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In this paper, we present a new impedance-based method to detect viable spores by electrically
detecting their germination in real time within microfluidic biochips. We used Bacillus anthracis
Sterne spores as the model organism. During germination, the spores release polar and ionic
chemicals, such as dipicolinic acid (DPA), calcium ions, phosphate ions, and amino acids, which
correspondingly increase the electrical conductivity of the medium in which the spores are
suspended. We first present macro-scale measurements demonstrating that the germination of
spores can be electrically detected at a concentration of 10° spores ml~ ! in sample volumes of 5 ml,
by monitoring changes in the solution conductivity. Germination was induced by introducing an
optimized germinant solution consisting of 10 mM L-alanine and 2 mM inosine. We then
translated these results to a micro-fluidic biochip, which was a three-layer device: one layer of
polydimethylsiloxane (PDMS) with valves, a second layer of PDMS with micro-fluidic channels
and chambers, and the third layer with metal electrodes deposited on a pyrex substrate.
Dielectrophoresis (DEP) was used to trap and concentrate the spores at the electrodes with greater
than 90% efficiency, at a solution flow rate of 0.2 ul min~' with concentration factors between
107-109 spores ml~!, from sample volumes of 1-5 pl. The spores were captured by DEP in
deionized water within 1 min (total volume used ranged from 0.02 pl to 0.2 pl), and then
germinant solution was introduced to the flow stream. The detection sensitivity was demonstrated
to be as low as about a hundred spores in 0.1 nl, which is equivalent to a macroscale detection

limit of approximately 10° spores ml~'. We believe that this is the first demonstration of this

application in microfluidic and BioMEMS devices.

Introduction

Bacillus anthracis has long been identified as the causative
agent of the disease anthrax. Like all members of the genus
Bacillus, it has a long-term environmental persistence due to
the formation of endospores, which develop over a time course
of several hours inside a cell exposed to nutrient starvation or
other environmental stresses.! The spores are released to the
environment when the cell lyses. A dense protein coat, low
cytoplasmal water activity and small, acid soluble DNA
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binding proteins render the spore highly resistant to dessica-
tion, irradiation, chemical oxidation and other environmental
assaults.”> This resistance makes decontamination of an
environment in which endospores are present very difficult,
and makes detection of low-level spore contamination an
important goal.

The binding of certain small molecules to receptors in the
spore cytoplasmic membrane initiates an irreversible cascade
of events leading to germination of the spore and resumption
of vegetative growth.> Spores from different species of
Bacillus respond to different germinants, depending on
which membrane-bound receptors they express. For example,
B. subtilis spores germinate in response to L-alanine binding to
the receptor GerA,® B. cereus spores in response to inosine
binding to Gerl,” and B. megaterium spores in response to
L-proline binding to an undetermined receptor.® In some cases,
multiple germinants act synergistically at lower concentrations
than required for any single germinant,’ and this is probably
the case when spores germinate under physiological conditions
in a host.!*!

During germination, the loosely cross-linked peptidoglycan
of the spore cortex is hydrolyzed, and the spore takes up water,
Mg2+ and K" ions, and releases a-dipicolinic acid (DPA) from
the core, along with Ca®* and other ions.'>'* After this
release, the spore becomes heat sensitive, and also loses its
refractility, becoming dark when viewed by phase contrast
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Fig. 1 Rationale for detection of spore germination (magnification:
1000 x , DMLB, Leica Microsystems Inc., Bannockburn, IL, USA).
Spores begin germination upon addition of the germinant solution.
Germinated spores have released ions and lost refractility, becoming
phase grey or phase dark.

microscopy (Fig. 1). Little or no metabolic activity occurs until
the spore has germinated (has become phase dark).'>*!3
Within a few hours though, metabolism recommences and the
spore outgrows, breaking through the spore coat and emerging
as a vegetative cell.

