SANDIA REPORT

SAND2012-9834
Unlimited Release
Printed November 2012

Ultrasensitive, Amplification-free Assays
for Detecting Pathogens

Robert J. Meagher

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,
a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's
National Nuclear Security Administration under contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

() Sandia National Laboratories




Issued by Sandia National Laboratories, operated for the United States Department of Energ y
by Sandia Corporation.

NOTICE: This report was pr epared as an account of work sponsored b y an agency of the
United States Government. Neither the United States Government, nor any agency thereof,
nor any of their employees, nor any of their co ntractors, subcontractors, or their emplo yees,
make any warranty, express or imp lied, or assume any legal liability or responsibility for the
accuracy, completeness, or usefulness of an y information, apparatus, product, or process
disclosed, or represent that its use would not infringe privately owned rights. Reference herein
to any specific commercial p roduct, process, orserviceb y trade name, trademark,
manufacturer, or otherwise, do es notnecessari ly constitute or imply its endorsement,
recommendation, or favoring by the United States Government, any agency thereof, or any of
their contractors or subcontractors. The view s and opinions expressed h erein do not
necessarily state or reflect those of the United States Government, any agency thereof, or any
of their contractors.

Printed in the United States of America. This report has been reproduced directly from the best
available copy.

Available to DOE and DOE contractors from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Telephone: (865) 576-8401
Facsimile: (865) 576-5728
E-Mail: reports@adonis.osti.gov

Online ordering: http://www.osti.gov/bridge

Available to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Rd.
Springfield, VA 22161

Telephone: (800) 553-6847

Facsimile: (703) 605-6900

E-Mail: orders@ntis.fedworld.gov

Online order: http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online




SAND2012-9834
Unlimited Release
Printed November 2012

Ultrasensitive, Amplification-free Assays for
Detecting Pathogens

Robert Meagher
Biotechnology and Bioengineering
Sandia National Laboratories
P.O. Box 969, MS 9291
Livermore, CA 94551-0969

Abstract

Hybridization of nucleic acid probes has the potential to directly detect pathogens
without requiring resource-intensive amplification steps, but conventional approaches
to direct hybridization are typically slow or suffer from low sensitivity. In this work,
we have characterized a novel approach for rapid detection of low-abundance nucleic
acids by direct hybridizati on in solution, with sensitive analysis enabled by
electrophoretic preconcentration of nucleic acids at a nanoporous m embrane. We
performed proof-of-concept testing of the assay using a m odel DNA virus, showing
direct detection of as little as 400 amol (~240 million copies) with current (un-
optimized) hardware. We extensively char acterized the preconcentration process for
DNA, and determ ined rates of preconcentrat ion and efficiency of recovery as a
function of preconcentration conditions, membrane formulation, and DNA size. The
membrane preconcentration device also en ables rapid, ultra-sensitive size-based
separation of nucleic acids, and has been demonstrated for multiplex PCR analysis of
drug resistance genes in bacteria.
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NOMENCLATURE

Abbreviations

NA Nucleic acid

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

PCR Polymerase Chain Reaction

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Tm NA duplex melting temperature

TAPS N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (a buffer anion)

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (a buffer anion)

TTE Tris-TAPS-EDTA (a common buffer for electrophoresis of DNA)

PDMA Polydimethylacrylamide (a polymer sieving matrix for electrophoresis)

LPA Linear polyacrylamide (usedas a wall coating polym er to suppress
electroosmosis)

c* Overlap threshold or entanglement threshold concentration (a property of a se mi-

dilute polymer solution used as a sieving matrix for macromolecules.

Reactive species

P Probe
T Target sequence
N Non-target sequence(s)

Symbols (in equations and mathematical expressions)

Ci Concentration of species i

[] Terms in brackets (e.g. [P]) denote concentration of that species

k Overall rate constant for hybridization, second-order.

k' Nucleation rate constant for hybridization, second-order.

tin half-time for first-order reaction

t time

X Spatial coordinate

) Charateristic length scale

Di Diffusivity for species i (about 10° cm*/s for a 20mer oligo; 4 x 10 for a 2.1 kbp
dsDNA; [1])

Wi Electrophoretic mobility (about 4 x 10™* cm?/Vs for DNA [1])

E Electric field strength (typically 20-400 V/cm in this work)

E Electric field vector

Pe Peclet number for electrophoretic transport Pe = uE&/D

Da Damkéhler number Da = k[P]o81%/Dr






1. INTRODUCTION

All techniques or as says for detecting th e presence of specific nucleic acid (DNA or RNA)
sequences in a sample require, at some point, hybridization (or base pairing) of a DNA (or RNA)
“probe” or “prim er” toits com plementary target. Hy bridization can be carried out in
homogeneous (solution-phase) or heterogeneous (s urface- or solid-phase) reactions. Detection
of hybridization events (i.e. determining whether or not a probe has bound to its target) can be
“direct”, meaning the probe binding itself transduces a discernible signal, but frequently probe
binding is used in combination with an enzym  atic signal amplification process. The m ost
familiar example of an enzymatic signal amplification is polymerase chain reaction (PCR), in
which hybridization of a pair of prim ers directs enzymatic synthesis of DNA downstream from
the priming site. PCR amplification proceeds exponentially, and repeated cycles of the reactio n
can produce >10° copies of an initially low-abundance target, allowing detection.

Although exceedingly powerful and ubiquitou s in molecular biology, enzymatic amplification

techniques such as PCR suffer from at leas t two drawbacks for use in fieldable or portable

diagnostics:

(1) Complex samples (blood, soil, etc) frequently contain che micals that inhibit the PCR
reaction, and require cleanup, which adds complexity to the process, and

(2) Most enzymes require continuous cold sto rage until immediately before use for optim al
activity.

Because of these perceived lim itations of PCR and other enzym atic techniques for routine,

portable nucleic acid detection, we s ought to develop a novel assay for  direct detection of

hybridization of nucleic acids in a solution-phase assay.

Direct detection of hybridization (whether in solution or on surfaces) gen erally involves using a
probe that is labeled with a fluor ophore, radioisotope, or other labe 1, and then using the label to
track whether or not the probe is bound to a targ et. In surface hybridizat ions, this is easily
accomplished by performing a “wash” step after hybridization, to rem ove unbound probes; any
probe remaining after the wash can be presum ed to be bound to a surfac e-immobilized target.
However, surface hybridizations (compared to solution hybridizations) are often slo w, requiring
hours to ap proach saturation of targets. The k inetics of surface hybridizations are frequently
influenced by mass transfer limitations as well as surface-related effects on secondary structure
or availability of targets. Solution hybridizations can be driven to com pletion within seconds or
minutes using high concentrations of probes, but th ere is no simple equivalent of a “wash” step,
making it difficult to discern whether or not probes are bound to targets.

One approach to discerning probe binding in solu tion-phase hybridization is physical separation.
Frequently, probe molecules are “small” (ranging from ~20-base long oligonucleotides to several
hundred base polynucleotide probes). Targets, on the other hand, m ight be fragm ents of a
bacterial or viral pathogen’s DNA o r RNA, and can be thousands of b ases or more in length.
Thus, a step capable of separating a sample into “small” and “large” fract ions can be used to

discern hybridization of probe: any probe that is detected in the “large” fraction can be assumed
to be bound to a target. A second ap proach involves use of “quenched” (molecular beacon-type)
probes, which consist of a dye and quencher pa ir which are separated through the process of
hybridization. Although useful, que nchers are rarely 100% efficient, which lim its the dynamic
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range of targets that can be detected this wa y (a small amount of hybridized, unquenched probe
may be difficult to discern in a background of quenched but still weakly fluorescent unbound
probe).

In either case (physical separation, quenched probes, or approaches that com bine the two
techniques), a fundamental limitation exists on the ability to detect small quantities of probe after
hybridization. Traditionally, ex tremely sensitive detection has been achieved by using
radiolabeled probes (e.g. DNA labeled with **P), although due to safety considerations, use of
radioactivity in the life sciences is decreasing, typically in favor of fluor escence techniques. To
achieve ultrasensitive detecti on of fluorescent probe binding, we have coupled a physical
separation process (microchannel electrophoresi s) to a preconcentra tion step involving
electrophoresis across a photopatterned nanoporous membrane.

1.1. Microfluidic preconcentration for hybridization analysis

We soughtto em ploy electrophoretic prec oncentration ata pho topatterned, nanoporous
“membrane” within a microchannel as a p latform to accelerate hybridization of probe to target,
and to increase target concentration prio r to physical separation of bound and unbound probe,
allowing detection by laser-induced fluorescence. Figure 1 illustrates the assay concept.

© - g Probe +
Target Tobe
2 target
8 Free
7]
Free Free o prObe
@ target  probe @ b'
Buffer re=====sssss = Buffer 2
: LL
Buffer flow
past membrane :
Y time

Figure 1: Concept of electrophoretic mobility shift assay to detect hybridization of a probe to a
target. A target & probe are concentrated (sequentially or simultaneously) at a photopatterned
membrane, where they mix together in a small (~nL) volume at high concentration. After
incubation, the electric field is switched to send the analytes down a separation channel field
with a sieving polymer, which allows separation of “free” probe (which is small) and “bound”
probe hybridized to target (which is large). Laser-induced fluorescence (LIF) detection at a
point downstream the separation channel detects separate peaks for the free probe and probe-
target hybrid. The assay can also be performed with off-chip hybridization, in which case the
the probe and target are pre-mixed & incubated off-chip, and subsequently loaded on chip,
concentrated at the membrane, and separated as illustrated above.

