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1. Introduction

Ship-in-a-bottle femtosecond laser integration of
optofluidic microlens arrays with center-pass units
enabling coupling-free parallel cell counting with
a 100% success ratet

Dong Wu,*? Li-Gang Niu,” Si-Zhu Wu,? Jian Xu,? Katsumi Midorikawa® and
Koji Sugioka*?

Optimal design and fabrication of novel devices for high-performance optofluidic applications is a key issue
for the development of advanced lab-on-a-chip systems. Parallel cell counting with a high success
rate and simple mode of operation is a challenging goal. Current cell-counting methods, using optical
waveguides or flow cytometry, typically require a precise coupling of the probe light and involve complex
operations. In the present paper, a novel multifunctional cell counting microdevice is designed. It uses a
center-pass optofluidic microlens array (MLA) consisting of seven microlenses and an M-shaped confining
wall with 9 um-diameter apertures. The device can be fabricated in a three-dimensional microchannel by
ship-in-a-bottle femtosecond laser integration based on two-photon polymerization with optimized
experimental parameters. Each microlens produces approximately the same intensity at the focal positions
(within £5%) under white-light illumination, while the confining wall restricts 6~8 pm-width cells to passing
through the edges of two adjacent microlenses because the aperture opens toward their centers.
The device demonstrates coupling-free parallel cell counting with a 100% success rate by monitoring the
optical intensity variations at each spot. As a result, this method features both easy operation and high
performance. Furthermore, the confining wall can filter deformed cells having 15 um width.

waveguides connected to silicon microchannels,'® pre-etched
optical fibers inserted in glass microfluidic devices,"”'® and

Over the past decade, microchips involving microfluidics,'
optofluidics,*® lab-on-a-chip devices,”® and micro-total-
analysis systems'® have revolutionized chemical and biologi-
cal studies by enabling reaction, detection, analysis, separa-
tion, and synthesis of materials with high efficiency, speed,
and sensitivity at low reagent consumption and waste
production.*™® One important biochip application is biologi-
cal cell counting for cell-based life science research and medi-
cal inspections. Flow cytometry is the conventional method
used to detect cells at low cost, but it requires high-power
lasers and complex optomechanical systems.'*'® To miniatur-
ize and simplify cell detection, a variety of optofluidic devices
have been developed, such as doped silicon dioxide
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SU-8 waveguides coupled with polymer microchannels.”® To
further simplify the fabrication process, many groups have
proposed maskless femtosecond (fs) laser processing®>® to
directly write optical waveguides®*" in transparent materials.
The high peak intensity of a fs laser induces multiphoton
absorption at the focal spot, enabling localized modifications
of the refractive index in three dimensions. The pioneering
report was that by Grigoropoulos et al. who reported cell
detection using optofluidics fabricated by fs laser writing.>
Their microfluidic channel was initially created in fused silica
by fs laser-assisted wet etching (FLAE) which involves a laser
direct-write modification followed by wet chemical etching.
Next, the written optical waveguides were integrated with a
three-dimensional (3D) glass microchannel. In another appli-
cation, Bellouard et al. used optofluidics fabricated by the
same technique with a four-quadrant photodetector to classify
five algae species with an average positive identification rate
of 78%.%° However, these optical waveguides needed complex
laser coupling systems and could only perform serial detec-
tion. Recently, integration of a microoptical component has
been demonstrated using an array of high-performance
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polymer microlenses®” created by fs two-photon polymeriza-
tion (TPP).>*® This technique is termed ship-in-a-bottle inte-
gration, since the polymer microcomponents are created
directly inside a hollow glass structure. The device success-
fully detected and counted cells with a 93% success rate
under coupling-free white-light illumination.

Here, to further improve the success rate, a novel device is
proposed based on a center-pass combined optofluidic MLA
consisting of seven microlenses and an M-shaped confining
wall having 9 um-diameter apertures. The flexibility of ship-
in-a-bottle integration enables fabrication of such a complex
multifunctional device. Apertures in the confining wall open
toward the center of each microlens so that the cells first
pass through an aperture and then are guided to the space
above the central position of the corresponding microlens. As
a result, all cells passing through the confining wall can be
detected to achieve a 100% counting rate. In addition to the
coupling-free sensing, another feature of the device is its
capability for parallel sensing based on the MLA, which can
enhance the sensing speed. To optimize the design of the
polymer microcomponents and the TPP experimental param-
eters, the polymer device is first fabricated on a flat glass
surface and then integrated into a glass microchannel. Its 3D
morphology, optical functions, and biological applications
are systematically investigated using high-resolution scan-
ning electron microscopy (SEM), transmission optical micros-
copy, and home-made characterization systems.
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2. Experimental

