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A B S T R A C T

Virus identification is a prerequisite not only for the early diagnosis of viral infectious diseases but also for the
effective prevention of epidemics. Successful cultivation is the gold standard for identifying a virus, according to
the Koch postulates. However, this requires screening for a permissive cell line, which is traditionally time-,
reagent- and labor-intensive. Here, a simple and easy-to-operate microfluidic chip, formed by seeding a variety of
cell lines and culturing them in parallel, is reported for use in virus cultivation and virus-permissive host-cell
screening. The chip was tested by infection with two known viruses, enterovirus 71 (EV71) and influenza virus
H1N1. Infection with EV71 and H1N1 caused significant cytopathic effects (CPE) in RD and MDCK cells,
respectively, demonstrating that virus cultivation based on this microfluidic cell chip can be used as a substitute
for the traditional plate-based culture method and reproduce the typical CPE caused by virus infection. Using this
microfluidic cell chip method for virus cultivation could make it possible to identify an emerging virus in a high-
throughput, automatic, and unprecedentedly fast way.
1. Introduction

Emerging and re-emerging infectious diseases, such as severe acute
respiratory syndrome coronavirus (SARS-CoV)-2 (Hoffmann et al., 2020;
Wu et al., 2020; Zhou et al., 2020, 2021) and SARS-CoV (emerged in
2002–2003) (Li et al., 2003), pose a fatal threat to human beings. Addi-
tionally, the 2013–2016 Ebola virus outbreak in West Africa resulted in
more than 28,000 cases and was responsible for more than half of the
associated deaths (Dudas et al., 2017; Tong et al., 2015). In the early stage
of infection with a viral disease, a prerequisite for avoiding patient dete-
rioration and preventing other fatal complications is the confirmation of
the virus type or subtype. Only after ascertaining the virus species can we
use existing knowledge to take steps. Therefore, rapid virus identification
is essential for early diagnosis as well as for epidemic prevention and
control. Various methods, including hemagglutination inhibition and
neutralization test (Hierholzer et al., 1969), nucleic acid amplification
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(Nakauchi et al., 2014; Imai et al., 2006), immunofluorescence assay
(Leonardi et al., 2010; Ganzenmueller et al., 2010), enzyme-linked
immunosorbent assay, and next-generation sequencing (Ren et al.,
2013), are commonly applied to the early diagnosis of viruses. Currently,
quantitative reverse transcription-PCR (RT-qPCR) is the first-choice
method for the early diagnosis of viruses (Shen et al., 2020; Liu et al.,
2020) because it has the advantages of high specificity and high sensi-
tivity. However, plaque assay, which is based on live virus cell culture, is
the gold standard for virus identification and diagnosis according to the
Koch postulates (Rivers, 1937; Morrill et al., 2020). For a newly emerging
virus, themajor problemwith applying a plaque assay is the need to screen
for a virus-permissive cell line. Traditional approaches using plates or
Petri dishes for cell andvirus cultivation are time- and reagent-consuming,
labor-intensive, and low in sensitivity (Fisch and Gifford, 1983).

A microfluidic chip based on the microelectromechanical system
(MEMS) can process fluids at the micro/nano-liter scale (Mehling and
fli@wh.iov.cn (F. Li).
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Tay, 2014; Bhatia and Ingber, 2014) and thus requires much smaller
amounts of reagent and clinical sample. More importantly,
high-throughput parallel tests with different cell lines and culture con-
ditions can be achieved by using microfluidic cell chips (Khan et al.,
2010). Especially when microfluidic cell chips are integrated with pro-
cessing and controlling equipment, the creation of an automatic
high-throughput culture and screening system will be possible (Huang
et al., 2013; Wen et al., 2010).

Here, a microfluidic chip assembled from polymethyl methacrylate
(PMMA) upper and lower cover plates, a polylactic acid (PLA) frame, a
polydimethylsiloxane (PDMS) chip, and a bottom metal framework was
designed for culturing different cell lines to screen for virus-permissive
cells. Five common host cell lines for virus cultivation, A549, BHK21,
Vero, RD, and MDCK, were simultaneously cultured on the PDMS chip.
By gradually changing the medium content, different cell lines were
adapted to the same medium. Then, using enterovirus 71 (EV71) and
influenza virus H1N1 as model viruses, the cell chip was tested in a
microfluidic culture system to screen for virus-permissive cells.
Compared with traditional laboratory culture methods, the cell chip can
reproduce the typical cytopathic effects (CPE) of the tested viruses, with
the additional advantage of permitting the screening of multiple poten-
tial host cell lines for an optimal virus-permissive cell line. This study
paves the way for developing high-throughput cell culture chips that will
be useful for efficient virus isolation and antiviral drug screening.

2. Materials and methods

2.1. Device design and generation

Microfluidic chips were formed from upper and lower chip covers, a
chip frame, and a PDMS culture chip. The upper and lower chip covers
were prefabricated from a PMMA plate via laser cutting, and the metal
framework was directly manufactured from an aluminum plate by
computer numerically controlled (CNC) processing. A PLA frame with a
size corresponding to the size of the PDMS culture chip was 3D-printed
with a desktop delta RepRap 3D printer. A detailed schematic of the
device design and assembly is shown in Fig. 1.