This assay builds upon previous work with pr  econcentration of protei ns at photopatterned
membranes, for increasing the sensitivity of SD S-PAGE analysis [2] or for m ixing antigen and
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antibody for immunoassays, with native gel electr ophoretic separation [3-5]. The hybridization
assay is sim ilar in concepttoth e mobility-shift immunoassay, ex cept that a dye-labeled
oligonucleotide probe binds to an unlabeled target DNA or RNA strand, as opposed to a dye-
labeled antibody binding to an unlabeled protein target. Similar to the immunoassay,
microchannel electrophoresis through a sievin g matrix is used to separate bound and unbound
probe, with the siev ing matrix (in this case a semi-dilute polymer solution) causing a mobility
shift between unbound probe (which is small) and probe bound to the target (which is large).

1.2. Description of work

In the course of this work, m ajor effort was placed in characterizing the rate and biases of DNA
preconcentration at photopatterned m embranes, as this is a funda mental process underlying the
proposed hybridization assay, as well as num erous other applications wherein we m ight wish to
concentrate DNA or RNA to improve detection limits for an analytical separation or assay.

Experiments performed to quantify DNA conce ntration were performed with multiple sizes of
DNA, with either neutral or negatively charged = membranes, at a variety of preconcentration
conditions (varying both field st rength and time of preconcentration). The experim ents and
results are discussed at leng th in a peer-review ed manuscript, Meagher and Thaitrong,
“Microchip electrophoresis of DNA following preconcentra tion at photopatterned gel
membranes”, Electrophoresis 2012, 1236-1246 [6]. Also available online with this reference is
an extensive set of su pplemental information, giving additional details about experimental
protocols, device performance, and analysis.

Following the detailed characterization of the preconcentration process itself, proof-of-concept
assays were perform ed demonstrating the hybridizat ion assay concept.  For demonstration
purposes, [ used a m odel viral target, M13mpl8, a circular single-stranded DNA vi rus of 7249
bases. Detection lim its of ~400 a mol were obtained, with relatively lit tle optimization of the
separation. Experim ental limitations suggest additional areas for im provement, including
methods to remove excess probe after hybridization but before separation; early exploration was
made of some possibilities, including enzymatic digestion of excess probe.

In addition, given the success of the DNA con centration and separation (apart from the
hybridization assay), the m embrane preconcentration chip was te sted for application in high-
senstivity, high-resolution separation of PCR amplicons, s pecifically for the case of detecting
genetic markers of drug resistance in bacteria. A Ithough separate from the original intent of the
PCR-free hybridization assay, this demonstration provides proof-of-concept using the membrane
preconcentration device for analytical separations that could be an enabling feature of numerous
assays.

Apart from the experimental demonstrations, theoretical considerations were used to determine
optimal protocols for hybridization. The original intent had been to develop a detailed m odel of
on-chip hybridization, for the sake of significantly accel erating hybridization. A closer look at
the process suggested that hybrid ization on-chip, at least for th e case of small oligonucleotide
probes, offers relatively little be nefit and a host of com plicating factors, relative to of f-chip
hybridization. However, experim ental observations and modeling were used to develop som e
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insights into whatis o ccurring on the chip near the m embrane, and how this might affect
hybridization.
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2. THEORETICAL ANALYSIS

2.1. Thermodynamics and kinetics of hybridization

Nucleic acid hybridization is f undamentally an equilibrium reaction. Literature on both the
thermodynamics and kinetics of this reaction is summarized in the revi ew by Wetmur [7]. For
the case of a probe, P, binding to a target, T, in presence of a mismatched, or non-target strand,
N, we can consider two separate equilibria: probe binding to target (PT ) and probe binding to
non-target:

P+ T« PT (D)
P+ N < PN (2)

The free energy (and thus equilibrium constants) for these reactions are determined by the degree
of complementarity between the probe and the target or non-target. Besides degree of
complementarity (perfect base-pairing vs m ismatches), numerous factors influence stability of
the duplex, including concentratio ns of m onovalent and divalent cations, denaturants such as
urea or formamide, and temperature, as well as concentration of the probe and target. In case of
a dilute target with a probe in excess, the melting temperature (T,,) is generally defined as the
temperature at which half of the target is bound to its complement. Numerous online tools are
available to determine T,, for a given probe/target com bination as a function of solution
conditions, €.g. the OligoAnalyzer tool from Integrated DNA Technologies ( www.idtdna.com)
[8, 9]. Addition al tools for com paring thermodynamic stability of probe-target and probe-
mismatched target combinations (although restri cted to D NA probes with RNA targets) are
available from MathFISH (http://mathfish.cee.wisc.edu/) [10].

Given the experimentally determined variables of temperature, salt concentration, and denaturant
concentration, it is typically possible to find conditions that give high binding of probe to target
(large fraction of target with probe bound), with low binding of probe to non-target. Conditions
that maximize target binding while m inimizing non-target binding are referred to as “high
stringency”.  Stringen cy increases with increasing temperature, increasing denaturant
concentration, or decreasing cati on concentration. The condition of high stringency essentially
defines a thermodynamic “objective” for hybridization; the remaining task for optimization is to
determine conditions that m eet that objective while m aximizing the kinetics or rate of
hybridization. Table 1 summarizes the effects of various experi mental parameters on both the
thermodynamics (expressed as Ty, of a duplex) and kinetics of hybridization.
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Table 1: Influences of experimental parameters on thermodynamics and kinetics of nucleic acid
duplex formation

Thermodynamics: effect Kinetics: effect on rate

Vel on duplex stability (Tn,) of duplex formation
Mismatched bases -- minimal
Monovalent cations (Na", K") + +
Divalent cations (Mg ") + T+
Concentration of probe/target s e
Temperature - +or-
Denaturants (urea, formamide) - Slight -

Presuming that hybridization conditions are chos en to provide a high degree of probe binding to
target (equilibrium lies far to the right of reaction 1), and a low degree of probe binding to non-
target, the rate of hybridization reaction 1 can be described as follows:

Rate = d[PT]/dt = k[P][T] 3)

Since hybridization follows second-order kinetics, it is reasonable to believe that simultaneously
increasing both probe and target together at the membrane will accelerate the hybridization. The
original concept of this assay relies on this effect to speed a hybridization that might otherwise
take hours down to a few minutes. However, in solution-phase hybridization, and particularly in
the case we are interested in of detecting a low-concentration target, the probe is t ypically in
excess. This is easily achievable with synt  hetic oligonucleotide probes: for purposes of a
microliter-scale hybridization, sufficient dy e-labeled probe for thousan ds of assay s can be
synthesized for ~$100. As long as the probe is in sufficient excess ( e.g. 10-fold relative to
target), the “free” pro be concentration does not change substantially even as the reaction
progresses toward complete saturation of the target, and hence the reaction follows pseudo-first-
order kinetics:

Rate = d[PT]/dt ~ k[P]o[T] 4)
With pseudo-first-order kinetics, a host of familiar conclusions can be deduced, for exam ple the

half-time for the reaction (the time required to achieve probe binding to half of the initial
population of target strands) is given by:

ti,=1In2/K[P]o (5)
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In the case of excess probe, the time required to achieve half (or %, or 90%, etc) coverage of the
target is independent of the target concentra tion. For syntetic oligonuc leotide probes, the probe
concentration is an easily controlled parameter, and probe can always be used in excess of a low-
copy number target. This is also requirem ent if quantitation of the target is desired: if the target
is in excess, and binds with all available probe , it is im possible to determine the total targe t
concentration. With this simple consideration, the rationale for accelerating hybridization at the
membrane disappears. Hybridizat ion can be perform ed “off chip” ( i.e. in a test tube and
incubator), and then the power of the preconcentration chip is used to increase the concentration
of both probe and target to improve the detection limit during the separation step.

Performing the hybridization off-chip greatly simp lifies the choice of hybr idization buffer, as
well as the m odeling of the hybr idization process. As m entioned in Table 1, hybridization
kinetics are strongly dependent upon concentration of both monovalent and divalent cations. To
achieve predictable hybridization on a chip at a membrane, we would need to have a good idea
of the ionic conditions at the m embrane. In ge neral, applying an electric field across a sem i-
permeable membrane can result in local change s in the ionic com position, and thus we would
need a good prediction of the lo cal (as opposed to ove rall) buffer condition at the m embrane.
This is, in principle, predictable, as will be described in Section 2.3.1.

