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Abstract
Polydimethylsiloxane (PDMS) has become one of the most widely used materials in the fabrication of microfluidic systems 
bonded onto glass substrates, especially for cell biology applications. However, PDMS is often unsuitable for building 
microfluidic systems onto polystyrene (PS) which is the preferred substrate in most cell-culture protocols. In particular, PS 
is required for culturing many stem cell and primary cell types. Here, we propose a novel approach to building PDMS–PS 
microfluidic cell-culture systems, specifically realizing a strong and reversible bonding of PDMS on PS without using chemi-
cal agents which can have negative effects on cell viability. Our strategy to strengthen the bonding of PDMS to PS surfaces 
is to increase the surface free energy (SFE) by adjusting the mixing ratio of PDMS base to curing agent and by treating the 
surfaces of PDMS and PS with  O2 plasma and annealing. Our results show that using this method for PDMS–PS bonding, 
we are able to produce reliable reversible and leakage-free PDMS–PS microfluidic cell-culture systems.
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1 Introduction

For more than half a century, plastic dishes have been com-
mercially available for in vitro cell culture. Most dishes 
are made from polystyrene (PS) due to its excellent optical 
transparency, easy molding, and simple sterilization. Moreo-
ver, several technologies have been used to optimize PS dish 
performance for culture of various cell lines and primary 
cells, enhancing cell attachment (Ryan 2008). Today, most 
cell-culture protocols and guidelines are developed based on 
PS petri dishes or flasks.

Microsystems have received great attention in cell biology 
after biocompatible and flexible polymeric organosilicon 
compounds were introduced. In particular, polydimethyl-
siloxane (PDMS) has many applications in microsystems 
due to its remarkable physical and chemical properties, such 
as wide temperature range (− 100 to 200 °C), low stiffness 
(~ 1 MPa), chemical inertness, biocompatibility, optical 
transparency, and low cost (Lowe et al. 2008; Seghir and 
Arscott 2015), which includes applications such as microflu-
idic devices (Friend and Yeo 2010; Li et al. 2017), patterned 
cell-culture systems (Tanaka et al. 2014; Wang et al. 2013), 
and DNA and protein microanalysis systems (Kovarik et al. 
2012, 2013). For applications that involve cells cultured on 
microfluidics systems, combined PDMS-based microfluidic 
systems on PS substrates are advantageous as PS is the sub-
strate of choice for established standard cell-culture proto-
cols (Halldorsson et al. 2015). Importantly, analysis of cells 
cultured on microsystems is often facilitated by separating 
the PDMS chips from the substrate, which relies on revers-
ible bonding between PDMS and PS.

Standard soft lithography and replica molding processes 
are commonly applied to fabricate PDMS chips (Qin et al. 
2010; Xia and Whitesides 1998). Conventionally, the 
PDMS chips are bonded onto substrates irreversibly by 
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various bonding approaches: (1) oxidation bonding: sur-
face oxidation by oxygen plasma (Duffy et al. 1998) or 
corona discharge (Haubert et al. 2006) introduces silanol 
(Si–OH) groups on the surface of PDMS to produce a sur-
face with hydrophilic properties as well as to increase its 
surface free energy (SFE). This surface modification results 
in an irreversible bonding, through siloxane covalent bonds 
(Si–O–Si), with silicon-based substrates, providing a simple 
and stable bonding procedure. After the oxidation pretreat-
ment, however, the bonding step must be completed within 
minutes to avoid surface rearrangements which lower the 
SFE and thereby increase the hydrophobicity of the surface 
(Lee et al. 2003). Furthermore, oxidation bonding is not 
applicable to non-silicon-based materials, such as thermo-
plastics. (2) Adhesive bonding: a thin partially cured PDMS 
film acts as a glue between a substrate and a PDMS chip. 
The unreacted silicon hydrides in the glue are made to react 
by an additional curing (baking) process to provide uni-
form properties of PDMS in micro-structures (Abdelgawad 
et al. 2008; Wheeler et al. 2004). However, this bonding 
approach requires an accurate time control to obtain par-
tially cured PDMS at low temperatures, making the pro-
cess time-consuming. Furthermore, the adhesive bonding 
approach often leads to clogging problems due to the glue, 
which limits the applicable sizes of micro-structures in 
PDMS chips (Shiroma et al. 2016). (3) Chemical modifica-
tion bonding: the surfaces of the PDMS chip as well as of 
the substrate are chemically modified to adhere at the inter-
face. The chemical bonding approach is typically applied to 
bond non-silicon-based thermoplastic substrates, including 
PS, to silicon-based PDMS by amine-PDMS, silane–PDMS, 
or amine–epoxy bond formation at the interfaces (Im et al. 
2009; Lee and Chung 2009; Sunkara et al. 2011; Tang and 
Lee 2010). (4) Other approaches such as sandwich bonding 
(Shiroma et al. 2016) and lamination bonding (Xie et al. 
2017).

