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This paper summarizes our recent work on the coupling of surface enzyme chemistry and bioaffinity interactions
on biopolymer microarrays for the creation of multiplexed biosensors with enhanced selectivity and sensitivity. The
surface sensitive techniques of surface plasmon resonance imaging (SPRI) and surface plasmon fluorescence spectroscopy
(SPFES) are used to detect the surface enzymatic transformations in real time. Three specific examples of novel coupled
surface bioaffinity/surface enzymatic processes are demonstrated: (i) a surface enzymatic amplification method utilizing
the enzyme ribonuclease H (RNase H) in conjunction with RNA microarrays that permits the ultrasensitive direct
detection of genomic DNA at a concentration of 1 fM without labeling or PCR amplification, (ii) the use of-RNA
DNA ligation chemistry to create renewable RNA microarrays from single stranded DNA microarrays, and (iii) the
application of T7 RNA polymerase for the on-chip replication of RNA from double stranded DNA microarray elements.

In addition, a simple yet powerful theoretical framework that includes the contributions of both enzyme adsorption
and surface enzyme kinetics is used to quantitate surface enzyme reactivity. This model is successfully applied to SPRI
and SPFS measurements of surface hydrolysis reactions of RNase H and Exonuclease Il (Exo Ill) on oligonucleotide
microarrays.

[. Introduction of bioaffinity interactions that our research group has performed

The use of biopolymers attached to surfaces in a microarray OVer the past eight yeaf$o1°
format for the rapid, multiplexed identification and analysis of  Although the multiplexed microarray analysis of bioaffinity
bioaffinity interactions has become an indispensable tool for interactions is a valuable research tool, even more specificity
modern biology, biochemistry, and biotechnology. Surface andsensitivity can be obtained by coupling the bioaffinity process
plasmon resonance imaging (SPRI) has recently emerged as af© an enzymatic transformation. This coupling is often employed
extremely versatile method for detecting the adsorption of in solution phase biotechnological processes; for example, the
biomolecules onto biopolymer (e.g., DNA, RNA, peptide, protein, coupling of DNA hybridization with the polymerase chain reaction
carbohydrate) microarrays. A schematic diagram of an SPRI (PCR) leads to the process of PCR amplification in genomic
apparatus is shown in Figure 1. In an SPRI experiment, the DNA SampleS]27’18H0WeVer, the direCtincorporation of solution
change in reflectivity from a gold thin film due to changes in enzymatic methods such as PCR into a parallel microarray format
the local refractive index near the surface is used to monitor the I often not viable because any intermediate solution species will
adsorption of a target bioaffinity partner from solution. The diffuse onto neighboring array elements. Instead of using solution
resultant SPRI difference image can be quantitatively analyzed €nzyme chemistry, itis better to utilize a surface enzyme reaction
to determine the amount of adsorption without the need for ON biomolecules attached to the microarray surface. The use of
attaching a fluorophore, nanoparticle, or other species to the Surface enzyme chemistry ensures that the parallel nature of the
target molecule. This means that SPRI can be used to detect thénultiplexed microarray assay remains intact.
adsorption of a wide variety of biomolecules including DNA, ~ Many new microarray methods for biosensing thatincorporate
RNA, proteins, lectins, and antibodi&sié Figure 1b shows a  both bioaffinity interactions and surface enzymatic transforma-
set of representative SPRI difference images from various studiegtions are beginning to appear in the literature. For instance, various
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Figure 2. Reaction scheme outlining RNase H amplified detection
oftarget DNA using an RNA microarray. Reprinted with permission
Protein/ fromJ. Am. Chem. So2004 126, 4086-4087. Copyright American

Carbohydrate Protein/Peptide  Protein/Protein Chemical Society.
to the surface, and RNase H will again hydrolyze the RNA in

| . the surface heteroduplex. This cycle of binding followed by

Figure 1. (a) Schematic overview of SPRI apparatus. P and F hydrolysis will continue until eventually all of the RNA probe
correspond to a polarizer and an Sﬁp nm narrhqw Iclqarr:d-pass filter, molecules are removed from the surface (step 3). Note that this
respectively. The output from a coliimated white light source is surface RNase H amplification process differs from traditional

passed through P, generating p-polarized light, which impinges onto . ) L
a high index prism/sample assembly at an optimal incident angle. ELISA-style sandwich enzymatic amplification meth&dse-

The sample is a chemically modified thin gold film that is patterned cause (i) the enzyme substrate is not in solution but instead is
with biomolecules prior to sample assembly. Next, the reflected attached to the surface, (ii) the surface enzyme reaction releases
light is passed through F and focused onto a CCD camera. (b) Fromthe enzyme back into solution, and (iii) the RNase H amplification

left to right, representative SPR difference images obtained for process requires the repeated binding of the target molecule to
sequence specific 16mer ssDNA hybridization adsorption onto an the surface

ssDNA microarray, 18mer ssRNA hybridization adsorption onto an This article d ibes th t . tal and th tical
ssDNA microarray, response regulator protein binding onto a dsDNA IS article describes the recent experimental and theoretica

microarray, lectin binding onto a carbohydrate line array, antibody advances we have made in the coupling of surface bioaffinity
binding onto a peptide microarray, and protein interactions with a processes to surface enzymatic reactions such as RNase H
his-tagged protein microarray. hydrolysis for enhanced biosensing applications. In section Il,

