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Introduction

A simple and reversible glass—glass bonding
method to construct a microfluidic device and its
application for cell recoveryy

Shun-ichi Funano, Nobutoshi Ota @ and Yo Tanaka @ *

Compared with polymer microfluidic devices, glass microfluidic devices have advantages for diverse lab-
on-a-chip applications due to their rigidity, optical transparency, thermal stability, and chemical/biological
inertness. However, the bonding process to construct glass microfluidic devices usually involves
treatment(s) like high temperature over 400 °C, oxygen plasma or piranha solution. Such processes require
special skill, apparatus or harsh chemicals, and destroy molecules or cells in microchannels. Here, we
present a simple method for glass-glass bonding to easily form microchannels. This method consists of
two steps: placing water droplets on a glass substrate cleaned by neutral detergent, followed by fixing a
cover glass plate on the glass substrate by binding clips for a few hours at room temperature. Surface
analyses showed that the glass surface cleaned by neutral detergent had a higher ratio of SiOH over SiO
than glass surfaces prepared by other cleaning steps. Thus, the suggested method could achieve stronger
glass—-glass bonding via dehydration condensation due to the higher density of SiOH. The pressure
endurance reached over 600 kPa within 6 h of bonding, which is sufficient for practical microfluidic
applications. Moreover, by exploiting the reversibility of this bonding method, cell recoveries after
cultivating cells in a microchannel were demonstrated. This new bonding method can significantly improve
both the productivity and the usability of glass microfluidic devices and extend the possibility of glass
microfluidic applications in future.

Based on these glass properties and fundamental

technologies, many unique applications such as detection by
12 13

Lab-on-a-chip technology has generated substantial interest =~ Raman microscopy, ©~ thermal lens microscopy,” organic
due to the reduced reagent consumption, space requirements  synthesis,"”'> gas analysis,"®"” cell patterning and
and analysis times.”> Major substrate materials of  analysis,"®'® electrophoretic separations,>® nanostructure-
microfluidic devices include silicon, glass,  based molecule separations*"*? and cell analysis by ultra-fast
polydimethylsiloxane (PDMS), polymethylmethacrylate  flow imaging® have been developed. These applications are

(PMMA), paper or 3D printed materials.*” Currently, PDMS is
the most common material used in microfluidics because it
is low cost and easy to fabricate.® On the other hand, glass is
a major substrate material for nanofluidic devices. Glass has
excellent properties including suppression of deformation of
channel walls by its hardness, superior optical transparency,
thermal stability, chemical/biological inertness, and capability
of diverse surface modification that allows smooth
introduction of liquid.*® Furthermore, by exploiting the
flexibility of ultra-thin glass to compensate the hardness of
glass, glass-based valves’® and pumps' have also been
developed.
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difficult to realize with polymer-based microfluidic devices
because polymers show lower performance of light
transmission, chemical stability against organic solvents,
retaining gas in microchannels, have lower values of Young's
modulus which is a fundamental factor in cell scaffolding,
and are less suitable for precise fabrication at microscale
than glass does.

However, glass microfluidic devices have a major
challenge in their glass bonding process. To bond glass
components of a glass microfluidic device, thermal bonding
method is classically employed which applies high
temperature over 400 °C to the glasses overnight.”*>° This
process typically ruins chemical or biochemical components
on glass surface. Also, dangerous chemicals,””° including
piranha solution for thorough cleaning, and special handling
skill are necessary for glass bonding. Various low-
temperature bonding methods have been developed to solve

This journal is © The Royal Society of Chemistry 2021
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these issues in microfluidic fabrication.*** Another
challenge of a glass microfluidic device is its repeated use
because the bonding process is usually irreversible and
inside of a glass device is difficult to maintain functional. For
example, it is difficult to recover a clogged microchannel in a
glass microfluidic device with permanent glass bonding.
Compared with microfluidic devices made of other materials,
repeated use with maintained functions of glass devices is
highly desired because glass microfluidic devices are
expensive and labour-intensive to produce. These challenges
have prevented wide use of glass microfluidic devices.
Previously, we reported low temperature bonding method
for glass microfluidic devices by using a machine to control
pressure and temperature applied to glass components for
bonding.*® Practical pressure resistance was obtained by the
bonding below 100 °C at 450 N bonding force. However, it
still required a dedicated apparatus and special chemicals
including oxygen plasma, piranha solution, or hydrochloric
acid. Also, the bonding operation is complicated and needs
special skills. Such issues can be barriers to entry in this field
and should be addressed to promote wide use of glass
microfluidic devices. Other glass bonding techniques
performed at low temperature have also been reported
including the methods using two-step plasma treatment (O,
etching plasma irradiation followed by a nitrogen microwave
radical activation),*® 0,/CF, plasma irradiation,*”
ultraviolet (VUV) light irradiation,®® irradiation only by O,

