMercapto-propanoic acid. Next, the surface was rinsed thor-

high force using nanograftingCf Proteins are selectively immobilized on oughly within the liquid cell to completely remove any

the Z-terminated areasD) Protein nanopatterns are characterized by residual thiols, first with deionized water and then with 20

imaging under low force. mM HEPES buffer (pH 7.0). After rinsing, a 1g/ml
solution of LYZ was injected. Within 3 min, proteins ad-

. . . sorbed exclusively onto the two patterned areas, as shown in
Producing nanopatterns of proteins via . . . -
electrostatic interactions Fig. 2C. The r_ugh sele(_:tlwty observed at pH 7 is mostly due

to electrostatic attraction between the LYZ molecules and
As the first proof-of-concept experiment, lysozyme (LYZ) the carboxylate-terminated nanopatterns. Because the IEP
nanopatterns were produced via electrostatic immobilizaef LYZ is 11.1 (Imoto et al., 1972), LYZ exhibits a net
tion. The decanethiol SAM on Au(111) was initially imaged positive charge at pH 7. The pKalue of mercapto-pro-
in an aqueous solution containing 0.1 mM mercapto-propanoic acid SAM is 8 (Hu and Bard, 1997), thus at neutral
panoic acid as shown in Fig.&2 The image shows that the pH, ~10% of the nanopatterned area has a net negative
SAM has a smooth surface decorated by steps that correharge. Consequently, the selectively of LYZ adsorption is
spond to single atomic Au(111) steps. The SAM nanopatmediated by electrostatic attraction. Under these conditions,
terns are shown in Fig. B, in which two patterns, a narrow little adsorption was observed at methyl-terminated areas
line (10 X 150 nnf) above a rectangle (108 150 nnf),  within the time frame of the entire experiment (4 h). Fur-
were grafted into a matrix. The two patterns are separatethermore, the boundary between the two nanopatterns re-
by 30 = 5 nm. Both patterns exhibit negative contrast in themained clearly visible.
topographic image because the chain length of mercapto- Individual LYZ particles can be resolved in the AFM
propanoic acid is 0.5 0.1 nm shorter than the matrix image of Fig. 2C. The corresponding cursor profiles in Fig.

[D]
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2 D reveal that the immobilized protein molecules exhibit methyl-terminated area is due to the hydrophobic interac-
two different heights: 4.3- 0.2 nm and 3.0- 0.2 nm. Itis  tions (Wadu-Mesthrige et al., 2000). After washing with 1%
known that physical interactions are not specific; therefore;Tween 20 surfactant solution, the weakly adsorbed proteins
various orientations with respect to the surface are observesh the methyl-terminated matrix areas detached completely,
for the adsorbed proteins. Because LYZ molecules are elalthough the proteins covalently immobilized on the alde-
lipsoidal with the approximate dimensions 4&53.0 X 3.0  hyde-terminated area remained securely attached, as shown
nm?® from x-ray crystallographic studies (Blake et al., 1965),in Fig. 3 B. The cursor profile shown in Fig.  reveals
the observed heights correspond to side-on and end-dfeights ranging from 4 to 6 nm for immobilized IgG mol-
orientations of LYZ, respectively. ecules. The Y-shaped IgG (Silverton et al., 1977) can adopt
Patterns of larger proteins such as rabbit inmunoglobulirseveral possible orientations due to the presence of several
G (IgG) may also be produced using a similar approach withysine residues. The possible configurations are depicted in
electrostatic interactions. We have succeeded in fabricatingig. 3 C as well.
I9G patterns with lateral dimensions ranging from 100 to  For the covalent immobilization of LYZ, a positive
250 nm. The apparent heights of 1gG wit_hin nanopatterngso x 300 nnf pattern (Fig. 3D) was produced within a
are 3.8-6.2 nm (data not shown). The dimensions of I9Gexanethiol matrix using an aldehyde-terminated thiol with

are 14.5 nmx 8.5 nm X 4.0 nm as determined by x-ray 5 |onger chain, mercapto-undecanal. Due to the low solu-
diffraction (Silverton et al., 1977). Therefore, the Y—shapedbi”ty of this thiol in water, sec-butanol was used as the

