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We present a simple and inexpensive method for the capture and
release of bacteria contained in an array of conical nanopores on
a membrane inside a microfluidic device. As an example, we
demonstrate that cyanobacteria can be captured, one bacterium per
pore, in a defined orientation with over 500 bacteria per membrane
with viabilities as high as 100%. The device can also specifically
capture cyanobacteria from a mixed suspension of cyanobacteria
and chlamydomonas with a selectivity as high as 90%.

Quantitative single-cell analysis is essential for drug screening,'
cellular metabolism,? population evolution,* and phenotypic differ-
entiation screening.* In this paper, we present a simple and inex-
pensive technique for capture and release of bacteria, contained one
per pore, in a conical nanoporous membrane (CNM) integrated into
a microfluidic chip. This study, to our knowledge, is the first inves-
tigation into the possibility of using conical nanopores for capture
and release of cells.

We chemically etched a track-damaged polymeric membrane to
generate arrays of conical nanopores on the membrane. The diam-
eters of the conical nanopores were precisely controlled to capture
only one bacterium per pore. Pressure-driven flow was applied to
move a suspension of bacteria through the membrane that had been
incorporated into a microfluidic device, trapping individual bacteria
within an array of conical nanopores. Trapped bacteria were released
by reversing the direction of the pressure-driven flow. Surface
modification of either the CNM or the microfluidic channel was not
required during the experimental process. To demonstrate a biolog-
ical application of this method for bacteria manipulation, we selected
cyanobacteria for capture-and-release studies. Cyanobacteria contain
fluorescent proteins, such as phycobilin, which allow them to be
tracked via laser fluorescence microscopy.” Further, we have
demonstrated selectivity of capture by injecting a mixture of cyano-
bacteria and Chlamydomonas reinhardtii. Full experimental details
may be found in the Supplementary Information document.
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We used the asymmetric track-etch method reported previously by
Martin and co-workers,*” where conical nanopores with well-
controlled dimensions are etched into a polyethylene terephthalate
(PET) membrane (Fig. 1a). In our experiment, diameters of the base
(Dpase) and tip (Dy;p,) openings were controlled to be 1.30 4= 0.05 pm
and 270 + 139 nm, respectively. Compared with the diameter of
cyanobacteria (Deyano = 800 nm), Dyjp, < Deyano < Dpase < 2 X Deyanos
these dimensions allow only one bacterium to be trapped within one
conical nanopore at a time. Base and tip diameters were determined
via scanning electron microscopy (Fig. 1b). Internal morphology of
the nanopores was characterized by depositing gold via electroless
plating and removing the membrane, as described in detail previ-
ously*™ and in the accompanying Supplementary Information
document. These gold structures, shown in Fig. lc, confirmed the
formation of conical nanopores throughout the PET membrane.

A three-layer microfluidic design'' was chosen to generate the
conical nanoporous membrane-based bacteria capture-and-release
chip (CNM-C&R chip), consisting of a top layer, a CNM, and

(a) Conical nanoporous membrane (CNM) Ba.sg OP?'n_iﬁB

Fig. 1 Characterization of the conical nanoporous membrane. (a)
Cross-section scheme of one conical nanopore in a PET membrane. Two
images on right are SEM images of base and tip openings of one conical
nanopore. (b) SEM image showing randomly patterned conical nano-
pores. (¢) SEM image showing gold replicas representing the internal
morphology of conical nanopores.
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a bottom layer (as shown in Fig. 2a). Both top and bottom layers
consist of polydimethylsiloxane (PDMS) with a microfluidic chamber
and channels fabricated via soft lithography. As shown in Fig. 2a, the
top layer contains a cell capture chamber, cylindrical in shape, 1000
um in diameter and 20 pm in height. Three microfluidic channels are
connected to the capture chamber in the top layer: one inlet channel
for injection of the bacterium suspension and two side channels for
use in flushing. All three channels have a height of 20 pm and a width
of 100 um. The channel structure on the bottom layer does not have
side channels. The CNM is sandwiched between the top and bottom
layers, fixed with a PDMS mortar,'? with the base openings of the
conical nanopores facing toward the capture chamber in the top layer
(Fig. 2b). This allows bacteria in the inlet channel to enter the conical
nanopores via their base openings. Fabrication details may be found
in the accompanying Supplementary Information.