vacuum

plasma,* treatment with hydrogen fluoride steam®® or
hydrofluoric acid,* pulse laser irradiation,”* or an
intermediate gluing layer.”®> Recently, glass bonding

techniques for reuse have also been reported the methods
with O, plasma irradiation and heating at 110 °C (ref. 44) or
O, plasma irradiation and annealing for reinforcement at 150
°C.*> However, these methods require glass surface
treatments immediately before glass bonding. These surface
treatments cannot keep molecules or cells intact on glass
surface. Overall, these methods are not simple and limit
applications of glass microfluidics.

Here, we propose a new method of reversible glass—glass
bonding, which is achieved by settling water droplets on a
cleaned glass surface at room temperature, as shown in Fig. 1a.
This bonding method increases utility of glass microfluidics
and allows wider biological applications; the method enables
(1) maintaining biological materials intact, (2) positioning
these materials before forming microfluidic channels, (3)
recovering materials from the channels, and (4) using the same
glass components repeatedly (Fig. 1b). When two glass surfaces
are clean and face to each other, the surfaces can be chemically
bonded only by applying pressure for sufficient time. The
chemical bond is produced by water dehydration between glass
surfaces. By using neutral detergent for cleaning glass surfaces,
this bonding method overcomes the difficulties derived from
dangerous chemicals. Also, this method stabilizes glass—glass
bonding achieved by binding clips instead of using special
facilities like pressing apparatus. Moreover, the present
method addresses skill requirement for glass bonding. This
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Fig. 1 The concept and an application of a wet bonding method for
glass-glass bonding at room temperature using neutral detergent for
cleaning the glass surfaces. (a) The steps of the wet bonding. In these
steps, water is used as the bonding agent for glasses cleaned by
detergent prior to bonding. Glass components were fixed by pressure
applied by binding clips at room temperature. After their use as a
microfluidic device, the glass components were detached by a wet
razor blade and they could be used repeatedly. The upper raw of each
step is overall view, and the lower raw is cross-sectional view. (b) An
application of this bonding method. Droplets of cell suspensions are
placed on an open microchannel, followed by enclosing the droplets
by bonding glass components. After cultivating the cells in the
microchannel, the glass components are detached to collect the cells.
The upper raw of each step is overall view, and the lower raw is cross-
sectional view.

method employs wet glass bonding which uses water as a
bonding agent. Although our wet bonding method requires
longer bonding time than bonding methods for dry glass
surfaces, this wet bonding method can be performed without
special skills of manual handling for temporal glass bonding
and fine alignment of glass components. In these perspectives,
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Fig. 2 Mass spectral results obtained by sputtered neutral mass spectrometry (SNMS) for glass surfaces with different conditions. (a) An untreated
glass surface, (b) a glass surface rinsed by water only, (c) a glass surface cleaned by detergent, (d) a glass surface cleaned by piranha solution, and
(e) a glass surface cleaned by oxygen plasma. (f) SiOH/SiO ratio for each surface condition.

this method is beneficial for both fabrication and use of glass
microfluidic devices.

The aim of this report is to establish a simple fabrication
method of glass microfluidic devices with reversible glass
bonding. Firstly, bonding chemical groups on the glass
surfaces were investigated to find the influence of different
steps for glass surface cleaning. Secondly, the pressure
resistance was evaluated to determine whether this bonding
method is appropriate for practical uses. Finally, cultivating
cells of multiple types in single microchannel, followed by
recovery of cells from the microchannel, was demonstrated
as an application to show reversible glass bonding which is a
unique characteristic of this method.

Experimental

Glass bonding

Borosilicate glass (TEMPAX Float, 30 x 70 x 0.7 mm,
Matsunami Glass Industry, Osaka, Japan), soda-lime glass

2246 | Lab Chip, 2021, 21, 2244-2254

(S1215, Matsunami Glass Industry), and fused silica (VIOSIL-
SQ, Shin-Etsu Chemical, Tokyo, Japan) were purchased. Flow
channels and patterns of immobilized hydrophilic and
hydrophobic areas were formed on glass plates by reported
procedures (ESIt).>>*® Each glass plate, subjected to channel
fabrication and surface treatment, was polished with
melamine resin to remove dirt from the surface. After rinsing
with water, the glass components were cleaned by 60 min
sonication in 5% neutral detergent (Scat 20X-N, DKS, Kyoto,
Japan) solution, followed by rinse by running water.

