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Abstract
Sealing is one of the inevitable process in microfluidic chip fabrication to form complex networks for the biosensing appli-
cations. Currently, only a few materials can be used in microfluidic biosensor due to the lack of reliable bonding technique 
for most materials. To solve the problem of versatility for chip sealing, a novel adhesive bonding method as simple as “tear 
off–paste on” is developed. PDMS is mixed with a small amount of polyethylenimine solution to prepare a sticky thin layer, 
which works like a tape to paste on different materials. Various substrates including glass, plastic, metal and ceramics are 
used for preparation of microfluidic chips with good bonding strength. This method is appealing for its compatibility to 
traditional replication method using PDMS and SU8 channel mold while the small surface structures of channel walls can be 
retained. This method is reliable and versatile for microfluidic biosensor sealing, especially for those with biological sensitive 
recognition elements on the surfaces since neither aggressive chemicals, high temperature nor high-energy plasma is used. 
The applicability of the developed method is demonstrated to fabricate a novel long-term cell culture 3D microfluidic chip 
which keeps bacteria viable for more than 7 days.

Keywords Microfluidic · Bonding · Biosensor · Polydimethylsiloxane (PDMS) · Polyethylenimine ethoxylated solution 
(PEIE)

1 Introduction

Microfluidic chip is considered as one of the most promising 
platform for biosensing applications due to the advantages 
including low cost, little reagent consumption, fast reaction 
time, high sensitivity, large integration and good portability, 
as compared to the conventional analytical instruments and 
techniques (Shamsi and Chen 2017). The microfluidic-based 

biosensors have shown their unique advantages in point-
of-care diagnostics, environmental monitoring, and food 
safety (Luka et al. 2015). Wang et al. developed an optical 
biosensor for high throughput diagnostics with the sensitiv-
ity comparable to that of the lab instrument (Wang et al. 
2017). Zhang et al. reported a capillary biosensor for detec-
tion of Salmonella using Fe-nanocluster amplification and 
smart phone imaging (Zhang et al. 2019). Recently, Ma et al. 
showed microfluidic channel could lower down the detection 
limit of endotoxin with the confined space and enhanced 
Van der Waals force (Ma et al. 2020). All of them showed 
superior advantages of microfluidic biosensor in detections.

To fabricate the microfluidic biosensors, the sample 
handling units—filtration, mixing, separation, and reaction 
have to be included. More specifically, the biological sensi-
tive recognition element such as antibodies, nucleic acids, 
enzymes, or aptamers has to be immobilized on a physico-
chemical transducer. However, the commonly used materials 
such as PDMS, glass, silicon, and plastics are all difficult 
to integrate different units of immobilizing biological ele-
ments or cumbersome steps have to be conducted. On the 
contrary, the easily coating materials like gold or paper have 
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difficulties in fabricating microfluidic chip due to the lack of 
applicable bonding method to seal microchannels.

As developed for decades since the birth of microfluid-
ics, lots of bonding techniques have been reported, which 
are mainly divided into four categories—plasma bonding, 
hot-press bonding, chemical assisted bonding, and adhesive 
bonding. Plasma bonding (Cira et al. 2012; Ye et al. 2020) 
for PDMS–PDMS, PDMS–glass, and PDMS–silicon chips 
are the most commonly used method for channel sealing. 
The bonding strength reported for PDMS–PDMS plasma 
bonding is around 300 kPa (Eddings et al. 2008). Hot-press 
bonding with well controlled temperature and time is good 
for plastics such as poly(methyl methacrylate) (PMMA) 
(Nayak et al. 2010), polystyrene (PS) (Fan et al. 2013), poly-
carbonate (PC) (Xu et al. 2003) and cyclic olefin copolymer 
(COC) (Jena et al. 2011). The bonding strength of device 
using hot-press bonding varies from 110 kPa to 1.6 MPa 
depending on the molecular weight of materials and the pro-
cess temperature. The chemical assisted bonding applies iso-
propanol, ethylene glycol (Umbrecht et al. 2009), tetraethyl 
orthosilicate (TEOS) (Suzuki et al. 2010), and wax (Gong 
et al. 2010) etc. to seal two slabs of various materials to 
achieve high bonding strength (> 300 kPa). However, all of 
the reported methods are not applicable for biosensors due to 
the use of high energy (plasma bonding), high temperature 
(hot-press bonding), as well as chemical residues (chemical 
assisted bonding), which will definitely destroy the biologi-
cal coating on the surfaces of transducers. Adhesive bonding 
with simple method and low cost material is the appealing 
technique to seal the channel in microfluidic biosensor. UV-
curable adhesives (Carroll et al. 2008; Lu et al. 2010; Pan 
and Yang 2006) are most frequently applied for adhesive 
bonding, which bring acceptable bonding strength around 
180 kPa. However, the UV light in the bonding process can 
probably denature the bioreagents or biomolecules in the 
chip. Therefore, epoxy adhesives (Dang et al. 2005; Flachs-
bart et al. 2006; Riegger et al. 2010) and double-sided tapes 
(Patko et al. 2014; Thompson and Abate 2013) with bonding 
strength varying from 50 to 300 kPa depending on materials 
used are most promising materials for bonding purposes in 
biosensors. However, it is too difficult to retain the channel 
structure from mold as PDMS does in softlithography for 
both using epoxy and double-sided tapes.

