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Introduction

Reversibly-bonded microfluidic devices for stable
cell culture and rapid, gentle cell extractiont

Xiaohan Feng, 2 Zehaoyu Wu, ©° Lily Kwan Wai Cheng,? Yang Xiang,
Ryohichi Sugimura, Xuyan Lin @*°® and Angela Ruohao Wu @ *ab¢

Microfluidic chips have emerged as significant tools in cell culture due to their capacity for supporting cells
to adopt more physiologically relevant morphologies in 3D compared with traditional cell culture in 2D.
Currently, irreversible bonding methods, where chips cannot be detached from their substrates without
destroying the structure, are commonly used in fabrication, making it challenging to conduct further
analysis on cells that have been cultured on-chip. Although some reversible bonding techniques have been
developed, they are either restricted to certain materials such as glass, or require complex processing
procedures. Here, we demonstrate a simple and reversible polydimethylsiloxane (PDMS)-polystyrene (PS)
bonding technique that allows devices to withstand extended operations while pressurized, and supports
long-term stable cell cultures. More importantly, it allows rapid and gentle live cell extraction for
downstream manipulation and characterization after long-term on-chip culturing, and even further
subculturing. Our new approach could greatly facilitate microfluidic chip-based cell and tissue cultures,
overcoming current analytical limitations and opening up new avenues for downstream uses of on-chip
cultures, including 3D-engineered tissue structures for biomedical applications.

the approaches to analyze the cells in microfluidic devices,
confining them to imaging, bulk molecular analysis, or

Microfluidic devices have seen extensive utilization in the
domain of cellular biology."” For instance, 3D tumor models,
cell-interaction models, and organ-on-chips have been
successfully constructed using microfluidics for elucidating
biological mechanisms and drug discovery.*™ The
conventional polydimethylsiloxane (PDMS) chip is usually
irreversibly bonded to the substrate and therefore cannot be
“opened” unless the device is destroyed.® This makes such
devices suitable for long-term cell culture, but poses
difficulties for efficient extraction of a substantial number of
viable cells from the device for downstream manipulation,
even with the aid of trypsin. This obstacle therefore restricts
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simple on-chip staining assays.

Achieving reversible bonding between PDMS and the
substrate is a possible solution to this limitation, and efforts
have been made in this direction. While the tight irreversible
bonding of devices can be readily achieved by plasma
treatment and chemical modification such as 1% APTES
treatment,”® developing stable, long-term methods for
reversible bonding still remains challenging. Existing
methods for reversible bonding work on a limited range of
device-substrate material pairs, or require complex
processing procedures. For instance, the simplest way to
create reversible bonds is to increase the thickness of PDMS
and bonding to glass without plasma treatment,” but this
method is less robust and suffers from low-pressure
tolerance, with a high risk of leakage under pressurized or
prolonged usage, which makes it non-ideal for long-term cell
culture or scenarios that require pressurized pumping and
control. More recently, a glass-based device manufacturing
approach was proposed for achieving reversible bonding and
gentle cell extraction.'® The reversible bonds in this approach
are created by water dehydration between two glass slips with
high cleanliness, therefore requiring neutral detergents and
continued exertions of external force for bond formation.
Also, this method is not compatible with PDMS-based devices,
which are widely used for cell-based studies. The demand for

This journal is © The Royal Society of Chemistry 2024
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a versatile and simple method of reversible bonding that is
applicable to commonly used device-substrate materials thus
still persists.

Another common approach to create reversible bonds is to
provide a sacrificial layer within devices, which can be
designed with multiple materials, such as poly(methyl
methacrylate) (PMMA), polycarbonate (PC), polystyrene (PS),
and polyethylene terephthalate (PET)."'™"* For example,
Thompson et al. used adhesive tape for creating reversible
bonds within complex devices,'” but the low manufacturing
throughput and the yet-determined biocompatibility limit the
applicability of this method. Similarly, a silicone-based soft
skin adhesive could be mixed with PDMS to create a
sacrificial layer between the PDMS device and its substrate
for long-term cell culture,® but the low-adhesion property of
this adhesive may influence cell attachment on devices,
thereby affecting cellular biomechanics or functions on-chip.
Other strategies, such as wax bonding,'* changing
substrates,"” clamping,'®"” reducing curing agents,'® vacuum
bonding," and sandwich bonding,* all contribute to the
development of reversible bonding devices for scientific
research and applications. However, the scaled production of
these methods may be limited due to their intricate
manufacturing process or the requirement of implementing
external assistance. Moreover, this poses increased difficulty
in implementing the aforementioned approaches to create
complex designs for cellular-related applications, let alone
that no efficient live cell extraction has been reported using
these methods.