Two bonding procedures were investigated (Fig. S1 (ESIT)).
In one procedure, two wet glass components were attached,
and fixed by binding clips (Kokuyo, Osaka, Japan)
(hereinafter referred to whole-surface wet bonding). In the
other procedure, two glass components were dried with
blowing nitrogen gas, and 6 droplets of 2 pL water were
placed on periphery of one glass component. Then, the two
glass components were fixed by binding clips (hereinafter
referred to water-droplet bonding). These fixed glass

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Glass microfluidic devices fabricated by the described wet bonding method. (a and b) Area of glass-glass bonding. Arrowheads indicate
area that was not bonded. The black bars indicate 1 cm. (a) A photograph of a glass microfluidic device made by neutral detergent cleaning
followed by water rinse. (b) A photograph of a glass microfluidic device made via glass rinse by water only. (c and d) Investigation of pressure
resistance of glass-glass bonding. (c) A glass microfluidic device used for this investigation. The glass microfluidic device had main channels and
detours. Water was loaded by applying pressure to the main channel. The channels appeared white if dry and transparent if wet. The pressure
continued to be applied to the main channel, and the value of the pressure just before the water leaked into the detour was defined as the
pressure resistance. (d) Pressure resistance of each bonding procedure. A glass microfluidic device made via (open circles) cleaning with neutral
detergent, (red rectangle) fusion bonding, or (blue triangle) water rinse. The orange dashed line shows the pressure resistance of glass microfluidic
devices made through the method reported by Yamashita et al.>” error bars indicate standard errors. The number of experiments were as follows.
Cleaning with neutral detergent and bonding for Lh:n=8,3h:n=7,4h:n=5,6 h:n =10, and 24 h: n = 3. Fusion bonding: n = 1. Water rinse:
n = 1. (e) Detachment of bonded glass components by a razor blade. (f) Bonding area of glass-glass components employed for 10 cycles of
bonding/detaching procedures. Three sets of the same glass components were repeatedly used through the series of measurements. Each data
point with a standard error is n = 3. (g) Pressure resistance of glass-glass bonding at various bonding periods and cycles. Prior to bonding, glass
components were cleaned by neutral detergent. Periods of clip-pressed bonding were (black rectangles) 1 h, (open red circles) 3 h, (blue triangles)
4 h, and (black circles) 6 h. Each data pointisn = 1.

components were left at room temperature with humidity of = were treated by either oxygen plasma (30 W, 1 min at
approximately 40%. oxygen flow rate of 8 mL min™") in a compact etcher (FA-1,
Samco, Kyoto, Japan), sonication in aqueous solution
containing 5% neutral detergent for 60 min followed by
water rinse, or piranha solution followed by water rinse.
Five borosilicate glass plates were prepared for different  The surface conditions of the glass plates were investigated
surface conditions. One glass plate was prepared as an by sputtered neutral mass spectrometry (SNMS)*” ™ in the
untreated glass surface. Four glass plates were polished by  following conditions. Primary ion beams of 0.3 ps pulse
melamine resin, followed by sonication in water for 60 min. and 1 um diameter accelerated by 30 kV were irradiated
One of the four plates was kept for investigating glass  onto the surface of a glass sample at a repetition rate of
surface rinsed by water only. The remaining glass plates 500 Hz to generate sample particles. The sample particles

Surface condition measurement after surface treatment

This journal is © The Royal Society of Chemistry 2021 Lab Chip, 2021, 21, 2244-2254 | 2247
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Fig. 4 Water-droplet bonding procedure. (a) (Top) lllustrations of the
surface condition of glass components. (Bottom) A photograph of a
pair of glass components washed with detergent, followed by water
rinse. The black bar indicates 1 cm. (b) Placing droplets of black ink on
a glass channel as samples. Six droplets of 2 uL water, enclosed by
dotted circles, were placed on edges of an etched glass plate. (c)
Attaching the etched glass plate with a plain glass plate. (d) Glass
components fixed by binding clips.

