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We describe an integrated microfluidic device (mFlowFISH) capable of performing 16S rRNA

fluorescence in situ hybridization (FISH) followed by flow cytometric detection for identifying bacteria

in natural microbial communities. The device was used for detection of species involved in

bioremediation of Cr(VI) and other metals in groundwater samples from a highly-contaminated

environmental site (Hanford, WA, USA). The mFlowFISH seamlessly integrates two components:

a hybridization chamber formed between two photopolymerized membranes, where cells and probes

are electrophoretically loaded, incubated and washed, and a downstream cross structure for

electrokinetically focusing cells into a single-file flow for flow cytometry analysis. The device is capable

of analyzing a wide variety of bacteria including aerobic, facultative and anaerobic bacteria and was

initially tested and validated using cultured microbes, including Escherichia coli, as well as two strains

isolated from Hanford site: Desulfovibrio vulgaris strain RCH1, and Pseudomonas sp.strain RCH2 that

are involved in Cr(VI) reduction and immobilization. Combined labeling and detection efficiencies of

74–97% were observed in experiments with simple mixtures of cultured cells, confirming specific

labeling. Results obtained were in excellent agreement with those obtained by conventional flow

cytometry confirming the accuracy of mFlowFISH. Finally, the device was used for analyzing water

samples collected on different dates from the Hanford site. We were able to monitor the numbers of

Pseudomonas sp. with only 100–200 cells loaded into the microchip. The mFlowFISH approach

provides an automated platform for quantitative detection of microbial cells from complex samples,

and is ideally suited for analysis of precious samples with low cell numbers such as those found at

extreme environmental niches, bioremediation sites, and the human microbiome.
Introduction

Microbes, the most abundant species on earth, play an important

role in ecological processes in making, breaking down, and

recycling the essential chemicals of life. Microbes are also related

to human health and are abundant in our bodies—in a normal

human, microbial cells outnumber human cells by a factor of 10.1

Despite their importance, it is estimated that 90–99% of microbes

have not been characterized because they cannot be cultured in

the laboratory. Examples of important but poorly characterized
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microbial communities are those found at environmental sites

contaminated with oil spills or toxic chemicals. For example, it

was recently shown that microbes played a major role in

degrading oil during the 2010 BP oil spill.2 Similarly, natural and

accelerated bioremediation of chromium(VI) and other heavy

metals at contaminated waste sites has been promising.3,4 Metal

contaminants present the most difficult remediation problems—

they are not easily destroyed, are reactive with soil and sediment

constituents, and can remain hazardous at extremely low

concentrations for centuries or indefinitely.5,6Understanding and

accelerating the process of in situ bioremediation of metal

contaminants requires that we understand the microbial diver-

sity, as well as trace the changes of key species, at these locations

with respect to the geobiochemical processes.

Since most of the microbes in the environment cannot easily be

cultured,7,8 we have to rely on culture-independent techniques to

detect and analyze microbes; these techniques include fluores-

cence in situ hybridization (FISH),9 PCR,10 microarrays,11 and

sequencing of 16S rRNA.12 While amplification-based

approaches, including PCR, microarrays, and sequencing, have
Lab Chip
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been extensively used to identify microbes and microbial genes in

complex backgrounds, they require lysis of cells to extract DNA

or RNA before amplification and hence, have two serious

drawbacks. 1) Presence of 16S rRNA cannot be traced back to

the original cells to facilitate further molecular analysis. 2) They

can provide only qualitative information on species present i.e.,

they can identify the species present but cannot provide the

number or stoichiometry of each species. Fluorescence in situ

hybridization (FISH), a method which does not require ampli-

fication of nucleic acids, identifies individual microbial cells in

complex mixtures13,14 based on hybridization of a dye-labeled

oligonucleotide probe complementary to an RNA sequence

(usually the 16S rRNA) within a cell. FISH is commonly per-

formed in two formats: with surface-bound cells, i.e. on

a microscope slide or filter membrane, using conventional epi-

fluorescence or confocal microscopy for detection, or with cells in

suspension using flow cytometry (FC) detection.15,16 The flow

cytometry approach offers higher throughput and a potentially

more quantitative readout than imaging, but both formats are

tedious involving multiple centrifugation and/or washing steps

leading to loss and lysis of cells. This is particularly detrimental

to direct analysis of uncultured microbes in precious samples or

samples with low microbial abundance. For example, environ-

mental samples such as groundwater and sea water may be

available in high volume, but have inherently low microbial cell

density. Certain types of human-derived clinical samples such as

tissue cores or biopsies may contain small numbers of microbes

(in the absence of infection), and by their nature these samples

are highly site-specific and limited in volume. Other sites within

the human body, such as the skin, normally have higher micro-

bial densities, but surface sampling techniques such as swabs or

scraping collect only minute amounts of material, and analysis is

typically limited to culturing or genetic testing on the whole

community rather than enumeration of individual cell types.

