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Multiplexed diagnostic testing has the potential to dramatically improve the quality of healthcare.

Simultaneous measurement of health indicators and/or disease markers reduces turnaround time and

analysis cost and speeds up the decision making process for diagnosis and treatment. At present,

however, most diagnostic tests only provide information on a single indicator or marker. Development

of efficient diagnostic tests capable of parallel screening of infectious disease markers could significantly

advance clinical and diagnostic testing in both developed and developing parts of the world. Here, we

report the multiplexed detection of nucleic acids as disease markers within discrete wells of

a microfluidic chip using molecular beacons and total internal reflection fluorescence microscopy

(TIRFM). Using a 4 � 4 array of 200 pL wells, we screened for the presence of four target single

stranded oligonucleotides encoding for conserved regions of the genomes of four common viruses:

human immunodeficiency virus-1 (HIV-1), human papillomavirus (HPV), Hepatitis A (Hep A) and

Hepatitis B (Hep B). Target oligonucleotides are accurately detected and discriminated against

alternative oligonucleotides with different sequences. This combinatorial chip represents a versatile

platform for the development of clinical diagnostic tests for simultaneous screening, detection and

monitoring of a wide range of biological markers of disease and health using minimal sample size.
Introduction

Rapid and efficient clinical assays based on integrated micro-

devices have the potential to revolutionize medical diagnosis and

treatment.1–9 Microfluidic approaches offer several key advan-

tages for diagnostic applications, including miniaturized instru-

mentation, reduced amounts of sample and reagents for analysis,

and integration of assay steps such as sample preparation (pro-

cessing of physiological fluids), post-processing (e.g. reagent

mixing, labeling, separation), detection and analysis into a single

device. Miniaturization often improves detection sensitivity and

facilitates portability for remote or point-of-care diagnostics.

Capitalizing on these advantages, a variety of microfluidic-based

diagnostic devices have been developed to perform assays in lab-

on-a-chip format for detecting, diagnosing and monitoring

disease.10–19
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Accurate diagnosis often requires multiple clinical tests for

a number of health or disease indicators. Due to small sample/

reagent volumes, integration, and miniaturization, microfluidic

methods enable the development of multiplexed assays to facil-

itate parallel screening and detection. Therefore, multiplexed

microfluidic devices have the potential to accelerate diagnosis by

simultaneously measuring multiple indicators of a single disease

or by screening and detecting markers of several diseases using

small amounts of sample (e.g. a drop of blood).20–25 In this work,

we report a combinatorial microfluidic approach for the detec-

tion of nucleic acid fragments as markers of infectious disease.

Viral genomes are an important class of molecular markers for

infectious disease. Distinct classes of viral genomes consist of

single-stranded DNA (ssDNA) or single-stranded RNA

(ssRNA), and detection of this nucleic acid content is critical for

identifying and diagnosing viral infections. To this end, genomic

DNA or mRNA product markers produced during viral infec-

tion can be directly detected using Southern or Northern blotting

methods, respectively. In addition, flow cytometry,26 RT-

PCR,27,28 microcantilever-based biosensing,29 and ELISA30 have

been used in assay techniques to screen for viral markers.

Although these methods can accurately determine the identity of

a particular virus, simultaneous screening for multiple infectious

species with broad genetic diversity and/or detection of mutant

strains of a specific virus is often cumbersome, time-consuming

and costly.
This journal is ª The Royal Society of Chemistry 2011
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Molecular beacons provide a promising approach for sensitive

detection of single stranded nucleic acids (ssDNA, ssRNA) due

to the intrinsic adaptability for multiplexing using small sample

sizes. Molecular beacons are fluorescence-based reporters of

unlabelled nucleic acids with sensitivity and sequence specificity

comparable to standard laboratory techniques such as restriction

fragment digestion analysis. The ability to engineer the sequence

of the probe region of molecular beacons (see Materials and

methods) allows for sequence specific detection of distinct nucleic

acids, and in particular, accurate discrimination of ‘‘target’’

sequences in the presence of nucleic acids with only a single base

mismatch.31–35 Recognition of single nucleotide variations

enables discrimination between alleles32,33 and detection of point

mutations,34,35 thereby facilitating screening and detection of

mutant strains of infectious viruses or bacteria (e.g. Myco-

bacterium tuberculosis).36,37 Therefore, a nucleic acid detection

assay based on molecular beacons coupled with a combinatorial

microfluidic approach would enable large-scale multiplexing to

simultaneously screen for a diverse set of genomic markers of

viral infection in a single experiment using small sample sizes

(microlitre to nanolitre volumes).