a simple theoretical framework is presented to quantitate the
methods for single nucleotide polymorphism (SNP) genotyping reaction of an enzyme in solution with a surface immobilized
using surface polymerase extension reactions or surface ligationsubstrate. This basic coupled reaction scheme forms the founda-
have been demonstrat&€t?> We have recently developed a tion for all of our surface enzymatic amplification and trans-
novel surface-based bioaffinity/enzymatic process that employsformation processes. In section llI, this model is then used to
RNA microarrays and RNase H to lower the detection limit for characterize the surface enzyme chemistry of RNase H and
SPRI measurements of single stranded DNA (ssDNA) to a Exo lll; a combination of SPRI and surface plasmon fluor-
concentration of one femtomol&t2” Figure 2 shows how this  escence spectroscopy (SPFS)is employed to obtain a set of surface
enzymatic amplification methodology works. An RNAmicroarray enzyme kinetic parameters. Finally, in section IV, specific
is exposed to a solution containing both a small amount of sSDNA examples demonstrating several different coupled surface bio-
and the enzyme RNase H. The target ssDNA first binds to a affinity/surface enzymatic transformations on DNA and RNA
complementary RNA molecule to form an RNANA hetero- microarrays are presented. These new surface processes include:
duplex on the surface (step 1). RNase H recognizes this surfaceg(i) the RNase H amplification methodology described above for
the ultrasensitive detection of genomic DNA, (ii) the application
(19) Hashimoto, M.; Hupert, M. L.; Murphy, M. C.: Soper, S. A.: Cheng, Of surface ligation chemistry for the fabrication of RNA

heteroduplex and then selectively hydrolyzes the RNA, releasing
both the target ssDNA and the enzyme into solution (step 2). The
released ssDNA is free to hybridize with another RNA attached

Y"}’E’S)iaJﬁ‘iﬂy’;ﬁ?ﬁt?hﬁmiﬁcﬁfagénszﬁ-}ffffe‘ber Bucl. Acids Res microarrays from a DNA microarray template, and (iii) a new
2005 33, €48, B U 9. ek ' method using RNA polymerase for the replication of multiple

(21) Deng, J.; Zhang, X.; Manga, Y.; Zhang, Z.; Zhou, Y.; Liu, Q.; Lu, H.;  single stranded RNA (ssRNA) molecules from double stranded
Fu, Z.Biosens. BioelectrorR004 19, 1277-1283. DNA (dSDNA) microarray elements.

(22) Giusto, D. D.; King, G. CNucl. Acids Res2003 31, e7.
(23) Zhong, X.; Reynolds, R.; Kidd, J. R.; Kidd, K. K.; Jenison, R.; Marlar,

R. A.; Ward, D. C.Proc. Natl. Acad. Sci. U.S.£2003 100, 11559-11564. [I. Theory of Coupled Langmuir Adsorption and
(24) Broude, N. E.; Woodward, K.; Cavallo, R.; Cantor, C. R.; Englert, D. Surface Enzyme Kinetics
Nucl. Acids Res2001, 29, e92.
(25) Gerry, N. P.; Witowski, N. E.; Day, J.; Hammer, R. P.; Barany, G.; In this section, we quantitatively describe the reaction of an

Barany, F.J. Mol. Biol. 1999 292 251-262.

(26) Goodrich, T. T.; Lee, H. J.; Corn, R. M. Am. Chem. So2004 126,
4086-4087.

(27) Goodrich, T. T.; Lee, H. J.; Corn, R. Mnal. Chem2004 76, 6173— (28) Crowther, J. RELISA: Theory and Practicdst ed.; Humana Press Inc.:
6178. Totowa, NJ, 1995; Vol. 42.

enzyme in solution with a surface immobilized substrate. We
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1.0F where the Langmuir adsorption coefficiéysis defined a¥ags
= ky/kg. A typical Langmuir analysis for L6mer DNA hybridization
adsorption is shown in Figure 3 withkagsof about 2.0x 107
0.8~ M~11629 At a bulk concentration equal to Kig4s half of the
surface sites are occupied (i.8eq = 0.5). For 16mer ssSDNA
0.6 - hybridization adsorption, this concentration value is 50 nM.

T Equation 3 can also be integrated depending upon the initial
@ Kads conditions to determine the time dependence of the fractional
0.4 + > surface coveragé(t). For the case of adsorption from a solution
of concentration T] onto an unoccupied surface, the time
== | dependent fractional surface coverage is given by eq 5

0.2 P

O(t) = 01 — e (T 5
0.0 I 1 1 1 0 () eq( ) ( )
0.0 0.2 0.4 0.6 0.8 1.0

where f¢q is the equilibrium value fol® at a particular bulk

DNA concentration (uM) concentration, as given using eq 4. For the case vihenfeq
Figure 3. Representative plot of relative surface coveragjeas att = 0, the desorption rate can be described by eq 6
a function of target DNA concentration. The solid line represents
a Langmuir isotherm fit to the data, from which a valuekqfis= o(t) = eeqe_kdt (6)

2.0 x 10/ M~ was determined. Inset is a schematic representing
target ssDNA (T) hybridization adsorption onto ssDNA microarray

elements (P). Equations 5 and 6 have been used frequently to analyze the

adsorption of biomolecules onto surfaces, especially with®3PR
find that the surface coverage of the enzymsabstrate inter- and SPRFFor the case of 16mer ssDNA hybridization adsorption,
mediate is governed by an interesting combination of Langmuir typical values are &, of ~1.5 x 10* M~*-s™! and akq of ~6
adsorption kinetics and MichaefidMenten concepts. Before ~ x 10~* s7! (data not shown).

introduction of the coupled equations, however, we firstreview ~ An important question to ask is, “What is the lowest
how classical Langmuir kinetics affects surface bioaffinity concentration one can measure with a surface-based biosensor?”