sputtered by the primary ion beam were ionized by
femtosecond laser. The femtosecond laser with 100 pm
focusing diameter produced 3.5 mJ per pulse of 800 nm, 50
fs width, and 1 kHz frequency. Ions produced by the
femtosecond laser were accelerated by 5 kV to enter the
mass analyser.
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Fig. 5 Cell cultivation and differentiation induced in a channel. (a)
Illustration of a microfluidic device for cell cultivation and differentiation.
(b) A photograph of a glass microfluidic device containing C2C12 and
3T3 cells. (c and d) Microphotographs of (c) C2C12 cells and (d) 3T3 cells
after 1 day cultivation in a channel. (e and f) Microphotographs of C2C12
cells and 3T3 cells after 4 day cultivation in a channel, respectively. (g
and h) Microphotographs of (g) C2C12 cells and (h) 3T3 cells after 10 day
cultivation in a channel. (i and j) Fluorescence images of (i) C2C12 cells
and (j) 3T3 cells with stained myosin. The black and white bars indicate 1
cm and 200 um, respectively.

Evaluation of bonding performance

The bonding area was evaluated by the following procedure.
After detergent treatment or by water-only treatment, each
pair of glass components was prepared by whole-surface wet
bonding through pressing by binding clips or a press
machine for glass-glass bonding. After a day, the bonded
glass components were photographed by a camera. Each
photograph of the bonded glasses was adjusted to a
rectangular shape by perspective tool of GIMP 2 software
(developed by The GIMP Team, https://www.gimp.org/) for
evaluating the bonded area. The bonded area was measured
by threshold function of Image] software (developed by
Wayne Rasband, https://imagej.nih.gov/ij/).

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Transferring three types of cells from a glass microfluidic device to culture dishes. (a) A photograph of a glass microfluidic device
containing cells in a channel. (b-d) Microphotographs of (b) C2C12 cells, (c) 3T3 cells, and (d) Hela cells after 4 day cultivation in a channel. (e-g)
Photographs of culture dishes. Each dish contained one type of transferred cells. (h-j) Microphotographs of (h) C2C12 cells, (i) 3T3 cells, and (j)
Hela cells cultivated in culture dishes for 10 days after transference. The black bar indicates 200 pm.

Bonding strength of glass components was evaluated by
applying pressure to check the resistance of a glass
microfluidic device against leakage described in a previous
report.®®> The glass components were treated by whole-surface
wet bonding to have main channels and detour channels.
The main channel with ports at both ends was filled with
water. One port was blocked, and pressure was applied from
the other port. The pressure was gradually increased with 10
kPa increment at every 30 s. When the pressure was high
enough to break the glass bonding, leakage of water was
observed in the detour channels, adjacent to the main
channel, indicated by change in appearance of the detour
channels from opaque to transparent. The pressure value
immediately before leakage was defined as the value of
pressure resistance. The upper limit of measurement was 600
kPa due to the performance of the employed air-compressor
(PC4-10H, Yaezaki Kaatsu, Tokyo, Japan).

Detachment of bonded glass components and reversible
bonding

The bonded glass components were detached in a simple
manner. A razor blade was made wet by water and was
applied to one corner of the bonded glass components to
insert between the components. For investigating reversible

This journal is © The Royal Society of Chemistry 2021

bonding, the same bonding procedure, which was initially
selected according to the channel design and application of a
glass device, was employed repeatedly to bond the same set
of detached glass components.

Cell cultivation in a channel

Glass components were modified to provide patterns of
hydrophilic and hydrophobic areas (ESIt)*>*® prior to
introduction of cells. For a glass component with a channel,
periphery and inside of the channel except the cell adhesion
areas were hydrophobic and the other areas were hydrophilic.
For a glass component with two ports, periphery of the glass
component was hydrophilic for glass-glass bonding. The
other area was hydrophobic and aligned to be above the
channel of the other glass component when the two
components were bonded.

The glass component with a channel was placed on a
heater set at 37 °C. Pools made of PDMS (SILPOT 184,
DuPont Toray Specialty Materials, Tokyo, Japan) were placed
on the hydrophilic areas for cell adhesion on the glass
channel. Ten ug mL™" fibronectin (F1141, Sigma-Aldrich, MO,
USA) dissolved in Dulbecco's phosphate buffer saline (PBS)
(048-29805, Fujifilm Wako Pure Chemical Corporation,
Osaka, Japan) solution were introduced into the pools to coat

Lab Chip, 2021, 21, 2244-2254 | 2249
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the areas of cell adhesion. After 10 min of coating, the
solution was sucked up with a pipette, and the coated areas
were dried by air for 5 min. Cell suspensions of myoblast cell
line C2C12 cells, fibroblast-like cell line 3T3 cells, or human
cervix adenocarcinoma cell line HeLa cells were prepared to
contain 300000 cells per mL in Dulbecco's modified Eagle's
medium (DMEM) (D6429, Sigma-Aldrich, MO, USA) with 10%
(v/v) fetal bovine serum (35-010-CV, Corning, NY, USA) and
1% (v/v) penicillin and streptomycin antibiotics (168-23191,
Fujifilm Wako Pure Chemical Corporation). Each type of the
suspensions was introduced into a PDMS pool independently.
After 3 h of introducing cell suspensions, most of medium
was sucked up with a pipette and small amount of medium
was left on the cells. Then the PDMS pools were removed
from the glass component.