As mentioned above with respect to the bonding tech-
niques used to seal the microchannel, it is highly desired for 
sealing microfluidic biosensors under the promise of pre-
serving the small structures in the channel, with simple and 
low-cost process and without damaging the biomolecules. 
PDMS is the commonly used material to replicate chan-
nel structure from mold and modifying the surface by add-
ing chemicals in it to enhance the adhesion is a promising 
way to develop PDMS-based adhesive bonding technique. 
Kersey et al. reported the addition of adhesion promoter 

GE SS4120 to enhance the adhesion strength of PDMS to 
aluminum, silicon and glass (Kersey et al. 2009). Inspired 
by the sticky elastomer for epidermal electronics (Jeong 
et al. 2016), heterogeneous crosslinking of PDMS could be 
applied to enhance adhesion of PDMS to various substrates. 
The nanostructure heterogeneity has been widely discov-
ered in polymers and gels (Di Lorenzoab and Seiffert 2015). 
PDMS is composed by silicone base and crosslinker (cur-
ing agent) and the polymerization process is catalyzed by 
a platinum complex. When polyethylenimine, ethoxylated 
solution (PEIE) is added in the system, part of platinum 
complex will be depleted around PEIE, resulting in het-
erogeneous crosslinking. In this scenario, the topological 
defects of polymer chains are formed and incomplete curing 
of PDMS is achieved to produce a sticky material. Here, 
a universal bonding method is developed for microfluidic 
biosensor fabrication using PEIE to adjust the heterogeneous 
crosslinking of PDMS. This partially cured PDMS works as 
adhesive to seal microchannels on various substrates includ-
ing glass, PMMA, Polyethylene terephthalate (PET), ceram-
ics and metal. The prepared chip has good bonding strength 
for controlling fluid flow in a wide range. The generation of 
droplets with different sizes and the culture of bacteria for a 
week are demonstrated for the applicability of the proposed 
method.

2  Materials and methods

2.1  Chemicals

Polydimethylsiloxane (PDMS, Sylgard 184) was obtained 
from Dow Corning (Midland, USA). 1H,1H,2H,2H-Perfluo-
rooctyltrichlorosilane, red color dye and fluorescein isothi-
ocyanate isomer I (FITC) were purchased from Shanghai 
Macklin Biochemical Co., Ltd. (Shanghai, China). Paraf-
fin oil was supplied by Chengdu Kelong Chemical Co. Ltd. 
(Sichuan, China). Polyethylenimine, 80% ethoxylated solu-
tion (PEIE) and Span 80 were obtained from Sigma-Aldrich 
(USA). MTT assay kit—M1020 was provided by Solarbio 
(Beijing, China).

2.2  Instruments

The mask aligner URE-2000/35 (Institute of Optics and Elec-
tronics, Chinese Academy of Science, China) and plasma 
cleaner PDC-32G (HARRICK PLASMA, USA) were used 
for photolithography process and PDMS-PDMS bonding 
respectively. Spin coater SJL-1 (Shanghai Guangze optical 
machinery Co., Ltd., China) was used for thin film preparation. 
Laser cutter was used to cut PMMA for placing microfluidic 
chip. FE-SEM (Tescan Mira 3, Czech Republic) was used to 
observe the structure and surface roughness of microfluidic 
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chip. Syringe pump LSP02-1B (Longer Pump, China) was 
applied to generate constant flow rate in microfluidic chip.