In this study, we present a new approach for fabricating
reversibly-bonded microfluidic devices (referred to hereafter
as “reversible devices” for convenience; similarly, hereafter
“irreversible devices” refers to conventional PDMS-glass
devices whose substrates cannot be manually separated from
the cover slabs), which is achieved by treating thermoplastics
(PS  focused) with a  low-concentration (<0.5%)
(3-aminopropyl)triethoxysilane (APTES) solution. The low-
concentration APTES solution introduces a small proportion
of amine groups for covalent bonding, and it roughens the
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PS surface thereby enhancing van der Waals forces, overall
resulting in a stable and reversible bonding between PS and
PDMS (Fig. 1). The procedure requires no other equipment
besides a benchtop plasma cleaner and can be performed
outside the cleanroom, making it accessible to most
laboratories that manufacture PDMS devices and compatible
with most PDMS-based device fabrication workflows. We
demonstrate the biocompatibility of this type of reversibly
bonded device by performing long-term and stable cell
culture on-chip with high cell viability, as well as showing
tumor spheroid formation on-chip as an additional
application. Moreover, the biocompatibility of this surface
treatment is illustrated through vascular cell culture and
vascular network formation experiments on-chip. Next, cells
were retrieved from the chip by rapid hand-peeling of the
PDMS slab and the high efficiency of live cell extraction was
verified by cell counting, cell recovery experiments, and flow
cytometry. Finally, we used a device design with multiple
compartments to co-culture different cell types, showing the
capability of the reversibly bonded device to accommodate
2D and 3D cell culture, which further extends the versatility
of this bonding method. Overall, this reversible bonding
method offers a robust and scalable chip fabrication process
with high biocompatibility, and allows for gentle cell
extraction from microfluidic devices. The viable cells
extracted from the environment as engineered within
reversible  devices can further contribute to the
understanding of cellular behaviors and the mechanisms
behind.

Experimental
APTES treatment on the substrate

Thermoplastics including a cyclic olefin copolymer (COC),
PC, PMMA, and PS (Petri dish, #150318, ThermoFisher, USA)
were used as substrates for bonding with PDMS, and were
treated with oxygen plasma discharge in a 30 watt plasma
cleaner (PDC-002 with 6” diameter x 6.5"” length Pyrex
chamber containing ambient air, Harrick Plasma, New York,
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Fig. 1 A: Process flow of conventional irreversible bonding devices and cell extraction; B: process flow of reversible bonding devices and rapid

cell extraction.
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USA) for 3 minutes, followed by treating with APTES ethanol
dilutions for 10 minutes at ambient temperature in the
chemical fume hood. Specifically, the concentration of APTES
was set to 0.1% for cell culture and retrieval. The substrate
was subsequently washed with Dulbecco's phosphate-
buffered saline (DPBS, 14190235, ThermoFisher) or pure
water until the APTES residue was removed, both of which
were tested to depict the same performance (Fig. S1f). To
completely remove the residual liquid, the cleaned substrates
were placed on a hotplate at 75 °C for primary drying for 1 to
2 hours before fully drying out using a nitrogen gas spray
gun.

Microfluidic device design and fabrication

The microfluidic devices used in this study were made of
PDMS based on the modification of a previous study (Fig.
$2+).>' Soft lithography and replica molding were used to
fabricate the device. Briefly, the lithography mask was
designed using AutoCAD. A silicon wafer was then patterned
with SU8-2050 photoresists (Microchem Corp., Westborough,
USA) using standard photolithography techniques (ABM,
USA). PDMS (Sylgard 184 Silicone Elastomer, Dow Corning,
USA) was mixed at a 10:1 ratio of the elastomer to curing
agent and then poured over the silicon mold. After degassing,
the PDMS was cured on the mold for at least 2 hours at 80 °C
for complete curing before removal from the master.>>>* The
inlets and outlets of the PDMS chambers were punched using
a PDMS puncher prior to substrate bonding. The PDMS slab
to be bonded was cleaned with IPA, distilled water, and
Scotch tape, and dried with an air spray gun. To form the
reversible bonding between the PDMS slab and the treated
substrate, these two components were both treated with
oxygen plasma for 3 minutes, followed by immediately
placing the PDMS slab surface in contact with the surface of
the thermoplastic, and ensuring good sealing between the
two surfaces by compression. Finally, the bonded device was
incubated on a hotplate at 75 °C for at least 2 hours to
enhance bonding, overnight incubation is also
recommended.>® Over 75 ©°C heating may cause heat
distortion of the PS substrate. Devices are sterilized by UV
irradiation for at least 30 minutes before cell culture.