Design and fabrication of a center-pass combined optofluidic
lens array

A 522 nm fs laser beam generated from the second harmonic
of an amplified Yb-doped fiber laser (FCPA pJewel D-400
from IMRA America having a wavelength of 1045 nm, a
pulse width of 360 fs, and a repetition rate of 200 kHz) is
used for both the FLAE and TPP processes, as shown in
Fig. 1(a) and (b). Three-dimensional smooth microchannels
are created by FLAE using commercial photosensitive
Foturan glass (from Schott Glass) in a four-step procedure.
First, a fs laser is used with a 20x objective lens having a
numerical aperture of 0.46 to write 3D latent images inside
the glass. Next, an initial anneal serves to develop the
modified regions. Third, HF etching selectively removes the
modified regions. Finally, another anneal is used to smooth
the etched surfaces. The details of the procedure and experi-
mental conditions have been previously reported.>®*° The
resulting glass microchannel is filled with the commercial
epoxy-based negative-type resin SU-8 (2075 from MicroChem)
for ship-in-a-bottle integration based on TPP. During the TPP
laser writing (at 100 pW), an oil immersion 100x objective
lens with a high numerical aperture of 1.4 is used for high-
precision microfabrication. After successive processes of
prebaking, laser direct writing, postbaking, and development,
the 3D polymer microlens array is integrated into the glass
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Fig. 1 Fabrication procedure and optimal design for center-pass combined optofluidic MLAs. (a) FLAE for fabrication of a 3D embedded glass
microchannel, and (b) TPP for integration of a polymer center-pass MLA. (c) Cell counting by observing the intensity variations at the focal spots of
a MLA. When a cell passes across a microlens, it produces an intensity dip. A comparison of (d) a common MLA and (e) a center-pass combined
MLA. For the common MLA, cells can pass the border regions between adjacent lenses and escape detection. For a center-pass combined MLA, in
contrast, all cells travel above the centers of the microlenses owing to the confining walls and apertures. (f) Tilted view of a center-pass combined
MLA having M-shaped confining walls. The apertures control the cells to pass above the center portions of the microlenses.
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microchannel. To ensure high performance, flat-scaffold-
supported hybrid fs laser microfabrication (FSS-HFLM) is
employed. More details of the ship-in-a-bottle integration and
FSS-HFLM can be found elsewhere.?

In previous experiments, the integrated MLA was used for
cell counting by monitoring the intensity variation at the
focal spot of each microlens, as illustrated in Fig. 1(c). How-
ever, some cells could pass uncounted in the border regions
between adjacent lenses, resulting in a reduced 93% success
rate, as sketched in Fig. 1(d). To realize 100% cell detection,
the center-pass confining wall indicated in Fig. 1(e) forces all
cells to pass through the space above the center of each
microlens. The schematic in Fig. 1(f) shows a confining wall
with apertures that open toward the center of each lens. The
cells pass through the apertures and are guided to the spaces
above the centers.

+60° tilted view

-60° tilted view
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Characterization of a 3D glass microchannel with integrated
central-pass combined MLAs

A home-made pump-assisted cell counting system (sketched
in the ESIT Fig. S1) characterizes the optical functionality of
the 3D integrated microchips and demonstrates coupling-free
parallel cell counting. The system consists of a halogen lamp,
a CCD, and a 50x objective lens. Under white-light illumina-
tion from a halogen lamp, the focal spots produced by the
MLA are collected by the objective lens and CCD. To measure
the focal length of MLA, the objective lens was first used to
observe the position of the MLA. Then, the objective lens was
moved to see the position of the focal spots of MLA. The dis-
tance between these two positions corresponds to the focal
length of MLA. Solvents containing cells are introduced into
the biochip by a pump. The flow speed can be controlled
from 0 to 5 mm s'. The halogen lamp, CCD, and objective

~—

Microlens

Fig. 2 TPP fabrication of a center-pass combined MLA on a flat glass surface. (a) Top view and (b) magnified (of the red portion) SEM images of
a center-pass combined MLA fabricated by TPP. A small pitch of 200 nm is used in laser scanning to realize smooth surfaces. (c) 60° tilted and
(d) magnified (of the green portion) SEM images. The aperture size is 9 um, slightly bigger than the 6-8 um cells used for counting. 15 um-width
support pillars were fabricated to keep the device constructed after the developing process in TPP. The multilayer web shape provides stability
and decreases the fabrication time. (e) 60° tilted and (f) magnified (of the blue portion) SEM images observed from another direction. The
confining wall is fabricated with a larger scanning pitch of 800 nm to decrease the total fabrication time to 1.8 h.
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lens allow simultaneous in situ monitoring of the temporal
intensity variation of each focal spot.