The bonding approaches mentioned above are not 
appropriate for achieving tight adhesion of PDMS chips 
on PS surfaces. The oxidation and adhesive bonding 
approaches are not applicable to PS dishes, since a PS 
dish is neither silicon-based nor heat-resistant at the high 
temperatures that are required to shorten the curing times 
of PDMS. A PS dish starts to deform at around ~ 80 °C. 
Permanent (irreversible) bonding of PDMS onto PS sur-
faces can be achieved by chemical surface modification 
of the PS surface with a silane reagent, (3-aminopropyl)
triethoxysilane (APTES), forming a covalent bond with 
PS. The PS surface is first treated with oxygen plasma, 
and then coated with an aqueous solution of 1% APTES 
(v/v) for 20 min. An oxygen plasma-treated PDMS device 
attaches firmly to the top of the treated dry PS surface 
within a few minutes at room temperature (Sonney et al. 
2015; Sunkara et al. 2011). Although this chemical surface 

modification approach is effective, the process includes 
several time-consuming steps. More importantly, APTES 
is a potentially hazardous chemical, which can cause loss 
of viability of sensitive cells, such as primary and stem 
cells.

As discussed above, various PDMS–PS systems are 
available with irreversible (or high strength) bonding; 
however, irreversible bonding often does not meet the 
requirements of PDMS–PS cell-culture systems. Several 
reversible PDMS bonding methods are available, such 
as adhesives (Vézy et al. 2011), magnetism (Igata et al. 
2002), vacuum (Le Berre et al. 2006), and biomimetic 
structure (Wasay and Sameoto 2015). However, these 
methods require complex fabrication processes and are 
not cost effective.

In this study, we developed a novel and simple approach 
for reversible and leakage-free PDMS–PS bonding to build 
PDMS–PS microfluidic cell-culture systems. This approach 
can increase the SFE of PDMS and strengthen the adhesion 
of PDMS on PS without chemical agents. We investigated 
whether the adhesion of PDMS to PS could be regulated by 
the stiffness of PDMS. The stiffness of PDMS can be tuned 
by adjusting the concentration of curing agent (R), the curing 
temperature, and the curing time (Seghir and Arscott 2015). 
The concentration of the curing agent has been shown to 
control PDMS stiffness (Ochsner et al. 2007; Palchesko et al. 
2012; Teixeira et al. 2009; Wang et al. 2014). Furthermore, 
the curing temperature and the curing time have been shown 
to control the stiffness of PDMS (Johnston et al. 2014; Liu 
et al. 2009; Palchesko et al. 2012; Seghir and Arscott 2015).

PDMS–PS bonding can be improved by increasing the 
SFE of PDMS and by treating the surface with  O2 plasma. 
However, the SFE of PDMS treated with  O2 plasma 
decreases within a few minutes after the treatment (Lamberti 
et al. 2012). We found that the treatment of PDMS and PS 
surfaces with  O2 plasma (for 1 min) increased the SFEs of 
both the surfaces, reinforcing the adhesion between the sur-
faces. An additional annealing process (at 65 °C for 1 h) of 
both the PDMS and PS surfaces enhanced the adhesion and 
allowed stabilization of the higher SFE for a longer period of 
time (> 3 days). Our approach was verified by contact angle 
(CA) and Young’s modulus measurements on PDMS and 
by measurements of the adhesion force between PDMS and 
PS. In brief, our data revealed that the ratio of PDMS base 
and curing agents in the range of 11–13 followed by sur-
face treatment with  O2 plasma and annealing can provide an 
appropriate reversible PDMS–PS bonding with tight sealing. 
The reversible and leakage-free PDMS–PS bonding allows 
PDMS chips to be separated easily and completely from PS 
surface with a minimal external force (< 8 N). Furthermore, 
we addressed the toxicity of APTES on primary cell cul-
ture, illustrating the advantages of our reversible PDMS–PS 
bonding.
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2  Experimental