Here, we present a microfluidic method for screening and

detection of multiple target oligonucleotides encoding for

conserved genomic regions of several common viruses using

molecular beacons (Fig. 1). Hybridization of a target oligo-

nucleotide to its surface-immobilized complementary molecular

beacon probe is detected using total internal reflection fluores-

cence microscopy (TIRFM). The microfluidic chip features

a previously reported 4 � 4 array of microwells,38 which facili-

tates the multiplexed detection of nucleic acid markers (ssDNA/
Fig. 1 Schematic of nucleic acid detection using molecular beacons. (a)

At room temperature, molecular beacons exist in a hairpin configuration

due to self-hybridization of the stem, which consists of eight comple-

mentary base pairs (quenched state, top). (b) The molecular beacon

hairpin (closed state) converts to an extended conformation (open state)

upon hybridization with its complementary target oligonucleotide

(fluorescent state, bottom). Beacons are surface immobilized using neu-

travidin–biotin linkage.

This journal is ª The Royal Society of Chemistry 2011
ssRNA) for different diseases. The microfluidic chip enables

quick (<2 hours) and simultaneous screening and detection of 16

different infectious disease markers using small amount of

sample (3 mL) and reagents (pico to nanograms). The method

outlined here can be implemented in rapid screening of a wide

variety of health/disease indicators for faster, cost-effective

diagnosis.
Materials and methods

Design and immobilization of molecular beacons

Molecular beacons are single stranded oligonucleotide probes

with a hairpin structure consisting of a ‘‘probe’’ region, a ‘‘stem’’

region, and a fluorophore/quencher pair covalently attached to

the 50 and 30 termini of the molecular beacon, respectively.31 The

‘‘probe’’ region consists of a single stranded DNA loop and is

designed to contain the complementary sequence of an intended

‘‘target’’ oligonucleotide. The beacon stem consists of 5–8 self-

complementary base pairs at the 50 and 30 termini of the oligo-

nucleotide. Molecular beacons are designed to remain folded in

a hairpin structure at room temperature by self-hybridization of

the stem (Fig. 1a). In the hairpin configuration, the fluorophore

and the quencher are in close proximity, and fluorescence emis-

sion from the fluorophore is suppressed by the quencher. Upon

hybridization of the target oligonucleotide to the probe sequence,

the molecular beacon converts to an open conformation, thereby

separating the quencher and fluorophore pair by several nano-

metres which results in fluorescence emission from the molecular

beacon (Fig. 1b). In this work, molecular beacons are designed to

detect different 20-base target oligonucleotides corresponding to

the conserved regions of four distinct viral genomes, specifically:

human immunodeficiency virus-1 (HIV), human papillomavirus

(HPV), Hepatitis A (Hep A) and Hepatitis B (Hep B).39–42 We

used a universal 8-base pair stem covalently functionalized with

a fluorescence quencher (Iowa Black) and hexachlorofluorescein

(HEX) on the 30 and 50 termini, respectively. A single nucleotide

near the 30 terminus in the stem is biotinylated, which facilitates

surface immobilization through a biotin–Neutravidin linkage.

To optimize oligonucleotide detection, we systematically inves-

tigated several design parameters for the molecular beacons used

in this study, including the beacon stem length, the location of
Table 1 DNA sequences of the target viral nucleic acid markers (single
stranded oligonucleotides) and the corresponding molecular beacons,
including the stem region. All sequences are shown in the 50 to 30
orientation

Targets (conserved viral DNA sequences)
cHIV 50 GGCGAGGGGCGGCGACTGGTGAGTA
cHPV 50 CTGACACCTTTGGCACAACTGGTTTT
cHep A 50 CCGCCGCTGTTACCCTATCC
cHep B 50 CATCCATATAACTGAAAGCC
Probes (embedded in molecular beacons)
HIV #TACTCACCAGTCGCCGCCCCTCGCC$
HPV #AAAACCAGTTGTGCCAAAGGTGTCAGC$
Hep A #GGATAGGGTAACAGCGGCGGC$
Hep B #GGCTTTCAGTTATATGGATGC$
Stem
#: 50 universal stem, 50 hexachlorofluorescein/CGTCGCAG
$: 30 universal stem, 50 C/T*/GCGACG/Iowa Black/30
T*: biotinylated nucleotide