The intentional contamination of seven letters with
B. anthracis spores in 2001 resulted in 22 cases of anthrax, 5
of which were fatal,’> and focused attention on the detection of
spores of this organism in environmental samples. Many
detection methods (colony morphology, staining of the unique
poly-D-glutamate capsule, PCR amplification of specific
DNA sequences, y-phage susceptibility testing) require the
outgrowth of vegetative cells before testing, and also often
require time-consuming manual steps. Several other innovative
methods'® 2! reported in recent years can detect endospores at
a threshold of about 10° spores in a sample. Most of these
methods involve micro- or macro-scale PCR analysis, or
various forms of optical detection. Automated spore detection
systems have used real-time PCR with thermal cycling
chambers made from etched and fusion-bonded silicon to
carry out the PCR based detection assays for Bacillus spp.
and Yersinia spp.>> Bioaerosol mass spectrometry for rapid
detection of airborne pathogens is another example of an
automatic spore detection method.?® It should be noted that
most of the reported methods either perform identification of
the spores before spores germinate, and do not distinguish
between viable and non-viable spores'” or detect the growth
of the vegetative cells.'® It would be very useful to determine,
using automated techniques, whether the spores are indeed
viable or not.?>%

The method presented herein detects viable spores by their
germination using electrical methods. We used B. anthracis
Sterne endospores as the model organism. The detection
mechanism is based on changes in conductivity due to the
release of Ca®*, DPA and other ions from the spore cortex
upon germination.'*'%?%2% These charged entities and ions will
result in an increase in conductivity of the solution, which can
be measured with a commercial conductivity meter, or the
embedded electrodes within a microfluidic biochip where the
spores are captured. Detection of the released Ca>" and DPA

from hydrolyzed endospores has been reported;>> > however,
none of these methods use automated electrical detection.

Various types of microfluidic biochips have been developed
and utilized in applications related to bacterial cell growth and
detection. In the recent past, we have developed a silicon-based
microfluidic biochip with an anodically bonded glass cover for
detecting bacterial metabolism.>* 3 Listeria monocytogenes
were incubated and metabolic products were electrically
detected within just a few hours. Micro-culture systems for
continuous observation of physical properties of Escherichia
coli have recently been reported for examining bacterial
quorum sensing and feedback mechanisms.>*** Numerous
other reports of microfluidic devices related to detection of
microorganisms can be found. Nucleic acid based assays have
been implemented on-chip using micro-fluidic devices, such as
on-chip conventional and real-time PCR,*>3¢ and electroche-
mical detection of the products of PCR, using a poly-TTCA
modified screen-printed carbon electrode—allowing the detec-
tion of the catalytic oxidation of dsDNA.3’ To the best of our
knowledge, electrically based detection of spore germination
using microfluidic devices has never been reported.

The proposed detection mechanism, together with innova-
tive BIoMEMS fabrication techniques, potentially allows the
detection system to be automated, portable, and useful for
examining potentially spore-containing samples in industrial
microbiology, diagnostics, and environmental surveillance.
Most importantly, the proposed approach can be used to
determine viability of the spores, in conjunction with PCR or
other techniques, which can then be used for the identification
of the spore samples.

Materials and methods
Preparation of spores

Spores were prepared by the method of Ireland and Hanna.™®
Briefly, a single colony was inoculated into 50 ml of 2X
BHI with 0.5% glycerol and grown overnight at 37 °C. The
overnight culture was diluted into 500 ml of CCY medium,*
and grown at 37 °C with vigorous aeration for 2 to 3 days. The
culture was examined by phase contrast microscopy. If it
contained >95% phase bright endospores, the spores were
harvested by centrifugation for 30 min at 1500 x g. The pellet
was washed 3 times with 10 volumes of sterile deionized water
and resuspended in 4 ml of a 2% aqueous solution of
Renografin-76 (ER Squibb & Sons).