The mechanisms of capture and release are elaborated in Fig. 3a.
For bacteria capture, a flow was created with negative pressure (2000
Pa) for five minutes. The flow direction originated from the inlet
channel, through the CNM (from the base toward the tip), and finally
into the outlet channel. Cyanobacteria in the suspension were
transported by the flow and moved into the base opening of one
conical nanopore each. After bacteria capture, phosphate buffered
saline (PBS) at pH 7.4 was injected through the side channels across
the capture chamber to wash the surface of the conical nanoporous
membrane and remove nonspecific bacteria adsorption. PBS flushing
was performed three times.

For bacteria release, side channels in the top layer were first closed
simply by inserting metal rods into their inlets. PBS was injected in
the reverse direction of that used for capture, for five minutes. This
was repeated three times. Cyanobacteria trapped within conical
nanopores were released with PBS into the inlet channel in the top
layer. Any remaining nonspecific bacteria adsorption was removed
by flushing PBS across the membrane via the side channels.

All processes were monitored using a CCD camera (Mintron
MTV-63KR11IN) and an inverted microscope (Nikon Eclipse
TE2000-U). A diode laser (Crysta Laser, max. output power: 495
mW, 633 nm) was expanded via an optical set-up to cover an area of
approximately 400 um x 400 wm within the separation device, which
can be regarded as the detection area, to visualize cyanobacteria.

Cell viability of cyanobacteria after capture and release was
determined by a L7012 LIVE/DEAD® BacLight Bacterial Viability
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Fig.2 Fabrication of CNM-C&R chip. (a) Scheme of three-layer design
of CNM-C&R chip. The top layer contains one chamber and three
channels (one inlet and two side channels). The bottom layer contains one
chamber and one outlet channel. The CNM is sandwiched between them.
Base openings in CNM face the chamber in the top layer. (b) Bright-field
microscope image showing partially assembled CNM-C&R chip.

Release ’

“Loaded” Nanopore

0 100 200 300 0 100 200 300
Distance (pixel)

Fig. 3 Mechanism of bacteria capture and release. (a) Scheme of single-
cell capture and release in CNM. (b) Fluorescence microscope images of
one conical nanopore unloaded (left) and loaded (right) with one
cyanobacterium, including brightness profiles (red curves) along a row of
pixels (blue lines) through the images. Fluorescence microscope images of
trapped cyanobacteria in CNM (c) and free cyanobacteria on flat PET
membrane as control (d). Insets are SEM images of trapped (c) and free
(d) cyanobacteria.

Kit according to the manufacturer’s specifications. Capture and
release was performed as described above. Captured cyanobacteria
were held for 1, 2, and 3 h then released and directly collected for live/
dead staining. Suspensions held in the chip, but not subjected to
capture, were used as controls.

To investigate the selectivity of capture, we made mixed suspen-
sions of cyanobacteria (Cyano) and Chlamydomonas reinhardtii
(Chlamy) at different varying ratios (1 : 1,3 : 7, 1 : 9 Cyano/Chlamy)
and tried to selectively capture cyanobacteria from them using the
CNM-C&R chip. Chlamydomonas cells were selected because they
are common green algae that widely coexist with cyanobacteria
within many natural environments."* The competition between
cyanobacteria and chlamydomonas for nutrients and light induces
cyanobacteria to release antialgal toxins.”® Additionally, chlamydo-
monas has a spherical shape with a diameter of about 6 pum, while
Synehococcus cyanobacteria have a rod-like morphology that is 800
nm in its smaller diameter and 4 pm in its larger diameter. All Cyano/
Chlamy mixed suspensions used in this experiment contained a total
cell concentration of 107 cells mL~". Capture and release was per-
formed according to the aforementioned protocol. The number of
trapped cells in the CNM was determined by fluorescence
MICroscopy.