Surface characterization

The PS substrate was cut into small pieces, coated, mounted,
and then subject to materials characterization of its
functionalized surface by surface electron microscopy (SEM)
(JSM-6320F, JEOL, JP), X-ray photoelectron spectroscopy (XPS)
(PHI 5000 Versaprobe III, ULVAC-PHI, Japan), and atomic
force microscopy (AFM) (Dimension ICON, Bruker, MA, USA).
XPS analyses were conducted using a machine equipped with
an aluminum X-ray source (mono-gun, 1486.6 eV) with a pass
energy of 40 eV. The binding energy of C 1s (284.5 eV) was
used as the reference. The resolution for the measurement of
the binding energy was approximately 0.1 eV.
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Cell culture

For experiments, we used the U87 human glioblastoma cell
line to test cell viability and tumor spheroid formation, and
the HepG2 human hepatocellular cell line for cell extraction
and separation, which were both cultured in Dulbecco's
modified Eagle medium (DMEM, 11965-092, ThermoFisher)
with 10% fetal bovine serum (FBS, A4766801, ThermoFisher).
Human umbilical vein endothelial cells (ECs, CC-2519,
Lonza) were used for the vascular network formation
experiments, and were cultured in  endothelial
microvasculature growth medium (EGM-2MV BulletKit™,
CC-3202, Lonza). Normal human lung fibroblasts (FBs)
(NHLFs, CC-2512, Lonza) were cultured in fibroblast growth
medium (FGM-2 BulletKit™, CC-3132, Lonza). To support
vasculature formation in the device, FBs were transferred to
the EGM-2 MV medium and cultured for at least 2 passages
before proceeding on-chip co-culture with HUVECs.
Monocyte cell line THP-1 was used in cell retrieval
experiments and cultured in RMPI-1640 (11875119,
ThermoFisher) with 10% FBS. Cells were cultured on Petri
dishes in a humidified incubator at 37 °C and 5% CO, and
grown up to 80% confluency for cell seeding experiments.

Gel preparation and cell seeding

Cell seeding gel was prepared following the established
protocol for 3D cell culture.”" To generate the fibrin gel, the
fibrinogen and the thrombin solutions were prepared
separately. Briefly, the fibrinogen solution was prepared by
dissolving 15 mg of bovine fibrinogen (F8630-1G, Sigma-
Aldrich) in 2.5 ml of DPBS in a 37 °C water bath for 1 hour,
followed by sterilization through a 0.22 pm filter. The
thrombin stock solution was prepared by dissolving
thrombin (T9549, Sigma-Aldrich) with 0.1% w/v BSA solution
(B14, ThermoFisher) into a concentration of 100 U ml™ and
stored at —-20 °C. Before use, the thrombin solution was
diluted into 4 U ml™* by adding the culture medium. For cell
seeding, U87s, ECs, FBs, and HepG2s were trypsinized using
TrypLE (#12605028, ThermoFisher) for 5 minutes, neutralized
with culture medium, and then centrifuged for 3 minutes at
300 g. After aspirating the medium off, the cell pellets were
resuspended with the diluted thrombin solution, which was
then quickly mixed with the filtered fibrinogen solution. The
cell-laden gel mixtures (6 million cells per ml of U87s for cell
viability experiments; 3 million cells per ml of ECs and 1.5
million cells per ml of FBs for forming vascular networks on-
chip; 3 million cells per ml of HepG2s for cell extraction and
separation experiments) were then gently introduced into
individual channels to polymerize for 15 minutes at room
temperature within a humidified chamber. Finally, the
corresponding channels were filled with cell culture medium
by pipetting as the gel mixtures cross-linked. All the devices
were incubated in a humidified incubator at 37 °C and 5%
CO,, and the cell culture medium was removed and
replenished every 24 hours.

This journal is © The Royal Society of Chemistry 2024
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Cell viability calculation

Live and dead cells were distinctly stained using the LIVE/
DEAD Cell Imaging Kit (488/570) (#R37601, Thermofisher,
USA) for confocal microscopy. The subsequent calculation of
cell viability was based on the formula below, incorporating
the counts of live and dead cells as determined using Image].

Live cell number
Live cell number + Dead cell number

Viability = 1)

Cell extraction

The microfluidic chip containing cells was carefully taken
out from the incubator for cell extraction. For the irreversible
chip, approximately 400 pL of TrypLE was added to the chip
surface and the channel near to cells (Fig. 1A). For the
reversible chip, approximately 200 puL of TrypLE was added to
both the substrate and the PDMS chip after the PDMS slab
was manually peeled off from the underlying substrate
(Fig. 1B). An additional 200 pL of culture medium was then
added to the chip after incubating at 37 °C, and the
neutralized cell suspension was subsequently collected
(Fig. 1A and B). The live cell counting was achieved using
Countess II (#AMQAX1000, Thermofisher, USA) after adding
trypan blue (#15250061, ThermoFisher, USA) to the cell
suspension. For subculturing, the different extracted cell
suspensions were transferred into two 60 mm Petri dishes
containing 2 ml of DMEM medium respectively, and
subsequently incubated for six days at 37 °C and 5% CO,
before imaging.