The kinetic effect of m onovalent cations on the ra te of hybridization in so lution is reviewed in
Reference [7]. Briefly, the second-order rate constant k (units M™' s) is given by the relation:

k=k LY?/N (6)

In this equation, K’ is a nucleation rate constant, which is a monotonically increasing function of
salt concentration. L is the length of the shortest strand participating in the hybridization, and N
is the “complexity”, defined as the num ber of non-repetitive bases in the shortest strand. In the
case of a short, non-repetitive oligonucleotide, the complexity N equals the length L, and thus:

k=k L' (7)

The nucleation rate constant k* can be generalized as:
k'=(4.35log;o[Na']+3.5)x 10°  (8)
for0.2<[Na']<4.0M

For the case of a 20m er oligonucleotide, we can cal culate the rate constant, and thus the tim e
scale for hybridization, as a func tion of salt concentration and probe concentration (two easily
controlled experimental parameters). The results are plotted in F igure 2 b elow. Data are
extrapolated to salt con centrations below the range given for  k’ (dashed portion of curves).
Although the extrapolation m ay not be accurate, the key pointis  that particularly at low
concentrations, the hybridization rate is a strong  function of salt concen tration: the apparent
slope at [Na™] = 0.2 M suggests that the time scale for hybridizati on scales roughly as [Na “]*’.
Hybridization at low salt concentrations are very slow, even with large excess of probe.
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Figure 2: Characteristic time scale for hybridization of an oligonucleotide probe (in excess) to a
target in solution, as a function of cation concentration. Based on Reference [7].

2.2. Selection of buffers for hybridization and electrophoresis

Electrophoresis works best with relatively low conductivity buffers, which is clearly at odds with
the trends in Figure 2. For a given electric field strength, high conductivity buffers lead to high
currents, resistive heating, and reduced quality of separation. On a practical level, high
conductivity buffers also result in increased rates of electrolysi s, generation of bubbles, and a
higher likelihood of a failed run ( e.g. due to a tiny bubble bloc king a m icrochannel).
Conductivity of a buffer is directly related to the electrophoretic mobility or “speed” of the ions
in the buffe r, as well as the total concentrat ion of each ion. The ¢ ations which facilitate
hybridization, namely Na', K*, and Mg " (and presum ably similar monovalent and divalent
metal cations), are “fast” ions, and not the best choice for stable electrophoresis. These ions can
be used, but concentrations must be kept fairly low ( e.g. [Na'] <25 mM). Be tter cations for
electrophoresis include weak base s with lower m obility, such as T ris, bis-tris-propane, and
similar: larger molecules which are only partially ionized at the pH of the buffer, leading to a low
effective mobility. Electrophoresis can thus “tolerate” a somewhat higher concentration of these
cations, €.g. [Tris] <100 m M. The very character that makes these ions a good choice for
electrophoresis (large size and pa rtial ionization) also m akes them poor at facilitating nucleic
acid hybridization. Cation effects on hybridiz ation are due to hydrogen bonding and charge
screening interactions with the ribose-phosphate backbone of nucle ic acids, and larger cations
are simply not as effective as smaller cations in this role [11].
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Divalent cations (typically Mg'") can have a dramatic effect on both kinetics and duplex stability
at relatively low concentrations (<10 mM) [8], and thus can presumably be used in buffers tha t
are simultaneously compatible wi th electrophoresis, and also f acilitate hybridization. As a
practical matter, Mg must be added in the form of a salt with a high-mobility anion such as CI’,
SO42', or H3COO". This is non-ideal: in the case of DNA electr ophoresis, the background
electrolyte should generally cont ain anions of lower m obility than D NA anions; otherwise
electrophoresis is primarily working to move the “fast” ions (e.g. CI'). Typical buffer anions for
electrophoresis of DNA are TAPS, borate, or HEPES. Su fficiently high concentrations of Mg ™
may form insoluble precipitates with these anions.

Historically most studies of hybridization kinetics avoid use of divalent cations because
nucleases (DNAses and RNAses) t ypically require a divalent catio n as a cofactor. Including
divalent cations in an extended hybridization can thus inadvert ently lead to de struction or
digestion of target nucleic acids. A large body of data is available on the kinetics of nucleic acid
hybridization in pres ence of m onovalent cations (typically Na =~ or K *, which have roughly
equivalent effect). Althoughd ivalent cations are k nown to accelerate h ybridization,
comprehensive, quantitative data are not presen t in litera ture. Em pirical correlations are
sometimes used; for example a “typical” PCR buffer containing 50 mM K" and 1.5 mM Mg is
described as being “equivalent” to 200 m M Na’, in terms of the kinetic effect on hybridization

[7].

In practice, two strategies app ear to work well for perform ing off-chip hybridization assays that
are compatible with electrophoresis: (1) a buffer com prising a fairly high concentration of the
sodium salt of a “good” anion fo r electrophoresis (e.g. ~300 m M Na", 380 mM HEPES, with a
pH of about 8), or (2) a“P CR”-like buffer, comprising 50-100 m M NaCl, plus 1.5-2.0 m M
MgClL. In either case, the best re sults for electrophoresis require the hybridization buffer to be
diluted 5-10-fold into DI wate r or running buffer in the sam  ple well, to avoid a drastic
conductivity mismatch between the sample and the buffer in the microchannel. One option that
remains to be explored is a “PCR”-lik e buffer with a low-mobility anion (e.g. sodium-HEPES)
supplemented with MgCl,: such a buffer system m ight allow hybridized samples to be injected
directly into the device with no dilution or at least less dilu tion than the higher-conductivity
buffers previously tested. Diluting 5-10-fold (from ~0.3M Na to ~30 m M Na) does have the
advantage of drastically slowing down the hybr idization, such that hybridization is not
progressing during the course of the on-chip anal ysis, and reduces the importance of carefully
maintaining the chip at the same temperature as the hybridization reaction.

2.3. Modeling of on-chip hybridization

As described above, in the case of hybridization  of an oligonucleotide probe, there is little
apparent advantage to performing hybridization on a chip at a membrane, versus performing the
same hybridization off-chip and then sim ply using the membrane to increase the concentration
for the sake of improving detection limits during electrophoresis.

Should a situation arise where on-chip hybridization is desirable, several considerations arise for
modeling.
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(1) What is the concentration profile of “probe” and “target” near the membrane?
(2) What is the salt concentration near the membrane?
(3) What is the specific rate of formation of probe + target hybrids?

Basic conservation of mass allows u s to describe the concentration of each charged species at a
membrane, with simultaneous solution-phase reaction. For a one -dimensional simplification of
the microchannel and m embrane, the equation governing the tim e- and position-dependent

concentration of species 1 is:

)

where C; is concentration, D; is diffusivity, p; is electrophoretic m obility, E is the electric field
strength, and Ry; is the volum etric rate of the hybridization reaction. ~ The species ( i) to be
considered include the probe(s) as well as all target and n on-target strands; the simplest c ase
would include just two species: one probe and one target. The time-course of accumulation only
(without reaction) for a single species is illustra ted schematically below. Each analyte has a
“bulk” concentration (i.e. in the reservoir) of Cjo. Appropriate initial & boundary conditions
would be:

(10a)
(10b)
(10¢)
I
1
Flux through & | Electrophoretic
membrane “9 I flux
I
T Cio
1
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Figure 3: Accumulation of a single species at a semi-permeable membrane (with no reaction).

In other words, accu mulation is occurri ng in a “boundary layer” of thickness O near the
membrane; the boundary layer thickness & is potentially different for each species, depending,
e.g. on the diffusivity of the species. Species may also penetrate through the membrane; this is
described by the final boundary condition with a “leakage” coefficient o, which is also spec ies-
dependent (i.e. large species are more likely than small species to diffuse through the
membrane). Solution of this system including the ho mogeneous reaction and the non-constant
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flux boundary condition at x =0 is not trivial, and (to th e best of my knowledge) requires
numerical techniques.

Some simplification can be obtained by dimensionless analysis, €.g. the electrophoretic Peclet
number, Pe = wiEd; / D; is likely to be large (>100) using typical values of pand D for DNA (4 X
10* cm?/Vs and 107 cm?/s, respectively [1]), length scale & on the order of 100 pm (similar to
channel diameter, and similar to the distance from the membrane to the channel intersection with
the sample inlet), and E on the order of 60 V/cm. This would indicate that diffusion is relatively
less important than convection in establishing the concentration profile over a “fixed” length
scale on the order of the channel diamter. Alternatively the relevant length scale 6 over which
both convection and diffusion are both “interesting” is defined by setting Pe ~ 1; i.e. choose &; =
Di/uiE. In general the electrophoretic mobility p of DNA is relatively independent of size,
whereas the diffusivitiy D is a decreasing function of chain length L (for long chains, D ~ 1/L™,
where the exponent m is on the order of ' to 3/5, depending on the specific solution conditions
[12]). Thus for a given electric field strength, we can predict that the length scale d; ~ 1/L".

We can also define a Damkdhler number describing the relative importance of reaction and
transport. For the case of a simple two component system (probe P and target T) where the
probe has a “bulk” concentration of 10 nM (assumed to be everywhere larger than the target
concentration), Da = k[P]y8%/Dr; using information in Figure 2, e.g. for the case where [P] ~ 10
nM and [Na'] = 0.3M, k[P]o ~ 83 s'; we can infer that the consumption of target is “fast” relative
to diffusive transport [Da ~ 10°]. In other words: if the reaction were truly second-order (and not
pseudo-first order with a large excess of probe everywhere), the actual concentration profile of
the target and probe would matter.