Harvested spores were purified by layering onto 30 ml of a
50% solution of Renografin-76 and centrifuging at 12 000 x g
for 30 min.* The pellet was washed 5 times in 2 volumes of
deionized water, removing the top flocculent layer after each
wash. It was finally resuspended in 2 ml of deionized water.
Spores were titered using a Petroff-Hausser chamber and
stored at a titer of >10"" spores ml™ ' at 4 °C.

Spore germination

Bacillus spore germination requires binding of germinant to
receptors on the spore membrane. Germination depends on
the presence of these receptors, which depends in part on the
medium in which the spores were prepared.*' The choice of
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germinant, then, is not a routine matter. Whereas physiologi-
cal concentrations of L-alanine will initiate germination of
many Bacillus spores, this is insufficient for germination of
B. anthracis spores. L-Alanine at a concentration of 100 mM
has been reported to allow B. anthracis germination,* but the
background electrical conductivity of this solution is too
high to detect the release of ions, such as Ca-DPA, from
endospores. The purine nucleoside inosine has been reported
as a potent germinant of B. cereus,” but it does not germinate
B. anthracis spores unless certain amino acids are present as
cogerminants.®® Inosine also has high background conduc-
tivity. The best germinant in the present experiment is one that
allows substantial spore germination without having a high
background electrical conductivity. It was found that a
solution of 10 mM L-alanine and 2 mM inosine (Sigma
Chemical Corp.) was optimal. The background conductivity
was about 20 pS cm ™!, and addition to heat-treated spores
(65 °C for 30 min) resulted in >75% germination within 20 min.
Addition of 1 mM histidine®* or 10 mM glucose to this
solution did not substantially improve germination.

Verification of germination detection using commercial
equipment: macro-scale experiment

It is very well known that Ca®* ions, DPA, and other polar
and charged entities stored in the endospore cortex, are
released when spores germinate.'>'#?*?> Among these chemi-
cal entities, reported DPA content varies and accounts for
5-14% of the total mass of the endospore.'*** The release of
either Ca>" ions and DPA, or other ions, will contribute to an
increase of conductivity in the solution in which the spores
germinate. By monitoring the conductivity change of the
spore solution, it can be determined whether the captured
spores have germinated or not.

The macro-scale experiments measured germination of a
5 ml spore suspension, with concentration ranging from
107-10° spores ml™!, in a rinsed (sterile deionized water),
sterile 15 ml plastic centrifuge tube (Corning 430052) using a
commercial conductivity meter (6307 microcomputer pH/
conductivity meter, Jenco instrument corp.). The spores were
preheated in a 65 °C water bath for 30 min before the
experiment started. After spores were heated and germinant
solution was added, the conductivity probe was inserted into
the 15 ml centrifuge tube containing the sample. Conductivity
values were recorded every 1 min. Three different concentra-
tions of spores were compared to control experiments
(i.e. spores only, deionized water only and germinant only),
to find the detection limit. The conductivity probes were
calibrated before each experiment. The deionized water had a
measured conductivity of 2-3 uS cm ™!, which was within the
accepted range and thus demonstrated the sensitivity of the
instrument. The experiment was carried out at room tempera-
ture.*” The experimental set-up is depicted in Fig. 2. Results
are presented below.

Microfluidic device design, fabrication and assembly

As a result of macro-scale experiments that we did to verify the
concept of electrical detection of spore germination, several
criteria were considered in the design and fabrication of our
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Fig. 2 Schematic of macro-scale experiment, including a commercial
conductivity meter (6307 microcomputer pH/conductivity meter, Jenco
instrument corp.) and 15 ml tubes (Corning 430052). Spores were
activated by preheating to 65 °C for 30 min. Germinant solution
(10 mM L-alanine + 2 mM inosine) was added after heat activation.
Measurement began immediately upon addition of germinant.

