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a b s t r a c t

We present an active oligonucleotide microarray platform for time-resolved Förster-resonance-energy-
transfer (TR-FRET) assays. In these assays, immobilized probe is labeled with a donor fluorophore and
analyte target is labeled with a fluorescence quencher. Changes in the fluorescence decay lifetime of
the donor are measured to determine the extent of hybridization. In this work, we demonstrate that
TR-FRET assays have reduced sensitivity to variances in probe surface density compared with standard
eywords:
ligonucleotide microarray
ctive microarray
ingle-photon avalanche diode
PAD array

fluorescence-based microarray assays. Use of an active array substrate, fabricated in a standard comple-
mentary metal-oxide-semiconductor (CMOS) process, provides the additional benefits of reduced system
complexity and cost. The array consists of 4096 independent single-photon avalanche diode (SPAD) pixel
sites and features on-chip time-to-digital conversion. We demonstrate the functionality of our system by
measuring a DNA target concentration series using TR-FRET with semiconductor quantum dot donors.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

DNA microarrays have risen to prominence in genomics with a
readth of applications ranging from polymorphism and mutation
etection (Peeters and Van der Spek, 2005) to forensic analy-
is (Divne and Allen, 2005). In epidemiology, they have been
sed to identify pathogens (Wilson et al., 2002), to character-

ze benzene poisoning (Forrest et al., 2005), and for genotyping
irus strains (Song et al., 2006). They can be used to evaluate
he progression of many diseases, including leukemia (Schroers
t al., 2005) and ovarian cancer (Motamed-Khorasani et al.,
007). They are also a valuable tool in pharmacogenetics, for
xample, to screen chemotherapy drugs for efficacy and toxicity
Watters and McLeod, 2003) and for psychotropic drug develop-

ent (Murphy, 2006).
In many regards, microarray technology has matured greatly

ince its introduction (Hoheisel, 2006). Current technologies allow
p to one-million-site multiplexing and accurate single nucleotide

olymorphism (SNP) detection (Chittur, 2004). Probe spot diame-
ers are as small as 11 �m (Kawasaki, 2006). These achievements
ave been made possible through vast improvements in paral-

elism, throughput, and sensitivity resulting from advances in probe

∗ Corresponding author. Tel.: +1 212 854 0398.
E-mail address: des@cisl.columbia.edu (D.E. Schwartz).
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esign, surface chemistry, probe deposition techniques, and statis-
ical data analysis (Heller, 2002). Nevertheless, challenges remain
ith current microarray technologies.

One persistent issue is spot variability (Draghici et al., 2006), pri-
arily determined by variance in probe immobilization (Auburn

t al., 2005), which is affected by spotting time, temperature,
umidity, spotting and hybridization solution composition, and

nconsistencies in the microarray substrate surface itself (Mary-
uard et al., 2004). Replication is generally employed to enable

tatistical averaging of this variability but this reduces through-
ut (Ramakrishnan et al., 2002), and quantitative analysis is still
estricted to relative rather than absolute concentrations of analyte
Hoheisel, 2006).

At the same time, the basic techniques of immobilizing probe
n a passive glass substrate, hybridizing with fluorophore-labeled-
arget, and imaging in a laboratory-scale microarray scanner have
emained fundamentally the same. This limits microarray appli-
ations to research environments due to the size and expense of
etection hardware (Heller, 2002).

In a standard oligonucleotide microarray expression assay,
nown DNA probe sequences are bound to sites on a functionalized

ubstrate and exposed to target analyte molecules modified with
uorescent labels. The microarray is then illuminated and the rela-
ive intensity of the fluorophore emission at each site is measured.
his emission intensity is correlated to the quantity of bound target
t each site and can be used to estimate the relative concentrations

http://www.sciencedirect.com/science/journal/09565663
mailto:des@cisl.columbia.edu
dx.doi.org/10.1016/j.bios.2008.04.015
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f target molecules complementary to each probe sequence (Heller,
002).