2.3.1. lon concentration polarization

Answering question (1) involves considering th ¢ phenomenon of ion con centration polarization
when an electric field is applied across an ion- permselective membrane. When a membrane is
not completely permeable to buffer ions (meaning transport across the m embrane is restricted,
relative to transport in free solution), or if the membrane preferentially allows passage of ions of
a certain charge (e.g. a cation or anion-exchange membrane), ions of one charge accum ulate on
one side of the membrane. Counterions must also accumulate to maintain local electroneutrality,
although there may be a very thin boundary laye r near the m embrane where this breaks down,
and electroneutrality can also be maintained through acid-base e quilibria (dissociation of water
into H™ and OH"), which would result in a pH change. On the opposit ¢ side of the m embrane,
ions are depleted. This phenomenon has been known for decades, stemming back to interest in
electrodialysis for water desalination, and this has been an interesting process for theoretical
analysis of transport phenomena [13-15].

Interest in this field has been renewed with the advent of microfluidic devices involving
electrokinetic concentration across nanoporous membranes, or at m icrochannel-nanochannel
junctions [16-20]. Recentapp lications of the th eory to the specific case of m  icrofluidic
preconcentration devices (building, of course, upon decades-old transport analysis) have been
published [21, 22], and summarized in a tutorial review by Zangle et al [23].
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Among the highlights of this review are models predicting the location (if any) of a concentrated
zone of “analyte” (in our case, DNA) , as well as features of the ion concentr ation polarization.
Multiple regimes are possible depending on specifics of the device (surface properties, buffer
properties, etc). The salient feature of ion concentration polarization that appears to apply to the
our preconcentration device is that, upon applying an electric field, buffer ions “polarize”
(accumulate & deplete) adjacen t to the m embrane. This disturb ance propagates as a shock
through the micrcodevice in the direction of the applied field. Th ere is a discontinuity in buffer
ion concentration at the boundary of the shock, but the ion concentr ation behind the boundary
(i.e. near the membrane) remains stable over time as long as the electric field is maintained. This
situation is illustrated in Figure 4. Prior to ap plication of the electric field, salt concentration
throughout the device is uniform. Upon applying the electric field, the salt concentration reaches
new equilibrium values on either sid e of the membrane. The boundary between the zones at the
new equilibrium and the original (bulk) salt concentration advances with time.
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Figure 4: Evolution of concentration polarization upon applying an electric field across a

nanoporous membrane in a microchannel, in the case of negligible electroosmotic flow in the
microchannel.
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This prediction is useful from the standpoint that it removes the necessity of explicitly m odeling
the buffer ion transport in addition to DNA transpor t and hybridization kinetics. Rate constants
for hybridization can be calculated directly fro m the prevailing salt concentration near the
membrane, which remains constant shortly after application of the field.

The difficulty with this predictive model is that several of the parameters that appear explicitly in
the calculation of the new equilibriu m salt concentration are not know n with certainty for the
case of a photopatterned gel m embrane. Specifically, the model requires knowledge of the pore
size and surface charge density of the m embrane, and the zeta poten tial of the m icrochannel
surface.

In our experiments, we examined two cases: a “neutral” p olyacrylamide membrane (made of
polyacrylamide and bisacrylamide), and an “an ionic” polyacrylamide membrane supplemented
with acrylic acid as a co-monomer during polymerization. The actual pore s tructure of a
polyacrylamide gel is difficult to discern, with different methods (including electron microscopy
techniques) yielding conflicting results [24-28]. From literature, we can es timate that the
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average pore size of a 40%T, 10%C m ust be on the order of 1-2 nm. We can also estim ate the
total number of charged groups present, based on the known starting con centration of acrylic
acid. W e can thus treat the m embrane as a bundle of uniform, parallel nanochannels with
diameter equal to the average po re size, with a known amount of total charge localized to the
surface of those nanochannels, and thereby get a reasonable estimate of surface charge density to
feed into the model. Inthe m icrochannel segment, the channel su rface is coated with linear
polyacrylamide (LPA) to suppress electroosm otic flow. We do not routinely m  easure zeta
potential of our devices. Prior work has shown that, if the coating is properly applied, the zeta
potential of an LPA-coated m icrochannel is indistinguishable from zero [29], within the
precision of the measurement. This is the desired outcome of the coating (complete suppression
of EOF), but unfortunately lead s to a singu larity (division by zero) in com putation of the
equilibrium salt concentration. In reality, the zeta potential is not identical to zero, but rather has
a small but finite negative value. Since we can not measure this value with any precision, we can
not calculate the equilibrium salt concentration with any precision.

In the case of a truly neutral m embrane, the model would predict zero concentration polarization
(salt concentration remains the same as the initial salt concentration after the field is applied). In
reality, a small percentage of acrylamide is always hydrolyzed to acrylic acid, so a small amount
of charge is present, and thus some degree of concentration polarization is likely. In the case of a
“strongly charged” membrane fabricated with 0.1M acrylic acid, and fudging a sm all (but non-
zero) zeta potential (1 mV) the model pred icts a new equilib rium buffer concentration (for a
Tris-TAPS buffer) of ~ 1 mol/L. This is exceedingly high, and approaches the solubility limit of
the TAPS anion (ion so lubility is not considered in the transport model). Given the uncertainty
in the actual value of the zeta potential, it is fair to say that an anionic membrane results in strong
concentration polarization, perhaps by an order of m agnitude, but it is difficult to predict the
exact concentration, and thus diffi cult to use correlati ons like Figure 2 to predict actual rate
constants.

Given the difficulty in m easuring device properties to predict sa It concentration, it would be
useful to devise an experimental technique to infer salt concentration. One possibility would be
to monitor conductivity near the m embrane, €.g. with a pair of microfabricated electrodes
connected to a high-impedance circuit. A se cond approach, which was tested but not fully
developed, wasto wuse asalt-sensitived ye, theco llisional quencher 6-methoxy-N-(3-
sulfopropyl)quinolinium (SPQ). SPQ is norm ally fluorescent (excited by long UV, with blue
emission), but its fluorescence is quenched in a concentration-dependent fashion by collision
with ions in solution. SPQ is an attractive m olecule for this purpose because it is zwitterionic
over a wide pH range [30], and has no apparent el ectrophoretic mobility. It is most sensitive to
halide ions such as Cl °, but also displays som e sensitivity to electrophoretic buffer ions such as
TAPS, and (weakly), to Tris [31]. Initial tests with SPQ indi cated a decrease in fluorescence,
and thus an accumulation of buffer ions, during preconcentration, but quantitation was difficult
for tworeasons: (1) T he dye itself photobleaches quick ly, necessitating the u se of short
exposures at low lamp intensity, and (2) the dy e intensity displays some dependence on pH, and
it is difficult to disentangle buffer ion concentration effects from pH shifts that may be occurring.
The SPQ imaging technique does appear promising, and may be useful for further basic research
characterizing ion concentration polarization during membrane preconcentration, particularly if
combined with an orthogonal pH-sensitive dye.
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2.3.2. DNA transport and accumulation at a membrane

Our manuscript published in 2012 describes detailed experiments measuring the rate of
concentration of different sizes of DNA at neutral and negatively charged membranes, using both
quantitative imaging of the concentration process as well as electrophoretic separation of DNA
“ladders” following concentration [6]. From this work we can draw some useful conclusions,
that allow us to make predictions about the total accumulation of DNA at a membrane, as a
function of membrane type, DNA size, and preconcentration field strength.

e Small (20mer oligonucleotide) DNA passes through a neutral membrane without
significant accumulation outside the membrane, even at low applied fields.

e Larger DNA (100-2000 bp) accumulates approximately linearly with respect to time at
both types of membranes, with rate roughly proportional to electric field strength up to
~150 V/em.

e At higher electric field strengths, smaller DNA (100 bp) enters the membrane and is not
quantitatively recovered upon reversal of the field.

An additional, and important, conclusion, is that the neutral membrane overall provides a higher
degree of preconcentration versus the negative membrane, and provides more reproducible
results as well as better quality of separation over most of the range of parameters tested. The
most likely explanation is deleterious effects of stronger ion concentration polarization at the
charged membrane. Accumulation of excess ions leads to a drop in the effective field in regions
of high ion concentration, slowing preconcentration. Reversal of the field upon injection also
results in rapid shifts in the ion gradients, leading to un-stacking of concentrated bands, with
broader peaks during the separation. This suggests that for optimal preconcentration,
hybridization, and separation, a neutral membrane is more useful.

Imaging also provides some insight into the spatial distribution of DNA at membranes, as a

function of membrane type, DNA size, and preconcentration field strength. Representative
images are shown in Figure 5.
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Figure 5: Patterns of DNA concentration observed during preconcentration at 63 V/cm across
two types of photopatterned membranes (40%T, 10%C polyacrylamide; neutral or 0.1M acrylic
acid), using dye-labeled DNA of different sizes (20 base ssDNA, or 448 bp dsDNA, labeled with
Cy3).

These imaging experiments provide some further insights into the modeling problem:

e As predicted, the length scale over which conc entration occurs is longer for short DNA,
although a detailed study of & versus chain length has not been carried out.

e Concentration is not uniform across the width of the membrane, due to the non-unif orm
cross-section of the m embrane. The concentra tion profile is not strictly 1-D, and also
varies from one device to the next (depending on the exact shape of the membrane).

