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Rapid Detection of Urinary Tract Infections Using Isotachophoresis

and Molecular Beacons

M. Bercovici,”* G. V. Kaigala,*’*’3F K. E. Mach," C. M. Han," J. C. Liao," and J. G. Santiago"’+

"Department of Mechanical Engineering and “Department of Urology, Stanford University, California 94305, United States

ABSTRACT: We present a novel assay for rapid detection and identification of bacterial
urinary tract infections using isotachophoresis (ITP) and molecular beacons. We applied
on-chip ITP to extract and focus 16S rRNA directly from bacterial lysate and used
molecular beacons to achieve detection of bacteria specific sequences. We demonstrated
detection of E. coli in bacteria cultures as well as in patient urine samples in the clinically B
relevant range 1E6—1E8 cfu/mL. For bacterial cultures we further demonstrate quanti- % ] jj y
fication in this range. The assay requires minimal sample preparation (a single

centrifugation and dilution), and can be completed, from beginning of lysing to detection,
in under 15 min. We believe that the principles presented here can be used for design of
other rapid diagnostics or detection methods for pathogenic diseases.
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nfectious diseases caused by bacterial pathogens remain one of

the most common causes of mortality worldwide." Urinary
tract infection (UTTI) is the second most common infection in the
United States affecting all patient demographics,2 with approxi-
mately 8 million visits to outpatient clinics and emergency
departments, and 100 000 hospitalizations each year.> Overall,
medical expenditures for UTT in the United States are estimated
to be $3.4 billion.* Similar to most other bacterial infections,
diagnosis of UTI requires a centralized clinical microbiology
laboratory and trained professionals to perform bacterial culture
and phenotyping, which typically takes 1—3 days. A rapid,
inexpensive, definitive test capable of detecting pathogens in
urine would be enormously beneficial in ensuring timely treat-
ment, in eliminating empirical treatment, and in reducing costs
and burden on the health care system.

Several nucleic acid amplification techniques such as poly-
merase chain reaction (PCR) and real-time PCR genotyping
tests have been developed for bacterial identification.” Such tests
have recently been implemented on microchips but require
elaborate off-chip preparation including the extraction and
purification of nucleic acids.’ Other approaches include micro-
array-based tests requiring preamplification of the target, and
immunoassays typically require sequential processes such as
multiple washes, incubations and the implementation of specia-
lized chemistries for signal amplification/transduction.”®

PCR-based techniques are yet to replace standard bacterial
culture due to their complexity, cost and need for specially
trained personnel. PCR-free assays, in which the genetic content
of the sample could be directly analyzed, could offer a simple yet
specific diagnostic tool, while alleviating or eliminating many of
the constraints associated with genetic amplification. We here
present a novel assay for UTI detection in which we use
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isotachophoresis (ITP) to extract, focus, and hybridize bacterial-
specific 16S ribosomal rRNA (rRNA) with sequence-specific
molecular beacons, directly from urine pellet lysate. ITP is an
electrophoretic technique in which only ions with mobilities
bracketed by those of a leading electrolyte (LE) and trailing
electrolyte (TE) are focused to achieve both sensitivity and
selectivity.” '" Jung et al.'> used ITP on microliter samples to
separate and concentrate sample ions (as low as 100 attomolar)
by up to million-fold."® ITP has earlier been applied to urine
samples, primarily for measurement of small molecules.'* '
The latter studies have been typically performed on long
separation capillaries using electrochemical detection, electric
potentials of 10 kV or higher, and separation times on the order
of tens of minutes to hours. More recently, on-chip ITP has been
applied to extraction and purification of biological samples:
Schoch et al.>* demonstrated the use of ITP for extraction of
short RNA from bacterial lysate using a sieving matrix, and Persat
et ali3performed extraction of DNA from whole blood using
ITP.

In this work, we adapted a chemical lysing technique compa-
tible with ITP, and for the first time applied ITP for focusing
and detection of 16S rRNA in cell cultures and patient urine
samples using molecular beacons. We reported brief, preliminary
results in a conference proceedings,”* and here present a detailed
study of our assay. Bacteria cells contain order 10 000 ribosomes
(this value varies with the growth stage of the bacteria), each
consisting of several ribosomal subunits. These subunits,
typically characterized by the Svedberg unit (indicating their
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sedimentation rate under centrifugation), consist of an RNA
sequence bound to multiple proteins. 16S rRNA is a 1542
nucleotide long well-characterized bacterial-specific biosigna-
ture. It is commonly targeted in molecular assays, due to its high
abundance (5.5% by weight) in bacterial cells.”> Molecular
beacons (MBs) are hairpin-shaped oligonucleotides consisting
of a probe section and a self-complementary stem which brings
together fluorophore and quencher molecules.”® In the absence
of target, the stem sequences hybridize and the quencher is
brought closer to the fluorophore, inhibiting its fluorescence. In
the presence of the target, the beacon preferentially binds to the
target, separating quencher from fluorophore to yield a signifi-
cant fluorescent signal. MBs have mostly been applied in con-
junction with real-time PCR for the quantitative detection of
bacteria, viruses, single nucleotide polymorphisms and for real-
time intracellular monitoring.”” Recently, Persat and Santiago
combined ITP with MBs for detection of miRNA from prepur-
ified total RNA.*® Since a large number of urine samples that are
sent for bacterial analysis are returned with a negative result, the
ability to quickly rule out an infection is of high value. We
therefore focus on demonstration of our assay using a universal
bacterial probe, which targets a highly conserved region of
bacterial 16S rRNA.