A donor-only time-resolved Förster-resonance-energy-transfer
TR-FRET) oligonucleotide microarray assay differs from a con-
entional assay in that the fluorescent label is attached to the
mmobilized probe instead of the analyte target and its lifetime,
ather than its intensity, is measured. To perform the assay, a
donor” fluorophore is attached to one end of an immobilized
NA probe molecule and a compatible fluorescence quencher is
ttached to the complementary end of each target molecule. Upon
ybridization, a FRET interaction between the donor and quencher

s induced, leading to a reduction in the donor fluorescence life-
ime. The change in average donor lifetime can be used to determine
he complementary target concentration for each probe sequence
Cardullo et al., 1988).

Whereas in a standard assay the signal is dependent on the
umber of bound target molecules, the signal in a TR-FRET assay

s determined by the fraction of probe molecules associated with
ound target. This leads to reduced signal variability with probe
urface coverage. In addition, in a TR-FRET assay, unbound target in
he hybridization solution does not affect the signal, obviating the
eed for rinsing before measurement.

Time-resolved fluorescence detection approaches applicable to
R-FRET assays have been developed for fluorescence lifetime
maging microscopy (FLIM) applications. Time-domain FLIM sys-
ems employ pulsed laser sources to stimulate fluorophores and
ne of two approaches for the detection of the induced fluores-
ence.

In the first approach, either a charge-coupled device (CCD) or
omplementary metal-oxide-semiconductor (CMOS) photodiode-
ased imager is employed. Gating is usually effected by an

ntensifier which precedes the imager (Wang et al., 1991; Dowling
t al., 1997; Nicholas and Barry, 2006). By comparing the intensity
ntegrated over time windows with varying offsets, the fluores-
ence decay function can be calculated. Complex multiexponential
ecay functions require repeated measurements, increasing overall
easurement times (Sharman et al., 1999; De Grauw and Gerristen,

001).
The second detection approach in FLIM is time-correlated

ingle-photon counting (TCSPC), implemented by repeatedly stim-
lating a fluorophore and recording the time until the first emitted
hoton is detected by a sensor. A histogram of the number of
hotons arriving per time bin is constructed and as long as the prob-
bility of photon detection for each measurement is sufficiently low
no greater than one photon per approximately one hundred mea-
urements), the histogram will correlate with the intensity decay
rofile of the fluorophore (Harris and Selinger, 1979). A TCSPC sys-
em requires a high-gain sensor capable of single-photon detection,
sually a photomultiplier tube (PMT), and a method of accurately
easuring time intervals. PMTs employ high electric fields and sec-

ndary electron emission effects to generate picoampere currents
rom incident photons. They are bulky, expensive, and not easily
ormed into arrays. As a result, laser scanning is necessary, compli-
ating the optical setup and leading to a measurement time that
cales linearly with imaged area (Becker et al., 2004).

An alternative to the PMT is the single-photon avalanche diode
SPAD), a solid-state device that converts arriving photons into

easurable current pulses through avalanche breakdown of a
emiconductor junction. Recently, SPADs have been fabricated in
tandard CMOS technologies (Rochas et al., 2002) enabling active

wo-dimensional arrays integrated with time-to-digital conversion
ircuits, eliminating the need for laser scanning and greatly reduc-
ng the complexity and cost of detector systems.

In this paper, we present a demonstration system that utilizes a
ustom SPAD-based CMOS imager as an active substrate for a TR-
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RET assay measuring hybridization through fluorescence lifetime
hanges. The active CMOS microarray substrate, in which probe is
mmobilized directly on or above an array of detectors, replaces the
raditional confocal scanner, allowing for an integrated, portable
etection platform that incorporates data conversion and data pro-
essing on chip. Because we have designed a custom chip for this
pplication, our design differs from previous work (Lamture et al.,
994; Vo-Dinh et al., 1999; Mallard et al., 2005) in which conven-
ional imager chips were employed as active platforms. The unique
apabilities of this chip for time-gated, time-resolved measure-
ent enable TR-FRET applications. On-chip TCSPC with SPADs also

llows for higher sensitivities than traditional imagers based on
ntegrating photocurrents. The use of TR-FRET allows for the direct
uantification of the fraction of bound target, reducing susceptibil-
ty to probe coverage variation.