Several efforts have been dedicated to miniaturizing FISH

analysis onto microfluidic platforms, for the sake of improved

performance, reduced cost, automation, and smaller instru-

mentation footprint. Interphase (chromosomal) FISH has

previously been demonstrated with immobilized peripheral

blood mononuclear cells on a microfluidic chip, with imaging as

a readout.17 18S rRNA FISH was demonstrated with Giardia

lamblia cysts in a flow-through microchannel device with

a micropatterned ‘‘weir’’ structure, although no attempt to

perform flow cytometry or quantitative imaging on the labeled

cysts was reported.18 Finally, 16S rRNA FISH has been

demonstrated on individual cultured microbes deposited on

a slide following plug-based stochastic confinement in a micro-

fluidic ‘‘chemostrode’’;19 the microfluidic device in this study

serves to compartmentalize and deposit individual cells on

a slide, with an otherwise conventional FISH labeling and

microscopy performed after cell deposition. The flow cytometry

capability of the Agilent 2100 Bioanalyzer has been used to

analyze FISH-labeled marine pelagic bacterial communities,

although FISH was performed on cells in suspension following

conventional protocols.20 To our knowledge, however, no

microsystem has been demonstrated to integrate both FISH

labeling and quantitative cytometric detection on a single

microfabricated platform. Combining multiple operations onto

a single device is an attractive approach for automating FISH
Lab Chip
analysis, and ensures that labeling and detection happen at the

same volume scale, which minimizes sample loss. This is partic-

ularly attractive for samples from harsh environments and clin-

ical samples, which are often available in limited quantity.

In this paper,we present an integratedmicrofluidic devicewhich

we call ‘‘mFlowFISH’’ for performing FISH and flow cytometry

detection on bacterial cells from samples smaller than 100mL,with

as few as 100 cells demonstrated, using the naturally occurring

groundwater bacteria at Hanford Site as a test case. The US

Department of Energy Hanford 100H Site is a mostly decom-

missioned plutonium production complex on the Columbia River

in Washington. While major releases of radioactive material and

other heavy metals ended with the reactor shutdown in the 1970s,

parts of the Hanford Site remain heavily contaminated.21,22 Many

of themost dangerouswastes are contained, but there are ongoing

concerns about groundwater contaminated with radionuclides

(e.g. uranium), Cr(VI), and other metals migrating into the

Columbia River. To clean up the groundwater, a pilot field

experiment, called ‘‘biostimulation’’, has been actively tested at the

100H site. In this approach, lactate (in the form of Hydrogen

Release Compound—HRC�) is injected into chromium-

contaminated groundwater through an injection well, causing

indirect or direct bioreduction of Cr(VI) and precipitation of

insoluble Cr(III) on soil particles by microbial cells.21,23

The bacterial consortium at this site is complex, with more

than 100 phylotypes. Strain RCH1 (a sulfate-reducing bacterium

similar to Desulfovibrio vulgaris Hildenborough) and strain

RCH2 (a denitrifying strain similar to Pseudomonas stutzeri) are

cultured representatives of species found to play important roles

in the bioremediation process at Hanford.4,21 We used these two

cultured isolates (along with E. coli) for initial development and

proof-of-concept testing for our mFlowFISH device. To

demonstrate the usefulness of our device in analyzing real-life

samples, we obtained water samples at two different times of the

year (October and February) from Hanford site and analyzed

them to monitor levels of Pseudomonas. The results obtained in

our device are in excellent agreement with those obtained by

conventional FISH and flow cytometry analysis.