2.3  Fabrication of the microfluidic chip

The main fabrication technique used for microfluidic chip 
preparation was the commonly used photo-lithography and 
soft-lithography except the plasma bonding step. Briefly, the 
photolithography processes including spin coating, pre-baking, 
exposure, post-baking, develop were conducted using SU8 
2035. The SU8 mold was replicated by PDMS with desired 
channel structures. To prepare a sticky material for bonding, 
PEIE was mixed thoroughly with standard PDMS solution 
(base:curing agent = 10:1) under a series of ratios from 20 μl: 
10 g to 50 μl: 10 g with an interval of 10 μl for finding the best 
combination for application. The mixture was then degassed 
in a vacuum chamber to get rid of bubbles generated during 
mixing, followed by pouring onto the SU8 mold to have a 
sticky layer of about 500 μm. The mixture along with the 
mold was then put in the oven at 95 °C for 30 min and PDMS 
was poured onto the half-cured mixture to obtain a thick layer 
(about 3 mm), followed by baking in the oven at 95 °C for 
another 20 min. Finally, the prepared PDMS channel was 
peeled off from the mold and bond to different substrates—
glass, PMMA, ceramics and steel plate by contact pressing and 
chip sealing was achieved.

2.4  Characterization of microfluidic chip

The cross section of the microchannel was characterized by 
scanning electron microscope (SEM). The chip was cut along 
the channel width by sharp blade and mounted to the SEM 
stab, followed by gold thin film coating with thickness of 2 nm. 
Then, the cross section of the channel was imaged under high 
voltage of 10 kV.

The microfluidic chip used for the demonstration of the 
developed method was the well-known “T-junction” chip, 
which has a main channel with width of 315 µm, height of 
140 µm and length of 3 cm and a side channel with width of 
100 µm, height of 140 µm and the narrow junction width of 
25 µm. The bonding strength was tested by pumping water into 
the main channel under different flow rates. The maximum 
flow rate was recorded for estimation of the bonding strength 
by simulation using COMSOL multiphysics. The build-in 
equations are uncompressible Navier–Stokes equation:

(1)
��

�t
+ ∇ ⋅ (�u) = 0,

(2)
�(�u)

�t
+ ∇ ⋅ (�uu) = −∇p + ∇ ⋅ (�∇u),

where, ρ is the density, which is 1 g/cm3 for water, u is the 
linear flow rate, P is the pressure, η is the dynamic viscosity 
at 22 °C, which is 0.001 Pa s.

Droplet generation was performed by this “T-junction” 
microfluidic chip. For better visualization of the generated 
droplets, water phase was dyed with red color and pumped 
into the side channel using a syringe pump with flow rate of 
1 µl/min, while the paraffin oil was introduced into the main 
channel with flow rate of 20 µl/min, 30 µl/min, 40 µl/min and 
50 µl/min, respectively. The whole chip was placed under 
optical microscope for monitoring the droplets generated.

2.5  The biocompatibility test of the composite 
material

The toxicity test of the PEIE and PDMS composite was con-
ducted by culturing liver cancer cells MHCC97H in small 
reservoirs. The ratio used for the toxicity test was 40 μl PEIE 
in 10 g PDMS as a representative. The composite was pre-
pared using the same procedure in microfluidic chip fab-
rication method and holes were punched to be a cylinder 
shape with diameter of 6 mm and thickness of 5 mm, fol-
lowed by contact press to a flat slab made by PEIE mixed 
PDMS composite. As comparison, the toxicity of PDMS to 
cells was also conducted using the similar reservoir made by 
pure PDMS as the control experiment. Both the composite 
and pure PDMS reservoirs were UV sterilized for 30 min 
and placed in petri-dishes for cell culture. Cells with ini-
tial concentration of 105 cells/ml and culture medium were 
added into the reservoirs and put in the incubator with 5% 
 CO2 and humid condition to avoid water evaporation and 
constant temperature at 37 °C for 2 days. Optical pictures 
of cells before and after culture were taken to compare the 
cell proliferation in reservoirs made by PDMS and PEIE 
mixed PDMS. The quantitative analysis of cell toxicity for 
materials made by PDMS and PEIE mixed PDMS was then 
performed following the MTT assay protocol. The culture 
medium was removed and cells were washed with PBS. 
Fresh medium with 0.5 mg/ml MTT was added in the reser-
voir and incubated at 37 °C for 2 h. The medium with MTT 
was then removed and Formazan solubilizing solution was 
added. The light absorbance at 492 nm of solution in 96-well 
plate was performed using microplate reader (Thermo sci-
entific) after purple crystals were dissolved.