Capture of bacteria, one per pore, in the CNM was achieved, as
demonstrated in Fig. 3. We used ImageJ software to plot the
brightness profiles of images of a conical nanopore, one loaded with
a cyanobacterium and one without, and found that the brightness of
a loaded nanopore was significantly higher than that of an unloaded
one (Fig. 3b). This was due to the strong fluorescence intensity from
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the trapped cyanobacterium. It is also important to mention that all
captured cyanobacteria were held in the same orientation, which is
vertical with respect to the CNM. Fluorescence images of the cells
trapped within the pores of the membrane (Fig. 3c) are uniformly
circular, while images of free cells on a flat, nonporous PET surface
(Fig. 3d) range from circular to ovular. This is due to the rod-like
shape of cyanobacteria, which appear as circles when viewed verti-
cally and as rods when viewed horizontally. These observations were
further confirmed by SEM (insets of Fig. 3¢ and 3d). The CNM could
also be specifically prepared to capture a wide range of sub-micron
analytes by tuning its pore size and shape. Martin’s lab has success-
fully demonstrated reproducible preparation of the conical nanopore
with a tip diameter of 10 nm,*” and achieved a minimum tip diameter
of 1 nm with gold plating.** In our study, we also captured E. coli
bacteria and virus-sized polystyrene nanoparticles (100 nm in diam-
eter), as shown in the Fig. SI.

We also demonstrated that the capture capacity of the CNM-C&R
chip was controllable with different pore densities. Two CNMs with
different pore densities (10%cm? and 10°/cm?) were used to fabricate
the CNM-C&R chip. The resulting chips were tested for cyanobac-
teria over five capture-and-release cycles. Under the same experi-
mental conditions, capture capacities of the 10%cm? and 10%cm?
CNMs were 560 + 83 cells and 220 + 34 cells, respectively; and
capture efficiencies were 7 + 1% and 28 + 4%, respectively (as shown
in Fig. 4a and 4c). Low capture efficiencies probably result from the
geometrical constraints on capture. Due to the rod-like shape of
cyanobacteria and the conical shape of our nanopores, there are two
requirements for cyanobacteria capture: (1) bacteria need to be
vertical to the CNM; and (2) one end of the rod-like bacterium needs
to face approximately into the base opening of a nanopore. Only
when these two requirements are satisfied, can bacteria enter the
nanopore and be captured. Some bacteria that could not enter the
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Fig. 4 Characterization of cyanobacteria capture and release cycles. (a
and c) Fluorescence microscope images of single bacteria captured in an
array of nanopores within CNM-C&R chips with different pore densities:
10%cm? (a) and 10%/cm? (c). (b and d) Number of cyanobacteria trapped in
CNM during capture-and-release cycles.

nanopores were nonspecifically adsorbed onto the CNM surface.
This may create steric hindrances for other cells, causing a decrease in
capture efficiency. This is evidenced by the fact that 10%cm?> CNMs
were observed to possess lower capture efficiencies than 10%cm?
CNDMs. For a certain capture time (5 min) and pressure (2000 Pa), the
flow volume of cyanobacteria suspension through a 10%cm? CNM
was 10 times larger than that of 10°/cm? conical nanoporous
membrane due to its higher pore density. This causes about 10 times
more nonspecifically adsorbed bacteria to be accumulated on the
CNM surface, and creates a much greater steric hindrance. As
a result, the capture efficiency of 10%cm? (7%) is lower than that of
10%/cm? (28%).

After releasing cyanobacteria and flushing three times with phos-
phate-buffered saline (PBS), 91% and 77% captured cyanobacteria
were released from the 10%cm? and 10%cm? CNM chips, respectively.
The release efficiency (Eff) was calculated by the following formula

Effz = (I — Bac 4f1e/ Bac pegore) x 100%

where Bac g, and Bac 4., are the numbers of bacteria trapped on
the membrane before and after a release and wash steps.

For 10%m? and 10%cm? CNMs, average bacteria numbers after
release are almost the same (52 and 50, respectively), and average
bacteria numbers before release are 560 and 220, respectively.
Therefore, the release efficiency is 91% for 10%cm? CNM and 77% for
10°/cm*> CNM. Capture-and-release cycles in 10%cm? and 10%cm?
CNM-C&R chips were repeated five times (shown in Fig. 4b and 4d)
to confirm that the CNM-C&R chip is stable and reproducible over
multiple uses.