. Experimental

.1. The CMOS active microarray

We have developed a 64-by-64 array of active SPAD sensor
pixels” with on-chip time-to-digital conversion and supporting
ircuitry. The details of the chip are described in Schwartz et al.
2007). The array is capable both of TR-FRET measurement using
CSPC and standard intensity-based measurement, which can be
ccomplished by computing the average photon arrival probability
n a fixed time window after stimulation of the fluorophore. Used as
n active array platform, probes are spotted directly on or above the
urface of the chip. To facilitate this, the chip is assembled in a ball-
rid-array package and encapsulated with a combination of Hysol
P4450 and Hysol FP4451 epoxies (Henkel KGaA, Düsseldorf, Ger-
any), protecting the bonding wires from hybridization buffers and

ther solutions while keeping the sensor array of the chip exposed.
hotographs of the packaged array appear in Fig. 1A.

The array is fabricated in a commercial 0.35-�m CMOS process
nd measures 4 mm × 4 mm. The active area of each SPAD sensor
s 15 �m2 and the pixel pitch is 40 �m. Accurate timing is main-
ained with a delay-locked-loop-stabilized multiphase clock. Each
f the 64 columns of the array has an individual time-to-digital con-
erter (TDC) which latches the arrival-time information of photons
ithin that column of the array. The TDCs have a timing resolu-

ion of 350 ps. The noise floor is determined by an average dark
ount rate of 1059 Hz, corresponding to approximately two to four
hotons per one thousand measurements.

.2. Lifetime measurement technique

Fluorescence lifetimes are measured using our array synchro-
ized to a PiLAS 406-nm gain-switched diode laser (Advanced Laser
iode Systems, Berlin, Germany) with a DG-535 delay generator

Stanford Research Systems, Sunnyvale, CA, USA) and triggered
t 5 kHz. The laser pulse has a full duration at half maximum of
pproximately 36 ps, and the average pulse energy is 40 pJ, cor-
esponding to 8.2 × 107 photons. The beam is focused onto an
rea of approximately 4 mm2, giving a photon flux density of
× 109 photons cm−2.

Fig. 1B shows a simplified diagram of the measurement setup. A
ample of analyte, such as DNA, could be immobilized directly on
he chip surface. Instead, to ease surface preparation, we immo-

ilize the sample on a glass slide which is carefully scored and
roken to fit within the donut epoxy surrounding the array (see
ig. 1A) and then inverted over the sensor site, bringing the sample
nto contact with the chip surface and minimizing optical losses.
s the measurement is time-resolved and the laser impulse is
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ig. 1. (A) A photograph and microphotograph of the CMOS active microarray. The
arge square to the lower left is the 64-by-64 SPAD pixel array. The time-to-digital
onverters and supporting circuitry are at the top and right. The black border is the
poxy encapsulation. (B) A simplified diagram of the experimental setup.

uch shorter than the lifetime of the measured dye, significant
ource background rejection results. Additional background rejec-
ion is effected through the use of a 22-layer TiO2/SiO2 thin-film
nterference filter deposited on the surface of the some of the
rrays. The filter, prepared by ZC&R Coatings For Optics, Inc. (Tor-
ance, CA, USA), has a long-wave-pass profile with a nominal cutoff
avelength of 500 nm, 30–40 dB rejection at the 406-nm source
avelength, and 92% transmission at the 655-nm emission wave-

ength of the quantum dots used in the microarray assay.
.3. Quantum dots as donor fluorophores

Quantum dots, crystals of semiconductor a few nanometers in
ize, are an attractive donor-fluorophore choice for TR-FRET exper-
ments. They have excellent photostability, allowing reliable and
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epeatable measurements with bright light sources. Their charac-
eristic lifetimes are long, often in the 10–30 ns range as compared
o several nanoseconds for typical organic dyes, reducing require-

ents on timing resolution. They are available in many colors,
acilitating the optimization of detector sensitivity and quencher
airing. They also have broad excitation spectra, allowing for multi-
robe experiments with a single light source and a simple optical
ath (Michalet et al., 2005).