¢ On the neutral membrane, which is predicted to be most useful overall, probe DNA is not
effectively concentrated within the lim its of detection of the camera, meaning that the
concentration of probe can be treated as constant over the entire length scale.

The last observation, in partic ular, greatly simplifies the modeling problem. Provided that the

probe always remains in excess to the target everywhere, the process can be modeled as a simple
well-mixed, fed-batch reactor, in which we only need to track the total accumulation of target as
well as the rate of reaction with probe.

Subsequent experiments with preconcentration and separation do not c ompletely agree with the
observation of probe passing through the ne utral membrane with no concentration (i.e. we get a
larger probe peak if we concentr ate for a long er time). In this ev ent, we can make use of the
observation of the longer length scale for concentra tion of the probe, versus the target. Over the
length scale wher e the target accumulates significantly, the probe has effectively constant
concentration. If the probe concentration is al ways significantly larger than the target, we can
again model the process as a well-mixed fed-batch reactor, but we m ust track the total target
accumulation as well as the probe co ncentration (and specifically, the probe concentration in the
thin region near the membrane where the target is concentrated).
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In either of these cases (with or without accumulation of probe), the problem is greatly simplified
in that we don’t need to model or predict the concentration profile of all species; just of the probe
(in the case where the probe accumulates).

Note that these simplifications are only possible if concentration of the target in a corner does not
lead to a situation where the target locally approaches or exceeds the probe concentration; in this
case both concentration profiles m ust be determined to predict the rate of formation of hybrid.
The problem is, of course, also complicated grea tly if we can not m ake accurate predictions of
kinetic rate constants (as discussed in Section 2.3.1, it is difficult to make accurate predictions of
buffer ion concentration).

2.4. Predicting assay performance and choice of targets

During testing of DNA concentration behavior, it was determined that a discernible peak could
be observed starting with a single-dye-labeled DNA target at a concentration (in the reservoir on
the chip) of 1 pM. This provides a starting point for predicting the detection limits for this assay,
with the current configuration (same LIF detector, same membrane, same channel geometry,
etc). Essentially, to see a target peak we need to have, in the reservoir, at least 1 pM of
fluorophore bound to the target. This could be, e.g. 1 pM of target with 1 single-labeled probe
bound to it, 100 fM of target with 10 single-labeled probes, or alternatively 100 fM of target with
a single probe carrying 10 labels, etc. The key requirement (for the current device configuration)
is that the product of (target concentration) x (dyes per target) > 1 pM.

In general, targets are “large” and have the opportunity to bind multiple probes, or long probes
with multiple labels. However, this approach may not be feasible when only a few regions of the
genome distinguish a virulent pathogen from an innocuous near neighbor. For example,
bacterial pathogens have genomes on the order of a few megabases, but virulence may be
associated only with a few genes. Those genes may be (a) variable in sequence across isolates
(making it difficult to target with a synthetic probe), or (b) have regions that are homologous to
genes from non-pathogens, meaning that we would need to further restrict our choice of targets
only to regions that unique to pathogenic strains.

A second consideration that dictates the detection limit of a pathogen (virus particle or bacterial
cell), as opposed to a “target”, is the copy number of target per cell. In general, an intact viral
particle contains one copy of the viral genome, and thus genome copy number and pathogen
number are the same. A bacterial cell contains roughly one copy of the genome (depending on
the state in the cell cycle). Most genes are represented only once in the genome, although some
(like rRNA genes) may be represented a few times (typically less than 10). Some plasmids,
particularly small ones, may exist in higher copy number, although larger plasmids are typically
low copy number (1-10 per cell).

Bacterial genes may also be represented as RNA transcripts. In general the copy number of
rRNA far exceeds any individual mRNA transcript: an actively growing cell may contain >10*
copies of rRNA, making this an attractive “naturally amplified” target for hybridization.
However, rRNA, due to its highly conserved nature across all phyla of bacteria, has relatively
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poor discriminating power, particularly at the strain level. For example, E. coli O157:H7,
Shigella, and non-pathogenic strains of E. coli are highly similar at the level of 16S rRNA,
making discrimination by probe hybridization difficult. mRNA present another possible target,
although except for “housekeeping” genes, bacterial expression of mRNA is unpredictable, and
transcripts have short half-lives (on the order of minutes), meaning that copy numbers can be
very low (i.e. may fluctuate between 0 and 1 copies).

Another possibility for both viral and bacterial targets is the possibility of whole genome
probing, in which a large collection of probe molecules is used which, taken together, represent
large portions of the genome, and bear many fluorescent labels. This approach offers the best
possibility for highly sensitive detection. However, such probes are difficult to generate and use
in very high concentration, leading to concerns with kinetics (conventional approaches would
involve overnight hybridization, or use of PEG or other “crowding” agents to accelerate
hybridization). The mosaic nature of bacterial genomes, with some highly conserved regions,
might seem to limit this approach, although variants of this approach such as “checkerboard”
hybridization have been used with some success to characterize clinical isolates (although this
requires a long time and a large amount of DNA).

Based on the considerations of detection limits and target and probe multiplicity, we can
generate a “detectability diagram”, specific for the current device configuration.
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Figure 6:Detectability diagram for hybridization assay using the current chip and current
detector, which has a demonstrated practical detection limit of 1 pM of single-dye-labeled DNA.
For a given target concentration (i.e. the diagonal lines representing 1, 10% or 10* cell or
virus/uL), the target is, in principle, detectable if using a combination of probe multiplicity P and
target multiplicity N that lies above and to the right of the target concentration curve.

Figure 6 suggests that the assay, in its current form, will have difficulty detecting pathogens
directly in clinical samples. Pathogen copy number varies widely depending on the nature of the
pathogen, and the type of sample, over at least 12 orders of magnitude. For example, salmonella
may be present at <I organism per 10 mL of blood, making this an extremely challenging agent
to detect by any means (including culture or PCR) without some form of macro-volume
concentration. At the high end, influenza virus can reach peak concentrations of 10° genomes
per mL of nasopharyngeal aspirate; Dengue virus can approach similar concentrations in blood,
and Norovirus can approach 10'' copies per gram of stool. However, these represent the high
end for each of these pathogens, and would put them barely within reach of this assay. This does
not consider any dilution that occurs in adding hybridization reagents, or in transferring the assay
to the chip (usually 5-10 fold dilution factor). Clearly to be useful, our direct hybridization assay
would need to be coupled to a nucleic acid extraction “front-end” that can concentrate nucleic
acids from a dilute sample into a concentrated microliter-scale volume. Approaches to
accomplish this are currently under development through other projects at Sandia, including an
LDRD-funded biosurveillance project (PI Steve Branda), and externally-funded human forensics
project (PI Mike Bartsch), and the hybridization assay may be useful in combination with these
techniques.
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2.4.1. Advantage of FISH and flow cytometry for detecting intracellular targets

In parallel with this project, with the NIH-funded “FISH-n-Chips” project, we demonstrated that
we could use FISH targeting the 16S rRNA to detect as few as ~10 cells by hybridizing probes to
targets in intact cells, and then counting labeled cells in a microscale flow cytometry device
(uFlowFISH) [32]. This presents a certain advantage over the purely solution-phase assay. The
intact cell acts is a natural container that keeps the RNA target confined to a small volume (~1-2
fL for a bacterial cell), both during hybridization and detection, allowing us to perform detection
in a “counting” or “cytometry” mode with hydrodynamic focusing. This provides better
detection limits than we could achieve in electrophoresis where we are detecting bands of “free”
RNA molecules released from lysed cells. RNA in solution is subject to the usual constraints of
diffusional band broadening. Furthermore, molecules in solution freely fill the entire cross
section of the microchannel, and thus many of them are simply not detected: the laser for LIF
detection is focused to a small spot at the center of the channel, and does not interrogate the full
cross-section of the channel. In FISH with flow cytometry the cells with intact RNA are
hydrodynamically focused at the center of the channel which ensures that essentially every probe
molecule in every cell passes through the detection volume.
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3. HYBRIDIZATION ASSAY PROOF OF CONCEPT

Proof-of-concept was demonstrates with M13mp18, a closed-circular single-stranded DNA virus
of 7249 bases in size. DNA fro m this virus was obtained in purified form fro m New England
Biolabs. Assay performance is not expected to vary significantly with other types of virus (linear
vs circular, single vs double stra nded, DNA vs RNA). NA is dena tured prior to hybridization,
which would release D NA or RNA fro m an intact viral particle (as opposed to purified NA).
Presuming a low starting concentration of viral DNA, re-annealing of a double-stranded genome
is not expected to com pete significantly for probe binding sites, although partially-rehybridized
genomes could be problematic. RNA viruses might also be problematic from the standpoint of
rapid degradation of the viral RNA once released  from the intact viral particle, although the
denaturing step will partially inactivate any nucleases (RNAse) tha t happen to be pr esent, and
absence of divalent cations will also reduce RNAse activity. A reducing agent (dithiothre itol or
2-mercaptoethanol) or RNAse inhibitors can al so help block RNAse activ ity; these additives
were not tested in the current work.

The M13 assay is illu strated schematically in Figure 7 below, along with data illus trating an
actual assay separation.