2.1  Materials

PDMS was prepared by mixing the base and curing agent 
of a commercial silicon elastomer (Sylgard 184, Dow 
Corning) at weight ratios, Rs = PDMS base/curing agent, 
of 10, 11, 13, 15, 17, and 20. SU-8 2100 (MicroChem) 
was used to prepare molds for soft lithography. For the 
adhesion test, standard 60 mm PS culture dishes (TC dish 
60, Standard, Sarstedt) were used as purchased. Two food 
dyes, red and green, were used for leakage test. For cell 
culture, 50 µg/ml aqueous collagen solution (Rat tail type 
I; Corning) in 0.02% acetic acid (Sigma-Aldrich) and an 
aqueous solution of 1% APTES (Sigma-Aldrich) solution 
(v/v) were used to coat the PS dishes.

2.2  Sample preparation and microfluidic device 
fabrication

We poured the PDMS mixtures in separate PS dishes. The 
mixtures were degassed in a vacuum chamber for 30 min 
and cured at 65 °C for 2 h in an oven. The cured PDMS 
samples were then cut in cylinder shapes with 8 mm in 
diameter and 5 mm in height using a biopsy puncher (Kai 
Medical). The test samples were used to measure the con-
tact angle (and calculate the SFE), Young’s modulus, and 
adhesion force of PDMS at various R. Furthermore, we 
investigated the effects of  O2 plasma treatment (for 1 min 
under ~ 320 mTorr and ~ 30 W RF) and annealing (for 
1 h at 65 °C) of PDMS on these properties. In addition, 
the effects of the surface treatment (i.e.,  O2 plasma treat-
ment and annealing) of PS on the adhesion to PDMS were 
investigated.

We prepared microfluidic devices by standard soft 
lithography and replica molding processes (Qin et al. 
2010; Xia and Whitesides 1998) with the PDMS mixtures 
(additional Rs = 30 and 40) for sagging and leakage tests. 
The microfluidic device included two parallel microchan-
nels with the dimensions of 1500 µm in width and 100 µm 
in height apart from each other in 200 µm (Fig. 1a). The 
dimensions of the design are commonly used for micro-
fluidic cell-culture systems. The PDMS mixtures used 
for the microfluidic devices were degassed and cured in 
the same manner as the test samples. After cleaning the 
cured microfluidic devices by sonication under Ethanol 
for 5 min and DI water for 5 min consecutively, we pre-
pared the devices with and without the surface treatments 
to examine the leakage of the devices. All the devices 
used were cleaned in the same condition before applying 
the surface treatments.

2.3  Measurement of properties of PDMS 
and adhesion on PS surface

The CA was measured by a contact angle goniometer, 
JC2000C (Powereach, Shanghai, China) and used to cal-
culate the SFE. The PDMS test sample was placed on the 
platform of the equipment, and 15 µl pure water drop was 
laid on top of the test sample to measure the contact angle 
and the SFE using the image. Five test samples were tested 
for each condition, i.e., R and the surface treatment.

The Young’s modulus and the adhesion force of the 
PDMS test samples were measured by a tensile and com-
pression testing machine, HY-U350 (Shanghai HengYi 
Precision Instrument Co., Ltd., China). We used the 
cylindrical test sample to examine the Young’s modulus, 
applying the compression mode. Measuring the adhesion 
force, however, was performed using the tensile mode 
of the machine. Thus, the test samples needed an addi-
tional extension along the sample height, and a ~ 4 cm 
long PDMS block was attached on the test sample by  O2 
plasma and an epoxy glue, as shown in Fig. 1b. After 2 h 
for complete fastening, one side of the test sample was 
attached on the PS dish, and the other side with the exten-
sion was held by a holder attached the machine.

For the adhesion test, after fastening the extension, the 
PDMS surface was treated with (1) no  O2 plasma (PX) or 
(2)  O2 plasma (PO) for 1 min before being attached on the 
PS dish. Furthermore, the PDMS–PS attachment was pre-
served with (1) no annealing (AX) or (2) annealing (AO) 
at 65 °C for 1 h in an oven. Thus, the experimental groups 
were set as PXAX, PXAO, POAX, and POAO. In addition, 
the PDMS–PS adhesion was measured with and without 
treating PS surfaces with  O2 plasma. Five test samples 
were examined for each condition.