BioMEMS device: (1) The chip needed to be designed to detect
as few spores as possible, but at the same time allow a
concentration of about 10° spores ml™! to achieve significant
signal strength. (2) Separate inlets were required to deliver
germinant and spores to prevent the heat-treated spores from
coming in contact with the germinant before they were
captured in the dedicated conductivity measuring chamber.
(3) Embedded electrodes were needed to monitor the electrical
admittance change of the spore solution upon germination. As
a result, the proposed chip contains 0.1 nl chambers, separate
inlets for spore and germinant delivery, and interdigitated
electrodes. The two inlets merged at a junction immediately in
front of the experimental measuring chambers that contained
the electrodes.

The proposed device was constructed as a three layer
BioMEMS device. The first layer was a pyrex (7740, Corning
Inc., Corning, NY, USA) substrate with interdigitated
electrodes for exerting dielectrophoresis forces to capture
spores and for recording the change of admittance within the
solution. The metal electrodes were deposited as 250 A
titanium and 350 A gold by evaporation (CHA e-beam
evaporator), followed by a lift-off process. On top of the
pyrex substrate was a 40 pum PDMS layer with patterned
micro-fluidic channels and chambers. These channels defined
the inlet/outlet channels for delivering spores and germinant,
and also defined chambers to capture and hold spores for the
germination experiment. The third layer was a thick PDMS
slab with micro-fluidic pathways serving as valves to close off
the channels in the thin second layer. The valving system was
designed to enhance the signal strength by forming a closed
environment for detection, and also to constrain spores inside
the detection chamber after the DEP capture force was
released. The use of elastomeric valves made of PDMS
has been widely explored.** The layout of the chip and the
completed chip are illustrated in Fig. 3(a) and (b).

The fabrication of the PDMS layers was done by first
preparing SU-8 (MicroChem Corporation, Newton, MA,
USA) negative photoresist molds. These molds were made
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Fig. 3 (a) Drawn top-view layout of the micro-fluidic device, (b) optical image of the completed device, (c) cross-section of the microfluidic device.
Spores were heat-activated off-chip, passed through and captured on interdigitated electrodes by DEP in the desired chamber as indicated in
Materials and methods. Chambers were filled with germinant (10 mM L-alanine + 2 mM inosine) through fluidic ports. Air valves were actuated by
pressurized germinant solution or nitrogen, to isolate spores in dedicated chambers in closed-valve experiments. (d) Valving is effected by
pressurizing the third layer and thus pressing against the second layer channel to form a closed environment for spore germination to take place.
The effectiveness of the valves was demonstrated with a solution of safranin dye.

with 10 pm features for the second layer and 40 um features for
the third layer by photolithography steps on silicon substrates.
A mixture of 30 : 1 (w : w) ratio of elastomer base : curing
agent (Sylgard 184 Silicone Elastomer, Dow Corning
Corporation, Midland, MI, USA) was thoroughly mixed and
spun onto the second layer mold; and a mixture of 3: 1 (w: w)
ratio of elastomer base : curing agent was mixed thoroughly
and poured on to the third layer mold. Both PDMS layers
were cured in a hard-bake oven at 120 °C for 10 min. The third
layer was peeled off after the curing process. Inlet and outlet
holes were punched with a punch made from a 22.5 gauge
needle. The bonding of the third and the second layers of
PDMS was done by visual alignment under a microscope. The
two layers were then bonded after curing in a soft-bake oven at
90 °C for 90 min, with the cross-links being formed by the
excess elastomer and curing agent on the surfaces between the
layers. The inlet/outlet holes of the second layer were then
punched with the same punch after the hybrid second-third
layer was peeled off of the second layer mold.