2.6  Design, fabrication, and test of a 3D 
microfluidic chip for cell culture

To extend the culture period of cells in microfluidic chip, a 
polycarbonate (PC) thin film with nanopores was integrated 
to separate the culture chamber and the medium channel, 
resulting in a 3D sandwiched chip. The fabrication of the 3D 
microfluidic chip was achieved by assembling three layers 
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together (Fig. 1). For the preparation of the bottom channel 
layer, PEIE mixed PDMS was poured onto a PDMS mold 
which had five parallel channels with width of 500 μm, 
height of 500 μm and length of 27 mm. The thickness of the 
PEIE mixed PDMS composite layer was about 500 μm. Then 
baking was conducted for 30 min at 95 °C until the surface 
is semi-solidified, followed by adding PDMS on the surface 
to the mold to prepare the bottom substrate with thickness 
of 3 mm. The second baking was then conducted for 30 min 
at 95 °C to solidify PDMS. The outlets were punched after 
peeling off from the mold. The cell culture layer was pre-
pared by spin coating twice on a clean and flat PDMS slab 
with perfluorooctylsiloxane on it using the method devel-
oped previously. A layer of PDMS is firstly spin-coated on 
the surface at a speed of 850 rpm for 20 s, and it is baked at 
95 °C for 20 min. After that, a layer of PEIE mixed PDMS 
composite was spin-coated on the surface at a speed of 
900 rpm for 20 s, and then it is baked in an oven at 92 °C for 
25 min. The two layers of PDMS spin-coated on the PDMS 
substrate are combined into a layer of PDMS with a thick-
ness of about 150 μm. Then, an array (9 × 5) of the culture 
chambers was punched on the thin layer of PDMS. The thin 
layer, the polycarbonate nanoporous layer, and the bottom 
channel layer were assembled by contact press. The inlets of 
the microfluidic chip were prepared by bonding a flat PDMS 
slab with a thickness of 1 mm on the top and holes were 
punched through from the top to the bottom channel layer.

The performance of the cell culture chip was tested with 
E. coli—BL21 with GFP strains for easy visualization. 
Briefly, the chip was firstly sterilized under UV for 30 min 
and surface of the culture chamber was treated by plasma for 
1 min to render hydrophilic. The bacteria were then loaded 
into the chamber by pouring onto the surface and the excess 
solution was removed by swiping through the whole area 

using glass rod. After that, paraffin oil was added to cover 
the surface of the culture chamber to avoid evaporation. The 
bottom channel was filled with culture medium by syringe 
and continuous flow with flow rate of 10 µl/min was kept 
using the syringe pump.

3  Results

3.1  Optimization of the PEIE ratio

The amount of PEIE added in PDMS is critical to have an 
applicable sticky layer for “tear off–paste on” bonding to 
prepare microfluidic chip. Too much of PEIE will cause the 
failure of structure replication and deformation of micro-
channels, while too less will result in weak bonding strength 
and fluid leakage. Therefore, the PEIE concentration was 
optimized by mixing PEIE (Sigma-Aldrich) with PDMS 
under a series of ratios from 20 μl: 10 g to 50 μl: 10 g (PEIE: 
PDMS) with an interval of 10 μl for chip fabrication. The 
chip has three layers—the substrate layer, the PEIE mixed 
PDMS composite layer for adhesive bonding and the pure 
PDMS layer. PMMA was used as a represented substrate 
for chip fabrication as PDMS could not bond to it by plasma 
treatment. Figure 2 is the optical images of microchannel 
with different PEIE to PDMS ratios. It is clearly seen that 
the channel is well defined as good as pure PDMS chip and 
no deformation was observed when the ratio is no larger 
than 40 μl: 10 g as shown in Fig. 2a–c. However, the channel 
structure could not be properly replicated and lots of residues 
are found on the mold when 50 μl: 10 g is used (Fig. 2d). The 
maximum flow rates before leakage and the corresponding 
pressures are shown in Table 1. When the flow rate is larger 
than the maximum number, leakage is always happened at 

Fig. 1  The fabrication process 
flow of 3D microfluidic chip for 
cell culture
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the inlet of the channel shown in Fig. 2a3, b3 and c3 since 
it is the highest pressure point. The results show that higher 
bonding strength can be obtained with the increase of PEIE 
to PDMS ratio. 