Materials and methods

1. Bacterial strains and growth conditions

Initial development and tests of the microsystem were performed

with cultured Escherichia coli, and Hanford bacterial strains

RCH1 (Desulfovibrio vulgaris) and RCH2 (Pseudomonas; >99%

sequence similarity to P. stutzeri). Culture and fixation protocols

for these microbes are described in the supplementary text.

2. Hanford sample preparation

Three water samples were collected fromwell 45 atHanford 100H

site at different time points (one onOctober 2009, the other twoon

February 2010 at two different depths). Samples were fixed

immediately after collection with a final concentration of 1%

paraformaldehyde (v/v) for 16 h at 4 �C. Portions (10 mL) were

filtered on 0.22 mm, 13-mm-diameter polycarbonate membrane

(type GTBP;Millipore, Billerica, MA), washed with 10 mL of DI

H2O, and stored at �20 �C. Prior to FISH analysis, cells were

detached from the membrane by vortexing the membrane at
This journal is ª The Royal Society of Chemistry 2011
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1400 rpm in 20 mMTris-HCl (pH 7.4) buffer containing 100 mM

NaCl and 0.01% SDS (sodium dodecyl sulfate).
3. Microchip design and fabrication

The glass microfluidic device designed for performing both

fluorescence in situ hybridization (FISH) and flow cytometry

(FC) is illustrated in Fig. 1. The mFlowFISH device (dimensions

of 22 � 37 mm) consists of two functional components: a FISH

chamber bounded by two photopolymerized polyacrylamide

membranes, and a channel cross structure for electrokinetically

focusing cells to the center of the channel for flow cytometry

detection. The glass chip was made following standard protocols

for photolithography and 20-mm isotropic wet chemical etching,

which were performed by Caliper Life Sciences (Mountain View,

CA). All channels were designed with a line width of 20 mm on

the photomask, except that the FISH chamber is 80 mm wide.

As shown in Fig. 1B, two photopolymerized polyacrylamide

gel membranes were located on each side of the FISH chamber.

One of the membranes is made of high concentration, highly

cross-linked polyacrylamide (45% T, 12% C, where % T refers to

the total monomer mass concentration, and % C refers to the

mass of crosslinker as a percentage of the total monomer). The

pore size of this membrane is sufficiently small to block passage

of oligonucleotide probes, and thus cells and probes can be

concentrated and incubated together. The other membrane is

low-concentration and porous (10% T, 5% C), which readily

permits passage of probes, while retaining cells for washing. Two

channels are connected to the side of the chamber to serve as an

inlet and outlet of the FISH chamber. The outlet channel leads to

a simple channel cross, where an electric field is applied from the

two side channels to focus cells into the center of the channel for

flow cytometry detection. The detection point is immediately

downstream of the cross as indicated in Fig. 1C.
Fig. 1 Schematic of the microchip design for fluorescence in situ

hybridization (FISH) and flow cytometry (mFlowFISH). (A) The mask

design of the mFlowFISH chip. (B) An image of the FISH chamber

formed by two photopolymerized membrane in the channel. (C) The

cross-channel structure for electrokinetically focusing microbial cells into

a single stream line along the center of the vertical channel for flow

cytometry. The enlarged image of the channel cross shows Escherichia

coli being focused in the center of the channels.

This journal is ª The Royal Society of Chemistry 2011
4. Photopolymerization of membranes

N,N-methylene bisacrylamide powder, acrylamide monomer

powder, and 40% acrylamide monomer solution were purchased

from Sigma Aldrich (St. Louis, MO). The water-soluble photo-

initiator 2,20-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]

(VA-086)was purchased fromWakoChemicals (Richmond,VA).

The photopolymerization of gel membranes on themicrochipwas

similar to the procedure described previously.24,25Briefly, the glass

channel walls were coated with 3-(trimethoxysilyl) propyl meth-

acrylate (SigmaAldrich) for 30min to provide a point for covalent

anchoring of the membranes to the channel walls. Then the entire

device was filled with a 45% (7.3 : 1) acrylamide/bisacrylamide

solution containing 0.2% (w/v) VA-086. A drop of viscous 3%

hydroxyethyl cellulose (HEC, MW: 1.3 MDa, Sigma Aldrich) gel

was added into each reservoir to minimize hydrodynamic flow

within the channels. Using a 355-nm solid state UV laser setup

described previously, a narrow 50-mm membrane was photo-

polymerized in the channel, using five exposure cycles (10-s

exposure and 50-s wait). The channels were rinsed, and then

refilled with a low-concentration monomer solution (10% (19 : 1)