A                       A’

PS
PDMS

AA’

(a) (b) extension block

test sample block

Fig. 1  Preparation of the experimental setup: a schematics of the 
microchannels (not drawn to scale), and b optical image of the test 
samples with the extension for adhesion test
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2.4  Cell culture

Two types of myoblasts, C2C12 cells and skeletal muscle 
progenitor (SMP) cells, were used. The standard protocol 
from ATCC was used to culture C2C12s in a growth medium 
(GM) consisting of high-glucose Dulbecco’s modified Eagle’s 
medium (DMEM; ThermoFisher Scientific) supplemented 
with 10% fetal bovine serum (FBS; ThermoFisher Scientific) 
and 1% penicillin–streptomycin (P/S; ThermoFisher Scien-
tific). SMPs were cultured in GM consisting of an 1:1 mixture 
of DMEM and Ham’s F-10 nutrient mixture (ThermoFisher 
Scientific), 20% FBS, 1% P/S, and 2.5 ng/ml basic fibroblast 
growth factor (bFGF; ThermoFisher Scientific) (Ruas et al. 
2012). C2C12s and SMPs were kept at less than 70% and 50% 
confluency, respectively, in an incubator at 37 °C and 5%  CO2, 
and the GM was changed every 72 h. The culture dishes were 
pre-coated with a collagen solution overnight and dried before 
being used for cell culture.

2.5  Cell growth and differentiation on APTES

We investigated the effects of APTES on the proliferation 
and differentiation (fusion) of C2C12s and SMPs. PS culture 
dishes were coated with the collagen solution, and APTES was 
coated or not on top of the collagen.

Myoblasts were trypsinized, collected, and seeded on PS 
dishes coated with collagen and APTES, and specific GMs 
were provided for each type of myoblast for 1 day to allow the 
cells to adhere and settle down at 37 °C and 5%  CO2. From the 
next day (D1), we exchanged GM with differentiation medium 
(DM) consisting of high-glucose DMEM, 5% horse serum 
(HS; ThermoFisher Scientific), and 1% penicillin–streptomy-
cin. DM was changed every other day, and the PS dishes were 
kept in the incubator at 37 °C and 5%  CO2 for 6 days (D1–D6) 
for C2C12 and for 4 days (D1–D4) for SMP.

2.6  Immunostaining and imaging

We fixed the cells using 10% formalin for 20 min at room 
temperature and permeabilized with 0.1% Triton x-100 for 
10 min at room temperature. Then, the nuclei and the cytoskel-
eton were labelled with DAPI (ThermoFisher Scientific) and 
Alexa Fluor 488 Phalloidin (ThermoFisher Scientific), respec-
tively, for 40 min at room temperature. The stained cells were 
imaged using a ZEISS inverted fluorescence microscope (Cell 
observer).

3  Results and discussion

3.1  The mixing ratio (R, base/curing agent) 
determines the mechanical properties of PDMS

We investigated roof collapse (sagging) in PDMS micro-
channels with R of 10, 20, 30 and 40 to examine the range 
of mixing ratios suitable for fabricating microfluidic devices. 
Microchannels made of PDMS often present design chal-
lenges, especially sagging of low aspect ratio channels (ratio 
between the height (H) and the width (W), H/W). With the 
PDMS mixing ratio that is generally used (R = 10), struc-
tures with low aspect ratios (H/W ≤ 0.05) may show sagging 
during fabrication due to the adhesion (or van der Waals 
attraction) between PDMS and the substrate, not the effect 
of gravity (Huang et al. 2005; Melin and Quake 2007; Qin 
et al. 2010; Zhou et al. 2005). Here we used microchannels 
with an aspect ratio of 0.06, to meet the design principle of 
avoiding sagging.