To the best of our knowledge, the current study is the first
demonstration of on-chip ITP for rapid pathogen detection. This
assay requires minimal sample preparation (a single centrifuga-
tion and dilution), and performs extraction, focusing, and detec-
tion of 16S rRNA in a single step, and without the use of a sieving
matrix. Currently, the entire assay, from beginning of lysing to
detection, can be completed in under 15 min, and is sensitive
within a clinically relevant range of bacteria concentration
(1E6—1E8 cfu/mL). We believe that by varying the molecular
beacons probe sequence, the principles presented here could be
used for other rapid diagnostics, including other pathogenic
diseases.

B PRINCIPLE OF THE ASSAY

Figure la schematically presents the principles of the assay.
ITP uses a discontinuous buffer system consisting of LE and TE,
which are typically chosen to have respectively higher and lower
electrophoretic mobility than the analytes of interest. Both
sample and molecular beacons are initially mixed with the TE.
When an electric field is applied, all species with mobility higher
than that of the TE electromigrate into the channel. Other
species (including ones with lower mobility, neutral or positively
charged) remain in or near the sample reservoir. Focusing occurs
within an electric field gradient at interface between the LE and
TE, as sample ions cannot overspeed the LE zone but overspeed
TE ions.

We designed ITP buffers to focus 16S rRNA, molecular
beacons, and their (possible) complex at the interface. Their
hybridization produces a sequence-specific fluorescence signal
which we use to both identify and quantify bacteria. In positive
control experiments, we modeled 16S rRNA using synthetic
oligonucleotides with a complementary sequence to the molec-
ular beacon probe. The probe used in this work targets a 27
nucleotide sequence common to all bacteria, and has been
validated in previous work with a large cohort of clinical samples
using electrochemical detection.”” A raw intensity image of
molecular beacons hybridized to the synthetic oligonucleotides
is presented in Figure 1b. Figure 1c presents example quantitative
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Figure 1. (a) Schematic showing simultaneous isotachophoretic ex-
traction, focusing, hybridization (with molecular beacons), and detec-
tion of 16S rRNA bound to a molecular beacon. Hybridization of the
molecular beacon to 16S rRNA causes a spatial separation of its
fluorophore and quencher pair resulting in a strong and sequence-
specific increase in fluorescent signal. (b) Raw experimental image
showing fluorescence intensity of molecular beacons hybridized to
synthetic oligonucleotides using ITP. (c) Detection of oligonucleotides
having the same sequence as the target segment of 16S rRNA. Each
curve presents the fluorescence intensity in time, as recorded by a point
detector at a fixed location in the channel (curves are shifted in time for
convenient visualization). 100 pM of molecular beacons and varying
concentrations of targets were mixed in the trailing electrolyte reservoir.
The total migration (and hybridization) time from the on-chip reservoir
to the detector was less than a minute.

detection of the oligonucleotides. As the target concentration
increased, a higher fraction of the beacons were hybridized
and fluorescence signal (the area under the peak) increased.
For the highest target concentration presented (100 nM), the
fluorescence signal was approximately 100-fold higher than
the control case (with no target oligonucleotides). The lowest
concentration of synthetic targets we detected was 100 pM,
corresponding to a fluorescent signal approximately 3-fold
higher than the control case. This limit of detection for on-
chip hybridization of molecular beacons is consistent with the
results of Persat et al.>® for hybridization of molecular beacons
with miRNA.

B THEORY

In this section we present theory useful in quantitative
analysis of the beacons signal. First, we define enhancement
ratio, a normalized figure of merit for quantifying the increase
in signal due to beacon-target hybridization. We use this
definition to explore the sensitivity and limit of detection of
the assay and highlight the key parameters useful in optimizing
the assay.

Following a notation similar to that of Bonnet et al,* the
fluorescence signal of a mixture of beacons and targets, F, can be
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expressed as

CB open
° tot ( 1 )
‘B

CBT + IBCB, closed
tot tot

where cgr, CBclosedy aNd Cpopen are the concentration of the
hybridized beacons, closed stem beacons, and open stem
(random coil) beacons respectively. ¢ * is the total concentration
of beacons, and @3,y are the conversion factors for fluorescent
intensity associated with each respective state.