acrylamide/bis-acrylamide, 0.2% VA-086) for fabrication of the

low-concentration membrane using the UV laser. Finally, a 5%

acrylamide monomer solution (with no crosslinker) containing

0.1%VA-086was loaded into the channels, and the entire chipwas

exposed to 365-nmUV light in a Spectrolinker XL 1500 UV oven

for 10 min. This step produced a linear polyacrylamide coating

throughout the device, capping off the remaining methacrylate

groups on the channel surface, and eliminating cell adsorption

and electroosmotic flow. The prepared microchip was rinsed

thoroughly with DI water and stored in water at 4 �C.

5. Sample preparations for FISH

The oligonucleotide probes and specificities used for fluorescence

in situ hybridization are listed in Table 1; additional details and

primary references for probes other than Eco681 can be found in

probeBase (http://www.microbial-ecology.net/probebase/

default.asp).26 Probes were labeled at the 50 end with either

AlexaFluor 488 or Cy3, and synthesized by IDT (Coralville, IA).

For on-chip FISH experiments, 100 mL fixed cells was washed

once and suspended in 100 mL of the hybridization buffer, fol-

lowed by ultrasonication in a low-power sonicating bath for 7

min to declump cells. The FISH probes were diluted to

a concentration of 15 ng mL�1 in the hybridization buffer. The

hybridization buffer contains 400 mM NaCl, 20 mM Tris-HCl,

pH 9.2, 0.05% BSA (bovine serum albumin), and 0.01% SDS. In

an effort to reduce use of organic solvents, temperature rather

than formamide was used to adjust stringency of hybridization.

A temperature of 46 �C for E. coli with Eco681, and 48 �C was

used for RCH1 and RCH2 with DSV1292 and PSM G during

FISH experiments. The washing buffer was 50 mM NaCl,

20 mM Tris-HCl, pH 9.2, 0.1% BSA, and 0.01% SDS.

6. Operating procedure

To prepare on-chip FISH and flow cytometry, the microdevice

was filled with hybridization buffer and mounted in a fluidic

manifold (information on hardware and instrumentation is given

in the supplementary text). 80 mL of the hybridization buffer was
Lab Chip
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Table 1 Oligonucleotide probes used for microfluidic FISH and flow cytometry

Probe Name Sequence Specificity
Probe base
accession number/reference

EUB338 GCTGCCTCCCGTAGGAGT Most bacteria (positive control) pB-00159
NON338 ACTCCTACGGGAGGCAGC Complement to EUB338 (negative control) pB-00243
Eco681 CATTTCACCGCTACACCT E. coli 29
DSV1292 CAATCCGGACTGGGACGC Some Desulfovibrio spp. pB-00086
PSM G CCTTCCTCCCAACTT Pseudomonas spp. pB-00380

Fig. 2 Schematic procedure for on-chip FISH. (A) Cell loading.

Microbial cells loaded into the cell reservoir are mobilized into the FISH

chamber under an electric field of 20 V/cm. The direction of the electric

field is switched every 30 s, alternating cell loading between the two

membranes. A total 10 cycles are performed. (B) Probe loading. The

probes in the probe reservoir are loaded into the FISH chamber following

the same method as that of cell loading, except that probes are not loaded

towards the washing membrane. Twenty loading cycles are conducted,

during which probes are concentrated against the loading membrane. (C)

Incubation. The loaded cells and probes are incubated together near the

loading membrane. After every 290 s of incubation, the mixture is pushed

against the loading membrane for 10 s. (D) Washing. The cells are moved

to the washing membrane in this step. Excess probes are washed through

the membrane under an electric field, or diffused out of the chamber via

channel inlet/outlet. The total analysis time of the on-chip FISH is about

2.5 h.
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added into the buffer reservoir with only 20 mL in the washing

and the loading reservoirs. This generates a gentle, constant flow

in the channels, which keeps the ion composition stable during

the analytical process. 80 mL of cell solution was pipetted into the

cell reservoir and the remaining four reservoirs were loaded with

80 mL of a high-viscosity 3% HEC solution to suppress hydro-

dynamic flows in the remaining channels. The device was placed

on the stage of an inverted microscope (IX-71, Olympus, Mel-

ville, NY) and a heater attached to the manifold was turned on to

equilibrate at the hybridization temperature for 10 min before

the experiment.