The use of quantum dots for TR-FRET necessitates a modified
ssay protocol. In the simplest TR-FRET assays, the donor molecule
s attached to the immobilized probe prior to hybridization. When
uantum dots are employed as the donor fluorophores, however,
e have found that nonspecific adsorption of quencher-labeled-

arget to the quantum dot complex causes extensive quenching
ndependent of hybridization. To avoid this effect, we perform the
ybridization step before the quantum dots have been attached to
he probe, as shown in Fig. 2. First, probe molecules functionalized
ith biotin are immobilized on the substrate. Then, hybridization
ith quencher-modified analyte target is carried out. The quantum
ots are introduced in the final step, in which they attach to the
robe molecules through streptavidin–biotin binding.

.4. Array calibration

The capability of the array for accurate lifetime measurement
s demonstrated by measuring the lifetime of the pH-sensitive dye
cridine in solutions with a range of pH values. Acridine, 98% (Fisher,
air Lawn, NJ, USA) is dissolved in a 1 mM concentration in 0.1 M
odium phosphate buffers with pH values ranging from 5.4 to 7.6.
ach solution is injected into an 80 �L chamber which is placed on
op of the chip and illuminated from above. Although the excita-
ion peak of acridine is at 380 nm, the 406-nm laser still generates
measurable emission. As the emission spectrum is broad and con-
entrated below 500 nm, an array chip with no excitation filter is
sed.

.5. Oligonucleotide hybridization measurement

To demonstrate TR-FRET hybridization measurement using our
ensor array, we measure the lifetime change in donor fluorophores
ound to immobilized probe molecules as the concentration of
uencher-modified-target is varied. We then repeat this experi-
ent with fixed target concentration and varying probe density

o observe the sensitivity of the TR-FRET signal to probe coverage
ariation.

We use streptavidin-conjugated Qdot 655 CdSe/ZnS quan-
um dots (Invitrogen, Carlsbad, CA, USA) as donors and QSY 21
Invitrogen) as quenchers. All oligonucleotides are ordered fully

odified from Operon (Huntsville, AL, USA) and used as received.
he 20-mer probe molecules (5′

GTCAAGATGCTACCGTTCAG3′
) have

n AminoC6 5′ modification for surface tethering and a BioTEG
iotin 3′ modification to allow quantum dot attachment. Both
0-mer complementary (5′

CTGAACGGTAGCATCTTGAC3′
) and non-

omplementary (5′
GTCATGCCACCGAAGTATTG3′

) target molecules
re 5′ modified with an AminoC6-linked QSY 21 quencher molecule.

A volume of 1 �L of probe solution is pipetted onto the N-
ydroxysuccinimide (NHS) ester surface of a CodeLink Activated
lide (GE Healthcare, Chalfont St. Giles, UK) and maintained at 100%
umidity and 25 ◦C for 3 h. After rinsing with deionized water, the
ubstrate is immersed in a blocking solution (50 nM ethanolamine,

.1 M Tris, adjusted with HCl to pH 9.0) at 50 C for 1 h to deacti-
ate remaining surface groups and rinsed again. The surface is then
xposed to 5 �L target solution at 100% humidity and 25 ◦C for 4 h
o enable hybridization. After rinsing with 4× SSC buffer, followed
y immersion in 2× SSC (5 min, twice), 0.2× SSC (1 min), and 0.1×
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ig. 2. A TR-FRET hybridization assay using quantum dot donors. The assay begins
nd allowed to hybridize with quencher-modified-target. Finally, (2), the probe-tar
o the biotin. If step (2) were performed first, the target would stick onto the surfac

SC (1 min), the surface is treated with 5 nM streptavidin Qdot 655
n 4× SSC for 1 h at 100% humidity and rinsed again with the same
SC sequence.