Lab Chip, 2011, 11, 1916–1923 | 1917
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the biotin moiety along the stem and the fluorophore/quencher

pair (see ESI†). Overall, the sequences of the probes, targets, and

the stem listed in Table 1 yielded the best conditions for surface

immobilization and target oligonucleotide detection by fluores-

cence. All molecular beacons and target oligonucleotides were

purchased from Integrated DNA Technologies (IDT) and used

without further purification.

Molecular beacons were immobilized on the exposed glass

surfaces within the wells of the microfluidic device via

Neutravidin–biotin interaction (Fig. 1). The glass surfaces are

sequentially incubated with Bovine Serum Albumin (BSA)–

biotin, Neutravidin, and biotinylated molecular beacons, thereby

resulting in surface-immobilized molecular beacons within the

microwells (Fig. 1). The protocol consists of four sequential steps

performed at room temperature: (a) BSA–biotin [1.0 mg mL�1]

incubated for 10 minutes; (b) Neutravidin [0.5 mg mL�1] incu-

bated for 10 minutes; (c) BSA [2.0 mgmL�1] as a surface blocking

agent to minimize non-specific adsorption, incubated for

10 minutes; and (d) biotinylated molecular beacons incubated for

10 minutes at various concentrations. Between each step, wells

were rinsed with TE50 buffer (50 mM Tris/Tris–HCl, 10 mM

NaCl, 1 mM EDTA, pH 8.0).
Fig. 2 Optical micrograph of the microfluidic screening chip, filled with

dye solutions indicating its combinatorial capabilities. The 4 � 4 array is

comprised of 16 sets of two 200 pL sized half-wells. Fluid access to the

wells is controlled by two sets of individually addressable valves in the

horizontal (blue boxes) and vertical (green boxes) direction. Mixing

between the adjacent half wells is initiated by a separate set of valves

(yellow boxes). Molecular beacons and complementary target oligo-

nucleotides are introduced via the rows and columns, respectively. The

inset shows a schematic view of a pair of half-wells with the corre-

sponding valves. Fluorescence images are acquired in the half well

initially containing the molecular beacons. The regions of interest for

background and signal detection are shown in light and dark gray,

respectively.
Fluorescence measurements using TIRF microscopy

We used objective-type total internal reflection fluorescence

microscopy (TIRFM)43 to measure the fluorescence signal from

the molecular beacons upon hybridization with target oligo-

nucleotides. TIRFM allows for selective illumination and exci-

tation of fluorophores within close proximity (<100–200 nm) to

the glass coverslip surface. Confinement of the illumination near

the surface effectively reduces background fluorescence from

solution or PDMS walls and enables high sensitivity measure-

ments. An inverted microscope (Olympus, IX71) with a high

numerical aperture objective lens (100�, NA ¼ 1.40) interfaced

with an EMCCD camera (Andor iXon+) was used for detection,

and a CW green laser (532 nm, CrystaLaser) was used for illu-

mination. A dichroic mirror (Chroma, z532rdc) and an emission

filter (Chroma, 550LP) were used to collect the fluorescence

emission from the molecular beacons.
Design and operation of the microfluidic screening chip

The microfluidic chip used in this study consists of a 4 � 4 array

of wells, which is a highly effective design that was utilized

previously in a ‘‘label-free’’ protein binding assay (Fig. 2).38 Each

array element is approximately 1 � 1 mm (yielding a 4 � 4 mm

chip) and consists of two half-wells and three sets of valves to

control fluid flow and facilitate mixing. Effective channel

dimensions for the half-wells are 100 mm (width) and 20 mm

(height). The microfluidic device consists of a fluidic layer and

a pneumatic control layer fabricated using polydimethylsiloxane

(PDMS)-based multilayer soft lithography and replica

molding.44 After device fabrication, the monolithic PDMS

structure is placed on a glass coverslip to seal the fluidic

compartments and to facilitate imaging within the channels using

optical microscopy.