measurements. The answer to this question depends on the value of the Langmuir
A. Langmuir Adsorption and Desorption Kinetics. The adsorption coefficient, which determines the equilibrium frac-
vast majority of surface bioaffinity measurements utilize the tional surface coverag@.q For example, inthe case of detecting
specific adsorption of target biomolecules (T) from solution onto  16mer ssDNA molecules by hybridization adsorption onto a DNA
a surface that has been chemically modified with probe microarray,feqis equal to 2x 1078 for a target concentration
biomolecules (P). If the target and probe interact in a simple 1:1 of one femtomolar. This means that the biosensing technique

ratio, then in the absence of bulk transport the surface reactionmust be able to see two molecules per 100 million adsorption
can be represented in the form sites in order to detect hybridization adsorptionnfra 1 fM

solution. For a typical probe surface coverage o510
moleculescm™?, this corresponds to a surface coverage of roughly
10° moleculescm™2, or just 3 molecules in a 50 micron array
element! Normal SPRI has a sufficient sensitivity to detect
where TP is the surface bound target-probe complex (see alsdhybridization adsorption from 1 nM target solutioh;29.31.32
Figure 3 inset). An example of such a reaction would be the nanoparticle enhanced SPRI can detect hybridization adsorption
adsorption of an ssDNA 16mer target molecule onto a surfacefrom 1 pM target solution®® For comparison, a typical
bound ssDNA 16mer probe molecule to form a surface bound fluorescence-based assay is limited by background to a detection
dsDNA duplex (we define this process as “hybridization limitof 1 pMfor DNA hybridization adsorptiod-3+33n addition,
adsorption”). Both P and TP are surface species, and in theat a target concentration of 1 pM, the surface signal is limited

T+P%TP 1)

Langmuir approximation, their surface concentratidinsand by both adsorption kinetics (eq 5) and diffusion to the surface.
T'tp, are linked to the total concentration of surface sifag)( B. Coupled Langmuir Adsorption and Surface Enzyme
by eq 2 Kinetics. To solve some of the problems associated with the
direct detection of surface bioaffinity events at very low target
I'o+Tp=T 2 concentrations, we have implemented enzymatic surface am-
plification schemes such as the RNase H system described
If we define 6 as the fraction of occupied surface sités= previously inthe Introduction. This surface amplification scheme
I'tp/Tot, then surface adsorption and desorption kinetics can be differs from previous surface enzymatic amplification method-
described by eq 3 ologies in that the substrate of the enzyme is bound to the surface.

do (29) Wark, A. W.; Lee, H. J.; Corn, R. MAnal. Chem2005 77, 3904-3907.

—=ka2—-0)[T] — ko (©) (30) O’Shannessy, D. J.; Brigham-Burke, M.; Soneson, K. K.; Hensley, P.;

dt Brooks, I.Anal. Biochem1993 212 457—-468.

(31) Livache, T.; Maillart, E.; Lassalle, N.; Mailley, P.; Corso, B.; Guedon,
At equilibrium, the fractional surface coverage reaches a steadyP- Roget, A.; Levy, Y.J. Pharm. Biomed. AnaR003 32, 687-696.
o K . . (32) Guedon, P.; Livache, T.; Martin, F.; Lesbre, F.; Roget, A.; Bidan, G.;
state (@/dt = 0), and this equilibrium surface coveragg, is Levy, Y. Anal. Chem200Q 72, 6003-6009.
given by the Langmuir adsorption isotherm (33) He, L.; Musick, M. D.; Nicewarner, S. R.; Salinas, F. G.; Benkovic, S.
J.; Natan, M. J.; Keating, C. Dl. Am. Chem. So200Q 122, 9071-9077.
(34) Lehr, H.-P.; Reimann, M.; Brandenburg, A.; Sulz, G.; Klapproth, H.
KadJT] Anal. Chem2003 75, 2414-2420.

=T v (4) (35) Zammatteo, N.; Jeanmart, L.; Hamels, S.; Courtois, S.; Louette, P.; Hevesi,

0. =
eq 4 ]
1 Kadi L.; Remacle, JAnal. Biochem200Q 280, 143-150.
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where the fractional surface coverages for the three surface species
S, ES, and S* are denoted @s= I'y/I'iot Wwherex = S, ES, or

§ E (x=0) ES S*, [E]is the bulk enzyme concentration, ghis a dimensionless
diffusion parametéf-37 defined by eq 13

_ KLt _ kL0
= c =5

L
By solving egs 11 and 12 using simple Euler integration methods
with the initial conditionsfs = 1 andfgs = 0s- = 0 at timet

yATH : pAT = 0, the time-dependent surface coveradegt), 0s(t), and

ES g E (x=0) Os+(t) can be individually profiled over the course of the enzymatic

Figure 4. Reaction scheme showing the surface enzymatic reaction.
processing of a biopolymer microarray involving (1) mass transport, Figure 5 shqws a?] examplg ofg Kinetic E'.mUI.Ttlon for aSLIJrface
(2) enzyme adsorption onto a surface bound substrate, and (3) &8Nzyme reaction wheia:andke[E] are arbitrarily set equal to
surface enzyme hydrolysis reaction. Reprinted with permission from 0.1 s'%, kq is fixed at 0.01 s, with # = 0 in Figure 5a ang
Anal. Chem2005 77, 6528-6534. Copyright American Chemical = 10in Figure 5b. As seen in this figurés drops monotonically
Society. to zero, whereafs- increases to one as the reaction progresses
o - ~_ with the time-dependent changes in surface coverage of each
amplification scheme; if the surface reaction rate is too slow as profile of ge4(t) changes significantly during the reaction, initially
will not occur. o ~ zero. Consequently, a steady-state approximation for the surface
For this reason, we have recently developed a kinetic anaIyS|senzyme concentration @gg/dt = 0) is NOT valid in this case
of these surface enzyme reaction rates and have made SRRI angdnd can only be applied when the surface reaction is very slow
SPFS measurements to determine the surface catalysis rat@y .. < k{E]). The equations associated with this limiting case
constants. We have chosen the simplest possible model for thescenario have been derived and discussed elsevthere.
surface enzyme reaction, Whlgh is Qeflned using the three Although 6gs is not constant during the surface enzyme
processes shown in Figure 4. This reaction scheme can be writteteaction, we found previously that, in all cases, the fractional
as eqgs 79 surface coverage of ES on the unreacted surface sites does reach
a steady-state vali#€This fractional surface coverage is defined
@) asles and is given by eq 14

1) Mass Transport noninteracting 1:1 substratenzyme surface complexes, and
there is no adsorption of the enzyme E onto inactive surface
sites.