To assess the efficacy of cell retrieval post-culture on the
chip, we used ‘retrieval rates’ to quantify the proportion of
cells retained after detachment of the PDMS slab. The
retrieval rate of a given channel can be calculated by the
following equation:

Number of retained cells

Retrieval rate = - 2
v Number of total cells in channel )

For instance, in calculating the retrieval rate of the 3D
culture channel with the fibrin gel, the “number of retained
cells” refers to the cells remaining attached to the PDMS slab
after detachment, while the “number of total cells in the
channel” refers to the total cells within the channel before
the detachment of the slab and substrate. For calculating the
retrieval rate of the 2D culture channel without fibrin gel, the
“number of retained cells” refers to the cells adhering to the
PS substrate after detachment, while the denominator is the
same as above.

Burst pressure test

The bond strength of the interface was measured via a burst
pressure test for PDMS to glass substrates (irreversible
devices) and to APTES-treated PS dishes (reversible devices)
after plasma treatment. For each test, the PDMS device (2
mm length, 1 mm width, and 50 um height) was pressurized

This journal is © The Royal Society of Chemistry 2024
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incrementally until the burst between PDMS and the
substrate occurred. The burst pressure test setup consisted of
a closed system in which a pneumatic pump with a digital
manometer and the microfluidic chamber were
interconnected using tubing. Measurements were conducted
after the pressure reached equilibrium, and the final stable
pressure prior to any PDMS-substrate burst was recorded
respectively.

Results and discussion
Potential aspects correlated with reversibility

Here, we define the “reversible bonding” between PDMS and
substrates as their capacity to restore their pre-bonded stage,
which requires two characteristics: the capability to re-bond
together and to separate without significant deformations.
The reversibility of our devices was investigated in the
following five aspects: the nature of the substrates, the
concentrations of APTES treatment, exposure to water
immersion, the number of bond-detach events, and thermal
aging of PDMS.

Firstly, we explored the effect of different substrate and
APTES concentrations on device reversibility (Fig. S3 and
S4t). We have tested thermoplastics that are commonly
applied in the microfluidics field, such as COC, PC, PMMA,
and PS. The devices fabricated based on the listed four
materials all demonstrated reversibility, as PDMS can be
easily peeled off. The readouts of their burst pressure
indicated a relatively limited number of chemical bonds
contributing to their bonding with PDMS. Considering PS is
the most commonly utilized in cell culture, it was thus
chosen as the model material to expand the characterization
and assessment.

Reversibility of different APTES concentrations

treated PS
0.05% 0.1% 0.3% 0.5% 1%
v v N v X
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Fig. 2 Reversibility and burst pressure of devices based on different
concentrations of APTES-treated PS. The burst resistance of the
devices increased with higher APTES concentrations (n = 6).
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The bond formation was facilitated by APTES treatment at
different concentrations. As we examined the APTES
concentrations at 0.05%, 0.1%, 0.3%, 0.5%, and 1%,
respectively, devices produced based on concentrations other
than 1% demonstrated their reversibility by relatively low
burst pressure resistance and negligible deformation after
separation (Fig. 2 and S47). At the same time, we observed
that the resistance to burst increased as the concentration of
APTES treatment increased (Fig. 2), which validates our
philosophy of design that reducing the number of chemical
bonds by decreasing the APTES concentration could thus
lead to the reversible bonding between PDMS and the
thermoplastic. Meanwhile, the effect of water immersion on
reversible bonding was investigated, and will be discussed in
detail through the change of surface morphology.

A repetitive bond-detach event was subsequently tested to
assess its effect on the reversibility by burst pressure tests
(Fig. S51). As the number of repetitions increases, the burst
pressure resistance of the devices escalates, indicating not
only an increase in the number of chemical bonds but also
weakened reversibility. After three repetitions, the average
value of the burst pressure of the device could reach 2000
mbar, which would be readily regarded as an irreversible
device, exemplifying that the reversibility of our technique
will remain until three bond-detach events. Still, given the
main purpose of the technique is the application for cell
retrieval after on-chip culture, multiple repetitions of
bonding and detaching would rarely be encountered in
empirical practice.

Since the thermal aging of PDMS has been demonstrated
to influence the mechanical and chemical properties of
PDMS,>>?® it is speculated to also affect the bonding of
PDMS to the substrate. A straightforward experiment was
conducted to compare the aged and non-aged PDMS: the
aged PDMS was cured on a hotplate at 80 °C for 7 days, while
the non-aged PDMS was cured for 2 hours at the same
temperature. Both types of PDMS were then used to fabricate
devices. The burst resistance of devices made with the aged
PDMS showed no significant difference compared to those
made with non-aged PDMS (Fig. S67), revealing that the effect
of thermal aging was negligible in this study.

In the following sections, with regard to the balance
between pressure resistance and biocompatibility, we have
selected a concentration of 0.1% for further investigation to
provide a detailed account of the formation of chemical
bonds and the feasibility of cell retrieval from the device.