It is convenient to measure the signal with respect to the signal
of a control case, Fy, which contains the same concentration of

tot
beacons ¢ but no targets

0 0

C C
o B, closed B, open
Fy = ﬂ ctot + ctot (2)
B B

Here c%,dosed and c%,ope,, are the concentrations of the two beacon
states in the absence of any target. We define the ratio of signal to
contro] signal as the enhancement ratio, given by
- Qlcpr + ﬁCB, closed + VCB, open
- 0 0
ﬂCB, closed + yCB, open

(3)

We use this enhancement ratio (which was also used by Persat
et al.”® and Bercovici et al.**) as an internally normalized figure
of merit which is less sensitive than the absolute fluorescence
values to experimental conditions such as illumination inten-
sity, degree of photobleaching, and exposure time. While the
hybridization reaction likely does not reach full equilibrium
within the time scales of our experiments, it is instructive to
perform equilibrium analyses to explore the limits of detection
of the assay.

We now assume chemical equilibrium of the beacon and target
reaction to explore maximum signal values and some trends also
relevant to unsteady problems. Assuming equilibrium, the con-
centrations of all species can be related to the equilibrium and
mass conservation equations as follows:

CB, closed €T (ii) CB, open

(1) I<12 = K23 =

BT CB, closed
 tot . T ot
(lll) T + CB, closed + CB,open — CBO (IV) cgT + T = 619
(4)

where ¢7" is the total concentration of the target. Applying
relations 4, and denoting * = § 4+ yK,3, we have

t

_ Olcpr + ﬁ*CB, closed (5)

x 0
ﬂ CB, closed

Bonnet et al.>> explored the analytical solution for the case of
abundant targets &£ > ", That mode of detection is useful,
since all beacons are saturated with targets, maximizing signal-
to-background ratio. However, for the same reason the
enhancement ratio is not very sensitive to the target concen-
tration c%’t. Furthermore, for a given cff’t, increasing cg”,
increases the rate of hybridization. To allow rapid quantifica-
tion and sensitivity to target, we here explore the regime in
which ¢ < &', and assume K;, < ¢'. The latter regime
holds for most beacons and concentrations higher than 1 fM,
as calculated based on the Gibbs free energy measured
by Tsourkas et al>! In this regime, cpy ~ " and, from
(4111)) CB closed = (CtOt - tOt)/(l + K23) Assumlng K23 <1
(which holds for typical molecular beacons stems>>*?), the

equilibrium enhancement ratio is thus

0+ B — o)

Fray
o CtOt
=1+ (ﬂ_*_ 1)5 for ¢ < " (6)
B

For the beacon quencher pair used in this work, we estimate
o/3* is approximately 80 (based on measurements at high
target concentrations). The dynamic range of the assay is thus
between ¢ = 1 (no target) and & = 80 (for ¢t ~ cy"). As we
shall see below, this result, although assuming equilibrium,
agrees with our experimental observations which showed a
detectable range over 2 orders of magnitude of bacteria
concentration (1E6-1E8 cfu/mL).

In this work, we use a point detector to record the fluorescence
signal at the ITP interface, as it electromigrates through the
detection point. We therefore find it useful to relate this temporal
signal to the dynamics of the assay. Denoting the signal distribu-
tion in the channel (ie., in space) as f(x), and the integration
window of the detector as w(t), the signal in time is given by the
convolution of the two>?

= /if(xd — VirpT)w(t — 7)dr (7)

where x4 denotes the location of the detector, and Vip is the
velocity of the ITP plug (assumed here for simplicity as
constant).

Since peak signal values are sensitive to noise and sampling
rate, it is convenient to quantify the intensity of the signal by the
total fluorescence, i.e. area under the signal curve, A = f ~.s(t)dt.
The enhancement ratio € can then be computed as € = A/A,,
where A, corresponds to area under the signal curve for a
negative control. By change of variables, 77 = Virp7, and noting
that the term f(xd — 1) is independent of £, we can express

A= Vm 7 f(xd— )[/:w<t—%>dt]dn 8)

For any value of 77, and any finite integration window, the term in
brackets is constant, and the area under the curve is given by