IgG molecules exhibit various orientations within the nan-gvent. After nanografting, the sample was rinsed copi-

opatterns such as 'y‘”9 flat, sidc_a-on., gnd stan_ding UP- "~ ously with ethanol followed by deionized water to change
Other th.an. Its expgrlmental simplicity, physically medi- the media from organic to aqueous phase. This procedure
ated protein immobilization has several advantages. Manyequires a highly stable AFM configuration to prevent drift-

of the proteins retain their activity after immobilization onto . -
. i ing away from areas containing nanopatterns. At pH 7, LYZ
;aggoeﬁy;?teigegz'rl\]/lac:gges'z':ﬂasl (Ezg%\_/ I\jtrkzli'c;hlstgasl' Vl\/;;lé_has a net positive charge and thus did not attach to the
"’ ' Y N ! N ‘hydrophobic matrix SAM. Instead, LYZ adsorbs exclu-

Brownlng—KeII_ey.et al., 4997).' In addition, |mmqb|l|zat|on sively onto the 300 300 nnf aldehyde-terminated area via
by electrostatic interactions is normally reversible. Thus, _— - - .
covalent binding as shown in Fig. B. Individual protein

proteins can be removed by certain buffers or surfactantﬁ] olecules can be resolved from the AEM image. More
(Feng et al., 1996; Buijs et al., 1998), which can benefit. u v image.

applications that require the nanopatterns to be reusable.'mportamly’ the orientation of_ea_ch |mmot_)|I|zed protein is
revealed from the topographic image (Fig.E} and the

corresponding cursor profile in Fig. B. The LYZ mole-
Producing nanopatterns of proteins via cules in the nanopattern exhibit various orientations, likely
covalent binding due to the multiple amine-containing residues in each pro-
tein. Although covalent immobilization involves more steps
technically, proteins covalently bonded on nanopatterns are

more suitable. Well-known covalent immobilization in- Much more stable than proteins immobilized by physisorp-
volves the formation of disulfide, imine, or amide bonds ioN When subjected to washing with water, buffer, and

(Vinckier et al., 1995; Baker et al., 1998). Fig. 3 shows thregSurfactant solutions. -
examples where nanopatterns were produced using covalentSMaller proteins can also be patterned using similar pro-
attachment. Fig. 2 displays an AFM image of a 48 40 C(_edures. A bovine serum album|_n (BSA) pattern is shown in
ni? area of mercapto-propanal grafted within a decanethiofid- 3G. A 200 X 250 nnf negative pattern similar to Fig.
SAM. The aldehyde pattern appears as a square hole in treA was produced within a hexanethiol matrix using mer-
matrix, with a depth of 0.5+ 0.1 nm. After washing with ~ Capto-propanal. Again, the sample area was washed thor-
water, a 5ug/ml solution of IgG was injected into the liquid ©ughly with deionized water, and then the medium was
cell. The pH value of the protein solution was maintained af€placed with a pH 6.5 HEPES buffer solution containing 10
6.5 using a HEPES buffer to ensure the formation of iminetd/ml BSA. After ~3 min of immersion, a near monolayer
bonds between the surface aldehyde and the primary amirfd BSA was observed exclusively on the aldehyde-termi-
groups in the amino acids such as lysine in IgG. Because theated negative pattern, as shown in Figi.3The adsorption
IEP of IgG molecules ranges from pH 5-8, adsorption wa®f BSA onto the methyl-terminated matrix is negligible
observed on both the aldehyde and methyl-terminated areagder these experimental conditions. The BSA molecules
at a solution pH of 6.5, within 5 min of soaking in protein may adsorb individually or as aggregates. The heights mea-
solution. The adsorption of IgG on aldehyde-terminatedsured for individual BSA as shown by the cursor plots in
areas results from the formation of imine bonds between th&ig. 31 are consistent with the known dimensions of BSA,
terminal aldehyde and the primary amino acid groups suclapproximately spherical in shape with a diameter of 3.5 nm
as lysine at the surface of IgG. The adsorption of IgG on thgRosenoer et al., 1977).