PDMS was used for the devices due to its low cost and ease
of fabrication. However, concern for leakage of biohazardous
substances from PDMS based devices requires care to ensure
that the device and surfaces are properly sealed. We also
performed all measurements in a biosafety level II hood and

ensured that the pressure used for the experiment was less than
30 psi, which is well below the pressure needed to de-bond the
PDMS from the pyrex substrate.*’

The pyrex layer containing the electrode substrate and the
hybrid PDMS layer was bonded by surface treatment using
oxygen plasma (200 W, 15 s), and aligned immediately
(within 5 min). The etch gas was 80% argon and 20% oxygen.
Microbore tubings (OD: 0.016 inches, ID: 0.006 inches, Cole—
Parmer instrument, Vernon Hills, IL, USA) were inserted into
the punched holes and sealed with 10 : 1 PDMS for injection of
liquids. The cross-section of the fabricated biochip and how it
functions is illustrated in Fig. 3(c) and (d).3>4¢4

On-chip experiment: spore capture and germination detection

The electrical measurements on-chip were carried out with an
automated recording system. The system included an injector,
measuring probes (The Micromanipulator Co., Inc. Carson,
NV, USA), an LCR meter (Agilent Technologies, Palo Alto,
CA, USA), a computer, and a microscope (Eclipse E600FN,
Nikon Inc., Melville, NY, USA). Heat treated spores were
injected by the injection system into the BioMEMS device
mounted on the microscope platform, with a flow rate of
30 pl min~ ' for 5 min, followed by 0.2 ul min~'. The injection
system had multiple injection valves and switches to change
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solutions. To avoid contamination, the injection system was
located inside a level II biosafety hood and connected to the
BioMEMS device with microbore tubing, ferrules, sleeves, and
fittings (Upchurch Scientific, Inc., Oak Harbor, WA, USA).
The spore samples and germinant solution were prepared and
loaded into the system inside the hood. The relatively high
initial flow rate (30-35 pl min~') was used to hasten the
delivery from the injection system to the BioMEMS device.
With the high flow rate, the injection of solution from inside
the hood to the inlets of the chip was done in about 5 min. The
flow rate was changed to 0.2 ul min~', 5 min after injection
started. This slower speed guaranteed a spore capture rate of
>90% using DEP.*” The germinant solution was injected after
spore capture. Electrical recording started after germinant was
delivered into the chip. Data was recorded at 2 min intervals
for 1 h. Germinant solution was dyed with safranin to visualize
the arrival of germinant into the chip, and also to counter stain
Bacillus anthracis spores (i.e. only the few vegetative cells not
removed by the spore purification process will be stained).
Verification of germination after each experiment was done by
observing the refractility of Bacillus anthracis spores using
phase contract microscopy. Ungerminated spores are refractile
(phase bright) and germinated spores are not (phase grey,
or phase dark). The experiment was carried out at room
temperature.

Results and discussion
Release of calcium dipicolinic acid

The calcium DPA released during spore germination accounts
for most of the increase in conductivity of the spore solution.
The amount of DPA in an average Bacillus subtilis spore is
4 x 107! mole,® or 6 x 107! g, while the DPA in the
largest Bacillus spore (B. megaterium) is 1 x 107" mole
(2 x 107" g). Assuming 100% release, approximately 10~'% g
of DPA might be released by a single B. anthracis spore upon
germination. Therefore, in the germination of 10° spores ml ™!,
we are detecting about 10™* g ml~! increase in DPA ions (and
1072 or 10°® g ml™! for spore concentrations of 10° ml~' or
10" ml ™', respectively). Assuming 100% DPA release, and that
DPA is the major electrically conductive ion released from
the spore, release of 107* g ml~' DPA (100 ppm) would be
expected to result in an increase of 150 uS cm ™' in conduc-
tivity, using the relationship between total dissolved solids
(TDS) and conductivity: TDS = k,EC, where TDS is expressed
in mg 17!, k, is the correlation factor and varies between 0.55
and 0.8, and EC is the electrical conductivity in uS cm™ ! at
25 °C.* However, experimental data for the germination of
B. megaterium spores suggests that only about 700 nanomoles
of DPA and Ca*" were released per milligram of spores.”
That means only about 50% of the expected amount of
Ca-DPA is released during germination. Therefore, we might
theoretically expect about a 75 pS cm™ ' increase in con-
ductivity upon germination of 10” spores ml~!, based on total
dissolved solids.