Within the array, individual wells are comprised of two half-

wells, each with a volume of 200 picolitres. Using this strategy,
1918 | Lab Chip, 2011, 11, 1916–1923
four rows and four columns of half-wells can be independently

addressed and filled with liquid. In addition, the device has a set

of mixing valves, which allows for mixing within adjacent half-

wells after rows and columns are loaded with fluid. Using this

device, 4 � 4 ¼ 16 different combinations of chemistries can be

screened in an ‘‘on-chip’’ format.

The device has three sets of independent valves: one set to open

horizontal fluid lines (rows); one set to open vertical fluid lines

(columns); and one set to mix the contents of adjacent sets of

two-half-wells (Fig. 2). Valves are designed to be closed in the

rest state (i.e. referred to as actuate-to-open valves in prior

work38) and are used to isolate various compartments in the chip.

Valves are actuated (opened) by applying a negative gauge

pressure of �600 Torr to the appropriate pneumatic line in the

control layer. In addition, sample is loaded into the half-wells by

applying vacuum on the device.

To fill a specific row or a column of half-wells with solution,

a 3 mL droplet of reagent is placed at the corresponding inlet and

drawn into the device by applying vacuum to the exit port while

opening the corresponding valves.
This journal is ª The Royal Society of Chemistry 2011
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In this work, we immobilize four different molecular beacons

in the four rows of half-wells, while samples containing target

oligonucleotides are introduced through the four columns of

half-wells (Fig. 2). Opening the set of valves between adjacent

half-wells allows the target oligonucleotides to interact and bind

with the immobilized molecular beacons for detection. Repeated

actuation of the mixing valves increases the rate of oligonucleo-

tide hybridization within each solution.
Fig. 3 Bulk-phase molecular beacon characterization experiments. (a)

Sensitivity limit determination of target oligonucleotide detection. Four

concentrations of the HIV-1 molecular beacon (10 nM, 50 nM, 250 nM

and 500 nM) were assayed against six concentrations of its complemen-

tary target oligonucleotide cHIV (0, 2 nM, 10 nM, 50 nM, 100 nM and

250 nM). (b) Hybridization kinetics of molecular beacons (250 nM) with

target oligonucleotides (four concentrations: 0, 10, 250, 1250 nM). (c)

Establishing appropriate protocol for surface immobilization of molec-

ular beacons. The table at the bottom specifies the different surface

treatments tested. Fluorescence detection was performed at three time

points: after incubation with 250 nM molecular beacon (green), after

rinsing the beacon solution with TE50 buffer (purple), and 1 hour after

the introduction of the complementary target oligonucleotide (red).
Results and discussion

Characterization of molecular beacons

To characterize the properties of molecular beacon binding to

target oligonucleotides, we determined the sensitivity limit of

molecular beacon-based oligonucleotide detection (Fig. 3a), the

bulk-phase binding kinetics of a target oligonucleotide to

a specific molecular beacon (Fig. 3b), and the effect of surface

immobilization of molecular beacons on target binding and

fluorescence detection (Fig. 3c).

The sensitivity limit of oligonucleotide detection by molecular

beacons was determined through a bulk experiment (using 50–

200 mL of sample in each well) performed using a 96-well

microplate reader (Tecan Safire2, Switzerland). Individual wells

were filled with solution containing the molecular beacon specific

for HIV-1 viral genetic material at increasing concentrations

(Fig. 3a). In this experiment, the molecular beacons were in free

solution (not surface-immobilized). The corresponding target

oligonucleotide, cHIV, was added to each well in a series of

concentrations spanning the lower end of the detectable range

(0–250 nM). Molecular beacon–oligonucleotide complexes were

allowed to hybridize at room temperature for 1 hour, followed by

measurement of fluorescence emission in each well. As shown in

Fig. 3a, molecular beacons exhibit background fluorescence even

in the absence of the target oligonucleotide, presumably arising

from ill-formed hairpins, which disrupt quencher–dye pairs. The

minimum oligonucleotide concentration resulting in a fluores-

cence signal distinguishable from the background was approxi-

mately 10 nM. Therefore, we determined the detection sensitivity

limit as�10 nM for target oligonucleotides, which is comparable

to previously reported values.31 In addition, the oligo hybrid-

ization kinetic measurements at low oligonucleotide concentra-

tions (10 nM) also support the observed detection sensitivity

limit (see below).