In the first hybridization experiment (the “target concentration
eries”), in which the probe concentration is fixed and the target
oncentration is varied, the probe solution consists of 120 �M probe
n 0.5 M sodium phosphate buffer, pH 8.5, and the target solutions
ontain 0 nM, 20 nM, 40 nM, 80 nM, and 160 nM complementary
nd 160 nM non-complementary target in 4× SSC buffer, pH 7.0. In
he second experiment (the “probe concentration series”), in which
he probe concentration is varied and the target concentration is
xed, the probe solutions consist of 200 �M, 100 �M, 50 �M, and
5 �M in 1.0 M sodium phosphate buffer, pH 8.5, and the target
olution contains 20 nM complementary target in 4× SSC, pH 7.0.

. Results and discussion

.1. TR-FRET quantum dot lifetime measurement

To find the quantum dot lifetime components, decay data are
rst deconvolved from the measured sensor impulse response

unction, as is standard in TCSPC measurements. Fig. 3a shows
he sensor impulse response function as well as the measured
ecay profile of immobilized probe with attached streptavidin-
onjugated Qdot 655 and no target. The impulse response, which
epresents the effect of the laser source on the measurement, is
btained using a configuration identical to that used in lifetime
easurements (Fig. 1B), but with the sample omitted. It is shaped

y a combination of deep-level traps and carrier diffusion effects
Cova et al., 1991; Ripamonti and Cova, 1985).

The deconvolved quantum dot lifetime data are fitted with biex-
onential decay functions, the longer of which is employed as
he characteristic lifetime. Because of the complexity of quantum
ots’ band structure, their intensity decay profiles are generally
ot monoexponential and although a variety of models have been
roposed, including stretched-exponential (Schlegel et al., 2002)
ecays, biexponential fits with associated longer and shorter life-
ime components in the 15–35 ns and 1–5 ns ranges, respectively,
re commonly used. While the physical origin of the two com-

onents is in dispute (Lee et al., 2005), they are generally agreed
o be determined by distinct physical processes and, as such, are
ffected differently by FRET. For example, the shorter lifetime com-
onent has been hypothesized to depend on recombination events

n the quantum dot core (Wang et al., 2003), which are less likely to

t
t
t
g
r

iotinylated probe immobilized on the substrate. Then, (1), the probe is exposed to
mplexes are treated with streptavidin-functionalized quantum dots, which attach
e quantum dot structures, quenching the quantum dots.

e influenced by external FRET acceptors than surface state transi-
ions. The longer lifetime is associated with a radiative decay rate
nd has a consistent value when the quantum dot is illuminated
ith a high-intensity source (Fisher et al., 2004). Unlike the shorter

ifetime, it does not vary with temperature above 200 K (Lee et al.,
005).

In our measurements, we find the shorter lifetime component
f the biexponential fit to be variable across identically prepared
amples, with a standard deviation of as much as 87% of the mean.
he longer component, on the other hand, is consistent, with a stan-
ard deviation limited to 4% of the mean, and is strongly correlated
ith the target concentration.

The average measured lifetime components for the probe-
ound-quantum dots in Fig. 3a are 30.3 ns and 500 ps. These values
ave been verified with an independent measurement using stan-
ard TCSPC instrumentation consisting of an OB920 Fluorescence
ifetime Spectrometer (Edinburgh Instruments, Livingston, UK) and
Hamamatsu R928 PMT (Hamamatsu City, Japan). The lifetime

omponents determined by that measurement are 30.4 ns and
05 ps.

.2. Array calibration

Fig. 3b shows the results of the measurements of the lifetime
f acridine as a function of pH compared with those in Ryder et al.
2001). The published data are measured using emission line-pass
lters of 450 nm and 500 nm while our measurements represent
verages over the emission spectrum. This accounts for our mea-
ured values falling between the published curves.