A schematic of the on-chip FISH is shown in Fig. 2. To load

the cells into the FISH chamber, an electric field of 20 V cm�1 was

applied to mobilize cells towards the high-concentration loading

membrane for 30 s. A cyclic loading strategy, illustrated in

Fig. 2A, in which the field was switched between four different

configurations, was employed to keep cells moving continuously

between the two membranes. This loading strategy prevents cells

from settling and becoming stuck to the membranes. After the

cell loading, the cell reservoir was refilled with 3% HEC gel, and

the probe reservoir was refilled with 80-mL FISH probe solution.

The probe loading (Fig. 2B) is performed following a similar,

cyclic method as the cell loading, except that the probes were

only concentrated against the loading membrane. After 20 probe

loading cycles, the incubation step was begun by mobilizing both

microbes and probes toward the loading membrane. The field is

turned off for 290 s, during which time cells and probe diffuse

freely. A 20 V cm�1 electric field is then applied for 10 s to re-

concentrate cells and probe at the loading membrane. This

incubation procedure is repeated for a total of six 5-minute

cycles. The final step is washing, in which a low ionic strength

buffer was employed to achieve a high-stringency wash, and to

assist with declumping of cells. The probe reservoir and exit

reservoir were refilled with washing buffer, and an electric field of

20 V cm�1 was applied to mobilize the cells towards the washing

membrane. Again, a cyclic process is used: for 30 s, the field is

applied across the washing membrane, which forces probe

through the membrane. For 270 s, no field is applied within the

chamber. Probes, which have much higher diffusivity than cells,

gradually diffuse out of the FISH chamber and are swept away

by an electric field applied from the exit reservoir to the probe

reservoir. This washing procedure comprises twelve 5-minute

cycles. The entire on-chip FISH process including loading,

incubation, and washing was completed in about 2.5 h.

Once the on-chip FISH was completed, a 3% HEC gel was

added to the probe and exit reservoirs to suppress hydrodynamic

flow in these arms of the chip. By applying potentials of 200 V at

the exit reservoir, 0 V on the focusing reservoir, and 80 V on the

washing reservoir, cells were electrokinetically mobilized towards
Lab Chip
the exit reservoir and focused to form a single-file line in the cross

structure for single-cell detection with a custom-made laser

induced fluorescence detection system. After the flow cytometry

was finished, a high electric field (over 100 V cm�1) was applied

across the membranes and the FISH chamber to clean out any

residual cells. The microchip was then removed from the mani-

fold, and thoroughly rinsed with DI water.
This journal is ª The Royal Society of Chemistry 2011
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On-chip results for Hanford samples were compared to results

obtained using conventional FISH-FC methods. Protocols for

conventional FISH and flow cytometry analysis can be found in

the supplementary text.

Results & discussion

1. Proof-of-concept for mFlowFISH with E. coli

To verify and optimize mFlowFISH, E. coli cells were tested using

the Alexa488-labeled Eco681 and Cy3-labeled NON338 probes.

As shown in Fig. 3A and B, the E. coli cells were successfully

labeled with E. coli-specific Eco681 probes in the FISH chamber,

while no signals were observed using the negative control or

‘‘nonsense’’ NON338 probe (images were acquired using similar

imaging parameters in both the green (Alexa 488) and orange

(Cy3) channels). After FISH staining, all the cells were freely

floating in the chamber without observable clumping.

The flow cytometry results demonstrated that 95% of 672 total

E. coli cells were stained with Eco681, whereas only 0.4% of 481

cells (i.e. 2 cells total) were stained with NON338 (Fig. 3C). A

portion of the raw data of the flow cytometry of the positive

Eco681 experiment obtained from the laser induced fluorescence

detection system are shown in Fig. 3D to illustrate the data

analysis algorithm. As indicated in the dashed boxes, some cells

only produced scattering peaks (bottom trace) without
Fig. 3 mFlowFISH analysis of Escherichia coli. (A) Fluorescence image

of E. coli hybridized with Alexa488-labeled Eco681 probes in the FISH

chamber. Two vertical lines indicate the boundaries of the chamber. (B)

Very weak fluorescence signals in the negative control using Cy3-labeleed

NON338. (C) On-chip flow cytometry results of E. coli. The black line is

the positive control experiment using Eco681 probes, showing about 95%

of the cells were successfully labeled with probes. The red dashed line

indicates that only 0.4% of the cells have strong fluorescence signals when

incubated with the negative control NON338 probes. (D) Typical raw

data traces obtained from the flow cytometry detection system. Unla-

beled cells, as indicated in the dashed rectangles, produce only scattering

peaks (bottom trace) without corresponding fluorescence peaks (top

trace), while labeled E. coli cells have aligned peaks in both channels.