Next, we characterized the hybridization kinetics of a target

oligonucleotide to its corresponding molecular beacon. In bulk-

phase experiments using a microplate reader, solution mixing is

readily achieved by agitation or other inertially driven fluid flow.

However, mixing over small length scales in a microfluidic

compartment occurs primarily due to diffusion. In the on-chip

combinatorial screening experiment, the minimum time for fluo-

rescence measurements is determined by the slower of either the

bulk hybridization rate or the on-chip diffusional mixing rate. To

determine the minimum time needed for full beacon–oligo

hybridization, we measured bulk-phase hybridization kinetics

between a molecular beacon and its target oligonucleotide in the

absence of any diffusion limitations using a microplate reader.

Molecular beacons for detecting HIV-specific oligonucleotide

were introduced into four wells of a microplate at 250 nM,
This journal is ª The Royal Society of Chemistry 2011
followed by addition and thorough mixing of four different

concentrations of target oligonucleotide (cHIV) at time zero.

Fluorescence emission was monitored for 90 minutes (Fig. 3b).

The fluorescence signal reached a plateau within 20 minutes,

which is much greater than the diffusive mixing timescale within

the microfluidic wells used here (tdiff z 250 seconds (4 minutes)
Lab Chip, 2011, 11, 1916–1923 | 1919
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assumingDoligo z 1� 10�7 cm2 s�1 for oligonucleotides diffusing

over a distance of �100 mm). Therefore, the limiting step in

oligonucleotide detection using our microfluidic-based method is

beacon–oligo hybridization suggesting that the on-chip assay is

not impeded by prolonged diffusional mixing. It should be noted

that the initial fluorescence measurements (t ¼ 0) for each nucle-

otide concentration are different because the initial measurement

is performed after the addition andmixing of the oligonucleotides.

The increase in background signal (0nMoligonucleotide) is due to

slow degradation of the molecular beacons, i.e., opening of hair-

pins or disruption of efficient dye quenching.

In the combinatorial screening chip, molecular beacons are

attached to the surface via Neutravidin–biotin interaction as

shown in Fig. 1. In order to maximize surface coverage and

minimize background fluorescence signal, we characterized the

effect of different surface treatments on the immobilization

efficiency of biotinylated molecular beacons to the surface in

a 96-well plate (Fig. 3c). We examined the efficacy of the three

surface modification steps (BSA–biotin, Neutravidin and BSA)

on molecular beacon function and fluorescence by considering

combinations (8 total) that included (+) or excluded (�) a surface

modification step (Fig. 3c). For each set of surface treatments,

fluorescence was measured at three time points: (1) after incu-

bation with 250 nM of HIV-1 molecular beacon, (‘250 nM

molecular beacon’, Fig. 3c), such that molecular beacons are

both surface bound and in free-solution; (2) after rinsing with

TE50 buffer (‘Rinsed’, Fig. 3c); and (3) 1 hour after addition of

1.25 mM of the matching target oligonucleotide cHIV (‘1.25 mM

oligonucleotide (1 hour)’, Fig. 3c). The results show that the

critical step in surface immobilization of molecular beacons is the

binding of Neutravidin to the surface, which facilitates tethering

of the biotinylated molecular beacons to the glass surface. The

resulting signal-to-noise ratios for molecular beacons (hybridized

with the target oligonucleotide) immobilized to the surface via

Neutravidin treatment suggest that the highest signal-to-noise

ratio can be obtained from a Neutravidin treatment preceded by

a BSA–biotin treatment step. However, we followed standard

surface immobilization protocols for TIRF-based assays which

include BSA as a surface passivation agent. With further devel-

opment, assays performed in our combinatorial screening chip

may be extended to include other biological components (addi-

tional DNA/RNA/proteins), and the addition of BSA will likely

be required to passivate the chip components in order to suppress

background fluorescence. Therefore, although steps (a) and (c)

appear to be less essential, all three surface modification steps

were utilized to immobilize molecular beacons and to minimize

background fluorescence in the microfluidic chip.