Reduced APTES concentration facilitates reversible bonding
between PS and PDMS

Oxygen plasma treatment is a typical and conventional
bonding method for PDMS-based devices, enabling the
irreversible bonding of PDMS-glass chips by activating the
surface siloxane bonds of PDMS. Additionally, oxygen plasma
followed by chemical treatment was also applied to other
materials to enhance the bonding strength of PDMS-based

3550 | Lab Chip, 2024, 24, 3546-3555
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devices.?” For instance, plasma-activated PDMS can bond to a
PS substrate with a weak bonding strength of around 120
mbar. However, irreversible bonding can be achieved by
treating the PS substrate with 1% APTES solution after
oxygen plasma treatment.>*>°

To create a reversibly bonded device suitable for long-term
cell culture and cell extraction, we used a 0.1% APTES
ethanol solution to treat PS. This treatment resulted in the
reversible bonding between the two surfaces, enabling long-
term cell culture in the PDMS device, with the additional
feature that the bonded surfaces can be easily separated by
hand-peeling. SEM analysis was utilized to explore the
bonding mechanism between PDMS and 0.1% v/v APTES
treated-PS. The analysis confirmed the anticipated adhesion,
which is shown in Fig. 3A. Fig. 3A top shows the untreated
PS surface before the APTES treatment, and Fig. 3A middle
displays the PS surface after being treated with APTES.
According to SEM images, the PS surface maintained a
smooth surface regardless of the APTES treatment,
suggesting that there was no significant morphology change
on the PS surface after oxygen plasma and low-concentration
APTES treatment (Fig. 3A top and middle images). After
peeling the PDMS slab off from the PS substrate, a few
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Fig. 3 A: The SEM images reveal the texture and features of the
samples: top: untreated PS shows a uniformly gray SEM image
indicating a smooth surface feature; middle: 0.1% APTES treated PS
exhibits a grey hue in the SEM image, indicative of indiscernible and
relatively uniform material deposition after treatment; bottom:
detached PS depicts deformation on the surface after peeling off the
PDMS, suggesting the existence of chemical covalent bonds; B: XPS
spectrum showed the silanization on the PS surfaces: top: XPS survey
spectrum for untreated PS and APTES-treated PS; middle: N 1s fine
spectrum, which indicates amine groups on the treated PS surface;
bottom: Si 2p fine spectrum, which indicates successful silanization on
the treated PS surface.
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silicon residues along with partial deformation of the
substrate were observed (Fig. 3A bottom images). These
observations suggest the existence of covalent bonds between
the PDMS and the treated PS, which have been induced by
oxygen plasma and APTES treatment. The delamination-
induced substrate deformation suggests the occurrence of
chemical bonding between the PDMS and the treated PS
substrate, rather than a simple stacking of the two materials.
This bonding strategy evidently differs from the conventional
PDMS-glass or APTES-treated irreversible chips, as there are
only small silicone fragments remaining on the substrate
after peeling, indicating that the limited number of chemical
bonds between PDMS and treated PS results in the desired
stable and reversible bonding for this device.

The effects of the 0.1% v/v APTES solution treatment are
elucidated through the XPS survey spectrum, nitrogen (N 1s)
fine spectrum, and silicon (Si 2p) fine spectrum, as depicted
in Fig. 3B. By comparing the survey spectrum of the PS
substrate treated with and without APTES, additional peaks
at around 100 eV and 400 eV were found in the spectrum of
APTES-treated PS, indicating the presence of additional
chemical groups at the PS surface after treating with APTES
solution (Fig. 3B top image). In the N 1s spectra (Fig. 3B
middle image), peaks appeared at 400 eV for 1% and 0.1%
APTES-treated PS surfaces, while the PS surfaces treated
without APTES showed no peak. This indicates the successful
incorporation of amino silane onto the PS surface. The
amino functional groups form N-O bonds with the PDMS
slab after plasma treatment, contributing to the bonding
strength.’® The N 1s peak intensity of the PS surface treated
with 1% APTES is much higher than that of the one treated
with 0.1% APTES which showed a small peak at 400 eV. This
suggests that the amino functional groups on the 0.1%
APTES treated PS surface were fewer compared to the one
treated with 1% APTES, resulting in a lower bonding strength
that allowed it to be separated from the PDMS slab.