‘ K ‘ The kinetics for this reaction scheme are governed by eqgs
10-12
E (x=) E (x=0) Og+ O+ 0. =1 (20)
2) Enzyme Adsorption Kinetics dOes  KJEI(1 — Opgs— Os.) — (kg + Kea)Os (11)
dt 14+ 51— Ogs— O<4)
k,
dos.
+ al — = Kufes (12)
kq
Au ]

Au

3) Surface Enzyme Hydrolysis Kinetics

B (13)

ke
E=) 7 Ex=0)

GES — HES
Ogs+ 05 1-— 0

dgs= (14)

ks
S+ Eyg - ES 8)

K, The dependence of the steady-state valug 86N k[E], ky, and
ES—> S* + Eeo) 9) keat can also be expressed analytically using the following
quadratic equation:

where B—w) and B are the bulk and surface enzyme KBl (K[E] + kgt ko)
concentrations respectively, S is the RNA-DNA surface bound Ags= — k.7 + k. (15)
substrate (the RNA-DNA heteroduplex), ES is the surface al’Es at

enzyme-substrate complex (the RNase H-heteroduplex com- Figure 6 plots the variation ifes obtained using eq 15 as a

plex), S* is the surface product (SSDNA), akgk is the sur-  fnction of logkearkdE]) with the same fixed values &E[E] =
face reaction rate for the enzyme complex. For the case of 1 51 andky = 0.01 . Note that wherkea < kJE], Les
SPRI in microfluidic channels, the diffusion is governed by a
steady-state mass transport coefficién) ¢hat can also be writ- (36) Bourdillon, C.; Demaille, C.; Moiroux, J.; Saveant)JAm. Chem. Soc.
ten asD/o whereD is the diffusion coefficient for the enzyme 1999 121, 2401-2408. ,

and ¢ is the steady-state diffusion layer thickné& This gg fggu,ikJPWg",'Q“’A“\,@ : gﬁ’;g'r,f,;%“?méagﬁg R Rzﬂshgmuir

simplified scheme also assumes that there are only simple,2005 21, 4050-4057.
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) (a) Exo Il (O) hydrolysis of a surface bound dsDNA microarray
Time (s) (D1-D1c) at 20°C and (b) RNase HO) hydrolysis of a surface

Figure 5. Kinetic simulations of the surface enzyme reaction defined immobilized DNA-RNA heteroduplex (D1-R1) at 2&. The solid

using eqgs 16-12 for (a)3 = 0 and (b)3 = 10. All other parameters lines represent model fits obtained using eqs 1. For RNase H,

used in both (a) and (b) are identical with valuekgE] = kea = ka=3.4x 1P M 1s L [E]=1nM, kg = 0.1 S, kear = 1.0 S,
0.1 standks= 0.01 s1. The steady-state value fdgsin both (a) and 8 = 180 were obtained, while for Exo llk, = 2.2 x 10°
and (b) is 0.728. M~1s71 [E] = 320 nM, kg = 0.056 S, ket = 0.009 st andp =

0. The figure insets in (a) and (b) show schematic representations
ofthe Exo Illand RNase H reactions, respectively. Figure 7areprinted
with permission fronLangmuir2005 21, 4050-4057. Copyright
American Chemical Society.

lll. Quantitative Analysis of Surface Exo Il and
RNase H Reactions

The kinetic model described above has been applied to the
guantitative analysis of the catalytic behavior of RNase H and
Exo Il on surface-immobilized double-stranded oligonucleotide
substrates. Figure 7a shows a real-time SPRI kinetic curve
acquired for the Exo lll hydrolysis of dSSDNA microarray elements
at a temperature of 20C. In this figure, the value oA%R
initially rises rapidly before gradually decaying to a negative
steady-state value. This biphasic signal occurs because all surface

-3 -2 -1 0 1 2 3 4 adsorption and desorption binding events contribute to the
log (kg / KAE]) measured SPRIresponse; in this case, changes in the SPRI signal
Figure 6. Plot of the steady-state value &éfs obtained using eq arise from an increase due to enzyme adso_rpﬂ@d’()), and a
15 as a function of log¢./k,[E]) with the values okJE] = 0.1 s decrease due to both heteroduplex hydroly#is({)) and release
andky = 0.01 s'1. Whenk.y = kJE] the value ofigsis 0.728. The of enzyme back into solution. The observation of a biphasic
Aesvalues of 0.901 and 0.909 are obtained wkgris respectively signal suggests that the rate of Exo Il adsorptikyfiF]) must
10 tim_es and 100 times smaller thbdflE] Note that the val_ue of be equa] to or greater than the rate of dup]ex C|ea\/k® (
0.909 is the same i34 calculated using eq 4. Whegyis 10 times  ying the initial reaction stages. Table 1 summarizes the values
Snodgéogngrgegl%reater thagE], the respective values dks are of ks, K4, and keqr Obtained using our kinetic model to
' R simultaneously fit a series of kinetic curves acquired over arange
of Exo Il concentrations. The data in Figure 7ais for an enzyme
approaches the Langmuir equilibrium surface coverage of 0.909 concentration of 320 nM; indeed, at this concentration, we find
obtained using eq 4. Also, whég,: is equal tok[E], a steady- thatkj[E] is about eight times greater th&g,. Furthermore, the
state value ofies = 0.728 is obtained. This value is the same values off.qandAes obtained using egs 4 and 15 are similar in
as that observed previously in Figure 5 for bgtl- 0 andg = size (0.56 and 0.54, respectively).
0. Finally, if keatis much larger thak [E], thenigs approaches Compared with the Exo Il reaction, the shape of the real-time
zero and the enzyme reaction velocity is solely limited by the SPRI curve for the RNase H hydrolysis of RNA-DNA hetero-
enzyme adsorption kinetics. duplex array elements in Figure 7b is qualitatively very different.