In fact, in our experiment, the recorded data with different
spore concentrations showed that the most significant change
of conductivity that we detected was about 10 pS cm ™', which
was about 7 times less than we expected; however the

measurements are still of the same order of magnitude.
Minor experimental error and the known factor that
Renografin is a chelator of calcium® may have contributed
to the lower than expected measurements. It is possible that
the rinse and wash steps did not completely remove the
Renografin from the surface of the spores, and that as a result
the amount of Ca®" released into the solution with the DPA
was considerably less than expected.

Detection of spore germination: conductivity based assay at
macro scale

The results of spore germination detection with a commercial
conductivity meter are illustrated in Fig. 4. This figure shows
the results with spore concentrations of 107, 108, and 10°
spores ml~!. The most pronounced result is shown at a
concentration of 10° spores ml™!, where a net increase of
conductivity is in the range of 5-7 uS cm~'. An immediate
increase in conductivity showed that the germination began in
the first 2 min after germinant was added and finished within
20 min, while control experiments showed no significant
change in conductivity over time. We regarded the 10° spores
ml ™! as the concentration that can be safely detected, and used
this value for design of the micro-scale assay.

Spore germination was verified by phase contrast micro-
scopy (see ESIi, Fig. S1). Ungerminated spores are phase
bright while germinated spores are phase grey, or phase dark.
The spores lose their refractility during the germination
process.

Spore capture by dielectrophoresis over electrodes embedded
on-chip

Spores were delivered to the target chamber (0.1 nl, 100 pm x
100 pm x 10 pm) in a carrier stream of deionized water.
The spores were captured at the edge of the embedded
electrodes by dielectrophoretic forces induced at 20 V and
100 kHz. With a flow rate of 0.2 pl min~' (peak flow velocity:
40 cm min~ '), >90% of the spores in the carrier stream
were captured by DEP.*! We required that DEP forces
capture and hold the spores stationary while the water carrier
stream was replaced by a stream of germinant solution. A
mathematical simulation was performed to help set the
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Fig. 4 Results of the macro-scale germination experiment. The graph
shows that a concentration of 10° spores ml~! has a very clear signal
in comparison to the others, while 10% spores ml™! is still detectable
and 107 cells ml~! is too low to be distinguished from the control
experiment of germinant solution only.
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parameters required for capture, and also to help in the design
of the chambers.

The total force®! acting on a spore suspended in a parabolic
laminar flow inside the chamber is given by

Flolal = Flifting + Fsedimentation + Fpep +Fdrag (1)

The coordinate system of each force listed above includes a
horizontal direction (x-direction) and a vertical direction
(y-direction), as shown in Fig. 3(c). The hydrodynamic lifting
force,> F‘Hfﬁng, acting on the spore located on the interdigitated
(IDT) electrodes is in the y-direction and the sedimentation
force, Fsedimentation, is in the direction opposite to the hydrodynamic
lifting force. At 100 kHz, the Clausis-Mossotti (CM) factor is
positive, and the spore is moved toward the region of the largest
electric field gradient by the positive dielectrophoretic (DEP) force,
Foep, consisting of x- and y-components. The largest electric field
gradient is at the edge of the capture electrodes. The y-component
of the positive DEP is in the same direction as the sedimentation
force. The drag force, deg, is the function of the velocity of
the spore.

The DEP force can thus be calculated by the following
formula®*>*

©
N
Ftotal = Z _VUH (2)
0
where n is the force order, and

Uﬂ:_znng,,r@"“) 1 [ "D

2
(2n+1)!! iljlk! } ®)

i+j+k=n EXIO)}](/Z
where @ refers to the electrostatic potential of an external
electric field and the nth order Clausis—Mossotti (CM) factor is