3. Results and discussion

Optimal design and fabrication of a center-pass combined
MLA on a flat glass surface

To optimize the design of the polymer microcomponents and
TPP experimental parameters, a center-pass combined MLA
is first fabricated on a flat glass surface. Fig. 2(a) and (b)
exhibit top-view SEM images of the center-pass combined
MLA having a 280 um width and containing seven micro-
lenses and an M-shaped confining wall. The lens diameter
and height are 34 and 6 um, respectively. For integration of
this device inside a microfluidic channel, a flat scaffold is
constructed to eliminate the influence of the undulated bot-
tom surface of the microchannel described previously.>” Spe-
cifically, a 5 pm flat scaffold is fabricated. Each M-shaped
wall has two apertures, as seen in the 60°-tilted SEM images
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in Fig. 2(c)-(f). The wall thickness is 6 um, as shown in
Fig. 3(a) and (b), and the aperture is 9 um x 9 um, as seen in
Fig. 2(c) and (d), which is 2 um bigger than the average size
(~7 um) of counted cells. The aperture size should be
designed by the kind of targeted cell and be slightly bigger
than the cell size. Bigger or smaller aperture size can be
designed using a computer program, and then be easily fabri-
cated by fs-laser TPP since this technique has excellent flexi-
bility due to its point-to-point scanning strategy. For fabrica-
tion of the bigger aperture to count larger cells, e.g., some
kinds of mammalian cells, there is in principle no limitation
in fabrication. Meanwhile, the processing resolution (~100 nm)
of our technique limits the fabrication of smaller apertures
to several hundred nanometers.”® The height of walls is
40 pum, so that the walls fabricated at a laser power of 50 uW
are easily deformed due to relatively thin wall thickness, as
shown in the ESI{ Fig. S2. To avoid such deformations, a
higher laser power of 70 uW is used to produce a thicker
wall of 8 um. In addition, 15 pm-wide pillars are fabricated
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Fig. 3 Integration of a center-pass combined MLA into a 3D embedded glass microchannel. (a) Schematic and (b) microscopic images of the
devices on a flat surface and in a closed microchannel. Focusing characteristics of center-pass combined MLAs (c) on a surface and (d) in a
channel. The measured focal length on the flat surface is 42 £ 3 um in air (with n,, = 1), and it is 155 £ 5 um in a channel filled with ethanol (for
which Nethanot = 1.362). These agree with the theoretical values of 39.8 um in air and 159.6 um in ethanol from the ESIt Fig. S3. Intensity of the
focal spots of the MLAs with variations (e) on a flat surface of £1.4% and (f) of +4.9% in a channel is due to the influence of the channel sidewalls.
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to support the device during the solvent development pro-
cess. These support pillars are designed as a multilayer web
shape, which provides stability and decreases the fabrication
time. To further decrease the fabrication time to 1.8 h, a
larger scanning pitch of 800 nm is adopted for the confining
wall structure. As shown in Fig. 2(e) and (f), the wall surface
is a bit rough due to the larger scanning pitch, but that does
not affect the operation of the device. On the other hand, for
the microlens fabrication, a scanning pitch of 200 nm is used
to produce smooth surfaces, as shown in Fig. 2(b), to ensure
high performance.