5246 Langmuir, Vol. 22, No. 12, 2006 Lee et al.

Table 1. Summary of Kinetic Model Parameter Values
Obtained Using egs 16-12 and 15 to Fit SPRI and SPFS Data
Sets for the Surface Hydrolysis Reactions of Exo IR and
RNase H*

kinetic parameters ~ Exo Il RNase H RNase H HeNe Laser 2 Polarizer
i Plate
(units) (SPRI) (SPRI) (SPFS) (632.8 nm)

ka (M~Ls71) 2.2x 1P 3.4x 100 29x 10° _ % M E

APD

ka (%) 0.056 0.1 0.1

Keat (57 0.009 1.0 0.9

AEs 0.54 31x10°%  2.9x10° .

Oeq 0.56 0.033 0.028 Chopper
0 180 650

Filter
At no point during the RNase Hreaction is a netincrease in SPRI
PMT Q

signal observed. This suggests thig(t) has a negligible
contribution to the measured SPRI response. The valukg of
kg, and kes Obtained from a kinetic analysis of the RNase H
reaction are summarized in Table 1. The measkggdalue of
1.0 s'tis significantly larger thark., for the Exo Il reaction, Figure 8. Schematic illustration of setup used in SPFSPR
and at an RNase H concentration of 1 nM (corresponding to the Mmeasurements. The collimated beam from a HeNe laser source (

- - : o10-3 = 632.8 nm) is passed throughl&® wave plate and a polarizer to
data in F|gur2 7D)cal KlE] is "%‘b°”‘ SQO with bOtI?'E.S.( _10‘ ) attenuate the laser power to approximatedy2. The incident beam
andfeq(~10"%) very small. This explains why an initialincrease g modulated using a mechanical chopper with the reflected beam

in SPRI signal is observed for Exo Il but not for RNase H; once from the rotation stage mounted flow cell/gold film/prism assembly
adsorbed, RNase H reacts very quickly and is immediately monitored using an avalanche photodiode detector (APD). The
released from the surface. collected fluorescence emission from surface bound labeled molecules
. L . is focused onto a photomultiplier tube (PMT) via an interference
When using our kinetic model to analyze the real-time SPRI fjter The signal output of both the PMT and APD is monitored with
response, it is necessary to make an assumption on the relativey lock-in amplifier. All SPFS measurements are obtained with the
contributions of enzyme adsorption and duplex hydrolysis to the sample assembly positioned at a fixed optimal incident angle.
measured SPRI signal. To remove this ambiguity, it is important Reprinted with permission frosnal. Chem2003 77, 6528-6534.
to obtain an independent set of in-situ surface coverage COPYNight American Chemical Society.
measurements. This can be achieved by fluorescently labeling 10 | T | =
one of the reaction species and applying the technique of SPFS
to monitor the enzyme reaction. The combined use of SPR and
SPFS measurements has previously been demonstrated by Knoll

Lock-in Amplifiers

w

et al. to investigate a variety of surface biochemical interac- _E
tions39-42 and Kim et al. were able to characterize protease o 06f 7

.. (]

activity on a labeled monolayer of BSK. N
To obtain a complete characterization of the RNase H surface g 0.4 .

reaction, time-resolved SPFS measurements were used to monitor &
the removal of surface bound fluorescently labeled RNA z 0.2+ -

molecules by RNase H hydrolysi$A schematic diagram of the
SPFS apparatus is shown in Figure 8. The SPFS signal is a direct 0.0k vy ]
measure ob)g(t), and can be analyzed using eqs-1@ in an 0 500 1000 1500 2000
approach similar to SPRI data analysis. The solid lines in Figure
9 represent the best fit to four SPFS curves obtained at various
enzyme concentrations. Thg kg, andkevalues that generated ~ Figure 9. Real time SPFS curves obtained for the surface RNase

the best fit are listed in Table 1 and are almost identical to the I hydrolysis of fluorescently labeled RNA-DNA (AFR1-D1)
lues obtained from the SPRI data, implying that fluorescence heteroduplexes at various RNase H concentrations (0.3mM(0
va » Implying nM (M), 2.0 nM (v) and 4.0 nM #®)). The solid lines represent the

labeling of RNA does not significantly affekd.. Only the value  simulated kinetic curves fitted using eqs4T2 with the parameters
of S was significantly different witf = 650 for SPFS, compared  k,= 2.9 x 10° M~1-s71, kg = 0.10 1, key= 0.9 st andp = 650.

to a value of 180 for SPRI. This is due to differences in the All SPFS signals were normalized between zero and one with the
microfluidic designs used for continuous sample delivery in the value of one corresponding to a full monolayer of AFR1-D1

heteroduplexes. Inset shows a schematic of RNase H hydrolysis of
SPFS and SPRI measurements. In contrast, for Exo Ill no the surface-bound heteroduplex. Reprinted with permission from

significant contribution for diffusionf{ = 0) to the measured  Anal. Chem2005 77, 6528-6534. Copyright American Chemical
SPRI response was observed due to the much lower rates ofSociety.

enzyme adsorption and catalysis.

Time (s)

IV. Examples of Coupling Bioaffinity Interactions to
Surface Enzymatic Transformations

(39) Stengel, G.; Knoll, WNucl. Acids Res2005 33, e69.