M13mp18 Free probe
Circular ssDNA virus
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Figure 7: Proof-of-concept assay detecting M13mp18 virus by hybridization of dye-labeled
oligonucleotide probes (up to 10 at a time) to viral DNA. The panel at right shows successful
separation of “free” probe and target-bound probe (“hybrid”), along with a control reaction. The
separation was obtained in a separation length of 22 mm, in 4 wt% polydimethylacrylamide
(PDMA) separation matrix, following preconcentration for 2 minutes at 120 V/cm

3.1. Optimization of the separation

In principle, the separation of free probe (20mer) and target-bound probe (7249 base) should be
easy. Initial attem pts focused on using a pol ydimethylacrylamide (PDMA) sieving m atrix at
concentrations of 3-4%, which performed very well in initial exp eriments with se paration of
DNA ladders described in [6], an d has also been successful as a sievingm  atrix for DNA
sequencing separations [33]. With the hybridization assay, results with this m atrix were not
reproducible: sometimes successful separations were obtained, as in Figure 7 above, although the
mobility shift of the hybrid peak was not always consisten t, and som etimes the hybrid peak
failed to appear. This may be due to the supercoiled circular nature of the target, which prohibits
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the snake-like “reptatio n” mecihanism of DNA m igration through a gel. The sam e target
(M13mp18) when used as ate mplate for dideoxy (Sanger) sequencing followed by capillary
electrophoresis has been suspected of causing a variety of problems with injection [34-36].

Better results (m eaning consistent recovery of  the hybrid peak witham  ore reproducible
migration time) were obtained using a sievin g matrix consisting of Dextran (500,000 g/m ol
average molecular weight), 3.8 wt% in TTE buffer. Compared to the PDMA matrix, the Dextran
solution is a very low-viscosity sieving m atrix, easily introduced into the device b y vacuum.
Entanglement threshold concentration (C*) for this polymer is about 1.2%, and typically sieving
polymers are used at concentrations 5-10 times ¢* . In this case, good re sults were found with a
slightly lower concentration (~3-4 times ¢*). The mechanism of separation may fall somewhere
between a conventional “sieving > separation and a “transient entanglem  ent” mechanism
characteristic of polymer solutions below c* [37]. Different results might be obtained for a
linear (versus circular) or double- stranded (versus single stranded) target; some optimization of
the sieving matrix may be necessary depending on the size and nature of the target.

Although most of the proof-of-concept work was done with off-chip hybridization, an interesting
observation was m ade when trying to add salt  to the running buffers to  facilitate on-chip
hybridization. Specifically, adding sodium chloride at a concentration of about 35 m M to the
buffer reservoir “behind” the m embrane was found to dramatically sharpen the free probe peak
(data not shown here). There wa s apparently less effect on slower-m igrating peaks. The
mechanism is unclear, but I suspect that concentration polarization during preconcentration leads
to a local increase buffer anions (mostly TAPS) in front of the m embrane and depletion of salt
from behind the m embrane. Since salt is locally depleted on the other side of the m embrane,
there is (transiently) a shortage of current-carrying ions to cross the membrane upon injection. A
“front” of increased salt concentration migrates down the separation channel, leading to a locally
lower electric field, and consequently “destack ing” of concentrated DNA bands as the m igrate
through this zone into a zone of lower conducti vity and higher field. Adding some “fast” Cl ~
ions on the back side ofthem  embrane may amelioriate this by evening out conductivity
gradients that develop during the injection process.

3.2. Improving limit of detection

As predicted by the detectability diagram (Figure 6), using multiple probes should improve
detectability, over using a single probe. Thus, hybridization experiments were performed using
1,2, 5, or 10 probes simultaneously targeting different regions of the M13mp18 template. These
probes were designed to have similar length (20 bases), with similar GC contents (50%), and
have melting temperatures (at 50 mM NaCl) ranging from 50-53 °C. 5 of the probes were
labeled with Cy3 at the 5’ end, and the rest were labeled with Cy3 at the 3 end. In general 5’
labels were chosen by default, but 3’ labels were used if the 5’-terminal base was “G”, as there
can be some G-dependent quenching of fluorophores.

Probe (10 nM final concentration of each probe) and template (~20 fmol per reaction) were

mixed in a hybridization buffer containing 0.3M Na", 0.38M HEPES, pH 8.0. Reactions were
denatured at 95°C for 5 minutes and immediately transferred to an incubator block at 46 °C 10
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minutes. Samples were then diluted 1/10 for running on chip, with a 2 minute preconcentration
(60 V/cm) followed by separation. The total assay time in this format is about 20 minutes.

As expected, increasing the number of probes increases the peak height of the hybrid peak, as
seen in

Figure 8.

10 probes
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Figure 8: Effect of probe multiplicity on hybrid detection.

An increase in signal can also be obtained by increasing the preconcentration field or time. An
example showing the effect of increasing preconcentration field is illustrated in Figure 9.
Noteworthy in Figure 9 is that increasing the preconcentration field also dramatically increases
the size of the probe peak. This phenomenon of course also occurs when increasing the number
of probes (as in Figure 8, although the time scale in that figure is chosen to show only the hybrid
peak). Although the resolution between the probe and hybrid peaks is quite good, overloading
the device with “free” probe is not without consequence: the probe peak appears not to return to
baseline, which would then impair the ability to discern a low-level hybrid peak. Furthermore, a

very intense probe peak could temporarily “fatigue” the PMT and decrease response to a
subsequent peak.
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Figure 9: Increasing preconcentration field (2 minute duration) increases hybrid peak intensity,
but with increased tailing of the free probe peak.

Given these concerns, it would be ideal to m odify the assay to allow rem oval of unhybridized
probe prior to the separation. One approach is to m odify the membrane formulation, i.e. to a
lower concentration of polyacrylamide that perm its greater passage of the probe,  while still
retaining large targets. This is feasible; work perform ed with the pFlowFISH device
demonstrated that probes easily pass a 10% pol yacrylamide membrane, although the efficiency
and biases of a new mem brane formulation with respect to larger DNA targets rem ain tobe
determined (i.e. repeating the experim ents performed for the 40% m embrane described in
reference [6]).

A second approach that was explored was enzym atic digestion of unhybridized probes. Several
nucleases with different properties were tested for possible applic ation, with partial suc cess,
although a detailed study was not co mpleted at the time of this report. Briefly, nuclease options
include:

e Sl nuclease. This is a single-stran d-specific endonuclease. In the case of the single-
stranded circular M 13 target, this nuclease will degrade any unhybridized probe, as well
as any single-stranded regions of the target not bound to a probe. If the digestion goes to
completion, the reaction products would thus be a set of dye-lab eled 20mer duplexes
(essentially the regions of the target “protected” by the probes), and mononucleotides.
The enzyme is quite robust and therm ally stable, although too large of an excess of
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enzyme can result in indiscrim inate digestion of DNA. The buffer requirements do
require some consideration: the enzyme is tolerant to fairly high salt concentrations (up to
~300 mM), but does require zinc ions which, like Mg ™", can presum ably impact
hybridization stringency and kinetics. The optim al pH for the reaction is 4.6, which is
outside the range attainable with typical “good” anions for electrophoresis, and would
necessitate buffering with a faster anion su ch as acetate. If we are to p erform
hybridization and diges tion in the sam e buffer, there is also a possible concern for
depurination of DNA during the denaturing step, due to elevated temperature at low pH.
This use of S1 nuclease is analogous to the “nuclease protection assay’ which is
commonly used to detect RNA targets (freque ntly using radioactivity) [38]. Combining
the S1 nuclease digestion with mem  brane concentration and separation is a novel
approach to m iniaturizing and autom ating this standard laborat ory technique using
fluorescence detection.

Exonuclease 1. This is an exonuclease that is highly specific for single-stranded DNA,
and digests from the 3’ end, re quiring a 3’ hydroxyl. Tests have shown that it is also
active on our 3’-dye-labeled probes, although more slowly than on our 5’-labeled probes.
If the digestion goes to com pletion, the reac tion products would be the intact single-
stranded circular target with hybridized probes, and m ononucleotides. The enzyme does
require addition of Mg, but is otherwise tolerant of a wide variety of buffer conditions
around pH 7-8, and does retain som e activity at45 °C , allowing digestion to be
performed at a higher stringency than the r ecommended temperature for the enzyme (37
°C). The digestion appears to be effective at greatly reducing unhybridized probes, but in
the 3.8% Dextran m atrix, some labeled product (possibly dye-labeled mononucleotides)
co-migrate close to the expected tim e for the hybrid peak. In some instances, an
additional product leads to an elevated baseline toward the end of the run; this m ight be
attributed to small dye-labeled digestion products that m igrate into the m embrane, and
then slowly migrate out when the field is reversed. These artifact s would need to be
resolved (perhaps by changing the formulation of the sieving matrix) prior to proceeding
with this enzyme.

