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We demonstrated a size sieving microbial cell separation apparatus consisting of
multipillar microenclosures. The apparatus consists of two kinds of microenclosures
that differ in size, namely, 4 X 4 um? enclosures with 0.2 pm space between 1 pm
diameter pillars and 8 x 8 um? enclosures with 1 um space. Single cells of Escherichia
coli and Saccharomyces cerevisiae were separately captured in smaller and larger
microenclosures, respectively, just by dropping mixtures. Moreover, we examined
whether incubation using the microenclosure structure was possible or not, and
succeeded in the incubation of S. cerevisiae. Microlens arrays using prefabricated mesa
structures by the Ar plasma etching process were also manufactured. We believe that the
fluorescence analysis or investigation of photochemical reactions for microbial single
cells can be carried out by a combination of the microenclosure structure and optical
devices.

1. Introduction

Conventional biochemical techniques, i.e., bulk analyses, can provide only average
values from large numbers of cells. A method of manipulating single cells is required
because we have realized that each cell shows great heterogeneity even in the same
culture. In other words, a simple and superior single-cell isolation technique with
functions of supplying and circulating liquid is required for the single-cell analyses
of small cells such as microorganisms. For this purpose, microwell array devices are
widely used for cell isolation.'® However, microparticles tend to aggregate by self-
assembly. The phenomenon is called the “coffee ring effect”. Generally, it is difficult to
control a droplet of evaporating water, because it is a nonequilibrium system. Yunker et
al. have reported on the suppression of the coffee ring effect by shape-dependent capillary
interactions using ellipsoids of polystyrene particles.® Hu and Larson demonstrated the
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Maragoni effect in coffee ring effect depositions using poly(methyl metacrylate) (PMMA)
particles.® Nguyen ef al. examined the evaporation kinetics and the particle deposits
of silica nanoparticle suspension droplets on a smooth hydrophobic surface.” On
the other hand, the coffee ring effect using bacterial cells has been investigated.® As
mentioned above, it is difficult to isolate bacterial cells in droplets on flat surfaces.
Thus, we demonstrated the single-cell isolation of bacteria using a microenclosure array
consisting of many micropillars as shown in Fig. 1.%19 However, it is important to
separate bacterial cells or microorganisms according to size for application to biochips
such as microchannel or p-total analysis system (TAS) devices.

In this paper, we report on a novel biochip for size sieving and single-cell isolation
using multipillar microenclosures.

2. Single-Cell Isolation and Size Sieving of Cells

2.1 Principle of single-cell isolation and size sieving of cells

Figure 2(a) shows a schematic of the proposed structure for the size sieving microbial
cell isolation apparatus. First, we fabricated the optimized structure in pitch and space
between micropillars to capture microorganisms of different sizes. Next, the separation
of bacterial cells or microorganisms was achieved by dropping a liquid containing
microbial cells of various sizes. In the proposed structure, for example, Saccharomyces
cerevisiae cells can be captured in the larger microenclosures but not in the smaller ones.
On the other hand, Escherichia coli cells can enter into both microenclosures but escape
from the larger ones by liquid flow through micropillars. The liquid flow can be directed
by tilting chips or sucking with a filter paper as shown in Fig. 2(b). The suction speed of
a suspension of polystyrene beads by filter paper was about 1700 pm/s.

2.2 Examination of size sieving using polystyrene beads

Figure 3 shows an optical microscopic image of sieving of polystyrene beads of
different sizes. For fabricating the proposed structure, we used an electron beam
lithography system (Elionix ELS6600) and an inductively coupled plasma (ICP) etching
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Fig. 1. (Color online) Concept of single-cell isolation of bacteria using a microenclosure.
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Fig. 2. (a) Schematic of proposed structure for size sieving microbial cell isolation apparatus and (b)
liquid flow directed by tilting chips or sucking with a filter paper.
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Fig. 3. Optical microscopic image of sieving of polystyrene beads.