A=t f(xd— n)dn (9)
1P —

The integral over the signal fis also constant, and therefore, the
total fluorescence integral A is inversely proportional to the
migration velocity Virp. In a spatial image of the ITP interface
taken after a fixed time from beginning of the experiment (e.g.,
using a CCD), the effect of the interface velocity on total
fluorescence is minimal, since a fixed predetermined exposure
time is used. In contrast, a point detector (e.g, a PMT)
continuously records the light intensity. Total fluorescence
therefore depends directly on the velocity of the ITP zone; i.e.
the duration of time in which the detector is exposed to the
fluorescent peak. For a quantitative ITP assay with a point
detector, it is therefore very important that the migration velocity
of the plug over the detection point be repeatable across
experiments. In practice, this requirement translates to repeata-
ble suppression of electroosmotic flow (EOF) and sufficient
dilution of the sample to avoid sample-specific variations in buffer
conductivities (which in turn alter the electric field and hence
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Figure 2. Schematic of the experimental setup with pointwise confocal
optics. We used a 0.9 numerical aperture water-immersion objective to
collect the light emitted by the molecular beacons within the micro-
fluidic chip. A 400 m pinhole was placed at the image plane, allowing
collection of light from within the 12 um deep channel, while rejecting
out-of-focus light. The light was refocused onto a PMT for detection.
Excitation was performed using a variable-power laser diode coupled
into the illumination port of the microscope using a multimode optical
fiber. The beam was expanded and collimated before being focused onto
the channel using the same objective used for light collection. A CCD
camera was used for alignment of the laser and microchannel prior to
each experiment.

ITP velocity). In the current experiments, we used real-time
current monitoring as an indicator of ITP velocity, and this is
further discussed in the Results section.

B EXPERIMENTAL SECTION

Experimental Setup. We mounted a microfluidic chip on the
stage of IX70 inverted epifluorescent microscope (Olympus,
Hauppauge, NY). Constant voltage was applied using a source-
meter (2410, Keithley Instruments, Cleveland, OH). We used a
642 nm variable-power laser diode (Stradus-642, Vortran Laser
Technologies, CA) as the excitation light source. The light from
the laser was coupled to the illumination port of the microscope
using a multimode optical fiber (M31L0S) with a fiber coupler
(FiberPort PAF-X-7-A) on the laser end, and a beam collimator
and expander (F230FC-A) on the microscope end, all from
Thorlabs (Newton, NJ). The laser beam passed through the
excitation filter of a Cy$ filter-cube (CyS—4040A, Semrock,
Rochester, NY), and was focused onto the chip using a water
immersion objective (LUMPlanFL 60%, NA = 0.9, Olympus,
Hauppauge, NY). Light was collected by the same objective
passed through the emission filter of the filter cube. We
constructed a point-confocal setup by placing a 400 xm pinhole
at the focal plane of the microscope’s side-port to reject out of
plane light. Light was then focused onto a photomultiplier tube
(PMT) module (H6780-20, Hamamatsu Photonics, Japan)
using a 1 in biconvex lens with a focal length of S0 mm
(LB1471-A, Thorlabs Newton, NJ). The assembly consisting
of the PMT, lens, and pinhole was mounted on three micro
stages, to provide three degrees of freedom in aligning the
pinhole with the laser spot, Figure 2. The PMT signal was
digitized using a data acquisition unit (C8908, Hamamatsu
Photonics, Japan) and communicated via RS232 to a PC. The
PMT was powered using S V DC from a stable power source
(E3631A, Agilent, Santa Clara, CA) and operated at a sampling
rate of 100 Hz. We used in-house MATLAB codes (R2007b,

Mathworks, Natick, MA) to simultaneously control and record
the data from both the PMT and the sourcemeter.

Cell Cultures and Clinical Samples. With approval from
Stanford University Institutional Review Board, bacterial
isolates and clinical urine samples were obtained from in-
formed, qualified study participants at risk for UTL We
prepared pellets from both E. coli cultures and human urine
by centrifuging 1 mL of sample at 10 000g for 2 min, and then
discarding the supernatant. The pellets were kept frozen
at —80 °C.

Buffers, Lysing Reagents, and Probes. /TP. For all experi-
ments, the LE was composed of 250 mM HCI and 500 mM
bistris, S mM MgCl,, and 1% 1.3 MDa poly(vinylpyrrolidone)
(PVP). The TE was composed of 50 mM tricine and 100 mM
bistris. We used a high ionic strength LE to maximize the
focusing rate of species.’* Mg>" ions were used as a second
counterion (in addition to bistris) to promote rapid hybridi-
zation of the beacons and target rRNA at the ITP interface.*®
PVP was used in the LE for suppression of electroosmotic
flow (EOF). The TE concentration was empirically deter-
mined to provide sufficient buffering and repeatability over a
range of samples (additional details in the results section),
while also promoting focusing rate.>* Tricine, bistris, and
MgCl, were obtained from Sigma-Aldrich (St. Louis, MO).
PVP was obtained from ACROS Organics (Thermo Fisher
Scientific, NJ).