(40) Tawa, K.; Knoll, W.Nucl. Acids Res2004 32, 2372-2377. A.RNase H Amplified Detection of DNA.As a first example
Nuglu)Azigg‘RDé’sggézézKlgi% Scholz, J.; Nielsen, P. E.; Sinner, E.; Knoll, W. of how to use surface enzymatic transformations to enhance our
(42) Yu, F.; Yao, D. Knoll, W.Anal. Chem2003 75, 2610-2617. biosensing capabilities, we demonstrate the application of the

c (F;13E Kim,J-;gagg:&gsggfgi_ségignJf-:POU'OSG,A-J-:GaSt A.P.;Robertson, RNase H surface enzyme process for DNA sensing using the
' (44) Fang. S Lee. H. 3 Wark, A W.. Kim, H. M.: Corn, R. fnal. chem, amplified detection scheme described previously in Figure 2.

2005 77, 6528-6534. The sensitivity of RNase H amplified measurements was
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Figure 10. SPR difference images showing (a) sequence specific hybridization of a 100 nM solution of target DNA onto ssSRNA microarray
elements, and (b) RNase H hydrolysis of an ssRNA array exposed to a solution containing 100 pM complementary target DNA and 8 nM
RNase H for 30 min. (c) Comparison of line profiles in both images. The upper line profile shows an increase in percent reflectivity due
to hybridization adsorption of 100 nM target DNA, while the lower line profile shows a larger decrease in percent reflectivity using a much
lower concentration of target DNA (100 pM). The decrease-8f2 A%R corresponds to the complete removal of sSRNA probes due to
repeat cycles of hybridization adsorption of target DNA followed by RNase H hydrolysis.

T T T T T
20x10° | 5 1.0
IlI. M,
IR g
B 408 '
2 15k
i
o\; — 0.6
~ L | - L .|
g 101 < 1.0 15 20 25
hd - 0.4 Distance (mm)
c
£ ol ®
g 402 Y RO
I Y ' |
| |
\ \ |
Olp—o—06 0 d4 0.0 v |
-14 -12 -10 -8 -6 e

log (Concentration [M]) 00 05 10 15 20

Figure 11. Plot of initial RNase H reaction rates obtained from Distance (mm)
time dependent SPRI measurements at different target DNA
concentrations. This data was normalized and fitted to a Langmuir
isotherm (solid line) with &,4s0f 6.6 x 10" M~ calculated from

the fit. Reprinted with permission froAnal. Chem2004 76,6173~
6178. Copyright American Chemical Society.

Figure 12. (a) SPR difference image showing the RNase H amplified
detection of 1 fM 20mer target DNA using an RNA microarray. The
line profile taken across the difference image shows a decrease in
percentreflectivity ¢ 0.7 A%R) at the R2 probe elements only, with

no changes in SPR signal observed atthe R1 and R3 array elements.
] ) ) A schematic of the three-component RNA microarray is shown on
determined by performing a number of experiments to detect the right. (b) SPR difference image obtained for the detection of 7
ssDNA at various concentrations. Figure 10a shows an SPRIfM male genomic DNA using the RNase H amplification method.
difference image obtained upon the hybridization adsorption of The line profile displays a decrease in percent reflectivity for the
atarget 24mer ssDNA (100 nM) onto sSRNA microarray elements R1 and R2 array elements where hybridization adsorption followed

in a two-component array (the second type of array eIementwasby RNA probe hydrolysis occurred. The pattern of the three-

. . . component array is also shown with the RNA probes R1 and R2
a 20mer ssDNA negative control). A 1.7% increase in reflec- gesjgned to selectively bind to the TSPY gene on the Y chromosome

tivity from the RNA probe array elements was observed upon and R3 used as a negative control. Reprinted with permission from
hybridization adsorption (Figure 10c). If the same microarray J. Am. Chem. SoQ004 126, 4086-4087. Copyright American
was instead exposed to a solution containing 100 pM ssDNA Chemical Society.

and 16 nM of RNase H, a significant 8.4 A%R) loss in SPRI

signal was observed as shown in Figure 10, panels b and c. Notgpredicted by the Langmuir isotherm. A fit of the data (solid line)
that the change iIN%R is significantly amplified in the presence  using eq 4 yields an adsorption coefficieKh4g of 6.6 x 107

of RNase H, despite a 1000-fold reduction in ssDNA concentra- M~1. This number is in good agreement with previously reported
tion. The—3.4% signal loss corresponds to the removal of all literature values for oligonucleotide hybridization adsorpfiof?.
ssRNA from the surface. A similar final change &A%R is This data suggests that the initial reaction rate is related to the
observed at other ssDNA and RNase H concentrations; however fractional surface coverage of RNADNA heteroduplexes via
the reaction time scales increase as the target concentration ighe Langmuir isotherm and can be used as a measure of target
lowered. ssDNA concentration.

The dependence of the initial rate of SPRI signal loss on the  The sensitivity of RNase H amplified SPRI is sufficient to
ssDNA target concentration during RNase H amplified SPRI detect both short (:624mers) oligonucleotides at femtomolar
detection is shown in Figure 11. The shape of the concentrationconcentrations and also longer genomic DNA fragments without
dependence curve is similar to the plot of the fractional surface PCR amplification. Figure 12a shows an SPR difference image
coverage versus concentration for an adsorbing speéies, acquired aftea 2 hexposure of a microarray composed of three
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noninteracting RNA components (R1, R2, and R3) to RNase H
and 1 fM target 20mer DNA which is complementary to R2. A
decrease in percent reflectivity 6f0.7% was observed due to !
the removal of R2 probes from the surface. The R1 and R3 array
elements were unaffected by the enzyme. Two of the RNA probe
sequences in the array (R1 and R2) were specifically designed

to bind to the TSPY gene on the Y chromosoth&igure 12b 3'
shows the result of an experiment exposing the three component
RNA microarray to genomic DNA. The concentration of the