In the Si 2p spectra (Fig. 3B bottom image), the PS
surfaces treated with APTES and the untreated PS surfaces
showed peaks at 102.5 eV, indicating the presence of Si-O/Si-
O-C bonds formed on the surface. Additionally, the plasma-
treated PS exhibited a new peak at 104.2 eV, suggesting the
presence of SiO, on the PS surface.® The Si*" on the
untreated PS surface may originate from the manufacturing
process. Upon reacting with the interface oxygen during the
oxygen plasma treatment, a new layer of SiO, is formed.*'
This reaction results in the disappearance of the peak at
102.5 eV from the spectra of the plasma-treated PS surface.
By comparing the peak areas of the plasma-treated PS surface
with those treated with both oxygen plasma and APTES, the
presence of these two corresponding components indicates
successful silanization. The peak intensities of 102.5 eV on
PS surfaces treated with different concentrations of APTES
treatment revealed varying numbers of Si-O/Si-O-C bonds
on the surfaces, which led to the different number of silicon
bonds with PDMS afterward. The intensities of both N 1s and
Si 2p peaks for the PS surfaces treated with 0.1% APTES

This journal is © The Royal Society of Chemistry 2024
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solution were significantly lower than those for PS treated
with 1% APTES solution. This observation demonstrates that
a limited number of covalent bonds on PS surface resulted
from low-concentration APTES treatment. Moreover, this
reduced capability for covalent bond formation is crucial for
reversible bonding.

Surface morphology revealing that the key of reversible
bonding is water-weakened bonds

Having illustrated the effect of low-concentration APTES
treatment on the PS surface, we sought to quantify the
bonding strength and further explore the underlying
mechanism responsible for the bonding strength variation
when a lower concentration of APTES is used.

We conducted two different pressure tests between
conventional irreversible devices and reversible chips (0.1%
APTES-treated) to demonstrate the bonding strength of the
latter. In gas pressure tests, both types of chips showed
comparable performance: both can withstand a gas pressure
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Fig. 4 A: Pressure test results for conventional irreversible devices
and reversible devices (n = 9), both reversible and irreversible devices
have 100% survival rates under 1000 mbar gas pressure (maximum
pressure of the testing machine), and survival rates of reversible
devices under 800 mbar and 1000 mbar liquid pressure are 66.7% and
55.6%, respectively; B: burst pressure after water immersion. Except
for the 1% APTES-treated one, the pressures of all the devices
decreased to approximately 200 mbar after 1 day and to 100 mbar
after 7 days (n = 6); C: AFM sections and images with a scale bar of
untreated PS; D: APTES-treated PS; E: treated PS by manual
delamination without water treatment; F: treated PS by manual
delamination treatment with water.
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of up to 1000 mbar without any bursting (Fig. 4A). In fluid
pressure tests, the pressure resistance threshold of reversible
devices is 600 mbar, and the survival rate for the reversible
devices was 66.7% at 800 mbar. Here the survival rate is
defined as the proportion of chips that operate under this
pressure without failure for at least half an hour. Upon
increasing the liquid pressure to 1000 mbar, the survival rate
for reversible bonding chips dropped to 55.6%. The
reduction in pass rates under liquid pressure is likely due to
the infiltration of water molecules to the PDMS-PS interface,
which weakens the bonding strength. Thus, the water
immersion experiments on the APTES-treated devices were
performed to further quantify this reduction in burst
resistance. Except for the 1% APTES-treated group, a notable
reduction in burst resistance after water immersion was
observed (Fig. 4B). All the pressures decreased to
approximately 200 mbar after one day and to 100 mbar after
seven days. Despite this reduction, the devices preserved
adequate structural integrity to withstand the stress
associated with medium changes during cell culture.

To explore the mechanism for this change in the
bonding strength after the device has been used with
aqueous reagents, we used AFM analysis to check for
morphology transformations on surfaces under different
conditions (Fig. 4C-F). A relatively flat surface profile was
exhibited by the untreated PS surface (Fig. 4C). After
treating the PS surface with APTES and prior to bonding,
we observed a significant increase in PS surface roughness.
The increase in surface roughness elevates the substrate's
surface free energy, thereby enhancing its bonding
characteristics when dry. We also noted that manual
delamination of PDMS without prior water treatment led to
a substantial amount of silicon residue on the PS surface
(Fig. 4E). We performed the measurement again with
APTES-treated PS that was bonded, treated with water to
mimic the device contact with aqueous reagents such as
buffer and media, and subsequently manually delaminated.
This time the PS surface had few remaining silicon residues
after delamination compared with the sample that did not
undergo water treatment, and also had a reduced surface
roughness (Fig. 3F). These results indicate that contact with
water disrupts the bonding between the PDMS slab and PS
substrate, thus easing the PDMS peeling process after cell
culture. Overall, this water-weakened bonding strength is
the basis of the reversible technique and makes hand
peeling feasible.