Lysis. Lysis was composed of two steps using two sets of
reagents. Lysis reagent I was composed of 10 mM tricine, 10 mM
bistris, 2 mM EDTA (GIBCO Invitrogen, Carlsbad, CA), 0.1%
Triton-X, and S mg/mL lysozyme (both from Sigma-Aldrich, St.
Louis, MO). Lysis reagent II was composed purely of 400 mM
NaOH (Sigma-Aldrich, St. Louis, MO). This technique is based
on our earlier optimized technique for bacterial lysis** and has
here been adapted for compatibility with ITP and molecular
beacon hybridization.

Beacons. The beacons solution contained 50 mM tricine,
100 mM bistris, 5 mM MgCl,, and 1 nM of molecular beacons
(IDT, Coralville, IA). We chose a 27-mer probe sequence, which
was shown by Liao et al,* to detect a wide range of urinary
pathogens. We added 6 base-pairs to either side of the probe to
form the molecular beacon stem. The S’ terminus was labeled
with CyS, and the 3’ terminus was labeled with Black Hole
Quencher 2 (BHQ2): §'-/Cy5/CCG AGC [CAT CGT TTA
CGG CGT GGA CTA CCA GGG] GCT CGG/BHQ2/-3'
(probe sequence in brackets). For the control experiment, we
designed a molecular beacon with an inverted probe sequence,
5'- /5CyS/CGC TCG [GGG ACC ATC AGG TGC GGC ATT
TGC TAC] CGA GCG/3BHQ_ 2/-3'. In this beacon we have
also swapped cytosine for guanine at the tip of the stems, to
preserve the same level of quenching by the nucleotide closest to
the 5" dye (cytosine is a weaker quencher than guanine®”). The
two beacons are thus very similar in their thermodynamic
properties, but the inverted probe cannot hybridize to the 16S
rRNA target sequence.

All solutions were prepared in UltraPure DNase/RNase free
deionized (DI) water (GIBCO Invitrogen, Carlsbad, CA). Buffer
stock solutions were prepared in 80 mL glass bottles (VWR,
Radnor, PA) and kept at room temperature. SO mg/mL of
lysozyme were prepared from powder and kept at 4 °C for no
more than a week. All solutions were freshly prepared at the
beginning of each set of experiments. Lysis reagent I was kept on
ice when not in use.
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Figure 3. Microfluidic chip and experiments to establish analyte
quantitation. (a) Schematic of the microfluidic chip showing the
direction of electromigration, the area where channel width decreases
(1), and location of detector (2). (b) Current was measured in real-time
for all experiments. Current monitoring is important for interpretation
of fluorescence signal integrals and allows detection of unwanted effects
such as clogging of the channel or significant variations in initial
conditions. Sample lysing (and dilution) were optimized for repeat-
ability. Shown are overlaid time traces of 37 runs for sample concentra-
tions of 1E6-1E8 cfu/mL and negative control samples. (c) Typical
fluorescent signal with bacterial sample. We integrate the signal to
estimate the total amount of focused sample. We determine signal
baseline using the GIFTS method®” and then integrate the data in
regions where values are 5 standard deviations above the baseline noise
level. Integration values are measured from the mean background noise
level, as indicated by gray area. (d) Histogram showing the distribution
of peak arrival time for the 37 runs presented in (b). The standard
deviation of arrival times (at (2)) is less than 3% of the mean.

Assay Description and Microchip Implementation. A
schematic of the steps involved in the assay is presented in
Figure 4a. For experiments involving cell cultures or patient
urine, we resuspended the pellet in 80 uL of DI water, and
actuated the pipet several times to homogenize the solution. We
added 10 uL of lysis reagent I, and incubated for 5 min at room
temperature. We then added 10 uL of lysis reagent II and
actuated the pipet until the solution became clear and transpar-
ent. For experiments using bacterial cultures, we diluted the
sample down from an initial concentration of 1E8 cfu/mL. We
separated 10 uL of this lysate and mixed it with 90 uL of beacons
solution. Since we initially resuspended the cells in 100 4L and
then diluted 10-fold, the final target concentration is equal to its
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Figure 4. Sample preparation schematic and assay enhancement ratio
as a function of initial off-chip incubation time, #y. (a) Schematic of
sample lysis and dilution. A pellet (from either bacterial culture or
infected patient urine) is lysed at room temperature for S min. The lysate
is diluted 10x with buffer containing molecular beacons and MgCl,.
The mixture of sample and beacons is then incubated at either room
temperature or 60 °C. Two uL are introduced into the microfluidic chip
reservoir. (b) Enhancement ratio as a function of off-chip hybridization
time, using a bacterial culture sample. Shown are pre-ITP incubations at
either room temperature or for 5 min at 60 °C followed by incubation at
room temperature. There is a trade-off between total assay time and
sensitivity. On the basis of these data, we chose off-chip, pre-ITP
incubation at 60 °C for 5 min. The assay can be completed in under
15 min from beginning of lysing to signal detection.

initial concentration in the 1 mL urine sample. We incubated the
sample off-chip for S min at 60 °C prior to introducing to chip
(see discussion of Figure 3b).