After curing the PDMS microfluidic devices, we cleaned 
and gently attached the devices on glass slides with and with-
out any additional moderate tapping, which is usually applied 
to secure the adhesion of PDMS to a substrate (Fig. 2). Opaque 
areas indicate lack of attachment of PDMS on the glass. With-
out tapping, the microchannels did not sag irrespective of R, 
even though PDMS devices with R = 30 and 40 were very soft 
and sticky, which made the handling of the device difficult. 
When a mild load (gentle tapping) was applied, sagging was 
observed. However, for lower R (10 and 20), sagging was 
eliminated by elastic strain recovery, reconnecting the chan-
nel. Immediate recovery was observed with R = 10, but it took 
~ 20 s to recover from sagging with R = 20. With higher R (30 
and 40), sagging became permanent, which indicated that the 
adhesion to the substrate was greater than the energy for the 

Fig. 2  Attachment of PDMS microfluidic devices a without moder-
ate tapping and b after moderate tapping. Top view and cross section 
images of the microchannels. R is shown above the images for each 
PDMS device. Moderate tapping caused the sagging of the micro-
channels with R = 30 and 40, as shown in the cross section image. 
The white arrows indicate sagging in the device
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elastic strain recovery. We concluded that R > 20 should not be 
considered for microfluidic devices, and the remainder of the 
experiments were performed with PDMS with R ≤ 20 (leakage 
test included R > 20 to visualize the feasibility of higher R for 
microfluidic devices).

We further measured the Young’s modulus of the PDMS by 
applying compression to cylindrical test samples with various 
R (Fig. 3). Young’s modulus, E, is defined as

(1)E =
Δ�

Δ�
,

where Δσ is the change of the stress per surface area, and 
Δε is the corresponding change in height of a sample. As 
expected, the stiffness of PDMS decreased as R increased. 
However, the measured ratios suggest a non-linear relation-
ship between the stiffness and PDMS mixing ratio, as shown 
in Fig. 3, including a comparison with other studies (Wang 
et al. 2014; Young and Lovell 2011).

We measured the contact angle (CA) and calculated the 
surface free energy (SFE) of the PDMS, using cylindrical 
test samples with various R. Higher SFE yields lower CA, 
and higher adhesion. The adhesion (the work of adhesion, 
W) of PDMS on a substrate can be defined in terms of energy 
by Young–Dupre equation (Dupré and Dupré 1869; Huang 
et al. 2005; Schrader 1995) as

where �PDMS/air , �substrate/air , and �PDMS/substrate are the SFEs of 
PDMS and the substrate and the interfacial energy, respec-
tively. It should be noted that increasing the SFEs of the 
PDMS and the substrate increases the adhesion, whereas 
increasing interfacial energy decreases adhesion. In this 
work, we aimed to enhance the SFEs of PDMS and PS for 
increased PDMS–PS bonding, assuming minimal variation 
of the interfacial energy of PDMS/PS with respect to PDMS 
mixing ratio.

The measured CAs and SFEs of PDMS are illustrated in 
Fig. 4. The cylindrical PDMS test samples used for the CA 
measurements were grouped in two conditions: (1) with-
out  O2 plasma or annealing (PXAX) and (2) with both  O2 
plasma and annealing (POAO). After the treatment, the test 
samples were quarantined for 1 h, being kept away from the 
dust. Other conditions, such as PXAO and POAX, were not 
considered, because those conditions were not practical to 
modify the PDMS surfaces, specifically annealing without 

(2)W = �PDMS/air + �substrate/air − �PDMS/substrate,

Fig. 3  Measured Young’s modulus of PDMS with respect to the mix-
ing ratio, R. The error bar represents the standard deviation of the 
data. The result is compared with other studies

Fig. 4  a Contact angle measurements of PDMS with respect to R. b 
SFEs calculated using the CA measurements in a. PXAX indicates 
surfaces without  O2 plasma or annealing, and POAO surfaces were 

treated with both  O2 plasma and annealing. D0, D3 and D7 indicate 
the number of days after the surface was treated. The error bars repre-
sent the standard deviation of the data
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 O2 plasma (no SFE change) and 1-h room temperature incu-
bation after  O2 plasma (recovery of hydrophobicity). The 
properties were measured on the day of the surface treatment 
(D0) as well as 3 days (D3) and 7 days (D7) after treatment. 
As expected, the PXAX condition resulted in the highest 
CAs and the lowest SFEs of PDMS surfaces, indicative of 
hydrophobic surfaces (CA > 90°), and showed similar CA 
values for all R. Importantly, the observed hydrophilicity 
(CA < 90°) of the POAO surfaces, was kept for a week, 
although the hydrophilicity gradually decreased. These data 
suggests that annealing induces more stable surface pres-
entation of silanol (Si–OH) groups formed by  O2 plasma, 
slowing the recovery process of the surface from hydrophilic 
to hydrophobic.