TSPY gene sequences in the commercially available male
genomic DNA was estimated to be 7 #fiWhen the array was RNase H + D¢
exposed to the genomic DNA for about 4 h, a significant decrease

in SPRI signal £0.7%) was observed for R1 and R2, whereas Figyre 13. Simplified schematic for the fabrication of a renewable
no SPRI signal loss was observed in either R3 or background. ssRNA microarray via RNA-DNA ligation chemistry and RNase H
As a control, enzymatically amplified SPRI experiments were hydrolysis. The ssRNA microarray was created by the selective
performed on female genomic DNA under the same conditions; ligation of R- onto the L) elements of a two-component DNA
no decrease in SPRI signal from any of the array elements wasmicroarray. Hybridization of complementary DNA ¢ponto the

: o ted ssRNA followed by the selective hydrolysis of RNA using
observed. These experiments demonstrate that RNase H amplifie ga -
. .. o . - N H h horyl DNA surface.
SPRI is sufficiently sensitive to directly detect specific DNA 5 ase H regenerates the origingbBosphorylated ss suriace

i ; St representative in-situ SPR difference image-{fa] obtained by

sequences from genomic samples without any PCR amplification, subtracting images acquired before hybridization/ligation and after

labeling, or other sample treatments. removal of DNA template (F) from the array surface. Reprinted
B. Creating RNA Microarrays using RNA-DNA Surface with permission fronfnal. Chem2005 77, 7832-7837. Copyright

Ligation Chemistry. A second example of coupling surface AMerican Chemical Society.

bioaffinity interactions and surface enzyme chemistry is the use

of ligation chemistry to create RNA microarrays from DNA

microarrays. The ability to fabricate stable and active ssRN

[b-a] 2.2%

(b)

in Figure 13 shows A%R increase of 2.2% following the ligation
A Of 24mer RNA. A surprising yet very useful feature of this
microarrays not only is essential for a successful RNase H approach is that the s.urface ligation process can b_e repeated to
amplified SPRI measurement but also will be useful for the study Créate a new RNA microarray from the same original sSSDNA
of RNA—RNA, RNA—DNA, RNA—protein, and other bioaf- ~ microarray. This is bec_ause RNase H specifically cleaves the
finity interactions. At present, the number of reports in the Phosphodiester bonds in the RNA component of a RNA-DNA
literature on the fabrication of sSRNA microarray&’4546is heteroduplex (formed by hybridization ot R) to produce 5
very small compared to the wealth of information available on Phosphate and Bydroxyl termini. The ligation-hydrolysis cycle
ssDNA microarray47-5° This is mostly due to the difficulty in ~ WaS repeated up to three times using the same ssDNA microarray
tethering RNA molecules to a surface without loss of function- Without any degradation in SPRI signal. The ligated RNA
ality. Previously, we chemically attached thiol-modified RNA ~Microarray was also successfully utilized in an RNase H amplified
to maleimide-terminated alkanethiol monolay&# and the SPRI experiment for the detection of 1 pM DNA with the initial
use of biotin-modified RNA has also been reportetiowever rate of change im\%R observed to be over twenty times faster
these procedures are more expensive and can lead to’ rNathan that observed using microarrays prepared with thiol-modified

degradation during both the modification and surface attachment RNA. This superior performance is attributed to an increase in
procedures. An alternative approach recently developed in our RNase H activity due to the anchor DNA sequence spacing R
group is to ligate unmodified RNA onto a DNA microarrgly.  further from the gold surface. _

This surface enzymatic process can be performed in situ _ C-Replication of ssRNAfrom DNA Template Microarrays.
immediately prior to microarray use thus reducing environmental 1h€ previous two examples utilized bioaffinity processes

risks, such as exposure to nucleases, which can lead to RNAINvolving ssRNA attached onto the microarray surface. In this
hydrolysis. final example, we are interested in generating multiplexed sam-

ples of ssRNA in solution for bioaffinity sensing. This array-
based ssRNA synthesis will be useful for the characterization of
RNA—protein, RNA-peptide, and RNAsmall molecule in-
teractions'®46:5253 On-chip replication of RNA has several
advantages: (i) it reduces the risk of RNA degradation by
eliminating any ex-situ handling, (ii) the synthesized RNA sample
is sufficiently concentrated so that weak binding interactions
can be detected, and (iii) if desired, on-chip collection can be
used to simplify the purification of the synthesized ssRNA
product.

The scheme in Figure 14 shows a method for the generation
of ssRNA from a dsDNA microarray element (P1) using T7
RNA polymerase. The ssRNA is subsequently detected via

A simple schematic for the fabrication of an sSRNA micro-
array using RNA-DNA ligation chemistry is shown in Fig-
ure 13. The enzyme T4 DNA ligase is used to form a
phosphodiester bond between the juxtaposeghdsphate of
the surface attached ssDNA f{pand the 3 hydroxyl group
of unmodified RNA (R) in the presence of a complementary
ssDNA template (B). On completion of the ligation reac-
tion, the array surface is thoroughly rinsedm&M urea in order
to denature and remove the DNA template and any T4 DNA
ligase, resulting in the creation of biologically active ssRNA
array elements (Figure 13b). The SPR difference image]b

(45) Collett, J. R.; Cho, E. J.; Lee, J. F.; Levy, M,; Hood, A. J.; Wan, C;

Ellington, A. D. Anal. Biochem2005 338 113—123. hybridization adsorption onto a second array element (P2). The
(46) McCauley, T. G.; Hamaguchi, N.; Stanton, Ahal. Biochem2003 319, ssRNA can also be used in other bioaffinity measurements with
244-250.

(47 Levicky, R.: Horgan, ATrends Biotechnol2005 23, 143-149. protein or peptide microarrays. The P1 array element contains

(48) Stoughton, R. BAnnu. Re. Biochem.2005 74, 53—82.