For chip loading, we pipetted 2 uL of the sample/beacons
mixture into the South reservoir of the chip containing 20 uL of
TE. For the positive control experiments in which a synthetic
target was used (Figure 1c), we skipped the lysing and incubation
steps, and directly introduced 2 4L of 1 nM beacons, and 2 uL of
varying concentration of synthetic target into the TE (South)
reservoir. In all cases, we used commercially available micro-
fluidic chips made of borosilicate (NS-95) from Caliper Life
Sciences (Mountain View, CA). The channel is isotropically
etched to a depth of 12 um and consists of a 54 um wide
section which constricts into a 34 um wide section. The total
length of the channel is 34.6 mm, with the initial (wide)
section 11.5 mm in length. The chip layout is depicted
schematically in Figure 3a.

At the beginning of each set of runs, we cleaned the channel
by flowing 200 mM NaOH for S min, and then rinsed the
channel with DI for 2 min. For each experiment, we filled the
North, East and South reservoirs with 20 L of LE and applied
vacuum to the West reservoir (connected to the longest
channel) until all channels were filled. We then rinsed the West
reservoir with DI water, and filled it with 20 L of TE and 2 4L
of the sample/beacons mixture. We use a semi-infinite sample
injection (where sample is mixed with the TE) as it allows
increasing the total amount of focuses sample by continuously
focusing new sample at the interface.>* This is in contrast to
finite injection, where the amount of sample is limited to a
preset injection volume. We then applied 1.1 kV between the
East and West reservoirs and detected at a distance of 19 mm
from the West reservoir. Note we do not use or need the “cross”
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channel intersection of the chip, and the experiment can be
realized with a single, straight channel.

B RESULTS AND DISCUSSION

Repeatability of ITP Velocity and Temporal Fluorescence
Signals. The analysis presented in the theory section suggests that
repeatability of ITP velocity is important for quantitative measure-
ments using a point detector. To monitor ITP velocity for each
experiment, we used a sourcemeter to apply constant voltage while
measuring current. Initially, the channel was filled entirely with LE.
As the ITP interface electromigrated, the lower conductivity TE
replaced the LE. This resulted in an increase of the overall
resistance of the channel and a gradual decrease in current.
Figure 3b presents 37 overlaid curves of current versus time for
experiments performed on the same day, and using both bacterial
sample concentrations ranging from 1E6-1E8 cfu/mL and nega-
tive control samples. The expected, abrupt change in slope of the
curve near 35 s (labeled (1)) corresponds to the time when the
ITP interface moves into the narrow region of the channel
(cf. Figure 3a). Figure 3d presents the distribution of the peak’s
arrival time at the detector for these 37 experiments. The standard
deviation of arrival time at the detector is less than 3% of the mean.

Application of constant current is often preferred over con-
stant voltage for electrophoretic assays, as it allows maintaining
constant electric fields, and its results are simpler to interpret and
analyze. However, application of constant current has a signifi-
cant disadvantage: For a given maximum power supply voltage,
the maximum allowable current must be set according to
maximum resistance in channel. This maximum resistance is
only achieved at the end of the run. Since the ITP velocity is
directly proportional to the current, this results in significantly
longer assay times. For example, in Figure 3b we show that, under
constant voltage, current decreases from approximately 25 (A at
t =0, to 2.5 uA at t = 60 s. Performing the same assay under
constant current conditions (and using the same power source)
conditions would require to set the current at 2.5 #tA throughout,
resulting in approximately 7 fold increase in assay time. The
results in Figure 3 indicate assay time can be minimized using
constant voltage, without compromising repeatability.

Using eq 9, we can propagate this uncertainty to the enhance-
ment ratio, for which the standard deviation is also 3%. Figure 3c
presents a typical raw signal recorded by the PMT. We observed
in several experiments dual peaks such as the one presented in
the figure (with one peak have a significantly lower intensity and
lower area then the other). We hypothesize that some 16S rRNA
degradation takes place, resulting in RNA fragments. Although
theoretically all species should overlap under peak mode ITP, a
previous study showed that carbonic acid (naturally present in
the buffers) can result in separation of species at the interface.>®
To account for this, and since peak intensities are highly sensitive
to sampling rate and dispersion, we use “total fluorescence” as the
integral of the signal (area under the curve). As discussed in the
Theory section, we then describe the signal enhancement factor
as € = A/Ao, where A is the area under the signal peak, and Ay is
the value for the control case. To integrate the signal peak, we
first determined the baseline using the GIFTS method.*” The
signal magnitude is the value above this baseline. We then
integrate the signal only in regions where the signal is 5 standard
deviations above the baseline (integration area indicated in gray).