K n(2~n+ (e, —:9,,,) @
ngp+ (n+1)&,

Simulations of the electric field above interdigitated electro-
des with 20 pm width and 8 pum spacing, were performed with
the commercially available Finite Element program Ansys
(version 5.7, ANSYS Inc.) with grid spacing as small as
0.2 um. Matlab (R12, The Mathworks) was used to calculate
the DEP force, using as input parameters the conductivities
and permitivities of DI water and spores,” 2.5 x 1074 Sm™!,
780, 5.9 x 107> Sm™', and 43¢, respectively. As a result, the
stopping voltage satisfying eqn (1) was about 11.5 V.
Therefore, the spore in contact with the electrode should be
able to be captured at 20 V which was used for the experiment.
The stopping voltage is also exponentially increased as a
function of the y-distance between the particle and the
electrode (“height”), as shown in ESI} Fig. S2. The equili-
brium height at which the positive DEP force is equivalent to
the drag force is 0.9 um at 20 V.

Based on this simulation, the DEP forces only extend 0.9 pm
above the electrodes in the 10 um chamber. If the spores
were evenly distributed within the flow, we could only capture
about 10% of them by DEP. However, considering the
gravitational force acting on the spores, most of spores will
be flowing at the bottom of the stream when they arrive at the

target chamber. Based on the equation governing y-direction
movement:

4

4 du
37 (s = py)g — bmpru= s mrp.g

7 ®)

The velocity, u, perpendicular to the flow, and the
y-direction displacement, y, can be got from

u:wg{lfexp<_kt)} (6)
k mg
2
_my mgmyg —kt _
y=" gt+ B {exp (msg) 1] 7

Thus, with a radius of 0.6 pm, spore width is about 1.2 um,
and if we assume that a spore was at first at top of the channel,
the time for it to fall to the bottom of the channel (distance of
10 um) will be on the scale of 100 s. The horizontal distance
traveled in this amount of time will be about 60 cm. Therefore,
since the distance from the injection system to the target
chambers is about 1 m, the spores are at the bottom of the
stream when they approach the capture electrodes. As a result,
>90% of spores will be captured at the edges of the electrodes
by the DEP forces. Fig. 5 shows the capture of spores by DEP
forces, 20 V peak-to-peak, 100 kHz.

Open valve experiment

For the micro-scale experiments, we first germinated the
spores without actuating the built-in valve. The spores were
captured with DEP forces, and germinant solution was flowed
in to replace the deionized water. Measurement of admittance
started right after the germinant solution had fully replaced the
deionized water. The results showed an increase in admittance
upon spore germination (Fig. 6(a)). In comparison to the

o

Flow Direction

Fig. 5 Fluorescence microscope image of spores captured within the
chamber using DEP forces, 20 V peak-to-peak, 100 kHz. Activated
spores stained with the FITC dye, DiOCg(3), were used. Spores were
captured primarily at the edges of electrodes, where DEP forces were
greatest. Capture occurred first on electrodes closest to the chamber
inlet, and subsequently on electrodes further away. Total elapsed time
is 1 min.
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Fig. 6 (a) Representative on-chip experimental results with about
100, 700, and 900 spores in a 0.1 nl chamber (graphs of data with 700
and 900 spores were open valve experiments, while the graph with 100
spores was from a closed valve experiment). The results from serially
performed control experiments are also shown. (b) Conductivity
changes within the chamber containing different solutions when
pressurizing the air channel with different solutions.

control experiment with germinant only, the samples with
~700 spores and ~900 spores presented significant increases
in admittance, starting 2 min after the experiment began.
There was no significant increase in admittance in the control
experiments. Fluctuations in admittance occurred because the
chamber was open to the flow stream without the valve
actuated. However, when spores started to germinate, enough
ions were released to overcome baseline fluctuation and
showed a significant increase in admittance. The detection
limit with this experiment proved to be a few hundred spores in
a 0.1 nl chamber.