The total assay time can be reduced by shortening the surface

modification steps as well as the incubation step. For example,

the final surface treatment step with BSA can be omitted without

compromising detection sensitivity. In addition, the incubation

time can be reduced to 20 minutes as the fluorescence signal upon

molecular beacon–target oligonucleotide hybridization reaches

to a steady-state value within 20 minutes.
On-chip viral nucleic acid marker screening experiment

We used the 4 � 4 microfluidic array chip shown in Fig. 2 for

sequence-specific detection of oligonucleotides encoding for
1920 | Lab Chip, 2011, 11, 1916–1923
conserved regions of the genomes of four common viruses using

surface immobilized molecular beacons and TIRF microscopy.

First, molecular beacons were immobilized on the microwell

surfaces. Next, target oligonucleotides were introduced into the

microwells and mixed with the molecular beacons to allow for

hybridization. Finally, fluorescence arising from successful

beacon–oligo (probe–target) hybridization was detected using

TIRF microscopy.

We immobilized four molecular beacons (HIV-1, HPV, Hep

A, Hep B, see Table 1) on the glass surface in four rows of half-

wells of the 4 � 4 combinatorial screening chip. First, BSA–

biotin, Neutravidin, and BSA were introduced successively to all

rows of half-wells according to the surface functionalization

protocol specified above. Next, solutions containing the four

molecular beacons (250 nM) were introduced to successive rows

and incubated for 1 hour. After rinsing away unbound molecular

beacons, the chip was ready for screening of oligonucleotide

binding by fluorescence microscopy.

To demonstrate the capability of the combinatorial chip to

detect the presence of target oligonucleotides, solutions con-

taining the four complementary oligonucleotides (1.25 mM) were

introduced to successive columns of half-wells. After loading the

device, the sets of valves connecting the two adjacent half-wells

were opened and closed repeatedly (once per minute for 10

minutes) to initiate and accelerate mixing of the solutions,

thereby introducing the immobilized molecular beacons to the

target oligonucleotide solution.

To detect for hybridized molecular beacon–target

oligonucleotide complexes, fluorescence measurements were

performed using TIRF microscopy within the half-wells con-

taining the surface immobilized molecular beacons (see ESI† for

details on image acquisition, data analysis and statistical

methods). Data were collected by capturing 100 successive

images of three different spots (regions of interest, ROIs) within

each of the 16 half-wells. Using a different ROI for each

measurement minimizes the effects of photobleaching. The ROIs

were selected to be located far from the PDMS microchannel

walls to avoid excessive background fluorescence. The intensity

measurement for the background and fluorescence signal was

obtained by calculating the mean pixel intensity value for 100

successive images of each ROI. To determine the background

signal, we imaged the surface-immobilized molecular beacons in

each of the 16 half-wells prior to mixing with target oligo-

nucleotides. Fluorescence signal was then measured in each well

following the introduction and incubation of the four corre-

sponding target oligonucleotides. The net fluorescence response

was determined by subtracting the background signal from the

fluorescence signal obtained from the molecular beacon–target

complexes. To minimize photobleaching, the background signal

measurements were performed only on the left side of the half-

well (light gray), whereas fluorescence signal measurements were

performed on the right side (dark gray) of the same half-well (see

inset Fig. 2).

The results of the combinatorial on-chip viral nucleic acid

marker detection experiment are shown in Fig. 4. The experiment

was designed such that matches between molecular beacon and

target oligonucleotide would be expected along the diagonal of

the 4 � 4 array. Indeed, the screening chip accurately detects

positive matches in a sequence-specific manner. The fluorescence
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 On-chip screening of oligonucleotides encoding for viral genomic

content. Four molecular beacons are tested in a combinatorial fashion in

their ability to detect and identify the presence of four complementary

target oligonucleotides. For each molecular beacon (x-axis), only the

matching target oligonucleotide showed a statistically significant positive

signal. Dashed lines: upper limits of statistical confidence levels (z-test).
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response of the matching combinations of molecular beacons

and target viral oligonucleotides (HIV–cHIV, HPV–cHPV, etc.)

far exceeds the fluorescence response of the mismatched pairs.