system (Samco RIE-101ip) with Cl, as an etching gas.!'"'¥ In addition, we used an
InP wafer as a base material of the microenclosure array for combination with optical
devices as discussed in the last chapter. We used polystyrene beads of 1 and 3 pm
diameters to confirm the efficiency of the proposed structure. The pitch and diameter
of the micropillar array for the 1 pm beads were 1 and 0.8 um, and those for the 3 pm
beads were 2 and 1 pum, respectively. In other words, the space between micropillars
for the 1 um beads was 0.2 pm, and that for the 3 um beads was 1 pm. In this structure,
the 1 um beads cannot pass through the space of 0.2 pm, and the 3 um beads cannot
pass through the space of 1 um. However, the 1 um beads can pass through the space
of 1 pm of the microenclosure, and the 3 pm beads cannot be trapped within the smaller
microenclosure. Therefore, the 1 um beads and the 3 um beads were separately captured
into smaller and larger microenclosures, respectively, as shown in Fig. 3.
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2.3 Demonstration of size sieving for E. coli and S. cerevisiae cells

Figure 4 shows an optical microscopic image of isolation of E. coli and S. cerevisiae
cells. The pitch and diameter of the micropillar array for E. coli were 1 and 0.8 pum, and
those for S. cerevisiae were 2 and 1 pum, respectively. The density of the bacterial cell
suspension was 1 x 10° cells/mL. The dropping volume was 1 pL. The typical size of E.
coli cells is 1-2 um, and that of S. cerevisiae is 3—5 pm. Therefore, E. coli cells cannot
pass through the space of 0.2 um, and S. cerevisiae cells cannot pass through the space
of 1 um. However, E. coli cells can pass through the 1 um microenclosure space for S.
cerevisiae cells, and S. cerevisiae cells cannot be trapped into the smaller microenclosure.
Thus, we can see that E. coli and S. cerevisiae cells were separately captured into smaller
and larger microenclosures, respectively, as shown in Fig. 4.

3. Incubation of Cells Using Microenclosure

As mentioned above, we used an InP wafer, which is a III-V compound
semiconductor for optoelectronic devices, as a material of the microenclosure. Although
Si0, or polyresin can be coated on the microenclosure chip by sputtering and evaporation
techniques, it is important to confirm the chemical effect of the semiconductor material
on bacterial cells. To determine this, we examined transformation efficiency on materials
of the microenclosure by an electroporation method using E. coli. Transformation
efficiencies on InP and GaAs substrates were comparable to that of the blank (if not
insert the substrate material). Therefore, we believe that InP and GaAs substrates can be
used as microenclosure materials for microbial analysis.

Prior to the incubation experiment, we confirmed whether the InP substrate is etched
by yeast petone dextrose (YPD) media. It was found that the InP substrate was not
etched by a culture solution of S. cerevisiae. The pH of the media was 5.7 after 6 h
incubation. Figure 5(a) shows the incubation system used in this experiment. We used a
long working distance objective lens for the direct observation of the incubation with an
optical microscope. The incubation stage temperature was maintained at 30 °C during
incubation. The microenclosure chip was placed at the center of a 35 mm culture dish.
S. cerevisiae was grown in YPD media and cell culture (4 x 10° cells/mL) of 2 mL was
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Fig. 4. Optical microscopic image of isolation of E. coli and S. cerevisiae cells.
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Fig. 5. (a) Incubation system used in this experiment and (b) results of a 1 h incubation of S.
cerevisiae with the microenclosure array.

poured into the dish. Figure 5(b) shows the results of a 1 h incubation of S. cerevisiae
with the microenclosure array. It was demonstrated that the single isolated yeast cells
can be incubated in the trapped state in the microenclosure. It was also observed that the
isolated S. cerevisiae was cultured without protruding into neighboring microenclosures.
This result suggests that the microenclosure array can be applied to the incubation of
various kinds of microgranisms by optimizing the structure and size of micropillars.
From the above results, we believe that the single-cell isolation chip, which gives hardly
any damage to the cells, was realized using the micloenclosure structure.