The glass component with the introduced cells was covered
by a glass component with ports, via water-droplet bonding.
After bonding, the binding clips were removed, and the PDMS
pools were placed on the ports to supply culture medium.
Medium was introduced into a channel, and the cultivation
was conducted at 37 °C under humidified conditions with 5%
CO,. The supernatant was changed with the fresh culture
medium every day during the subsequent cultivation. For
observing differentiation, medium was changed to DMEM
with 2% (v/v) horse serum (H1138, Sigma-Aldrich, MO, USA)
and 1% (v/v) penicillin and streptomycin antibiotics when one
day passed from the beginning of cultivation.

Collecting cells from a channel and re-cultivation on culture
dish

After cell cultivation, PDMS pools were removed from the
ports, and the glass components were detached. Medium in a
channel was sucked up with a pipette, and PBS droplets were
placed on each cell adhesion area and sucked up to wash.
Droplets of 0.05% (w/v) trypsin (208-17251, Fujifilm Wako
Pure Chemical Corporation) in PBS were then placed on each
cell adhesion area for cell removal. After 3 min, each cell
suspension was transferred to centrifuge tubes containing 3
mL of the culture medium to spin down cells at 800 rpm for
5 min. Then, the supernatants were aspirated, and 3 mL of
the medium were added to each centrifuge tube. After
pipetting the medium in each centrifuge tube to re-suspend
the collected cells, the whole amount of the new cell
suspension was transferred to a culture dish. The cultivation
was conducted at 37 °C under humidified conditions with
5% CO,. The supernatant was changed with the fresh culture
medium every day during the subsequent cultivation.

Optical detection and data processing

Optical and fluorescence images of cells were observed with
an inverted microscope (IX71, Olympus, Tokyo, Japan)
equipped with a charge-coupled device (CCD) camera (24-bit
RGB colour) using cellSens software. Fluorescent images were
collected by using the following optical filters: excitation/
emission filter sets of 360-370 nm bandpass/420-460 nm

2250 | Lab Chip, 2021, 21, 2244-2254
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bandpass, 460-495 nm bandpass/510 nm longpass, and 530-
550 nm bandpass/575 nm longpass. Fluorescent images were
merged by merge channels function of Image] software.

Results and discussion
Bonding chemical groups on glass surface after cleaning

Conditions of borosilicate glass surfaces are varied by applied
chemicals for surface cleaning. Based on the reported glass-
glass bonding mechanism,”*”" two SiOH form an Si-O-Si
covalent bond between two glass plates via dehydration while
SiO does not form the covalent bond between glass plates. It
means that larger density of SiOH, comparing with that of
SiO, on a glass surface provides more bonding opportunities
between two glass plates. Hence, larger ratio of SiOH/SiO is
considered to form stronger glass-glass bonding.

For evaluating chemical groups on a glass surface, various
glass surfaces were investigated by SNMS.*”"*° The measuring
surfaces were prepared through glass cleaning by water only,
neutral detergent solution followed by water rinse, oxygen
plasma, or piranha solution followed by water rinse. Fig. 2
shows the results of SNMS measurements on SiOH and SiO
groups in relative intensities to show typical mass spectra for
each type of the prepared glass surfaces. These typical spectra
were obtained after measurement conditions were
determined by wusing the surface samples of the
corresponding type. Also, mass spectral results expressed in
absolute intensities are shown in Fig. S2 (ESIt). Mass spectral
peaks at m/z of 44 are of SiO group and the peaks at m/z of
45 are of SiOH group. Based on the intensities of these peaks,
SiOH/SiO values of glass surfaces were calculated. Among the
measurements, the glass surface rinsed by water only showed
the highest SiOH/SiO value (0.74) while untreated glass
showed the lowest value (0.38). These values indicated
hydration was important to form SiOH groups on a glass
surface.