For each molecular beacon, only the matching target oligonu-

cleotide showed a statistically significant positive signal. The

average fluorescence intensity for the four molecular beacon–

oligonucleotide binding events and the twelve mismatch (non-

binding) events are 114.47� 59.69 (mean� standard error of the

mean (SEM), N ¼ 4) and �50.22 � 65.99 (N ¼ 12), respectively,

where values represent fluorescence signal with background

values subtracted. A net average fluorescence intensity value of

164.69 corresponds to a z-value of 2.495 and represents the upper

limit of 98.74% confidence interval. The upper limits for the 95%

and 99% confidence intervals are shown in Fig. 4. The signal-to-

noise ratios (SNR) for each detection event are as follows:

SNRHIV ¼ 1.12, SNRHPV ¼ 1.81, SNRHEP A ¼ 1.74, SNRHEP B

¼ 2.74. The coefficient of variation between the measurements

for the four positive binding events is 0.52 suggesting a relatively

small dispersion between the assays performed in the micro-

fluidic device.

In a few mismatch cases (e.g., HPV–cHep A), a large negative

signal was detected, which presumably arises due to a high

background fluorescence signal in one of the ROIs within the

microchannel well. Such behavior can be circumvented by using

more ROIs, minimizing intensity fluctuations across the ROIs by

eliminating inhomogeneities in surface treatment, and/or using

threshold criteria to exclude aberrant measurements.

We repeated the on-chip viral nucleic acid marker screening

experiments at lower molecular beacon/target oligonucleotide

concentrations (100 pM/100 nM respectively, see the ESI†) and

successfully detected/identified the presence of four target

oligonucleotides with similar statistical significance as the results

shown in Fig. 4. In both experiments, we observed fluctuations in

the fluorescence and background signals corresponding to posi-

tive (binding) and negative (non-binding) detection of molecular
This journal is ª The Royal Society of Chemistry 2011
beacon–target oligonucleotide hybridization. The fluctuations in

fluorescence and background signals might arise due to potential

issues in performing the assay: (i) variability in surface properties

during the surface immobilization protocol; (ii) irregularities in

microfluidic wells that might impact fluorescence measurements

such as adsorbed impurities; (iii) optimal design and sequence-

dependence of molecular beacons. For full-scale clinical appli-

cations, additional optimization studies are needed to identify

the sources of noise and improve the signal-to-noise ratio.

However, in this work, our data represent proof-of-principle

validation of the general approach.
Statistical significance testing for the determination of nucleic

acid detection events

Statistical hypothesis testing is employed to discriminate between

the nucleic acid detection events (molecular beacon–target

oligonucleotide binding events) and the mismatch (non-binding)

events. In particular, we performed a Wilcoxon test, which is

a non-parametric test that estimates the significance of a positive

measurement being a true hit as opposed to occurring by chance.

The Wilcoxon test has been widely applied for hypothesis testing

in pathogen detection in clinical isolates,45 comparing real time

PCR data46 and in bioinformatics sequence alignments.47

Initially, we applied the Wilcoxon Rank test to the raw

experimental data for each type of viral nucleic acid marker

comparing the fluorescence signal from the positive events

(oligonucleotide binding/detection) with the average of the

fluorescence signal from the negative (non-binding) events. The

p-value obtained for the detection events was reasonably low

(¼0.0286) confirming that the ‘‘hits’’ could not have arisen by

mere chance alone and represented actual molecular beacon–

target oligonucleotide binding events.

Statistical significance tests provide more reliable results when

the sample size increases.48 We obtained larger datasets (N$ 10)

by resampling the experimental data for each of the four nucleic

acids. Specifically, we resampled the positive (binding) events

from a normal distribution (with mean and variance equal to that

of the original dataset) and negative (non-binding) events by

bootstrapping.49 Then, we applied the Wilcoxon Rank test to

each of these four larger datasets, comparing the positive and the

negative events and reporting the p-value estimate for each of the

four viral nucleic acid markers. The actual p-values (pHIV ¼
1.766 � 10�4, pHPV ¼ 1.485 � 10�4, pHEP A ¼ 1.707 � 10�4,