To show this bonding method can preserve the channel 
profile as pure PDMS does, the SEM images of the cross 
section of PDMS bonded chip and the composite chip were 
taken. Figure 3a shows the cross section of PDMS chip 
which is bonded by plasma treatment. A very clear line can 
be observed between two layers in this figure, illustrating the 
interface between PDMS slab and PDMS microchannel. Fig-
ure 3b–d show the cross section of composite chip prepared 
by adhesive bonding using a thin layer of PDMS mixed with 
PEIE with the ratios of 20 µl: 10 g, 30 µl: 10 g and 40 µl: 
10 g, respectively. The substrates, the bottom layers are all 
flat slab made by pure PDMS in Fig. 3. It is clearly seen that 
the channel walls almost have the same dimension as the 
conventional bonded PDMS chip (Fig. 3a), suggesting that 

the channel profile is preserved (no deformation) by mixing 
PEIE with PDMS under the ratio smaller than 40 µl: 10 g. It 
is also noted that with the increase of PEIE to PDMS ratio, 
the sharp corner becomes smoother as seen from Fig. 3b–d, 
which is not surprising since it becomes softer with increase 
of PEIE content when bonding to the substrate. Additional 
experiments were performed to obtain the minimum channel 
size using the developed adhesive bonding method. Figure 
S1 in the supplementary shows the optical pictures of chan-
nels with sizes of 10 µm, 20 µm, 30 µm, and 40 µm. It is 
clearly seen that there is a little distortion at the wall for 
10 µm channel and others have straight lines. Therefore, the 
PEIE mixed PDMS sticky material can preserve the channel 
profile if the channel size is larger than 10 µm. To check the 
hydrophobicity change after addition of PEIE into PDMS, 
the contact angle is also measured and the results are shown 
in supplementary Fig. S2. It is seen that the composite mate-
rial has nearly the same wettability as PDMS, due to the 
addition of very small amount of PEIE in PDMS networks. 
The hydrophobicity of microfluidic chip can also be changed 
by oxidation using UV–ozone (Ma et al. 2011) or oxygen 
plasma (Li et al. 2016) or coating with hydrophilic materials 
(Trantidou et al. 2017).

Droplet generation experiment was then conducted to 
verify the applicability of the bonded chip prepared by the 
presented method when PMMA substrate and PEIE-to-
PDMS ratio with 40 µl: 10 g was used. The microfluidic 
chip that generates droplets has high requirements for the 
tightness of the chip structure, the ability to withstand the 
fluid pressure, and the flatness of the channel, since any 
leakage or even a little shape change under pressure would 
result in perturbation for generating non-uniform droplets. 
Therefore, it is necessary to conduct a droplet experiment by 
fabricating a microfluidic chip with “T-junction” structure 
using the developed method. Paraffin oil with 1 wt% Span 

Fig. 2  The optical images of the fabricated microfluidic chip during 
leakage testing. a PEIE: PDMS = 20 μl: 10 g; b PEIE: PDMS = 30 μl: 
10  g; c PEIE: PDMS = 40  μl: 10  g; d PEIE: PDMS = 50  μl: 10  g; 
a1–c1 just prepared; a2–c2 fluid flowing in channels; a3–c3 leakage 
happened, marked by light blue squares. The scale bars are 600 μm in 
the images

Table 1  The maximum pressure for PMMA chip with different PEIE 
to PDMS ratios

PEIE content per 10 g PDMS 
(μl)

0 20 30 40 50

Maximum flow rates (μl/min) 1000 2500 4000 5000 Struc-
tural 
dam-
age

Maximum pressure (kPa) 112 130 151 167

Fig. 3  SEM images of the cross sections of prepared microfluidic 
chips. a Pure PDMS bonded by plasma treatment; b the composite 
chips made by adhesive bonding with PEIE to PDMS ratio of 20 μl: 
10 g; c the composite chips made by adhesive bonding with PEIE to 
PDMS ratio of 30 μl: 10 g; d the composite chips made by adhesive 
bonding with PEIE to PDMS ratio of 40 μl: 10 g; the substrates are 
all pure PDMS slabs. The scale bars are 200 μm in the images
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80 surfactant is pumped into the main channel and aqueous 
solution with red dye for easy visualization is pumped into 
the side channel for generating water droplets. The flow rate 
of the aqueous solution in the side channel remains constant 
at 1 μl/min, and the flow rate of the liquid paraffin oil in the 
main channel is varied between 20, 30, 40, and 50 μl/min. 
Figure 4 shows the snap-shots of the moving droplets under 
different flow rates and it confirms the prepared microfluidic 
chip with developed bonding method can be successfully 
used in generating droplets with different sizes when PMMA 
is selected as the substrate.