We observed that for the surface presenting the highest 
hydrophilicity, R = 13, the treated PDMS surface exhibited a 
CA of ~ 35° and an SFE of ~ 50 mN/m, while the untreated 
PDMS surface showed ~ 110° CA and ~ 23 mN/m SFE. 
The CA measurements on samples with higher Rs (R > 13) 
exhibited larger standard deviations at D0, indicating rather 
unstable states of the surfaces. In addition, the results on D7 
show large standard deviations for all Rs, suggesting that the 
recovering hydrophobicity leads to variability in the states 
of the surfaces.

3.2  PDMS–PS bonding

The adhesion of PDMS and PS surfaces was investigated 
using cylindrical PDMS test samples (8 mm in diameter 
glued to an extension block). Using the tensile mode, the 
testing machine pulled the extension block until the sample 
detached, and the force applied was determined. First, we 
measured PDMS–PS bonding without treating the PS sur-
face with  O2 plasma. The PDMS samples were treated with 
 O2 plasma (PO) or left untreated (PX) and were attached 

onto the PS dish. Next, we either annealed the samples at 
65C for an hour (AO) or left them at room temperature (AX). 
Therefore, the four conditions tested for PDMS–PS bonding 
were POAO, POAX, PXAO, and PXAX (Fig. 5a). On the 
PS surface that was not treated with  O2 plasma, PDMS in 
PXAX condition showed the lowest adhesion. The adhesion 
of PDMS in PXAO condition was slightly increased, while 
PDMS in POAX and POAO conditions exhibited the high-
est adhesion. However, all the conditions without  O2 plasma 
treatment of the PS surface showed comparable adhesion 
forces.

Next, we treated the PS surface with  O2 plasma. The 
CA and SFE of the PS dishes in the different conditions 
is presented in Table 1. It should be noted that the anneal-
ing of the PS surface was followed after the attachment 
of PDMS to the PS dishes. The PDMS samples were pre-
pared as described above: POAO, POAX, PXAO, and 
PXAX (Fig. 5b). The adhesion of PDMS to the treated 
PS surface was consistently higher in the POAO condi-
tion than in the POAX condition, which did not undergo 
annealing. In fact, the condition with the highest adhesion, 
the POAO condition attached to the plasma-treated PS, 
showed about 6 times higher adhesion than the attach-
ment of PDMS (PXAX) to the untreated PS surface. 
Interestingly, the unannealed PDMS (POAX) did not 

Fig. 5  Adhesion of cylindrical PDMS test samples on PS surfaces. PDMS–PS bonding on a non-treated PS surface and b  O2 plasma-treated PS 
surface. The adhesion force values are also represented in pressure as the bonding strength

Table 1  Properties of PS dish surface with and without  O2 plasma 
and annealing

PX no  O2 plasma, PO  O2 plasma, AX no annealing, AO annealing, 
D-number days after the treatment

PXAX POAO D0 POAO D3 POAO D7

CA (°) 75 ± 2.8 30 ± 5.6 35 ± 1.5 35 ± 2.0
SFE (mN/m) 38 ± 1.0 51 ± 1.0 50 ± 0.3 50 ± 0.4
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show efficient adhesion, even on the treated PS surface. 
It is noted that 𝛾substrate/air ≫ 𝛾substrate/liquid , implying that 
potentially 𝛾PDMS/air ≫ 𝛾PDMS/liquid ; thus, the adhesion of 
PDMS on a wet surface would become weaker (Huang 
et al. 2005; Johnson et al. 1971). As the annealing process 
heated the interface of the PDMS–PS bonding, it could be 
inferred that the PDMS surface was conceivably further 
dehydrated, yielding stronger adhesion. It is noted that 
typical bonding strength of PDMS and glass after applying 
 O2 plasma to PDMS is ~ 0.4 MPa (Gajasinghe et al. 2014) 
which is, indeed, much higher than the bonding strength of 
PDMS–PS, even with the surface treatments and annealing 
step that we introduce here.

We further investigated the significance of the meas-
ured adhesion force for leakage in microfluidic devices. 
We used devices consisting of two parallel microchan-
nels. After cleaning the devices, they were treated with  O2 
plasma for 1 min and attached onto the plasma-treated PS 
dishes. The dishes with the devices were then annealed in 
an oven at 65 °C for 1 h. Next, we filled the microchannels 
with water colored (red or green) for improved visualiza-
tion and kept the devices in an oven at 37 °C overnight. 
Due to the long-lasting hydrophilicity, the channels were 
easily filled with water by capillarity on the following day. 
24 h later, we observed that the water was kept in the 
channels without leakage in all conditions, except for the 
case of R = 10 (Fig. 6). From this test, it can be inferred 
that bonding strength higher than ~ 5 kPa yields efficient 
PDMS–PS bonding.