Other treatments provided SiOH/SiO values between the
value of the untreated glass surface and the value of the glass
surface rinsed by water only. These results indicated that
chemicals in cleaning agents, other than hydrating chemicals
like water, prohibited formation of SiOH group. Among these
measurements, detergent-treated glass showed the SiOH/SiO
value of 0.66, which was closest to the SiOH/SiO value of
water-rinsed glass (0.74). This could occur because surfactant
molecules were easily removed by water rinse prior to
bonding.

Glass cleaned by piranha solution showed a relatively low
value (0.51). This could be caused by sulfate ions, which
adsorbed on glass surface through piranha treatment. Glass
treated by oxygen plasma showed a lower value (0.44). This
could be induced by oxidation of a glass surface in vacuum; a
part of SiOH groups reacted with oxygen plasma, and some
neighbouring SiOH groups spontaneously formed a Si-O-Si
bonding to release a water molecule into dry atmosphere. In
short, hydration with limited adsorbents was required to
glass cleaning agents for glass—glass bonding.

This journal is © The Royal Society of Chemistry 2021
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To determine which treatment is most suitable for glass-
glass wet bonding, however, investigating in surface chemical
groups is insufficient. Indeed, glass-glass bonding of a
microfluidic device is strongly influenced by presence of
debris on surfaces of glass components.

Area of glass—glass bonding

Area of successful bonding between two glass components
worked as an indicator for surface cleanness, or degree of
removing debris, on glass surface. For this evaluation, glasses
were bonded through various steps.

The bonding area formed by whole-surface wet bonding
was investigated. The area, where Newton rings were
observed, was defined as not bonded. The bonded area was
estimated by GIMP 2 software and Image] software and was
compared with the total area of a glass microfluidic device.
Area of glass-glass bonding through detergent cleaning
showed similar degrees of successful bonding either by
applying 96 N from 6 clips (16 N per clip, measured by a
spring balance) to glasses (Fig. 3a, 98.1%) or by applying 450
N to glasses via a press machine (98.9%). In contrast, glasses
rinsed by water only and clip-pressing showed smaller
bonding area (Fig. 3b, 90.8%) than those prepared by
detergent cleaning did. These results indicated that detergent
cleaning could remove adsorbed chemicals and particles on a
glass surface more than water rinse could. Thus, larger area
of glass-glass bonding was achieved by the combination of
detergent cleaning, which removed debris, and clip-pressing
than the combination of rinse by water only and clip-
pressing.

Pressure resistance of glass—glass bonding

The pressure resistance of glass-glass bonding was
investigated. Fig. 3c and d show leaking resistance of glass
microfluidic devices through different cleaning and/or
bonding steps. Glass microfluidic devices produced by
detergent wash with clip-pressing showed water leakage
below 600 kPa when clip-pressing were performed for 4 h or
less. When clip-pressing was performed for 6 h or more, the
devices were stable against almost maximum pressure of our
measuring system (600 kPa). This value was also attained by
fusion bonding (630 °C for 1 h). Even though these values of
bonding strength could not tell exact leaking pressure, 600
kPa were high enough to cover practical uses of microfluidic
devices.”® In addition, 6 h of clip-pressing had advantages
in low risk of damaging glasses by thermal expansion/
contraction and total length of bonding period. Meanwhile,
fusion bonding was overnight process, typically requiring
more than 8 h for glass heating, bonding, and cooling in a
furnace with risk of thermally damaging glasses.

By comparing the glass devices produced by 24 h of clip-
pressing, the devices produced by water rinse showed water
leakage at 150 kPa, significantly weaker than that produced
by detergent cleaning showed. Considering these outcomes
with SiOH/SiO values and bonding area of corresponding
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conditions, rinsing by water only was concluded to provide
highest SiOH density with insufficient removal of chemicals
or particles adsorbed on glass surfaces. Since SNMS was
performed before microfabrication processes, these processes
appeared to provide adsorbents to lower bonding area and
leaking resistance between two glass components. Hence,
detergent cleaning was found to play an important role for
glass—glass bonding by high SiOH generation as well as for
removal of adsorbents. For further investigations, detergent
cleaning and clip-pressing were employed.

Repeated use and bonding of the same glass microfluidic
device

Capability of repeated use and reversible glass-glass bonding
was validated. The same pair was washed by detergent
solution, bonded by clip-pressing, and then detached by a
wet razor blade (Fig. 3e). After each bonding, bonding area
and pressure resistance were investigated.