Results of the viability study are shown in Fig. 5. Viability of
cyanobacteria subjected to a 1 h hold time on the CNM-C&R chip
were 100% alive, which is the same as that of an uncaptured control.
After 2 h and 3 h hold times, capture-and-release cyanobacteria
viabilities decreased to 89 + 4% and 69 + 10%, respectively. These
numbers were slighter lower than viabilities of the controls: 92 + 7%
and 82 + 10%. This means that the act of capture within nanopores
has a weak negative effect on bacteria viability. But after a 3 h hold
time viability of capture-and-release cells was still close to 70%. This
has also been seen in other bacteria research.'>'® Brinker and co-
workers' reported that confinement of individual Staphylococcus
aureus bacteria could induce quorum sensing (cell-cell communica-
tion) and maintain bacteria viability. Ismagilov and co-workers'®
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Fig. 5 Bacteria viability after capture-and-release cycles with different
hold times: 1, 2 and 3 h. Untreated cyanobacteria were used as controls.
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Fig. 6 Selectivity of single-bacteria capture within conical nanopores.
(a) Fluorescence microscope image of Cyano/Chlamy mixed suspensions
at a cell concentration ratio of 1 : 1. (b) Cell ratio of cyanobacteria and
chlamydomonas after selective capture. Three Cyano/Chlamy mixed
suspensions with different cell concentration ratios, 1: 1,3:7,and 1 : 9,
are tested. Values shown are means + one standard deviation from
triplicate experiments.

found that microfluidic confinement of individual Pseudomonas
aeruginosa bacteria can initiate quorum sensing and achieve quorum
sensing-dependent growth. We found a cell viability decrease in
control cells over 3 h in our study. This viability decrease is probably
caused by the stress experienced by cyanobacteria in PBS solution.
Both capture-and-release and control cyanobacteria were suspended
in PBS in our experiment, not the carbon-dioxide-infused BG-11
culture media in which these bacteria are typically grown.

Selective capture between cyanobacteria (Cyano) and Chlamydo-
monas reinhardtii (Chlamy) is based on the size difference between
Cyano and Chlamy. Cyano has a rod-like shape with a diameter of 800
nm and a length of 4-6 um; Chlamy has a spherical shape with
a diameter of 6 um. In our experiment, each conical nanopore has an
identical base diameter (1.3 wm) and tip diameter (270 nm). Thus,
Cyano could enter and be captured by the conical nanopore, whereas
Chlamy could not. During the rinsing step, most Chlamy adsorbed
onto the CNM surface could be removed, leaving only captured
Cyano in the CNM-C&R chip. The results of the selective capture
study are shown in Fig. 6a and 6b. The capture ratio of Cyano over all
captured cells on the CNM-C&R chipis 90 & 2%, 85 + 10%, and 69 +
12%for1:1,3:7,and 1 : 9 Cyano/Chlamy mixed suspensions. The
Cyano capture ratios decrease in 3 : 7 and 1 : 9 Cyano/Chlamy mixed
suspensions, because there are less Cyano captured in the CNM and
more Chlamy nonspecifically adsorbed onto the CNM surface. But,
even with a Chlamy-dominant suspension with a very low abundance
of cyanobacteria (Cyano:Chlamy, 1 : 9), the CNM-C&R chip could
still produce a capture population that was more than 50% Cyano.

In summary, we have developed a simple and straightforward
method to capture and release bacteria in an array of conical

nanopores, one bacterium per pore, within a membrane integrated
into a microfluidic platform. Additionally, cells were aligned difter-
ently than in other methods, which could be advantageous for some
studies on cell-directed behaviors, such as bacteria-directed division in
filament formation. A future extension of our methodology is
production of an ordered conical nanopore pattern which allows
quantitative mapping and tracking of multiple individual targets
during high-throughput single-cell analysis. The remarkable ability of
the track-etch method to generate arrays of asymmetric nanopores
with diameters down to a few nanometres enables us to extend this
technique to various kinds of nanoscale biological analytes such as
bacteria, viruses, proteins, DNA and small signaling molecules.
Compared with current single-cell trapping techniques, the track-
etched conical nanoporous membrane is inexpensive, less demanding
to use, and easy to scale up. This technology appears to be well suited
for use in future lab-on-a-chip experiments.

We are grateful to Devaki Bhaya and Michelle Davison, Depart-
ment of Plant Biology, Carnegie Institution for Science, for supplying
cells to us. We thank the National Science Foundation (grant award
MCB-0749638-002) for supporting this project.
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