(49) Epstein, J. R.; Biran, |.; Walt, D. Rnal. Chim. Acte2002 469, 3—36. (52) Rusconi, C. P.; Scardino, E.; Layzer, J.; Pitoc, G. A.; Ortel, T. L.; Monroe,
(50) Heller, M. J.Annu. Re. Biomed. Eng2002 4, 129-153. D.; Sullenger, B. ANature2002 419 90—94.
(51) Lee, H. J.; Wark, A. W.; Li, Y.; Corn, R. MAnal. Chem.2005 77, (53) Tasset, D. M.; Kubik, M. F.; Steiner, W. Mol. Biol. 1997, 272, 688—

7832-7837. 698.
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Figure 14. Schematic describing the replication of ssSRNA from a dsDNA microarray element (P1) using T7 RNA polymerase and the
subsequent detection of the replicated ssRNA molecules via hybridization adsorption onto a second array element (P2). (a) Hybridization
adsorption of complementary template DNA (T) at P1 elements. The double stranded promoter region (P) is recognized by T7 RNA
polymerase. (b) Replication of multiple ssRNA (R) copies. (c) Detection of R via hybridization at the P2 elements with the color scheme
indicating complementary regions between the ssRNA and P2 ssDNA sequences. The left side SPR difference image measures the hybridization
adsorption of complementary template DNA (T) onto P1 array elements. This microarray is then exposed to T7 RNA polymerase with the
right side SPR difference image demonstrating the detection of transcribed ssRNA at the P2 array elements. Note that for this preliminary
SPRI data, the length of the surface attached ssDNA on the P1 elements is the same length as the T sequence (85 bases). The P promotel
region (which is 37 bases long) is double stranded. The ssDNA sequence attached onto the P2 array elements is a 20mer. The ssDNA used
in both the P1 and P2 elements are thiol-modified at tken8l allowing surface immobilization via maleimide linking chemistry. The ssSRNA
sequence synthesized via T7 RNA polymerase is 63 bases long.

dsDNA formed by hybridization of a sSSDNA template sequence The lowering of the detection limitto 1 fM for the direct detection
(T) to a surface bound promoter DNA sequence (P) (Figure 14a). and identification of any desired DNA sequences including short
The dsDNA complexes on P1 could be composed of just the T7 oligonucleotides and genomic DNA with RNase H ampli-
RNA polymerase promoter sequence, or also include additional fied SPRI is an extraordinary improvement compared to the
nucleotides complementary to T. The P2 array elementis designedorevious nanomolar detection limit of SPRI based solely on
to bind to the C region of the ssRNA strands replicated by the hybridization adsorption. Fluorescence imaging has a typical
polymerase reaction. When the P1 array elements are exposedetection limit of 1 pM31.34.35therefore enzymatically amplified
to T7 polymerase, the enzyme binds to the promoter region andfluorescence measurements should have a detection limit well
creates ssRNA that is complementary to the template sequencdelow 1 fM, perhaps with the ability to detect single molecular
(Figure 14b). Following the RNA transcription, both T7 binding events.
polymerase and the ssRNA are released into the solution. T7 In addition, we have demonstrated that the combination of
RNA polymerase is free to rebind repeatedly to the P1 array SPRI and SPFS measurements can be used in conjunction with
element, initiating the production of multiple ssSRNA copies of asimple yet powerful kinetic model to quantitatively characterize
the template. The released ssRNA is detected on the P2 arraysurface enzyme reactions. The quantitative characterization of
element (Figure 14c) via sequence specific hybridization adsorp-surface enzyme reactions is essential because an enzyme can
tion of the capture sequence (C). react orders of magnitude more slowly on a surface as compared
Atwo-component microarray was constructed to demonstrate to in solution. The kinetic model used here has only three param-
the surface RNA polymerase reaction. SPRI difference imageseters k,, kq, andk.a) but has been successfully applied to describe
from this array during the RNA replication process are shown both RNase H and Exo Il surface hydrolysis reactions. For more
in Figure 14. The data in the figure confirms that we can synthesize complex surface enzyme transformations, we will have to develop
and subsequently capture ssRNA on the microarray surface. Futurgnore complicated kinetic models. Moreover, the continued use
work will focus on generating multiple RNA sequences simul- of SPRI and SPFS measurements will allow us to optimize the
taneously for bioaffinity sensing. For example, a microfluidic surface enzyme chemistry through changes in surface density,
system with an upstream surface for synthesizing multiplexed orientation, and vertical spacing of the immobilized substrate.
RNA sequences can be used in conjunction with a downstream The RNase H amplification process on RNA microarrays is
protein or peptide microarray for the study of RNA-protein/ only one of many possible enzymes that can be utilized on
RNA/aptamer bioaffinity interactions. biomolecules attached to microarray surfaces. For example, we
have also shown that the ligation of RNA to ssSDNA microarrays
V. Summary and Outlook can create multiplexed RNA microarrays, and the reaction of T7
In this paper, we have highlighted surface enzyme chemistry RNA polymerase with surface bound dsDNA can be used to
as aninvaluable surface bioengineering tool whose incorporationreplicate multiple RNA sequences on microarrays. These two
into novel microarray based biosensing methodologies can beRNA fabrication processes can circumvent many of the difficulties
an extremely effective approach for increasing both the sensitivity normally associated with the handling of multiple RNA sequences
and specificity of multiplexed surface bioaffinity measurements. in a microarray format. Other enzymes such as proteases and
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kinases can also be applied to process surface attached substrate multiplexed surface bioaffinity interactions to create highly
molecules. All of the experiments reported in this paper were specific and sensitive novel surface biosensors.

performed on gold thin films for SPRI; the coupling of surface  Acknowledgment. This research was funded by the National
enzyme chemistry to bioaffinity interactions can occur on other |nstitute of Health (2RO1 GM059622-04) and the National
surfaces (e.g., glass, silicon) and can be used in conjunction withScience Foundation (CHE-0133151). The authors thank Dr. Terry
other detection methods such as electrochemical measurement$. Goodrich for obtaining the SPR difference images shown in
and nanoparticle and fluorescence labeling. We expect that inFigure 14.

the future many more surface enzymatic processes will be coupledLA0602230