Bonding/detaching procedures were repeated for 10 times
using 3 pairs of glass components, and the area of glass-
glass bonding was evaluated at each bonding cycle (Fig. 3f).
It was shown that the bonding area did not decrease
significantly by repeating bonding/detaching cycles. Bonding/
detaching procedures were also repeated for various clip-
pressing periods (1, 3, 4, and 6 h) to measure pressure
resistance to find the influence of multiple times of bonding/
detaching operations on the same pair of glass components
(Fig. 3g). In the case of 6 h clip-pressing, the measured values
of pressure resistance were close to or above 600 kPa even
after repeating the bonding/detaching cycles. In contrast,
clip-pressing periods of 1, 3, and 4 h resulted in pressure
resistance with large variation or significantly lower than 600
kpa.

It worth to note that, for the experiments of Fig. 3d and g
except for fusion bonding, the same pair of glass components
was used. For example, tenth cycle of the 6 h bonding was
corresponded to thirty-fourth cycle of all bonding cycles, and
this pair showed 600 kPa of pressure resistance. These results
suggested that bonding/detaching cycles could be repeated
for more than 34 times without major defects. Thus, for
repeated use and reversible bonding, the present wet
bonding method generated negligible changes or deficient
on glass surfaces by detachment. It is also worth to note that
this method saves time and cost of glass microfabrication.

Formation of a glass channel after placing liquid droplets

Low/room temperature bonding methods, including wet
bonding methods, can be applicable for liquid-based samples
due to their mild bonding conditions. However, when liquid-
based samples such as cell suspensions are placed in a
microchannel, these samples are easily spread by mixing with
other liquids and/or are difficult to set at specific positions
in a channel. Thus, liquid-based samples are not compatible
with wet bonding procedures that apply liquid on whole
surfaces of glass components. For example, glass bonding in
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water flow®® cannot keep molecules or cells at certain
positions. This reported method needs water flow during the
bonding process to maintain a clean glass surface. This water
flow makes it difficult to maintain molecules or cells that are
physically adsorbed or settled, not covalently bonded, on the
surface of a microfluidic device. To avoid losing these
molecules or cells significantly from a glass surface, it is
necessary to use a glass bonding method without water flow.

Contrarily, water-droplet bonding procedure does not
need water flow for glass-glass bonding. Thus, this procedure
is possible to maintain molecules or cells settled on the
surface of a microfluidic device. With the hydrophobic
patterning method that separates liquid-based samples from
water droplets for bonding, this bonding procedure can keep
dry area to place samples at designated positions without
mixed to the droplets. In addition, glass—glass bonding via
clip-pressing at room temperature allows placing samples
before formation of channels in a glass microfluidic device.
These features are advantageous because liquid-based
samples are easily placed at specific positions on an open
glass channel. These samples can be enclosed in a glass
channel later through glass-glass bonding. Fig. 4a-d show
the procedure of enclosing liquid droplets via glass bonding
after detergent cleaning. Although the same procedure could
be applied to different types of glasses, borosilicate glass was
selected for further experiments because this type of glass is
frequently employed for glass microfluidics. The post-
bonding photographs of other glass types, soda-lime glass
and fused silica treated by detergent cleaning, are shown in
Fig. S3 (ESI}).

A pair of borosilicate glass components washed with
detergent and rinsed with water was prepared (Fig. 4a), and
black ink droplets were placed on a glass channel as samples
(Fig. 4b). Then, 6 droplets of 2 pL water were placed on edges
of a glass plate (Fig. 4b). Subsequently, the etched glass plate
was attached with a plain glass plate (Fig. 4c). The ink was
sandwiched between hydrophobic areas of two glass plates.
The hydrophobic area was formed by a silane coupling agent
containing fluoro-functional groups prior to placing the ink
droplets. When the ink droplets were pressed by two glass
plates, the droplets changed their shapes without spreading
to hydrophobic area. Simultaneously, the water droplets
spread within the hydrophilic area, and did not overflow into
the hydrophobic area. These results indicate that this
procedure is applicable even for enclosing liquid in a
channel. At the end of the bonding procedure, glass
components were fixed by 6 binding clips (Fig. 4d). Through
this demonstration, multiple ink droplets were easily
enclosed in a glass microchannel via water-droplet bonding
and showed no mixing with water droplets for glass-glass
bonding.

Cultivating multiple cell types in a glass channel

To show the usefulness of water-droplet bonding procedure
performed at room temperature without harsh conditions or
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special equipment, cell packaging and cultivation in a glass
microfluidic device were demonstrated. In addition, this
procedure does not wash molecules or cells away from glass
surfaces. Hence, water-droplet bonding is compatible to
wider biological applications.