Closed valve experiment

To overcome the problem of fluctuations in admittance, we
designed a microfluidic valve actuator to isolate the germina-
tion chamber from the rest of the system. To actuate the valve,
the channels in the third layer of the BioMEMS chip (the
PDMS slab) were pressurized with germinant solution to close
the valves in the second layer (the PDMS membrane, see
Fig. 3(c)). We used germinant solution to close the valves in
order to avoid admittance perturbation due to permittivity
through the PDMS layer (Fig. 6(b)). It should be noted that we
used the germinant solution because if DI water was used, it
was observed that the conductivity would change over time,
indicating diffusion of the DI water into the measurement
chamber. Similarly, if nitrogen gas was used to actuate the
valves, gas bubbles were seen to form in the measurement
chamber, again indicating the diffusion of gas through the
PDMS valve layer into the measurement chamber. Hence
the germinant solution was used as the fluid to pressurize the
valves. Two sets of measuring probes were used to measure

two identical chambers (0.1 nl) simultaneously, with one
serving as a control chamber and the other as the experimental
chamber. Comparing the results from these two identical
chambers, the chamber with spores and germinant had a
significant increase in admittance when germination was
taking place, whereas the control chamber showed no signifi-
cant difference from the control experiments without germi-
nant. The sample with 100 spores showed an immediate
increase in admittance and reached an admittance increase of
~10 nmho in 20 min. It is clear that only when spore
germination was taking place did a significant change in the
measured signal occur. (There was a slight admittance increase
in the control chamber in the germination experiment due to
the influence of ions permeating the PDMS from the experi-
mental chamber.) Comparing the admittance changes with
700 spores in the open-valve experiment and with 100 spores
in the close-valve experiment, results were very similar
indicating the isolation valves also enhanced the sensitivity
of the admittance measurements. This implies that a lower
detection limit could be achieved by including isolation valves
in the chip design. The detection limit was less than 100 spores
in a 0.1 nl chamber (10° spores ml~'). Theoretically, this limit
could be reduced to 10 spores or even 1 spore with smaller
sized chambers.

Delivery of germinant through the PDMS valve actuator

There are several advantages of using PDMS as a fabrication
material. It is cheap, biocompatible, easy to make, and trans-
parent, which is good for visual observation, and its elastic
property makes the valve structure easy to design. However,
PDMS is a porous material and the pore sizes depend on the
mix ratio of PDMS base to curing agent. The higher the mix
ratio, the less cross-linking, and the softer the cured PDMS is,
with more numerous and larger pores. The mix ratio for the
second layer of the BioMEMS device was 30 : 1, which is three
times higher than the ratio suggested by the manufacturer
(Dow Corning Corp.). Therefore, the pressurized germinant
solution may penetrate the PDMS membrane into the
germination chamber. (Due to this solution permeability, the
PDMS must be saturated with water or germinant solution
before each experiment.)*> However, this property also gives
us a chance to deliver media to the detection chambers without
extra ports or channels. ESI{ Fig. S3 shows the result of a
germination experiment in which germinant solution was
introduced to the chamber directly through the valves. The
spores were delivered in a stream of deionized water and
captured as in other on-chip experiments, except no switch to
germinant solution was made. Instead, the third layer valves
were actuated with germinant solution. The pressurized
germinant solution penetrated through the thin PDMS
membrane (30 um) and entered the germination chamber.
Although, not all of the spores germinated this way, we did see
(by phase contrast microscopy) that those spores near the
valves had germinated (were no longer phase bright).

Conclusion

In this study, we demonstrated a method for automatic and
rapid electrical detection of germination of viable spores

This journal is © The Royal Society of Chemistry 2007
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within a microfluidic biochip. The biochip includes special
design features that facilitate spore capture and electrodes for
impedance measurements. The limit of detection was shown to
be a few hundred spores in a 0.1 nl chamber, without the use of
the isolation valves. The detection limit was reduced to fewer
than 100 spores in a 0.1 nl chamber, when the chamber was
isolated by closing the isolation valves. The detection limit can
be lowered further by using a smaller capture-measurement
chamber. The detection time is as short as two hours from heat
activation of a suspected organism. Our reported approach
can be especially very useful, in combination with other
identification methods such as PCR, to rapidly and auto-
matically determine the viability of spores.
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