Exonuclease VII. This is another exonuclease with high specificity for ssDNA. As with
Exo I, the products with the single-stranded circ ular template would be intact target with
hybridized probes, and digestion products from the probes (m ono- and sm all
oligonucleotides, including dye-labeled produc ts). Two features m ake Exo VII an
attractive alternative to Exo I for this application. First, digestion proceeds from both 3°-
and 5’- termini, meaning there is no concern as to which end is dye-labeled. Second, the
reaction does not require any divalent cations and retains partial activity at temperatures
in excess of 40 °C, meaning there is no concern with altering stringency to accommodate
the enzyme. The enzym e is tolerant of hi gh concentrations of m onovalent cations.
Combining digestion with a hybridization re action was only attem pted once; results
suggested only partial removal of excess probe, but without noticeab le co-migration of
reaction products as with Exonuclease I. Literature search on additional properties of the
enzyme indicate that it requires phosphate in  the digestion buffer [39], which was not
included on the first test; add itional work can explore whether simple addition of
phosphate to the reaction buffer can improve performance of this enzyme.
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Although promising for removing excess probe, these enzymatic digestion steps do rem ove the
“enzyme-free” feature that drove exploration of the assay in the first place. Com pared to PCR,
the nuclease enzymes are quite robust (thermally stable and resistant to inhibitors), and might be
amenable to greater therm al stabilization throu gh formulation with simple additives such as
trehalose or Dextran.

To date, the best sensitivity ob tained (without any enzymatic digestion) has been 400 am ol of
M13mpl8 template loaded into the device. As illustrated in Figure 10 this was achieved with

good signal-to-noise (~ 20) using a standard  “mild” preconcentration (120s at 60 V/cm ),
suggesting there is substantial room for increasing detection limits, particularly if the difficulties
associated with a large probe peak can be solved.

2 fmol M13

Fluorescence

0.4 fmol M13

80 100 120 140
Time (s)

Figure 10: Sensitivity for low concentrations of M13mp18 (using 10 probes).

400 amol is still a relatively high copy number for pathogens in clinical samples, and thus at this
level of sensitivity the assay is unlikely to compete with PCR. Further reduction in the sample
volume loaded on the chip (i.e. by re-designing the chip manifold with smaller holes, and smaller
electrodes to work with ~5 uL instead of  the current 80 uL) would immediately reduce the
detection limits by an order of magnitude. Solving the problem of primer peak “tailing” after
extensive preconcentration, whether by enzym atic digestion or reformulation of the m embrane,
would allow more aggressive preconcentration, perhaps allowing an additional order of
magnitude of sensitivity. The LIF detection is relatively well optimized, although further gains
might be achieved using a more sensitive or less noisy PMT, for example.
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4. USE OF MEMBRANE PRECONCENTRATION DEVICE FOR
DETECTING DRUG RESISTANCE GENES

The membrane preconcentration chip is useful for any application requiring highly sensitive size-
based separation of DNA. Besides the amplification-free hybridization assay discussed thus far,
the chip is also useful for separating products from a conventional PCR reaction, for exam ple in
diagnostics. One ex ample that was explored is multiplex PCR for detection of horizontally
transferred drug resistance genes.

4.1. Background

Klebsiella pneumoniae and other Gram-negative bacteria with genes encoding carbapenemases
such as KPC or New Delhi m etallo-b-lactamase (NDM-1) are poten tially a grave concern for
public health. Carbapenem s (imipenem, etc) are drugs of last resort for Gram -negative
pathogens [40-42]. Besides coding for resi stance to these drugs, carbapenem ase genes
frequently reside on highly tr ansmissible plasmids simultaneously coding for resistance to
numerous other classes of antibiotics, lead ing to inf ections that ar e highly intr actable to
treatment.

Carbapenamases canb e difficult to detectb y susceptibility testing methods, and we are
developing rapid genetic (PCR) tests for these resistance  genes, using novel instrum entation
designed for limited-resource settings. Genetic te sts also have drawbacks: they m ay miss novel
sequence variants, and m ay pick up non-functiona 1 or non-expressed genes, and are usually
limited to detecting a few common genes per test.

Real-time PCR tests are popular in clinical settings due to the relative simplicity of amplification
plus detection in a single tube, alth ough real-time tests have m ore limited multiplexing ability.
Multiplex PCR with amplicon sizing can detect more targets per reaction, but require extra work
to transfer samples to a gel f or analysis. Instrum entation developed in this p roject (membrane
preconcentration chip) along with other projects (rapid PCR “wheel”, DNA extraction) allows
automation of sample prep, amplification, and analysis allowing rapid, hi gh-sensitivity analysis
of amplicons. In this work, we test com ponents of this system for a s mall panel of
carbapenemase genes, with the ultimate goal of performing rapid, multiplexed detection of a
large panel of drug resistance genes directly in a clinical setting.

4.2 Methods

As a first step toward applying our instrumentation to detecting carbapenemase genes, we have
tested a small panel of strains with a low-level multiplex PCR for blaxpm.1, blagpc, and
Enterobacteriaceae 16S gene (internal control). The degree of multiplexing was limited
primarily by the strains we had available for testing, rather than an inherent limitation of the
technology.
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Table 2: Primers used for detecting carbapenemase genes

. Amplicon
Primer name | Sequence .
size (bp)

NDM-GBM-F CCCGGCCACACCAGTGACA

129 [43]
NDM-GBM-R GTAGTGCTCAGTGTCGGCAT
MultiKPC_for CATTCAAGGGCTTTCTTGCTGC

538 [44]
MultiKPC_rev ACGACGGCATAGTCATTTGC
ENT-F (16S) GTTGTAAAGCACTTTCAGTGGTGAGGAAGG

424 [45]
ENT-R (16S) GCCTCAAGGGCACAACCTCCAAG
DG74 (16S) AGGAGGTGATCCAACCGCA

370 [46]
RWOI (16S) AACTGGAGGAAGGTGGGGAT

We obtained purified DNA from the following ATCC control strains:
Table 3: Strains used for testing PCR assay

K. Pneumoniae BAA-1705 KPC positive control for modifiied Hodge test (MHT)
K. Pneumoniae BAA-1706 Negative control strain for modified Hodge test

K. Pneumoniae BAA-2146  Multi-drug resistant; blaxpc negative, blanpm.; positive

We optimized a “conventional” multip lex PCR reac tion for these prim ers and these strains.
Final conditions were [pmol/uL] each primer, 57 C annealing temperature, 1 ng template DNA
in a 25 pL reaction. As a positiv e control for am plification, we used either a “universal” 16S
primer set (DG74+RW  01), orthe “E NT” 16S primer set. This settarge ts most
Enterobacteriaceae and Vibrioaceae but is less sensitive to cont amination than “universal” 16S
primers. We obtained p ositive amplification in 30 cycles from 50-500 pg of bacterial g enomic
DNA in a 25 pL reaction.

4.3 Results
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4.3.1 Multiplex PCR optimization

Conventional PCR thermocycling with agarose gel electrophoresis allowed detection of expected
bands for each strain, as shown below.

adder (E=gel 50 bp)

705 (KPC+)

706

Figure 11: 2% Agarose + EtBr gel image of carbapenemase multiplex with “universal” 16S
primer control, showing expected bands at 129, 370, and 538 bp. The 50 bp ladder (far left
lane) has bands at 50, 100, 150, etc. The “bright” ladder bands represent 350 bp and 800 bp.

The same set of primers (either the same ratio of primers, or a rebalanced mixture) was tested
using the “PCR wheel” for rapid thermal cycling; all bands could be detected with the PCR but
the relative abundance of primers requires further optimization. Bands on the agarose gel for
primer mix 2 appear “smeared” due to insufficient dilution prior to loading on the gel.
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Figure 12: Agarose gel electrophoresis showing products from carbapenemase multiplex PCR
with PCR wheel for rapid thermal cycling. Primer mix 1 (same as in Figure 11) shows the
expected bands for NDM-1 and KPC. A re-balanced primer mix (Mix 2) which results in
overproduction of the 16S amplification control band and apparent loss of the KPC band.
Further optimization is required.

4.3.2 Membrane preconcentration chip for detection of amplicons

For detection using the m emebrane preconcentration chip, we used conditions similar to those
developed when testing the rates and biases of preconcentration [6 ], with two changes. (1) The
sieving matrix was 4% PDMA rather than 5% PDMA, and (2) an “on-column” labeling protocol
was used, rather th an dye-labeled prim ers.  On-column detection allows use of sim ple,
inexpensive unlabeled prim ers and DNA ladders , although it would lim it the possibility for
spectral multiplexing.

Results of the chip-based detection for a size ladder and the multiplex P CR are shown in Figure
13. A quantit ative ladder was used, allowing comparison of peak area as a f unction of DNA
size. The on-column labeling strategy showed a linear correlation betw een fragment mass and
peak area. This is a good result, and was not  entirely expected: because the dye used for on-
column labeling is itse If positively charged, it was possib le that there would be som e size-
dependent labeling artifacts associated with the dye concentrating (or not concentrating) near the
membrane. Good separation was observed for the ladder peaks between 100 and 800 bp. The
2000 bp peak was baseline resolved, but examination of mobility versus size (plot in upper right
corner of Figure 13) indicates that the 2000  bp peak lies outside the region of good sieving
behavior (linear dependence of log(mobility) vs log(size)).
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Figure 13: Membrane preconcentration chip for analysis of carbapenemase multiplex PCR, with
control separation of a quantitative DNA ladder, and quantitative metrics of ladder separation.