This journal is ª The Royal Society of Chemistry 2011
corresponding fluorescence peaks (top traces), indicating that

these cells were not labeled with the fluorescent probes. The other

scattering peaks have corresponding fluorescence peaks, indi-

cating these cells are labeled with probes.

2. Cultured isolates from Hanford site

Following system optimization with E. coli, we analyzed cultured

microbes from the groundwater consortium from the DOE

Hanford 100H Site in Washington. To test the efficacy of our

system for detecting these microbes, we analyzed simple mixtures

of cultured strains RCH1 (similar to Desulfovibrio vulgaris) and

RCH2 (similar to Pseudomonas stutzeri) on the system, using

genus-specific 16S FISH probes, DSV1292 and PSM G, as well

as the negative control NON338 probe. As shown in Fig. 4A and

C, images of on-chip FISH experiments show that both cultured

RCH1 and RCH2 cells can be successfully labeled with their

respective Alexa488 labeled probes. The following on-chip flow

cytometry detections confirmed that about 97% of the RCH2

and 74% of the RCH1 cells were successfully labeled with their

corresponding probes. As an initial test of FISH labeling speci-

ficity, negative control experiments using the Alexa488-labeled

NON338 probes were conducted on both bacteria. As shown in

Fig. 4B and D, only 1.9% of the RCH2 and 0.1% of the RCH1

cells emitted detectable fluorescence signals.

Abinarymixture ofRCH1andRCH2at a ratio of 1 : 1was also

analyzed using the microsystem. First, positive and negative

control experiments using EUB338-Alexa488 and NON338-Cy3

were conducted, demonstrating (as expected) complete labeling
Fig. 4 mFlowFISH analysis of cultured Hanford isolates RCH1 and

RCH2. (A) On-chip FISH of cultured RCH2 using Alexa488-labeled

PSM G probe. (B) On-chip flow cytometry result showing 97% of RCH2

cells were hybridized with PSM G probes and only 1.9% of cells emitted

fluorescence with Alexa488-NON338 probes. (C) FISH staining of

cultured RCH1 with Alexa488-labeled DSV1292 probes. (D) Flow

cytometry results of the stained RCH1 cells with Alexa488-DSV1292 and

Alexa488-NON338. 74% and 0.1% of the cell population are stained,

respectively.

Lab Chip
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and non-labeling of the mixture samples, as shown in Fig. 5A and

B. After that, by using a probe mixture of Alexa488-labeled PSM

G and Cy3-labeled DSV1292, the RCH1 and RCH2 cells in the

mixture sample were simultaneously labeled with their respective

probes, shown in Fig. 5C and D. Finally, the 1 : 1 mixture of

RCH1 and RCH2 was incubated on chip with PSM G-Alexa488

only, and analyzed by on-chip flow cytometry, with a 45 � 10%

showing apositive signal byflowcytometry.Compared to the 97%

of the labeling rate in the RCH2-only samples, 45% in themixture

sample is in good accordancewith themixing ratio of 1 : 1. Fig. 5F

shows typical traces obtained from the flow cytometry detection

system.As indicated in thedashedboxes, unlabeled cells produced

peaks in the scattering channel without corresponding peaks in

the fluorescence channel. These results illustrate the effectiveness

and specificity of the microsystem for FISH and flow cytometry

analysis of the Hanford isolates.
3. Groundwater sample analysis

After thoroughly testing the microsystem using cultured RCH1

and RCH2 cells, we analyzed underground water samples
Fig. 5 Analysis of a mixture of RCH1 and RCH2 at a ratio of 1 : 1 using

mFlowFISH. (A) The FISH staining of the mixture with Alexa488-

EUB338. (B) Negative control of the same mixture sample with

Cy3-NON338 probes. (C) RCH2 in the mixture labeled with probe

Alexa488-PSM G. (D) RCH1 in the mixture hybridized with probe Cy3-

DSV1292. (E) Flow cytometry results of the mixture sample analysis

where only Alexa488-PSM G probe was used to detect RCH2 cells

revealing that 45 � 10% of the cell population were stained with PSM G

probes. (F) Representative flow cytometry traces showing labeled cells

have both the scattering and the fluorescence peaks while unlabeled only

have the scattering signals.