For cell cultivation, aliquots of suspended cells were
placed on an open glass microchannel. Then, the
microchannel was confined by a glass plate when the glass
microfluidic device was bonded by water placed on the edges
of the glass device. With surface modification around the
microchannel, water for bonding the glass components did
not disturb cell suspension placed in the microchannel.
Hence, the same cleaning and bonding steps were applied
for cultivating multiple types of cells in a glass microfluidic
device (Fig. 5 and S4 (ESIT)). In water-droplet bonding, cells
were placed on an open glass microchannel, and then the
channel was covered by another glass plate. All types of cells
were observed to grow in the glass microfluidic device for 10
days. During 10 days of cell cultivation, myoblast showed
myosin formation through differentiation from myoblast
cells (C2C12 cells) into myotubes.”® Thus, it was shown that
cells could be successfully cultivated in the microchannel for
at least 10 days using this procedure. Four mL of culture
medium were used in this period. Therefore, water-droplet
bonding procedure took an advantage of microchannels,
reduced consumption of precious cells and reagents. In
addition, unlike a conventional microfluidic device, this
procedure allowed cell manipulations at an open channel,
like a conventional condition for cell manipulations on a
culture dish.

Recovery of cells from a detached glass microfluidic device

In most of the cell cultivating applications in a microfluidic
device, cells are not recovered. However, cell recovery is
important in some cases. For example, cell recovery of
vascular systems constructed in a microfluidic device is
desired to analyse the cells furthermore for regenerative
medicine.”” For such applications, microfluidic devices with
reversible bonding would be useful. Therefore, we
demonstrated the recovery of cells after cultivation.

After 4 days of cell cultivation, the cells were collected
from the glass microfluidic device, the same device used in
the last section, by detaching the glass components. Upon
detaching, the cultivating microchannel was opened to the
atmosphere. Then, the cultured cells were collected from the
open channel and were transferred to culture dishes. The
transferred cells were found to keep growing for 10 days after
transfer (Fig. 6). A procedure of collecting live cells from a
microchannel has been reported wusing a separable
microfluidic device.”” The upper and the bottom glass
components of this device used a thick metal jig to fix the
glass components only by physically sandwiching them.
However, this bonding method has low leaking resistance
and is difficult to culture multiple types of cells. On the other
hand, water-droplet bonding procedure can be widely applied
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for collecting cells, particles and substances that are difficult
to collect separately or tend to remain in microchannels by
resisting liquid flow. This operation cannot be realized by
devices with components bonded permanently, for example,
a typical PDMS microfluidic device with its components
bonded by plasma treatment.

The same pair of glass components was employed for the
experiments that used cells in this and the last sections.
Therefore, the same pair of the glass components were
repeatedly used for two independent experiments. For
repeated use of the glass components, the cleaning and
bonding procedures were unchanged. In this experiment the
cells did not show significantly different behaviour, including
cell viability, from the cells cultured in the last experiment.
These results indicated that repeated wuse of glass
components had no negative effect on the cells clearly.

Conclusions

In this report, we have demonstrated a glass—glass bonding
method using only neutral detergent for cleaning the surface
before glass-glass bonding. Chemical analysis of the glass
surface shows that the ratio of silanol group remarkably
increased in this cleaning step, compared with other cleaning
steps employing different cleaning chemicals. These results
meant that the glass-glass bonding formed after cleaning by
neutral detergent was stronger than the bonding formed after
other cleaning steps. The pressure resistance could reach
over 600 kPa within 6 h of bonding, sufficient pressure
endurance for practical uses of microfluidic devices. This
endurance was achieved by fixing glass components only with
binding clips. Furthermore, reversible glass—glass bonding of
the microfluidic devices was demonstrated by recovering
cultured cells. These features are attractive in terms of
preparation and use of glass microfluidic devices.

This glass-glass bonding method does not use any
dangerous chemicals, special equipment, or technically
difficult operations. This method significantly improves both
the productivity and the usability of glass microfluidic
devices and extend the possibility of glass microfluidic
applications in addition to the cell recovery system
demonstrated in this study. For instance, with a miniaturized
pump,”® an on-chip valve®® and a cell separator,®>®" the
present microfluidic system can be utilized as a portable
analysis system which can be constructed to confine analytes
on-site. Such systems should be user-friendly and useful for
high throughput on-site biomedical or environmental
analysis.
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