3.2  Universal bonding of the developed method

To verify the versatility of this bonding method with differ-
ent substrate materials, glass, PET, steel, and ceramics are 
selected to prepare chips. The microfluidic chip used for 
demonstration is the same as that for PEIE ratio optimiza-
tion. The real pictures of microfluidic chips are shown in 
supplementary Fig. S3. The bonding strength is also calcu-
lated by measuring the maximum flow rate under which each 
chip can withstand. Due to the opacity of metals and ceram-
ics, fluorescent aqueous solution with 1 mg/ml of FITC is 
used as the injection sample solution, and the pumping and 
leakage process is observed under a fluorescent microscope 
and shown in Fig. 5. It is clearly seen that all the channels 
have well-defined channel walls and the maximum flow rates 
are 6000 μl/min, 6000 μl/min, 6000 μl/min and 4000 μl/min 
for glass, PET, steel plate, and ceramics respectively.

Following the same method employed to assess the 
bonding strength of prepared microfluidic chip with 

PMMA substrate, the maximum pumping pressure were 
also calculated using COMSOL multiphysics. The results 
are listed in Table 2. The chips with glass slide, steel plate, 
and PET film as substrate have the same bonding strength 
as high as 184 kPa. The ceramic plate has the lowest bond-
ing strength. It can be seen from the above results that 
the bonding strength of this developed method meets the 
application requirements with different substrate materials.

Fig. 4  The optical images 
of droplets generated by a 
“T-junction” microfluidic chip 
prepared by adhesive bond-
ing using PEIE mixed PDMS 
composite material under flow 
rates of 20 μl/min (a), 30 μl/min 
(b), 40 μl/min (c) and 50 μl/
min (d) in the main channel. 
Paraffin oil is used to generate 
water droplets dyed with red 
color. The flow rate of water in 
the side channel is kept at 1 μl/
min. The scale bars are 200 μm 
in the images

Fig. 5  The images of microchannels made by 10 g PDMS mixed with 
40 μl PEIE based on different materials: a glass substrate; b PET sub-
strate; c steel substrate; d ceramic substrate. a1–d1 The channels are 
filled with aqueous solutions; a2–d2 the fluid flow in channels under 
different flow rates; a3–d3 the images of channels when flow rates 
exceed the maximum. The scale bars are 600 μm in the figures
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3.3  Biocompatibility test of the composite material

Biocompatibility is a critical character for biosensor. PDMS 
is the well-known material with good biocompatibility 
(Peterson et al. 2005), while PEIE is reported as a toxic 
substance for cells (Hunter 2006). Thus, the biocompatibil-
ity of the composite material of PEIE and PDMS mixture 
was tested using the liver cancer cell line MHCC97H. Two 
reservoirs with diameters of 2 mm and height of 1 mm made 
by pure PDMS and composite material, respectively, were 
prepared and cancer cells were cultured in these reservoirs. 
Optical pictures of cells before and after culture were taken 
and the results were shown in Fig. 6. Low densities of cells 
suspended in culture media are observed before culture and 
large numbers of cells are found grown on the surfaces after 
2 days’ culture for both PDMS reservoir and the compos-
ite reservoir made by PEIE mixed PDMS. The quantitative 
viability assay is performed using the MTT assay which 
is broadly used to measure the in vitro cytotoxic effects of 
drugs on cell lines. This colorimetric assay uses reduction 
of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, or MTT) to measure cel-
lular metabolic activity as a proxy for cell viability. Viable 
cells contain NAD(P)H-dependent oxidoreductase enzymes 
will reduce the MTT reagent to formazan, which is an insol-
uble crystalline product with a deep purple color. Formazan 
crystals are then dissolved using a solubilizing solution and 

absorbance is measured at 492 nm using a plate-reader. The 
darker the solution, the greater the number of viable cells. 
Each MTT assay are performed three times and the average 
absorbance are 0.71 and 0.63 for PDMS reservoir and PEIE 
mixed PDMS reservoir. It confirms the biocompatibility 
does not change too much after addition of PEIE. It is specu-
lated that the toxic PEIE is trapped in PDMS networks and 
cannot leak into the culture solution. Therefore, the proposed 
PEIE mixed PDMS composite has good biocompatibility for 
biosensor applications.