Lab Chip
collected from the Hanford 100H site for Pseudomonas cells, as

determined by hybridization with probe PSM G (this probe is

complementary to the 16S rRNA of most Pseudomonas species,

including RCH2 and most other Pseudomonads that may be

present). A total of three samples collected on two different dates

were analyzed on the system. Using our mFlowFISH system, we

found that the first sample contains about 12 � 3% of Pseudo-

monas cells. As shown in Fig. 6A, the bright green spots are the

cells labeled with the Alexa488-labeled PSM G probes. In

contract, the other two samples showed no labeled cells in our

on-chip tests. The reason for the dramatic difference in the

Pseudomonas population between the two sampling times

October 2009 and February 2010 is not known. But these two

samples functioning as negative controls verified the specificity of

the on-chip FISH labeling in the first sample test.

To validate the mFlowFISH results, we analyzed the same

samples using the conventional FISH-in-suspension method

followed by flow cytometry on a state-of-the-art commercial

instrument (BD FACSAria II). The conventional analysis shows

that about 15% of the cells in the first sample are labeled by probe

PSMG, and the other two samples only have about 0.2% of PSM

G- positive cells, in good agreement with our on-chip experi-

ments. To further validate these results, we attempted to perform

microarray (PhyloChip) analysis of the same samples. However,

attempts to analyze the community by microarray were unsuc-

cessful, due to insufficient DNA (possibly due to low biomass).

The apparent difficulty of extracting usable DNA from some

environmental samples for microarray analysis highlights the

need for complementary techniques such as mFlowFISH which

can process low biomass samples with minimal sample prepa-

ration or user intervention.
Fig. 6 Analysis of Hanford groundwater samples using mFlowFISH.

(A) On-chip FISH of the first water sample. The green spots indicate

RCH2 cells were stained with Alexa488-PSM G probes. (B) The on-chip

flow cytometry result of the same sample. About 12 � 3% of the cells are

identified as Pseudomonas. In contract, the other two water samples (C

and D) have no detectable Pseudomonas cells.
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Conventional FISH labeling experiments for other species

such as Desulfovibrio spp. (e.g. RCH1) showed few or no

Desulfovibrio cells from samples on both dates, and thus chip

experiments for this cell type in the Hanford 100H samples are

not presented here.

Conclusions

We have developed an integrated microdevice capable of per-

forming fluorescence in situ hybridization and flow cytometry

analysis from small-volume microbial samples. The microscale

format enables analysis of a small number of cells typically found

in samples with low cell density (such as environments contami-

nated with toxic chemicals or clinical samples). For example, we

cananalyze a samplewith cells as fewas 100–200, a featnot feasible

with conventional approaches that require 10,000 or more cells.

Furthermore, the integrated, automated analysis reduces loss in

cells during various centrifugation and washing steps. The device

works for both aerobic and anaerobic bacteria and was validated

by testing with E. coli, cultured RCH1 (Desulfovibrio spp.) and

RCH2 (Pseudomonas spp.) cells. The electrokinetic approach to

cell mobilization is particularly well suited for multiplexing to

a larger number of chambers on a single device. In the future, size

reduction of the detection system will enable deployment of such

microsystems in the field where we can monitor microbial

communities real-time. In addition, the on-chip FISH can be

integrated with a cell sorting structure to allow analysis on a tar-

geted subpopulation of cells, even to the level of individual cells.

Microscale devices are inherently scaled for single-cell analysis,27,28

andweanticipate that amicrofluidic process of labeling and single-

cell sorting, followed by downstream genomic or transcriptomic

analysis may confer advantages over conventional approaches to

performing single-cell isolation,sorting and analysis of environ-

mental and clinical (e.g., human microbiome) samples.
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