.3. Target concentration series

A plot of the longer measured lifetimes for the full target
equence is shown in Fig. 4a. The error bars show the variation over
hree independent measurements and represent standard devia-
ions in the range of 1–4% of the mean values. The measured lifetime
an be seen to decrease monotonically with increasing target con-
entration over the range of concentrations tested. Furthermore,

he measured lifetime when the probe is exposed to a high concen-
ration (160 nM) of non-complementary target (TNC) is comparable
o that measured when it is exposed to buffer containing no tar-
et (0 nM). This confirms that the measured lifetime change is the
esult of hybridization and not a non-sequence-specific effect.
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ig. 3. (a) Semi-log plot of the measured sensor impulse response function as well
easured lifetime of acridine in solutions with several pH values. The dashed curve

nd 500 nm line-pass filters.

The lifetime reduction associated with FRET is a consequence
f a non-radiative transfer of energy from the donor fluorophore
o the quencher. The efficiency of this transfer depends on several

actors including the overlap of the donor emission and quencher
bsorption spectra and the donor and quencher molecules’ sep-
ration and relative orientation. In a given assay, the spectra are
xed and the relative orientations can be assumed to randomize

ig. 4. (a) Measured longer lifetime component after hybridization with com-
lementary target solutions of several concentrations as well as with 160 nM
on-complementary target. Error bars are based on three independent measure-
ents. (b) The measured lifetime as a function of estimated fractional occupancy
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fluorescence decay of Qdot-655-labeled probe with no hybridized target. (b) The
sent acridine lifetime measurements reported in (Ryder et al., 2001) using 450 nm

nd average (Clegg, 1992). The lifetime change, then, is primarily a
unction of molecular separation.

For a donor fluorophore with native lifetime �D, the quenched
ifetime can be shown to be

DQ = �D

1 + (R0/R)6
(1)

here R is the distance between the donor and quencher and R0 is
he Förster distance (Clegg, 1992), usually in the range of 10–100 Å
Periasamy, 2001). Because of the sixth-power dependence, FRET
s only observable for molecular separations of less than several
imes R0. In a TR-FRET expression assay, this criterion is only met in
statistically significant way upon hybridization. The fluorescent

ignal is a linear combination of the native and quenched decays
Vogel et al., 2006):

(t) = A exp
(−t

�D

)
+ B exp

(
−t

�DQ

)
. (2)

As the intensities of the unquenched and quenched components,
and B, correspond to the relative number of unbound and bound
robe molecules, the ratio of the quenched to total signal, B/(A + B),
etermines F, the fractional occupancy of probe by bound tar-
et. Likewise, the average fluorescence lifetime, determined by the
est monoexponential approximation to the fluorescence intensity
ecay, is proportional to F.

The large size of the quantum dot labels used as donors compli-
ates this analysis. To enable their attachment to DNA, quantum
ots, which themselves are only several nanometers across, are
nclosed in a polymer shell which is then conjugated with strep-
avidin or another functional molecule, leading to a final structure
hat is 10–15 nm in diameter (Nisman et al., 2004). This limits the
urface density of quantum dots to 5 × 1011 molecules/cm2. If, as in
ur experiments, the surface probe coverage is greater than this,
here may be more than one probe molecule per quantum dot,
dding complexity to the quenching dynamics as some quencher-
odified target molecules may hybridize to probe molecules with

o associated quantum dot donor. These target molecules will
nduce a reduced quenching effect that depends on their dis-
ance from the nearest probe-bound-quantum dots according to
q. (1). Nevertheless, except in assays utilizing few enough ana-
yte molecules to invalidate ensemble averaging, the overall mean
ifetime will still be proportional to the fractional occupancy. This
s validated in Fig. 4b, which shows an almost linear relationship
etween the measured longer lifetime component and the esti-
ated fractional occupancy, F.
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Fig. 5. Contour plots of (a) fractional occupancy (F) and normalized bound probe
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In the context of TR-FRET assays, the size of the quantum dot
tructure also increases the minimum possible separation between
he quantum dot donor and an associated quencher molecule. How-
ver, this is compensated by the quantum dots’ high quantum yield,
hich leads to a larger Förster radius according to the relation-