Chip electrophoresis gives the sam e banding pattern as the traditional gel, but the m igration
times are s hifted from the expected positi on, because m any runs (>20) were perform ed
sequentially without replacing buf fers or sieving polymer, causing a gradual slowing of
migration. One solution is to include leading & trailing “reference bands” to tie each run to the
size standard. This is a standard appro  ach with chip and cap illary electrophoresis, €.g. the
Agilent Bioanalyzer.

As discussed below, the absolute sensitivity of detection with the m embrane preconcentration
chip exceeds by orders of magnitude that which can be obtained by slab gel electrophoresis or
the Agilent Bioanalyzer, in an order of magnitude shorter time than can be obtained by capillary
electrophoresis. The analyses show n in Figure 13 were obtained with PCR products diluted
1/5000. 1t is likely that products could still be  detected in as few as 15-20 PCR cycles, wit h
lower dilution of the product, potentially reducing the time required for detection.
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4.3.3 Optimization of on-chip labeling technique

For on-column labeling, we used the intercal ating dye SYTOX Orange, which is a good m atch
for the 532-nm laser with 570-610 nm bandpass detec tion and has been used previously for CE
and chip separations of DNA [47 ]. This dye was included in the separation m atrix, and in the
“run waste” reservoir (at the end of the separation channel). Li ke most intercalators, SYTOX
Orange is p ositively charged, and thus m igrates counter to the direction of DNA m igration,
allowing fragments to be labeled as they migrate down the separation channel. U nlike the
cyanine dimer dyes (YOYO, POPO, etc) which can bind “perm anently”, SYTOX Orange
equilibrates with DNA relatively quickly [48], meaning that if free dye is not present in the
sieving matrix or running buffer, the DNA becomes “unstained”.

Some optimization of the on-column labeling protocol was required. During the “pre-run” steps
(preconcentration, etc), the “free” d ye in the separation channel (present at about 500 nM), as
well as dye which adsorbs to the microchannel surface, gives some background fluorescence (the
unincorporated dye has small but non-negligible fluorescence). Since the dye is stationary (there
is no current in the separation channel during th ese steps), the dye photobleaches, resulting in a
decrease in the fluorescence signal. Upon switc hing the direction of the electric field, free dye
begins to migrate “up” the separation channel, causing the background signal to increase slowly.
I suspect that the slow increase is due to establishment of an equilibrium between dye in solution
and dye adsorbed to th e surface (fresh dye is displacing previously bou nd, photobleached dye).
The slow increase in baseline often persists during the period when DNA peaks are m igrating
past the detector. Thisisnot strictly a problem for detecti on, but could be problem atic for
quantitation, and in any event is non-ideal.

The rate of increase as well as the equilibrium level of the baseline was found to depend on the
current in the separation arm (perhaps reflecting the rate at which fresh dye is brought into the
detection region, and thus the av  ailability of fresh dye to di splace bleached dye from the
surface). Using th e current-control capabilities of the power s upply, it was possible to app ly
current in the separation channel during the =~ pre-run which m atches the current during the
separation step. This allows an “equilib rium” baseline to be established during the pre-run, and
allows the detection DNA peaks on a more ideal, horizontal baseline.

Tight binding of SYTOX Orange to m icrochannel surfaces has been reported previously [48],
and it seems to be difficult to avoid despite coating of surfaces to mask positive charges. Other
dyes might be explored to avoid this problem; if the problem is truly due to surface-bound dye, it
is also possible that an o ptimized confocal pinhole will allow better rejection of fluorescence at
the top and bottom surfaces of the channel, as opposed th e laser focus at the cen ter of the
channel.

Even with the high background ass ociated with SYTOX Orange, very high sens itivity was
obtained: the ladder separations show easy detection of the ladde r peak at 50 fg/uL, and other
runs at higher dilution showed this peak could be detected down to 20 fg/uL (not shown). These
results were obtained at relatively low setting of PMT gain (to allow on-scale detection of all
peaks in the ladder), and with a “mild” preconcentration (2 minutes at 60 V/cm) meaning we can
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likely detect substantially lowe r concentrations of DNA with r elatively minor tweaks to the
system. The curren t results are approxim ately 2 orders of m agnitude better than the best
sensitivity claimed for the Agilent Bioanalyzer, and within an order of magnitude of results
claimed as “ultra-sensitive” LIF detection using intercalating dyes in CE (~ 1-10 fg/uL) [49].
For sake of reference, 1 fg represents about 12 x 10 ° molecules of a 50 -bp DNA, or 300 x 10°
molecules of 2000-bp DNA. Thus, on-chip labeling with membrane preconcentration appears to
put us within reach of directly detecting DNA with copy number <1 million.

4.4 Multiplex PCR Conclusion and Future Work

The results show successful transition of a conventional, low-throughput multiplex PCR with gel
electrophoresis to two platform s amenable to autom ation (1) rapid cycle PCR using Sandia’s
patent-pending “PCR Wheel”, and (2) rapid, ultra-sensitive chip electrophoresis. Together, these
technologies will allow PCR detection with sm all reaction volume and fewer cycles in a shorter
total assay time. Further development of the chip electrophoresis is needed to tighten up the
migration times and fur ther increase sensitivity with on-chip labeling. The low power rapid
thermal cycler with inte grated sample prep will enable op erations in limited resource se ttings
(hospital/point-of-care). For clinical use the drug resistance multiplex should be expanded, but
this requires validation against a larger collection of isolates.
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5. CONCLUSIONS

Work thus far provides proof-of-concept for direct detection of <10’ copies of a pathogen nucleic
acid sequence by hybridization followed by electr ophoretic separation with LIF detection, with
membrane preconcentration allowing more sensitive detection of target-bound prob es. Further
improvements to chip design (€.g. the ability to load smaller volumes into the on-chip reservoirs;
membrane formulation to allow selective pas sage of probes), as well asim  provements to
detection optics, can potentially provide 1-2 orders of magnitude of additional improvement in
detection limits.

The main advantages of the direct hybridization assay are speed and sim plicity. The only

operations required are mixing of target, probe, and buffer solutions, and a sim ple temperature
program involving denaturation at 95 °C for five minutes, followed by incubation at 45-50 °C for
5-10 additional minutes. The electrophoretic anal ysis step requires ap proximately 5 minutes,
giving the assay a total run tim e of about 15 minutes. Hardware has already been designed at
Sandia for portable operation of microfluidic electrophoresis chips as well as hands-free handling
and thermal cycling of microliter-scale volumes of fluids, and thus this assay could be integrated
into existing systems for portable operation.

The main disadvantage for the assay is its rela tively poor sensitivity, relative to PC R. 10° (or
107, with improvements) is a high copy num ber for most pathogens in clinical sam ples. Even
with improvements, the direct hybridization assa y is unlikely to com pete with PCR, LAMP, or
other amplification-based techniques that can d etect targets at <10 cop ies per sample. W ith
relatively high detection limits, the hybridization assay would need to be coupled to a process for
extraction and concentration of nucleic acids from large-volume samples, or to a “natu ral”
amplification process suchas culture (which istim e consuming). Meanwhile, recent
developments in PCR have m ade inhibitors less of a problem for robust, fieldable P CR: mutant
polymerases such as K lenTaq are now availabl e that are res istant to comm on sources of
inhibition (e.g. in blood) [50]. Several comm ercial vendors such as EvoPrep and Z yGem now
offer simple, one-step extraction kits that are bot h easy to use and inactivate comm on inhibitors.
PCR remains dependent upon a cold chain, although several studies now suggest that sim ple
additives such as trehalose can stabilize a PCR reaction mixture in lyophilized form for weeks or
months at room temperature. W ith these advances, PCR as well as isotherm al amplification
methods such as LAMP are likely to find increased success as “fieldable” techniques for portable
diagnostics.

In the course of developing and testing the hyb ridization assay, the m embrane preconcentration
chip has proved valuable for detecting very low concentrations of DNA. In terms of absolute
senstitivity, the m embrane preconcentration process allows de tection of much lower

concentrations of input DNA than a “conventional” microchip electrophoresis device such as the
Agilent Bioanalyzer, and severa 1 orders of m agnitude lower concentration than slab gel

electrophoresis. The speed and resolution of separa tion is comparable to that seen with other

chip electrophoresis devices like the Bioanalyzer, but the sensitiv ity of detection is comparable
to that obtained with highly optim ized capillary electrophoresis, which is orders of m agnitude
slower. Addition ally, CE requir es extensively desalted samples to achieve high sensitivity,
whereas the membrane preconcentration device is relatively tolerant to millimolar concentrations
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of “fast”ionssuchas Cl ~ inth e sample. The desir able properties of them embrane
preconcentration device allowed it to be used in this work to enable a highly sensitive multiplex
PCR-based detection of bacteria 1 drug resistance genes, and ¢ ould potentially be incorporated
into a variety of rapid, portable diagnostic platforms.

Extensive experiments with DNA preconcentration has shown that uncharged m embranes are
preferable to negatively charg ed membranes for most applications, allowing faster
preconcentration and better separations following preconcentration. Negative membranes allow
more effective p reconcentration of verys mall, negatively charged analytes such as
oligonucleotides, but display a higher degree of ion concentration polarization, which negatively
impacts several aspects of operation [6].
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