Reversible devices demonstrating high biocompatibility by
culturing multi-types of cells

Reversible bonding is essential for retrieving cells from
microfluidic devices for further analysis.”> Another basic
requirement of reversible devices is biocompatibility, so that
cells can propagate, and maintain their normal
functions.

live,
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After testing the physical performance of the reversible
device, we next characterized the feasibility of this reversible
device for cell culture. The U87 glioblastoma cell line was
used to determine the biocompatibility of reversible chips
and calculate cell viability. When seeded on the chip, U87
exhibited morphology characteristic of epithelial cells,
mirroring the observed morphological attributes in
conventional dish cultures.’® Notably, the cells developed to
form spherical shapes over extended time, indicating their
robust and sustained growth in the on-chip environment. On
D1, D4, and D7, live/dead cell kits were applied to observe
the growth status of U87 on the chip (Fig. 5A). At those
selected time points, using confocal microscopy, we observed
a large amount of green fluorescence indicating live cells, as
well as a small amount of red fluorescence indicating dead
cells. The calculated cell viabilities at selected time points are
shown in Fig. 4B. The cell viability at D4 and D7 was nearly
100%, which indicates that the glioblastoma cells grew well
on the reversible device. On D1, there was ~80% on-chip cell
viability due to cell damage during passaging.

Next, we tried to increase the seeding concentration of
U87 cells and extend the on-chip culture period to more than
10 days. The U87 cells could form tumor spheroids and delay
to form cell-cell connections between spheroids regardless of
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Fig. 5 A: Confocal images after treating U87 on-chip with a live/dead
cell kit, the U87 cells begin to show an epithelial morphology at day 4;
B: cell viability calculated by ImageJ processing on confocal images at
different time points; C: U87 spheroids formed on chips with different
fabrication strategies; D: confocal images of vasculature on the
reversible device at different time points (bar = 100 um).
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the bonding approach (Fig. 5C). The spheroid formation time
on reversible devices is extended compared to that on
irreversible devices, attributed to the differences in material
properties such as stiffness and surface roughness of the
different substrates or APTES treatment.*’

Tumor cells are generally considered to be more robust to
culture than other types of differentiated cells or primary
cells. Hence, primary HUVECs and FBs were cultured in
reversible devices to further assess the biocompatibility of
this device with more delicate cell types. We seeded the
HUVECs and FBs in different channels at their designated
concentration. Notably, the HUVECs could form lumen-like
structures after 5 days of on-chip culture (Fig. 5D), showing
that reversible devices not only do not negatively affect the
growth of HUVECs but also allow them to form functional
lumen-like structures. In general, all seeded cells displayed
expected growth rates on the reversible devices regardless of
cell type, which validates the high biocompatibility of this
reversible device.

Reversibly bonded devices enabling rapid and gentle cell
extraction

In addition to biocompatibility, the efficient and gentle
extraction of cells from the device is also crucial for
downstream cell profiling, such as FACS analysis, sorting and
subculturing, as well as genomic sequencing. A gentle cell
extraction process is necessary to minimize cell loss and
avoid dramatically altering the cell state. We next
demonstrated a simple method of retrieval of cells from this
reversible device and assessed the damage to the cells during
extraction.

The HepG2-mCherry cells were seeded and cultured for 5
days on-chip. Before cell extraction, confocal images were
taken of cells seeded and cultured on-chip, shown in the left
part of Fig. 6A. After cell extraction, the retrieved cell
suspensions were re-seeded onto a conventional culture dish
for cell recovery, and confocal images were taken after six
days of conventional cell culture on-dish. For the irreversible
devices, trypsin was pushed into the device to release cells
from the fibrin gel and flushed out for collection, whereas
for the reversible devices, the PDMS was peeled off by hand,
and then the cell-embedded side was subject to
trypsinization. Peeling off the PDMS slab facilitates efficient
access of trypsin to gel-embedded cells within the device,
minimizing cellular damage during extraction and enabling
comprehensive washing to maximize the collection of
detached cells. Before cell extraction, fluorescent cells could
be observed in both irreversible and reversible devices
(Fig. 6A leftmost two panels). After collecting the cell
suspensions from both devices, the cells were subcultured
respectively for 6 days. No propagated cells recovered from
the irreversible devices were observed on the culture dish, as
shown by the microscope images of representative regions in
Fig. 6A (upper right image). Presumably, because the retrieval
process for the irreversible device was harsher and much less
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Fig. 6 A: Confocal images and bar chart summary of HepG2 cells
comparing culturing and subculturing efficiency in irreversible and
reversible devices. The confocal images on the left (bar = 100 um)
show cells cultured on two types of devices, while those on the right
(bar = 50 um) depict subcultured cells on-dish six days after retrieval.
The absence of any fluorescence signal in the top right image indicates
the unsuccessful propagation of cells retrieved from the irreversible
devices, whereas the bottom right image shows the successful
subculturing of cells retrieved from the reversible devices. Extraction
efficiency of live cells is summarized in bar charts for the irreversible
(top bar graph, n = 6) and reversible devices (bottom bar graph, n = 6).
Black and grey bars represent the numbers of cells cultured on-chip
before retrieval and the numbers of retrieved cells in suspension for
subculture, respectively. B: Flow cytometry analysis, using DAPI
staining, reveals that ~70% of cells extracted from both the culture
dish and the reversible devices maintain viability. DAPI is a nuclear dye
that preferentially stains dead cells; those exhibiting lower DAPI
fluorescence are live cells, as gated by the black rectangle.

efficient, the cells retrieved were low in numbers and have
lower viability. Consequently, no cells could be seen after 6
days of subculturing. In contrast, the cells recovered from the
reversible devices showed fluorescence signals, indicating the
successful ~ subculturing  of  the  retrieved  cells
(Fig. 6A, bottom right image).