Effect of Off-Chip Incubation on On-Chip Assay. We
analyzed the effect of initial off-chip incubation times at 60 °C

16S rRNA target concentration [M]
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Figure S. Quantitative detection of E. coli 16S rRNA sequence from
bacterial cultures, and bacterial detection in patient urine samples.The
solid line is presented to aid visualization, and corresponds to a best
linear fit on bacteria cultures results. The dashed line corresponds to
the equilibrium model (eq 6) for a/* = 80. 16S rRNA was extracted
and focused with molecular beacons using ITP and detected on chip.
(a) Measured enhancement ratio for cultured bacteria samples (circles)
and urine samples (squares) at clinically relevant bacterial concentra-
tions. The top horizontal axis shows estimate molar concentration of
target in the initial urine sample. The bacteria concentrations presented
on the x-axis were evaluated separately using cell plating. The lysing
procedure described in Figure 4 was used for all samples, and followed by
incubation with molecular beacons for 5 min at 60 °C. The limit of
detection is approximately 1E6 cfu/mL, with an enhancement ratio of
~3 (b) We checked the specificity of the probe by performing the assay
with a molecular beacon having an inverted probe sequence (from 3’ to
5"). While some nonspecific hybridization was observed, the enhance-
ment ratio using the inverted probe is significantly lower.

to complement our assay’s subsequent, on-chip, ITP-aided
hybridization. Figure 4b presents the effect of off-chip incubation
times on the enhancement ratio of the assay. Shown are
measured, post-ITP enhancement ratios as a function of off-chip
incubation time, t;. We tested two incubation schemes: (1)
incubation at room temperature only and (2) initial S min
incubation at 60 °C (approximately 20 °C below the melting
temperature of the probe), followed by continued incubation at
room temperature. Testing the sample immediately after the 5
min incubation at 60 °C resulted in an enhancement ratio
equivalent to more than 2 h of incubation at room temperature.
Clearly, there is a trade-off between the sensitivity of the assay,
and the total time to complete the assay. For this work, we chose
to limit the hybridization time to S min at 60 °C (and thereafter
kept the sample on ice to minimize further hybridization). This
procedure enabled detection over a range of clinically relevant
bacterial concentration while keeping the total assay time under
15 min.

Detection of E. coli from Cell Cultures and Patient Urine
Samples. Figure 5a presents measured enhancement ratio versus
bacteria concentration for patient-derived bacterial isolates
grown in culture media, as well as for infected human urine
samples. For each sample, the bacteria concentration indicated in
the bottom horizontal scale was determined separately by cell
plating, and is given in cfu/mL units. For convenience, we
present in the top horizontal scale the concentrations of target
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molecules in molar units. We here assume 20,000 copies of 16S
rRNA per bacterial cell, but note that the number of ribosomes
per cell, and consequently the number or rRNA copies, may vary
between approximately 7000 and 70000, depending on the
growth stage of the bacteria.”**® We note this range in copy
number translates to variations in the measured enhancement
ratios for the case of clinical samples. As bacteria concentration
increases, a larger fraction of the molecular beacons is hybridized
and the fluorescent signal and enhancement ratio increase. The
enhancement ratios obtained for the clinical urine samples were
overall in good agreement with the values obtained for bacteria
cultures, except for the sample having a concentration of 1E8
cfu/mL. The pellet for this sample was larger, indicative of a large
number of white blood cells, and consistent with the setting of a
significant infection. After the standard lysis step of S min, there
remained visible cellular aggregates suggesting that lysis was
incomplete for this particularly turbid clinical sample. For con-
sistency with other runs, we did not lengthen the lysis time and
tested the sample using the same time line as described in
Experimental setup section. This issue of white blood cells
content and its effect on signal merits further study.

Given the current choice of molecular beacon concentrations,
the total assay time was approximately 15 min, and was sensitive
in the clinically relevant range of 1E6-1E8 cfu/mL. The
enhancement ratio for 1E6 cfu/mL was approximately 3. For a
concentration of 1ES cfu/mL (data not presented), the signal
intensity was indistinguishable from the negative control case,
with an enhancement ratio of approximately 1. This result is
consistent with the analysis we presented in the Theory section,
predicting sensitivity across 2 orders of magnitude of sample
concentration. While it may be possible to improve sensitivity by
reducing the level of dilution, we found this adversely affects
assay repeatability. We hypothesize that this is due to the effect of
higher concentrations of acids in the lysate*' affecting the
conditions in the reservoir. We believe some of these acids
overspeed the TE and create additional ITP zones between the
LE and TE