For applications that require long-term stability, immobili-
zation through specific interactions or covalent binding is

Biophysical Journal 80(4) 1891-1899
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FIGURE 3 Production of nanopatterns of IgG, LYZ, and BSA via covalent bindiggA (150 X 150 nn? topographic image with a 48 40 nnt pattern
of 3-mercapto-1-propanal in a decanethiol SAM matrB) The same pattern after IgG adsorptio@) The combined cursor profile of imagésandB;
(D) A 600 X 600 nnt topographic image of a hexanethiol SAM matrix, with a 38@00 nnt nanografted pattern of 11-mercapto-1-undecai@lThe
same area imaged after LYZ adsorptioR) The combined cursor profile of imag&andE; (G) A 600 x 600 nn? topographic image of a hexanethiol
SAM, with a 200X 250 nnf nanopattern of 3-mercapto-1-propandd) (The same area imaged after immobilization of BSK;The combined cursor
profile of G andH.

Reactivity and stability of the more strongly bound proteins, such as with covalent immo-
nanopatterns of proteins bilization, the probability of denaturation may increase.

We have shown, in our previous studies using in situ and We tested the reactivity of protein nanopatterns produced

real-time AFM imaging, that tobacco mosaic virus capsidv'a covalent immobilization. Fig. A shows an example in

proteins, tobacco etch virus capsid proteins, and BSA caWhiCh .the bio'a'ctivity of immobilizeq rabbi.t I9G Was.tested
bind antibodies specifically after immobilization on carbox- 2Y their reactivity toward mouse anti-rabbit IgG. In Figh4

ylic acid terminated SAMs (Browning-Kelly et al., 1997). several al'dehyde-terminated nanopatterns, al-a5, were first
This observation is consistent with the results from othe@rafted with sizes 44 180 nn¥, 200 X 180 nnf, 300 %
research labs using fluorescence microscopy (Lestelius &80 nif, 250 250 nnf, and 300x 300 nnf, respectively.

al., 1997; Jones et al., 1998; Lahiri et al., 1999). The bindingrhe matrix is a dodecanethiol SAM. The depth of these
of specific IgG with electrostatically immobilized antigens hegative patterns is 0.8 0.2 nm, in good agreement with

on SAMs functionalized with—O(CO)CR, —OSQ;H, and  the theoretical height difference between the two SAMs.
—COOH has been demonstrated using ellipsometry, fluoThe pattern in the lower right corner, a6, contains mixed
rescent confocal scanning laser microscopy, and AFMlodecanethiol and mercaptopropanal SAM, resulting from
(Lestelius et al., 1997; Jones et al., 1998). However, foincomplete removal of matrix SAM during nanografting.

Biophysical Journal 80(4) 1891-1899
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FIGURE 4 Recognition (binding) of specific mouse-anti-rabbit IgG onto nanopatterns of rabbitAy@Gagopatterns of 3-mercapto-1-propanal with
sizes 500X 200 nnt, 200 X 200 nnt, 300 X 180 nnt, 300 X 300 nnt, and 350X 350 nnt, al-a5, were produced within a 15601500 nn? area of
1-dodecanethiol SAM. An incomplete pattern formed by using a smaller fabrication force is shown in the bottom right corBeif lesséme area after

the patterns were immersed in a 0.01 mg/ml solution of rabbit IgG for 3 min followed by washing with 1% Tween 20 sal)tAfter(introducing mouse
anti-rabbit IgG, the patterns display an increase in height, indicating the specific binding of antibody to the immobilized rekgiCqrresponding
cursor profiles drawn in the same position for image<. The feature (colored gray) beside pattern a2 is used as a reference to illustrate the height
increases after rabbit IgG adsorption and after binding of mouse anti-rabbit 1gG.