Additionally, to determine the average number of live cells
in retrieved suspensions, partial cell suspensions from both
device types were stained with trypan blue. The resultant
counts for live cells averaged 1448 + 1698 for the irreversible
devices and 5289 + 1596 for the reversible devices,
respectively (Fig. 6A, bar graphs). These results show that
only 19.2% of cells were collected from the irreversible device
by flushing and those retrieved cells were not capable of
further propagation. In contrast, our reversible devices
allowed for a significantly greater cell yield, with an
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extraction efficiency reaching 55.6%. These comparative
results suggest that the cell suspensions retrieved from
reversible devices yield a higher number of retrieved cells
and ensure greater cell viability, offering advantages for
subsequent experimental procedures.

Furthermore, we compared the damage caused by cell
extraction from the reversible devices and normal culture
dishes by DAPI staining flow cytometry. The viability of cells
extracted from the dishes and reversible devices are similar,
with live cell percentages recorded at 71.2% and 68.7%,
respectively, as shown in Fig. 6B. The ability to extract an
adequate number of cells from the PDMS microfluidic chips
with satisfactory viability makes them suitable for
downstream processes like single-cell sequencing.

In addition to 3D cell culture where cells are embedded in
matrix/gel, microfluidic devices are also often used for 2D
cell culture.>** Due to the different conditions of 3D and 2D
cell cultures, we wondered whether the cell retrieval rates
from the device could differ depending on whether cells are
embedded in gel or attached to the substrate surface.

To answer this question, we measured the cell retrieval
rates for both scenarios using a multi-channel reversible
device (Fig. 7A), in which 2 pairs of channels contain cells
embedded in gel, interposed between each pair is a single
channel allocated for the medium, and the channel in the
center contains adherent cells cultured in 2D and attached to
the bottom substrate. Specifically, in this 7-channel device,
we introduced THP-1-EGFP cells into the center channel for

2D culture and placed HepG2-mCherry cells into the
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Fig. 7 A: Workflow for assessing the retrieval rate from 3D and 2D cell
culture channels of the reversible device; B: two types of cells
compartmentalized with different culture methods within the multi-
channel device (bar = 1 mm); C: above 70% retrieval rate of 3D and 2D
cell culture (n = 3).
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channels for 3D culture (Fig. 7B). During the culture,
confocal images were taken to estimate the total number of
cells in the channel; after 7 days of on-chip culture, we
detached the PDMS slab from the PS substrate and retrieved
cells adhering to the PDMS slab (embedded 3D culture
scenario) and cells attached to the bottom substrate (2D
culture scenario), respectively (Fig. S71). Then, by counting
the number of cells that were retrieved from each scenario,
the retrieval rates for 3D and 2D culture can be calculated by
respectively dividing over the total number of cells estimated
while culturing on-chip (eqn (2)). For 3D culture (embedded),
the retrieval rate was 82% and this rate was 72% for 2D
culture (attached), indicating a high rate of retrieval for both
cell culture scenarios (Fig. 7C).

Overall, this reversible bonding approach enabled
streamlined on-chip cell extraction for both 3D and 2D
microfluidic cell cultures.

Conclusions

In this paper, we developed an approach to achieve reversible
PDMS-PS bonding by treating low-concentration APTES on
PS, thus overcoming many limitations of live cell retrieval
from PDMS-based microfluidic cell culture devices. This
reversible device can withstand pressures exceeding 600 mbar
in most cases, providing sufficient pressure resistance for
practical use in many applications, and enabling long-term
stable cell culture. We observed high cell viability for
multiple cell types, including the glioblastoma cell line,
hepatic cancer cell line, and endothelial cell line, which
highlights the biocompatibility of these reversible
microchips. Moreover, we demonstrated a platform for
modeling the physiological tissue environment on-chip that
allows rapid cell extraction, which is user-friendly and does
not require specialized materials.

This reversible bonding approach for microchips is an
important addition to the microfluidics technology toolbox,
enabling a wider range of on-chip cellular studies. The
development of such a versatile and user-friendly approach
for reversible bonding fabrication and efficient cell extraction
could significantly impact biomedical applications of
microfluidics, advancing further development in cell culture
and organ-on-chip as well as the following studies such as
drug discovery, disease modelling, and cellular interaction

analysis.
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