pHEP B ¼ 1.766 � 10�4) were significantly low, confirming the

conclusions from the smaller dataset. The statistical testing

method outlined here facilitates the discrimination of detection

events from a limited dataset.
Conclusion

In this work, we report a combinatorial screening chip for high

sensitivity, sequence-specific and multiplexed detection of viral

nucleic acid markers (ssDNA) using surface immobilized

molecular beacons and TIRF microscopy. The chip features

a 4� 4 array of 200 pLmicrowells configured to enable screening

of minute amounts of sample in a multiplexed fashion. We

demonstrated successful on-chip screening and detection of four

target oligonucleotides encoding for conserved regions of the
Lab Chip, 2011, 11, 1916–1923 | 1921
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genomes of four common viruses, specifically human immuno-

deficiency virus-1 (HIV), human papillomavirus (HPV), Hepa-

titis A (Hep A) and Hepatitis B (Hep B). These target

oligonucleotide sequences are accurately discriminated against

oligonucleotides with alternative sequences.

Here, we demonstrate a proof-of-concept microdevice for

multiplexed detection of target oligonucleotides as markers of

infectious disease. With additional development, sample prepa-

ration methods to isolate, purify and amplify nucleic acids may

be integrated directly ‘‘on-chip’’,50–52 which would enable the

analysis and screening of clinical samples such as a drop of blood

in an integrated diagnostic device. The small sample well volume

(200 pL) in our microfluidic device results in a relatively small

number of target molecules in each well (�1.2 � 108 molecules

per well at 1 mM) which may necessitate a sensitive detection

system for screening assays. Combined with TIRF microscopy,

our combinatorial microfluidic chip has the potential to enable

the detection of fluorescent samples at extremely low concen-

trations and to perform assays using minute amounts of sample

without compromising detection sensitivity.

Surface immobilized molecular beacons serve as effective

reporters for nucleic acids with high sensitivity and specificity,

thereby enabling direct detection of unlabelled ssDNA and

ssRNA. The sequence of the probe region can be engineered

providing flexibility in screening for a wide variety of nucleic acid

markers associated with different diseases in a multiplexed

fashion. For instance, the combinatorial microfluidic chip

described in this work could be used to perform a simple diag-

nostic assay to detect single nucleotide polymorphisms (SNPs)

for individual genotype analysis for personalized medicine.53

In addition, the combinatorial microfluidic chip could also be

utilized in screening and detecting DNA–protein interactions in

a multiplexed fashion to develop diagnostic tools for basic and

applied biosciences. For example, molecular beacon and aptamer

based detection technologies have been applied to detect DNA

binding proteins54–57 (e.g. single-stranded DNA binding protein)

and cleavage products of restriction endonucleases.58

Furthermore, although we used nucleic acid detection as

proof-of-principle demonstration of disease marker screening in

this work, a diverse set of alternative disease diagnostic methods

including, but not limited to, antibody recognition (immunoas-

says, ELISA) and chemical (small molecule) marker detection

can be employed with our microfluidic chip.

Fluorescence-based techniques are well-suited for multiplexed

detection applications. Simultaneous measurement of multiple

biological samples increases throughput and subjects all screens

to a standardized set of conditions such that measurements are

performed using the same set of stock solutions and on the same

day using identical conditions. In this way, simultaneous

measurements as enabled by the combinatorial chip serve as an

internal control for systematic or random human error. In our

experiment, surface-immobilized molecular beacons coupled

with TIRF microscopy facilitate accurate detection of nucleic

acids. By employing on-chip optimization and calibration

procedures, it may be possible to perform quantitative screening

assays at high sensitivity limits for molecular beacons as shown

in Fig. 3.

Microfluidic chips with multiplexing capabilities, such as those

reported here, have the potential to serve as an effective means
1922 | Lab Chip, 2011, 11, 1916–1923
for simultaneous screening, detecting and monitoring of a wide

range of disease indicators such as metabolic, endocrine or

cardiac markers, allergens, cytokines, and cancer markers in

a single experiment using minute amounts of sample. Therefore,

our microfluidic chip could serve as a valuable diagnostic tool in

a clinical laboratory when coupled with a fluorescence detection

system, as described in this work. In addition, at the expense of

sensitivity, a less-complicated detection scheme (e.g. a handheld

fluorescence reader) could be developed to provide portability

for point-of-care diagnostics.
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