3.4  Preparation and test of 3D microfluidic chip 
for long‑term cell culture

To demonstrate the applicability of the developed bonding 
method for microfluidic biosensor, a more complex chip—
the 3D long-term cell culture chip—is designed, prepared, 
and tested. For most of the microfluidic chip with micro-
chambers or microdroplets, the cells cannot live for too long 
due to the depletion of nutrition and unable to replace the 
waste (Kimura et al. 2008). Here, a 3D microfluidic chip 
including the culture chamber layer, the nano-membrane 
layer and the underneath channel layer is designed and 
shown in Fig. 7a. The whole chip is placed in a well made 
by PMMA and filled with paraffin oil to prevent the evapora-
tion of water in the culture chamber (Fig. 7b). The inlets are 
punched on the top of the chip and the outlets are arranged 
on the bottom layer. A top PDMS layer is added for the con-
nection of tubing and a bottom PDMS layer is added for ease 
of pumping out culture medium and waste from the chan-
nels. There are five channels parallel to each other and each 
of them has nine culture chambers with diameter of 600 μm 
and height of 150 μm. The key of this 3D microfluidic chip 
is the polycarbonate nano-membrane layer show in Fig. 7c, 
which has lots of pores with fixed diameter of 800 nm, per-
mitting the transport of nutrition and waste but isolating the 
bacteria or cells on the upper side. The intermediate poly-
carbonate layer cannot be bonded to PDMS using plasma 
treatment and the UV glue bonding has too much residuals 
which may go to the culture chamber.

The fabricated microfluidic device is then used to cul-
ture E. coli BL-21 which has GFP plasmid for easy visu-
alization. To demonstrate the advantages in cell culture, 
a traditional droplet trapping microfluidic chip (Wang 
et al. 2009) was prepared and used to compare their dif-
ferences. The chip structure is shown in the supplementary 
Fig. S4. The diameter of the circular trapping chamber 

Table 2  The maximum pressure 
for each microfluidic chip with 
different substrates

Substrate material Glass slide Steel plate PET film Ceramics plate

Maximum flow rates (μl/min) 6000 6000 6000 4000
Maximum pressure (kPa) 184 184 184 151

Fig. 6  Culture of liver cancer cell MHCC97H in the reservoir made 
by pure PDMS (a) and PEIE-mixed PDMS composite (c); b and d are 
the optical pictures of cell in PDMS and PEIE-mixed PDMS compos-
ite after culture for 2 days. The scale bars are 100 μm in these figures
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is 600 μm, and the height is about 50 μm. E. coli with 
density of 3720 CFU/ml is loaded into the prepared 3D 
chip and the droplet trapping chip, respectively. Fluores-
cent images are taken continuously and typical ones are 
shown in Fig. 8. It is clearly seen that the bacteria grow 
to the stationary phase in 1 day and they will go to death 
phase in the following 2 days in traditional droplet trap-
ping chip as shown in Fig. 8a. It is because the nutrition 
will be depleted during growth and reproduce. However, 
the bacteria can grow faster and are still viable as long as 
7 days, suggesting the maintaining of stationary phase in 
the prepared 3D chip with a nano-membrane for provid-
ing nutrition continuously. Therefore, the proposed bond-
ing method can be used to prepare the 3D microfluidic 
chip which shows superior in long-term cell culture. It is 
also noted that the bonding between PDMS and substrate 

material is reversible, making it useful to recover cells 
from the culture chamber for further analysis.

4  Discussions

For the fabrication of microfluidic biosensors, hard materi-
als such as glass, silicon and gold metal are commonly used 
for their good mechanical properties and easy of surface 
modification to immobilize affinity tags for binding of target 
molecules on surfaces (Pijanowska et al. 2003). Self-assem-
bly is usually applied for surface modification and lots of 
biomolecules such as enzyme, antibody, nucleotide, aptamer 
etc. have been successfully demonstrated (Deng et al. 2008; 
Krenkova and Foret 2004). However, these materials are 
not good for constructing microstructures in microfluidic 