hip R6 = A˚, where ˚ is the donor quantum yield and A is a
onstant depending on the spectral overlap of the donor emission
nd quencher absorption and the refractive index of the medium
etween them (Förster, 1948; Clapp et al., 2004). For example,
ith the Qdot-655 donor and QSY-21 quencher used in our exper-

ments, we calculate R0 ≈ 70 Å. This is comparable to the expected
aximum separation of the donor and quencher upon hybridiza-

ion, determined by the sum of the quantum dot radius (50–75 Å),
he double-helix diameter (∼20 Å), and the lengths of linkers used
<20 Å). Consequently, even in the worst case, hybridization brings
he quencher within twice the Förster radius of the quantum dot
onor, inducing a measurable FRET interaction as is evident in Fig. 4.

.4. TR-FRET signal dependence on target and probe
oncentrations

One feature of TR-FRET that distinguishes it from conventional
ssays is the dependence of the signal (in this case, the average
uorescence lifetime) on F, the fraction of bound probe molecules,
ather than on their absolute number. As a consequence, for low
robe densities, TR-FRET has greater immunity to variations in
robe surface coverage than standard microarray platforms. To
uantify this, we can apply the analysis of fractional occupancy
eveloped by Ekins and Chu (1991) for immunoassays to DNA. Let
be the hybridization equilibrium constant,

= [PT]
([P] − [PT])([T] − [PT])

(3)

here [P] and [T] are, respectively, the probe and target concen-
rations and [PT] is the concentration of bound probe-target pairs,
ll measured in solution during hybridization. Then the fractional
ccupancy

= [PT]
[P]

(4)

an be found by solving

2 − (1/[P̂] + [T̂]/[P̂] + 1)F + [T̂]/[P̂] = 0 (5)

here [P̂] = K[P] and [T̂] = K[T]. The bound probe concentration,
PT, normalized by K−1 is given by

PT = K[PT] = [P̂]F. (6)

Fig. 5a shows contour plots of the fractional occupancy, F, and
ound probe concentration, CPT, as functions of [P̂] and [T̂]. For

ow probe densities, F becomes independent of probe concentra-
ion, varying less than 1% for [P̂] < 0.01. In this region, measurable
arget concentrations (where F varies significantly with [T]) range
pproximately from 0.1K−1 to 10K−1. When [P] > K−1, measurable
arget concentrations depend more strongly on [P] than on K and
ange approximately from 0.1[P] to 10[P]. On the other hand, CPT,
hich corresponds to the signal measured in standard microarray

ssays, varies greatly with probe coverage but changes little with
arget concentration for the medium to low probe density range of
P̂] < 1.

The equilibrium constant, K, upon which F and CPT depend, is

ensitive to many factors including temperature, ionic strength, and
robe length, and is consequently difficult to quantify. It is generally
bserved (Levkicky and Horgan, 2005), however, to fall between
07 M−1 and 109 M−1 for surface-based assays. Assuming a typi-
al probe surface density of 1012–1013 probes/cm2 (Levkicky and

v
t
d
m
r

epresent the estimated experimental points in the target concentration series. The
quares represent the estimated experimental points in the probe concentration
eries.

organ, 2005), a spot diameter of 100 �m and a hybridization vol-
me of 100 �L, we find [P̂] < 1.5 × 10−2. In this situation, F varies

ess than 2% with variation in [P] up to 10%, and the measurable tar-
et concentration falls in the range 0.1 nM < [T] <1 �M. This range
an be modified by varying the hybridization conditions to adjust
he value of K.