We also tested the leakage in PDMS devices with R = 30 
and 40, and both ratios showed good sealing properties. 
However, the low stiffness of these devices presented chal-
lenges during handling. In particular, in the device with 
R = 40 some structures were disrupted during the peeling 
process, and we observed crossover of the colored waters 
between channels, even though the adhesion was good. In 
addition, the channels sagged during the attachment.

3.3  Cell culture on APTES and PDMS–PS microfluidic 
cell‑culture system

We investigated the effects of APTES on myotube matura-
tion, using C2C12s and primary SMPs. As described in the 
Sect. 2, C2C12s or SMPs were cultured either on collagen 
ECM or on APTES coated collagen ECM. On D6 for C2C12 
and D4 for SMP, the cells were fixed and imaged (Fig. 7a). 
We observed the size of the myotubes and the number of 
nuclei in a myotube to assess the maturity of myotubes. The 
C2C12 cells presented similar sizes of myotubes and num-
ber of nuclei in a myotube in the collagen surfaces with or 
without APTES. In contrast, few primary SMPs survived on 
APTES coated collagen ECM. We concluded that APTES 
could be used with immortalized cells such as C2C12. 
However, for stem cell-like and primary cells, which are 
very sensitive to their microenvironment, APTES should be 
avoided.

Next, we cultured SMPs in the PDMS–PS microfluidic 
devices which were fabricated with R = 11 and  O2 surface 
plasma treatment of PDMS and PS as well as annealing, 
i.e.,  PSPO  PDMSPOAO. Before loading SMPs in the device, 
the device was exposed to UV light in a laminar flow cell-
culture hood for 20 min for sterilization. Then, the device 
was filled with the collagen solution overnight. After aspirat-
ing the collagen solution, we added 100 µl growth medium 
(GM) in each reservoir and kept the device in an incubator 
at 37 °C until the flow was stabilized in the device. In the 
meantime, SMPs were trypsinized and prepared in Eppen-
dorf tubes. The prepared SMPs were suspended in 3.5 µl 
GM and carefully introduced to the device through the inlet 
port. The hydrostatic pressure formed by the cell suspen-
sion allowed the cells to spread through the device. We kept 
the device in an incubator at 37 °C and 5% CO2 overnight 
with GM. Then, we changed the medium to differentiation 
medium (DM), which was replaced daily for the next 4 days, 
to form myotubes. A fluorescent image of myotubes formed 

Fig. 6  Optical images of leak-
age on PDMS–PS devices with 
various PDMS Rs. Samples 
were imaged after 24 h, when 
additional colored water was 
added for improved visualiza-
tion of leakage
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in the microfluidic device is shown in Fig. 7b. SMPs formed 
long, multinucleated myotubes in the devices, indicating that 
the devices are appropriate for myotube maturation.

4  Conclusion

We have achieved a reversible and leakage-free bonding 
of PDMS to PS without use of potentially toxic chemical 
agents (e.g., APTES). This system paves the way to con-
struct PDMS–PS microfluidic cell-culture systems with 
reversible bonding. In our approach, PDMS–PS bonding 
was enhanced by tuning the surface free energy of PDMS 
and PS surfaces; specifically, the surface free energy of 
PDMS was tuned by the mixing ratio (base versus curing 
agent) and  O2 plasma surface treatment. Furthermore, this 
high-surface free energy lasted for more than 72 h with 
an additional annealing process (note that the surface free 
energy decreased within minutes without annealing). With 
our approach, we achieved a bonding strength for PDMS–PS 
of approximately 12 kPa (~ 6 N). We further concluded that 
~ 5 kPa bonding strength was enough to achieve reversible 
and leakage-free PDMS–PS bonding. We also tested our 
PDMS–PS microfluidic cell-culture system by culturing 
primary SMPs and differentiating them into myotubes. We 
observed the formation of long myotubes containing a large 
number of nuclei, indicating the formation of healthy and 
the mature myotubes. We propose that the reversible and 
leakage-free PDMS–PS system that we introduce here will 
advance the culture and analysis of primary cells in micro-
fluidics systems.
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