Integration and characterization of a center-pass combined
MLA in glass microchannels

A similar device is integrated into a 3D closed glass micro-
channel. As shown in the microscopic image in Fig. 3(b), the
M-shaped confining walls and seven microlenses realized
under the optimal laser power of 140 uW exhibit no visible
deformations. The ship-in-a-bottle integration usually requires

View Article Online
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higher laser power as compared with the fabrication on a
glass surface, due to reflection and scattering at the channel/
polymer interface as well as multiphoton absorption in the
glass and polymer.”® Under white-light illumination, both the
center-pass combined MLAs on the surface and in the chan-
nel produce bright focal spots. The measured focal length on
the flat surface is 42 + 3 pum in air (n,;, = 1), while that in a
channel filled with ethanol (for which #etmaner = 1.362) is
155 + 5 um. These agree well with the theory according to the
aplanatic principle and refractive formula illustrated in the
ESIt Fig. S3. In air the focal length is

2,72 g2 2
A mhngg a9 um, 1)
2h(ngs —1)

f
where r and & are the radius and height of the microlens,
respectively. In ethanol, the theoretical focal length of the
microlens is 159.6 um, which is much longer than that in air
owing to the smaller difference in the refractive indices of
the polymer (ng,s = 1.58) and ethanol compared to the

Left [ EER R RRRRERRRRRRE 2 M|dd|e 0000000000000 000 P R|ght

50 pm

Fig. 4 Center-pass function of the optofluidic device to control the cell position. (a) Microscopic images of a cell passing above lens 2. The cell is
initially located on the left side of the device in the microchannel. Then it passes through the aperture in the confining wall above the center part
of the lens. Finally it reaches the right side of the device. (b) and (c) Three cells pass above the centers of microlenses 3, 5, and 7 from left to right.
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polymer and air. The uniformity of the intensity at each focal
spot in the array is investigated by extracting the grayscale
intensity from the microscopic images in Fig. 3(c) and (d), as
summarized in the ESI} Tables S1 and S2. The deviation in
the intensity on a flat surface is +1.4%, as shown in Fig. 3(e),
whereas that in a channel is +4.9%, as indicated in Fig. 3(f)
and the ESIf Table S1. Due to the influence of the channel
sidewalls, the optical intensity of the focal spots adjacent to
the sidewalls is slightly lower than elsewhere, as we expected,
which causes the higher deviation.

The center-pass function of the optofluidic device to control
cell positions

The ability to control the cells so that they pass through
the space above the center of a microlens is a key to ensuring
100% cell detection. To systemically investigate this center-
pass function, several cells were introduced into a microfluidic

View Article Online
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channel filled with water. Shown in Fig. 4(a) is a microscopic
image of a cell passing above the second lens from the left.
The living cells used for counting are Euglena gracilis, which is
a flagellated laboratory microorganism living in freshwater
environments and represents one of the simplest and earliest
derived eukaryotic cells.*® The size of this cell ranges between
50 um and 80 pm length and 6 pum and 12 pm width,
depending on cell age and culture conditions. The average
width of cells used in this study was 7 um ranging from 6 pm
to 8 um. First the cell is on the left side of the device in the
microchannel. Then it passes through the aperture in the
confining wall. Next it crosses the center of the microlens from
left to right. Finally it reaches the right side of the device.
Similarly, as seen in Fig. 4(b) and (c), three cells pass above
the center parts of microlenses 3, 5, and 7. Interestingly, two
cells are passing above different microlenses at nearly the
same time in Fig. 4(b), demonstrating the possibility to simul-
taneously detect multiple cells for parallel counting. The ESI{
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Fig. 5 Demonstration of 100% cell counting by a center-pass combined optofluidic MLA. Time-dependent variations in the intensity at the focal
spots of seven microlenses in an array. When thirty cells are placed into the channel at a flow speed of 50-100 um s, thirty intensity dips are
obtained. Each intensity dip corresponds to one cell passing above a microlens. This demonstrated that all cells were detected by the center-pass

combined optofluidic MLA (100% success rate) and no cells were missed.
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Video S1 further verifies that the apertures in the confining
wall can control every cell so that they pass above the centers
of the microlenses.

Demonstration of the 100% success rate for cell counting by
a center-pass combined optofluidic MLA

The microlenses can produce bright focal spots under white-
light illumination. However, once a cell passes above the center
of a microlens, the intensity of the focal spot significantly

View Article Online
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decreases because the cell scatters, reflects, and absorbs the
incident light.*> By monitoring the focal spots of seven
lenses, the intensity is observed to vary with time, as graphed
in Fig. 5. Every intensity dip corresponds to one cell passing
above a microlens. When 30 cells are placed in a water-filled
channel, 30 intensity dips are obtained. This result demon-
strates that all cells are detected by the center-pass combined
optofluidic MLA, in contrast to previous work in which about
7% of the cells passed through the edge regions between
adjacent lenses and were not detected. The flow speed of

-

um width

20 um

Fig. 6 Filtering of deformed cells by a center-pass combined optofluidic MLA. (a) Some cells have a round shape due to biological deformation.
The diameter of such cells can be as large as 15 um. They are hindered from passing by the 9 um apertures in the confining wall. (b) Normal cells
with 6-8 um width can freely pass the apertures in the wall. Also see the ESI Video 2.