About 40% of pattern a6 consists of mercaptopropanatonfigurations after reacting with aldehyde. Resolving in-
SAM. Within 5 min of injecting a 0.01 mg/ml solution of dividual IgGs was not possible for such a large scan area
rabbit IgG (PBS buffer), adsorption was observed on all sixX1600x 1600 nn?). After immersion in a solution of mouse
of the aldehyde-terminated patterns and the matrix area. Thenti-rabbit 19G, the height of all patterns increased by
IgG molecules on methyl-terminated matrix were removed~4.2-9.2 nm, indicating the attachment of secondary anti-
easily by rinsing with a surfactant solution (1% Tween 20),body. Such a wide height range is expected because the
resulting in highly stable immobilization as shown in Fig. 4 rabbit IgG molecules within the nanopatterns have various
B. Rabbit IgGs in solution were completely removed beforeorientations on surfaces. The end of thdriagment of each
injecting mouse anti-rabbit IgG. Fig.@ shows the images rabbit IgG serves as the binding site for the mouse anti-
5 min after immersion in the secondary IgG solution. rabbit 1I9G. The ends of the Ffragment of the Y-shaped
By comparing the height of nanopatterns before and aftemouse anti-rabbit 1IgG binds specifically to the rabbit IgG.
secondary 1gG injection, we conclude that antibody-antigerVarious orientations of the rabbit IgG lead to different
binding did occur. The height of the nanopatterns may beconfigurations of the antibody-antigen binding complexes,
more quantitatively illustrated from the cursor profiles in which result in height increases ranging from 4.2 to 9.2 nm
Fig. 4, D—F. A sharp feature near a2, 3:6 0.3 nm taller for the nanopatterns. Several possible orientations of bind-
(gray area in Fig. ) than the surrounding matrix, is used ing are shown in Fig. 5. We emphasize that the binding is
as a height reference. In Fig.B pattern a2 grew taller by biospecific because little adsorption was observed when
4.2 = 0.2 nm upon the adsorption of rabbit IgG. This heightnonspecific antibodies wenesed. A more definitive con-
increase is consistent with the expectation that each antelusion requires the design and completion of an activity
body has 57 lysine residues containing amines (the aminassay using nanopatterns of proteins.
acid sequence of IgG was obtained from the Internet protein In biosensors and bioanalytical devices, immobilized pro-
data bank at Brookhaven National Laboratories, PDB IDteins are often subject to subsequent washing with water,
code 1IGT). Thus immobilized IgG may adopt various buffer, and surfactant solutions (Feng et al., 1996; You and
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anti-rabbit IgG \

FIGURE 5 Three possible orienta-
tions for rabbit 1IgG within nanopat-
terns and their recognition by the sec-
ondary IgG. The heights with respect |
to the Au (111) surface are indicated ) | . -~ B ) < AAfRfRRRRRE T
to facilitate understanding the ob- 41U rtatatalllatatatellattatalatatalelelatatils f
served height increases for the exper-
iment shown in Fig. 4.

@ -CHO termini D -CH, termini y | -rabbit 1gG )k -anti-rabbit 1gG

Lowe, 1996). The stability of immobilized proteins toward physiological conditions. The methodology developed here
various chemical treatments was investigated by washing generic. Although not yet practical for high-throughput
the protein patterns and imaging under the chosen solutiorepplications and manufacturing, this approach provides a
for a long time. Three solutions were used for these testainique opportunity for exploration of chemical and bio-
deionized water, buffer solutions, and 1% Tween 20, achemical reactions, such as cell-extracellular matrix protein
non-ionic surfactant. For the protein patterns tested, all camteractions, under spatially well-defined and controlled
sustain washing by pure water and buffer solutions. Undeenvironments.

1% Tween 20 solution, the physically immobilized proteins

desorb, whereas the BSA, LYZ, and IgG molecules immo-

bilized on aldehyde-terminated SAM patterns do not detache appreciate many helpful _discussions with Sylyain _Cruchon—Dupeyrat,
Joey Oravec, and Dr. V. Hari at Wayne State University.

This washing procedure eliminates any loosely bound bI:I'his research was supported by the Whitaker Foundation (Biomedical
omolecules on SAMSs.
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The binding strength of proteins within nanopatterns mays70720).

be estimated semi-quantitatively, by continuous AFM im-

aging while increasing the imaging force. The immobilized
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