4. Prospect of Combination with Optical Devices and Single-Cell Isolation
Structure

We would like to propose an application with optical devices using the size sieving
cell separation chip mentioned above. The vertical-cavity surface-emitting laser
(VCSEL) is a semiconductor laser that can be monolithically fabricated.(” The VCSEL
is now considered to be an important device for optical interconnects. We believe that
the VCSEL can also be used as a device for sensoring or analysis. Thus, we propose
a single-cell isolation technique on the VCSEL wafer as shown in Fig. 6(a). It can
be used for single-cell fluorescence analysis or photochemical reaction. In addition,
application to sensing devices and cell manipulation can be expected. Figure 6(b) shows
a scanning electron microscopy (SEM) image of the single-cell isolation of S. cerevisiae
cells captured on a VCSEL wafer by the dropping process. It was found that single S.



388 Sensors and Materials, Vol. 27, No. 5 (2015)

Fluorescence analysis
Photochemical reaction
Sensing

Manipulation

Single-cell isolation

Top DBR mirror T
. W1////7/)
Optical 1 == Active layer Top DBR

f W Active Layer —»

B DBR mirror

Bottom DBR

PHBBS8S 38.8KV SH 5.0KX R 120887
(a) (b)

Fig. 6. (a) Schematic of single-cell isolation technique on the VCSEL and (b) SEM image of the
single-cell isolation of S. cerevisiae cells captured on VCSEL wafer.

cerevisiae cells were captured in each microenclosure. Therefore, we believe that the
hybrid systems, which combine the proposed structure and optoelectronic components,
would become important devices for applications in neuroscience, medicine, and
information technology.

The optical trapping technique using lasers is used for small particles.!>!® This
technique is based on the force of radiation pressure. In this method, small particles or
cells are trapped using a light beam focused with an objective lens of a microscope. On
the other hand, parallel transport of biological cells can be performed using individually
addressable VCSEL arrays as optical tweezers.!” In order to efficiently trap and
transport cells, it would be convenient to use numerous spots focused by a microlens
array. A microlens is generally fabricated by various techniques such as wet plasma
processing, focused ion beam (FIB) technology, wet etching and laser lithography.($-2D
However, the profile of a microlens fabricated by these techniques is affected by factors
such as etching resistance and reflow shape of the resist. To improve the reproducibility
of the microlens profile, we examined the microlens fabrication process using vertical
mesa structures formed on a quartz substrate. The corners of the vertical profile mesa
structure are etched preferentially by ions in the etching process. The reason is derived
from the angular dependence of the sputtering efficiency.?® We attempted microlens
fabrication by utilizing this phenomenon. Figure 7(a) shows a schematic of the process
flow in this experiment. A quartz substrate with a vertical mesa array pattern was used as
a sample. We used a reactive ion etching system (modified Samco RIE-1). In addition,
Ar plasma was used in this experiment. Figure 7(b) shows an SEM image of the quartz
microlens array fabricated from a vertical mesa pattern structure. The diameter of the
microlens was 0.5 um. It is found that the microlens with a smooth surface profile was
obtained by the proposed fabrication process. Figure 7(c) shows a photograph of the
spot pattern focused by the fabricated microlens. A semiconductor laser diode of 670 nm
wavelength was used as a light source. An array pattern of focused spots was observed.
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Fig. 7. (a) Process flow for fabrication of quartz microlens, (b) SEM image of quartz microlens
array fabricated from a vertical mesa pattern structure, and (c) photograph of the spot pattern
focused by the fabricated microlens.

The focal length was approximately 10 pum. Therefore, this fabrication technique is
useful for fabricating a microlens array on optical device surfaces. We believe that the
microenclosure structure can be widely applied for single-cell analysis by combining
optical devices.

5. Conclusions

We proposed a novel biochip for single-cell size sieving of bacterial cells or
microorganisms using a microenclosure with a multipillar structure. We noted that
the polystyrene beads of various sizes were separately captured into smaller and
larger microenclosures. In addition, we succeeded in ensuring that E. coli and S.
cerevisiae cells were separately captured into smaller and larger microenclosures,
respectively. Moreover, we succeeded in the single-cell isolation of S. cerevisiae
into the microenclosure on the VCSEL wafer by a dropping process. For the various
applications, we believe that the microenclosure chip can also be fabricated with Si,
glass, plastic, and poly(dimethylsiloxane) (PDMS) by using fabrication processes, such
as nanoimprint lithography and conventional photolithography. We believe that the
microenclosure structure can be widely applied for single-cell analysis by combining
with optical devices.
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