Based on previous studies (Levkicky and Horgan, 2005; Gong
t al., 2006; Peterson et al., 2002), the equilibrium constant, K,
or our experiments is assumed to be approximately 1 × 107 M−1

nd the surface density of probe for the target concentration series
s approximately 1.9 × 1012 molecules/cm2. Probe surface densities
re extrapolated from (Gong et al., 2006), in which probe immo-
ilization is carried out under similar conditions and accurately
easured with 32P radiometric quantification. From our spot size

f 0.05 cm2, we can calculate [P̂] ≈ 0.31. We therefore expect F to
ary with [T] for 10 nM < [T] < 1 �M. While the probe density in the

arget concentration series is higher than the maximum quantum
ot surface density, we expect the dependence of F on [T] to remain
onotonic. The measured lifetime values shown in Fig. 4 corrobo-

ate these predictions.
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Fig. 6 shows the longer lifetime components of a fixed 20 nM
oncentration of target hybridized onto surfaces with several
ifferent probe densities. The error bars are based on three

ndependent measurements. The probe concentrations of 25 �M,
0 �M, 100 �M, and 200 �M in 1 M buffer give probe surface
ensities of approximately 7.5 × 1011, 1.5 × 1012, 3.0 × 1012, and
.0 × 1012 molecules/cm2, corresponding to values of [P̂] of 0.12,
.25, 0.49, and 1.14, respectively. It should be noted that for sat-
rating target concentrations, the equilibrium constant, K, has
een shown to decrease for probe concentrations higher than
.0 × 1012 molecules/cm2 (Steel et al., 1998). The relatively low
arget concentration employed in this experiment may mitigate
hat effect somewhat. However, the estimated value of [P̂] for the
robe density of 7.0 × 1012 molecules/cm2 might be slightly low. As
T̂] ≈ 0.2, with the above range of values of [P̂], we expect to see
decrease in F with probe density, resulting in a longer average

ifetime. As can be seen in Fig. 6, the lifetime does increase slightly,
hile remaining nearly constant.

Finally, we can compare the sensitivities of F and CPT to varia-
ions in probe coverage by taking the ratio of their sensitivities with
espect to [P̂]. Defining

F = 1
F

∂F

∂[P̂]
(7)

nd

B = 1
CPT

∂CPT

∂[P̂]
, (8)

Fig. 5b shows a contour plot of R = VF/VB as a function of [P̂] and
T̂]. When [P̂] < 1 or when [P̂] < [T̂], R < 1, indicating that there is
ess variation in fractional occupancy than in bound probe concen-
ration. For [P̂] > [T̂] and [P̂] > 1, however, most available target is
ound and increasing the probe density reduces F without binding
dditional target. For low probe densities, then, nonuniformities in
robe coverage due to solution or surface inhomogeneity, spotting
olume variation, and other experimental factors will have less of
n effect on the reliability of TR-FRET than conventional assays.
.5. System sensitivity and dynamic range

With the system as described and tested, bulk target concentra-
ions as low as 20 nM, corresponding to 0.1 pmol of target in the

ig. 6. Measured longer lifetime component after hybridization with 20 nM com-
lementary target as a function of probe surface density. Error bars are based on
hree independent measurements.
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�L hybridization solution volume, have been measured and the
erified dynamic range is 20–160 nM. As can be seen in Fig. 5a, this
an theoretically be extended to two orders of magnitude through
ptimization of the choice of donor–quencher pair. Furthermore,
s the dynamic range is dependent on the equilibrium constant,
, varying the probe surface density and hybridization conditions
an allow the same system to measure different ranges of target
oncentration. For example, with K = 109 M−1, using the same 5 �L
olume, 0.5 fmol of target corresponds to F = 0.1 and is within the
heoretical range of detection. Investigations of these optimizations
ill be carried out in future work.

. Conclusions

We have demonstrated the use of a novel active sensor array
or TR-FRET-based oligonucleotide microarray analysis. The array
s capable of determining the concentration of quencher-modified-
arget molecules complementary to immobilized probe labeled
ith fluorescent quantum dot tags. We have discussed several
otential advantages of this system over conventional microarray
echnologies, including reduced dependence on probe surface cov-
rage. FRET-based time-resolved fluorescence techniques can be
pplied to any affinity-based assay.
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