Fig. 7  a Schematic diagram of a multi-layer microfluidic chip for 
long-term cell culture; b the whole set-up of the device including the 
PMMA well, the chip and the paraffin oil; the inset shows one culture 

chamber filled with red dye. c SEM image of porous membrane made 
by polycarbonate

Fig. 8  The fluorescent images of E. coli cultured in 2D droplet trapping chip (a) and the designed 3D microfluidic chip (b). The scale bars are 
200 μm in the pictures
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chip due to the high cost, cumbersome process, and use of 
large equipment. On the contrary, polymers such as PDMS, 
PMMA, PS, PET, and COC are attractive materials for flu-
idic channels and reactors. PDMS is the most commonly 
used material for microchannels for its easy replication from 
SU8 mold. Therefore, the bonding method for sealing the 
substrate and channel is an inevitably step. To protect bio-
molecules on the surface of chip substrate, adhesive bond-
ing is believed to be a good choice. However, most of these 
reported adhesive bonding methods are not compatible with 
softlithography replication process, leading to lots of dif-
ficulties in preparation of microfluidic biosensor with well-
defined microstructures. The proposed method here has the 
same preparation process as PDMS chip. By comparing the 
SEM images of the pure PDMS plasma bonded chip and 
that prepared by PDMS mixed with PEIE (Fig. 3), this thin 
adhesive layer has a very good bonding effect. The structure 
of the chip prepared by adding 20 μl and 30 μl PEIE per 
10 g PDMS is basically the same as that of pure PDMS, and 
there is no deformation. The chip prepared by adding 40 μl 
PEIE per 10 g PDMS undergoes slight deformation, but the 
structure of the channel is unchanged, which does not have 
much impact on sample injection and fluid flow. The results 
showing in Figs. 2, 4 and 4, also demonstrate the chip has a 
good sealing performance for most applications.

The materials used in biosensor are extremely diverse 
(Dou et  al. 2019; Sanjay et  al. 2020), thus a universal 
method that can be used to bond to most existing substrates 
is extreme helpful in preparation of microfluidic biosensors. 
The representative substrate materials including glass, metal, 
plastics, and ceramics all have been demonstrated to have 
good performance using the proposed “tear off–paste on” 
method. Especially, a 3D cell culture chip with polycarbon-
ate nonporous membrane as the intermediate layer for the 
transport of culture solution and waste has been designed 
and prepared, which is unachievable with conventional 
bonding method. The cell culture experiment shows the 
bacteria could stay viable as long as weeks, while they can 
only growth for 1 day in the enclosed chamber without fresh 
nutrition provided. The non-toxic property to cells is also 
required for biosensors. Indeed, PEIE itself is a toxic sub-
stance to cells. However, the biocompatibility test confirmed 
the PDMS mixed PEIE composite material has no harm to 
cells (Fig. 6). It may be because small amount of PEIE mol-
ecules are embedded in the PDMS networks and not much 
of them could leak into the solution.

5  Conclusions

A universal bonding method by simply mixing PDMS with 
a small portion of PEIE to form sticky thin layer is pre-
sented for microfluidic biosensors fabrication. This method 

has advantages including low cost, simple operation, large 
equipment-free, which is expected to apply in preparation 
of microfluidic biosensors in non-specialized laboratories. 
The mixing ratio of PEIE to PDMS ratio and the incubation 
time and temperatures have been optimized. This method 
is appealing for its compatibility to traditional replication 
method using PDMS and the surface structures can be 
retained. It can be used for different materials and typical 
ones such as glass, PMMA, plastics, ceramics, and metal 
have been demonstrated and the bonding force is applica-
ble for most usage as droplet generation with different sizes 
shows. The bonding effect is expected to help the prepara-
tion of a large number of different materials of microfluidic 
chips. The biocompatibility of prepared microfluidic chip by 
composite material has almost the same as that using pure 
PDMS. Based on this method, a novel three-dimensional 
microfluidic chip with a nanopore membrane for providing 
fresh culture medium was designed and fabricated, which 
can be used for long-term culture of bacteria. Compared to 
the isolated microwells which can only be used for bacteria 
culture for 1 day, the designed three-dimensional micro-
fluidic chip can make sure the bacteria are still viable for 
as long as 7 days. It is envisioned the developed universal 
bonding method has wide applications in biosensors for cell 
culture, environmental monitoring, clinical diagnostics etc., 
which permits the use of different materials with biomol-
ecules as substrates to prepare microfluidic chips.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10404- 021- 02445-8.
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