Shown together with the data in Figure Sa are a linear
regression best fit to the data values, as well as the predicted
enhancement ratio dependence predicted by eq 6. We attribute
the difference between the data and the prediction to the
equilibrium assumption inherent in the equation. We believe
the reactions kinetics are not fully at equilibrium. For example, a
bacteria concentration of 1E7 cfu/mL corresponds to 1 pM of
target in the reservoir. From measurements of the interface
width, we estimate ITP increases the concentration at the inter-
face by 10000, to a value of order 10 nM at the interface. The
half-time for DNA beacons hybridization at this concentration is
at best 20 min (at room temperature, corresponding to a rate
constant of 1 x 10> M~ " s~ " at high ionic strength®), which is
longer than the sum of off-chip and on-chip hybridization time.
Furthermore, the model assumes all target sequences are avail-
able for hybridization, which may not hold due to incomplete
lysis, and secondary structure of the rRNA. We hope to explore
the kinetics of this assay and develop models which couple
reaction kinetics and ITP dynamics in a future study.

While detection of a nucleic acid sequence does not necessarily
indicate viable bacteria, (if, for example, the genetic content is
preserved after cell death), previous studies on electrochemical
detection of 16S rRNA**** showed that all cases of 16S rRNA
detection were confirmed by the ability to culture the bacteria by
plating, which is indicative of viable bacteria. Conversely, all the

samples that were sensor negative were also culture negative.
Thus we conclude that the majority of 16S rRNA that we are able
to detect is derived from viable bacteria. We hypothesize that
RNA of dead cells may quickly degrade in urine (e.g,, via RNase),
thus significantly reducing or eliminating the signal associated
with their 16S rRNA content.

We also performed several control runs to ensure that the
fluorescence signal was the result of probe-target hybridization.
Before each set of experiments we performed ITP using the TE
and LE buffers alone, and prepared new buffers from stock
solution and/or replaced the microfluidic chip if contamination
was observed. Between experiments using sample, we routinely
performed a control run (with beacons, but without sample) to
establish the baseline signal. Further, we performed experiments
with cell lysate and no beacons and found it contributes
negligibly to enhancement ratio. Lastly, we tested a patient-
derived bacterial isolate using an inverted molecular beacon
(Figure Sb). Some increase in fluorescence was observed, likely
due to nonspecific binding with other regions of the rRNA. The
enhancement ratio was approximately 15-fold lower than with
the correct beacon.

Il CONCLUSIONS AND FUTURE WORK

We demonstrated and characterized a new assay for rapid
detection of UTT using ITP and molecular beacons. We use on-
chip ITP to selectively focus 16S rRNA and molecular beacons
directly from bacterial lysate. We perform detection of the
focused hybridized complex using a point detector.

We presented detection of E. coli in bacteria cultures as well as
in patient urine samples in the clinically relevant range 1E6-1E8
cfu/mL. For bacterial cultures we further presented quantifica-
tion in this range. Since central clinical microbiology laboratories,
including our institution, do not provide quantitative measure of
concentration above 1 x 10° cfu/mL, we routinely perform
quantitative plating and have found that vast majority of our UTI
patients have bacterial concentrations of 1E6 cfu/mL or greater.
Our assay therefore covers an important range of the UTI
samples that are seen clinically. However, further improvements
to sensitivity are required in order to encompass the entire
clinically relevant range of roughly 1E6-1E8 cfu/mL.*** Lower
molecular beacons concentrations may result in improved en-
hancement ratios at low bacteria concentrations (see eq 6), but
would require significantly longer hybridization times, and
perhaps loss of quantitation at higher concentrations (since
nearly all beacons would be hybridized above a certain target
concentration). We hypothesize the most promising method of
achieving high sensitivity while maintaining a short assay time is
to improve hybridization rate. This may be possible by, for
example, further optimization of probe sequence, stem sequence,
and chemistry of fluorophore/quencher pair (i.e., improving 0./
f*in eq 6). Alternatively, this could be achieved by saturating the
sample with a high concentration of beacons in the reservoir (to
increase hybridization rate), and using highly specific ITP to
selectively focus only the hybridized product (excluding free
beacons, to avoid a high negative control signal).

In the current assay our initial samples were pellets obtained
from urine sample by centrifugation. In order to achieve an
automated analysis system any centrifugation steps ideally should
be eliminated. Improvement of assay sensitivity may also enable
detection of bacteria directly from urine with little or no off-chip
sample preparation (all other steps in the assay are dilutions

4116 dx.doi.org/10.1021/ac200253x |Anal. Chem. 2011, 83, 4110-4117



Analytical Chemistry

and mixing, functions which can presumably be implemented on
chip****). We demonstrated the assay using a universal probe
targeting a highly conserved region of bacterial 16S rRNA. This
type of test could be highly beneficial in quickly ruling out
bacterial infections. We believe that by changing the molecular
beacons probe sequence, the principles presented here can be
directly used for detection of bacteria-specific sequences, as well
as for the design of a variety of other rapid diagnostics or
detection methods for pathogenic diseases.
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