This journal is © The Royal Society of Chemistry 2015
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50-100 um s ' employed in this study enables us to clearly
count the cell number by observation using an optical micro-
scope and compare with the number of intensity dips. For
practical use of this system, the higher flow rate commonly
used in microfluidic channels (1-10 mm s™') is applicable by
adoption of a rapid response CCD. The cell concentration
was chosen to be 10°-10° ml™, since a higher concentration
makes it difficult to secern the two adjacent cells due to
their too close distance. The ability to control the cell posi-
tion in a microchip is also important for other types of cell
detection and manipulation.””****! To control cell posi-
tions, various strategies have previously been developed
such as decreasing the neck size of the microchannels to
match the targeted cell size,> ' fabricating small-size
parallel sub-channels,”* using flow electrokinetic'”'® or
hydrodynamic focusing,'® which usually lead to complex pro-
cess or difficult operation. The center-pass combined micro-
lens arrays are designed with a computer and fabricated by
single-step laser scanning, so that the fabrication of complex
structures does not increase difficulty in the experiment.
Additionally, the center-pass unit has an additional function
of cell filtering as described below, which enables us to
count specific size of cells. The intensity dips show some
variations, which may be caused by three factors. First, the
apertures are slightly larger than the cells. This causes small
variations in the cell positions above the microlenses, as
seen in the ESIf Fig. S4. Second, the cells can pass a micro-
lens at different heights in the microchannel mostly due to
two apertures formed at the different height in the center
pass unit. If the cells pass the aperture at the lower position,
the intensity dips will be bigger, while at the upper position,
will be smaller. Third, the cell sizes are not all identical but
range from 50 x 6 um to 72 x 8 um (length x width). These
variations do not affect the performance of the center-pass
combined optofluidic MLA in terms of easy operation, high
success rate (100%) and parallel detection. To count different
kinds of cells, the aperture size should be designed to be
slightly larger than the size of targeted cells. Thus, any cells
can be directed to almost the center part of the microlens,
resulting in a 100% success rate in counting. In this demon-
stration, only 30 cells were introduced into the channel. This
optofluidic system can handle the larger number and higher
density of cells as far as the sizes of all cells introduced
are smaller than the aperture size. However, the samples
containing cells larger than the aperture size may cause clog-
ging of the apertures. To minimize the possibility of clogging,
the center-pass unit was designed to have two apertures.
Finally, the ability of a center-pass combined optofluidic
MLA to filter deformed cells is demonstrated in Fig. 6. Some
cells are rounded because of biological deformation. Their
size can be as large as 15 pm, so that they are hindered by
the 9 um aperture, in contrast to normal cells of 6-8 pm
width. The ESIT Video 2 shows more details. The flow speed
is not uniform across the microchannel, i.e., the flow speed
at the center of the channel is faster than that at the edge of
the channel. But this may not affect the filtering ability of the

1522 | Lab Chip, 2015, 15, 1515-1523
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aperture, which is mainly determined by the relative sizes
between the aperture and the cell.

4. Conclusion

A novel cell-counting device is proposed: a center-pass com-
bined optofluidic MLA having confining walls with 9 pm
apertures. By optimizing the TPP experimental parameters,
the polymer devices can be successfully integrated into a closed
glass microchannel. The microlens arrays produce multiple
focal spots with a uniform optical intensity (within +5%)
under white-light illumination. The confining walls and aper-
tures permit only cells of 6-8 um width to pass above adjacent
microlenses. As cells cross that space, the intensity of the
focal spots decreases due to optical scattering, reflection, and
absorption by the cells. By monitoring the time-dependent
optical intensity variations at each focal spot, coupling-free
parallel cell counting with a 100% success rate is enabled.
Additionally, the apertures not only control the position of
each cell but they can also filter out deformed cells of 15 um
width. Such high-performance cell-counting devices will
greatly enhance the functions of LOC systems and offer broad
applications in biological cell analysis, medical diagnostics,*
and cell manipulations owing to their simple operation, high
success rate of detection, and parallel sensing.**** Further-
more, this kind of optofluidics will be applicable to identify
different kinds of cells by detecting fluorescence signals.
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