First, a PDMS cell culture chip mold was designed via SolidWorks,
and the design file was transferred into an STL file, which is recognized
by the 3D printer. Second, the PDMS chip mold was realized by a DLP
(Digital Light Processing) or SLA (Stereolithographic) 3D printer in less
than an hour, and the resulting printed mold was subjected to physical or
chemical polishing to produce a smooth channel surface. Third, a
Fig. 1. Schematic of microfluidic chip design and fabrication. Process of the custo
obtained through 3D printing followed by polishing, PDMS is poured and cured. C
polydimethylsiloxane; PLA, polylactic acid.
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degassed PDMS premix (Sylgard 184, Dow Corning, Midland, Michigan,
USA) was poured into themold, and themold was placed in an oven set at
70 �C for 1 h to cure the liquid PDMS. The cured PDMS chip was then
peeled off from the chip mold slowly and carefully. The final step, after
assembling the microfluidic chip (in order from bottom to top: metal
framework, lower cover, PLA frame, PDMS chip, and upper cover), was to
seal the chip with screws and install the inlet/outlet connectors.

2.2. Cell lines and virus strains used in the study

All cell lines used in this study were purchased from the American
Tissue Type Culture Collection (ATCC, USA). Studies were performed
using the following five mammalian cell lines: human adenocarcinoma
alveolar basal epithelial cells (A549, CCL-185), African green monkey
kidney cells (Vero, CCL-81), Madin-Darby Canine kidney epithelial cells
(MDCK, CCL-34), human rhabdomyosarcoma cells (RD, CCL-136), and
hamster kidney fibroblast cells (BHK-21, CCL-10). For maintenance,
BHK-21, MDCK, and RD cells were cultured in Minimum Essential Me-
dium (MEM, 41500, Gibco, Thornton, Australia) supplemented with 10%
fetal bovine serum (FBS, 10099-141C, Gibco) and 100 units/mL
penicillin-streptomycin at 37 �C in an atmosphere with 5% CO2; A549
and Vero cells were maintained in DMEM under the same conditions. For
infection, Dulbecco's modified Eagle's medium (DMEM, 12800, Gibco)
containing 1% FBS was used for EV71, and DMEM containing 2% bovine
serum albumin (BSA, H1130, Solarbio, Beijing, China) and 2 μg/mL
TPCK-trypsin (9002-07-7, Macklin, Shanghai, China) was used for
influenza A virus. In experiments with 96-well plates in parallel to the
microfluidic chip, the same media were used as those for the chip.

Human EV71 (Chinese vaccine strain, GenBank No. HQ328793, Mi-
croorganisms & Viruses Culture Collection Center, Wuhan Institute of
Virology) and influenza A virus [A/Puerto Rico/8/1934(H1N1), Micro-
organisms & Viruses Culture Collection Center, Wuhan Institute of
Virology] were passaged in RD cells and MDCK cells, respectively, for
four cycles. All infection experiments were performed in a BSL-2 lab.

2.3. Viral titer calculation

A 96-well plate was seeded with 1 � 104 cells/well of RD or MDCK
cells. Serial 10-fold dilutions of a virus were added to the wells. After the
cells and diluted virus had been incubated together for 48 h, CPE was
examined under the bright-field setting of an inverted microscope, and
the viral 50% tissue culture infective dose (TCID50) was calculated
following the Behrens-Reed-Muench method. The resulting viruses, with
mized mold technique for making a microfluidic chip. After the chip mold is
omplete PDMS slices can be obtained by peeling off the cured PDMS. PDMS,
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titers of 7 � 108 TCID50/mL (EV71, Supplementary Table S1) and 1.6 �
108 TCID50/mL (influenza virus A, Supplementary Table S2), were stored
at �80 �C until further use. In the infection experiment, multiplicity of
infection (MOI) was calculated as virus titer PFU, which is converted
from TCID50 (Bryan, 1957), using the formula: MOI ¼ PFU/(number of
inoculated cells).

2.4. Culture of cell lines on the chip

PDMS culture chambers were coated with 0.1 mg/mL poly-L-Lysine
(BS197, Biosharp, Hefei, China), sterilized, and then stored at 4 �C
overnight. After being rinsed with phosphate-buffered saline, the chip
was air-dried. A549, Vero, RD, BHK-21, or MDCK cells were seeded into
the chip chamber at a density of 1� 104/well, which was assembled with
the other chip components for continuous static culture. The medium on
the chip, which was DMEM containing 1% FBS, was refreshed by
perfusion at a flow rate of 2 mL/h for 0.5 h every 12 h until the end of the
culture process. At 6 h and 12 h post seeding, cells were imaged using an
inverted microscope (IX73, Olympus, Tokyo, Japan) equipped with a
digital camera.

2.5. Virus infection in 96-well plates

Cells in 96-well plates were infected with EV71 (A549, Vero, and RD
cells) or influenza virus H1N1 (A549, Vero, and MDCK cells) at the
indicated MOI. At the indicated time points post infection, cells were
imaged using an inverted microscope (IX73, Olympus) equipped with a
digital camera.

2.6. Virus infection on the chip

Cells were seeded in the culture chamber of the chip 12 h before
infection. The PDMS chip containing the loaded cells was then carefully
embedded into the PLA frame, and the rest of the chip components were
assembled in sequence. A549, Vero, and RD cells were infected with
EV71 at the indicated MOI. A549, Vero, and MDCK cells were infected
with influenza virus H1N1 at the indicated MOI. At the indicated time
points post infection, cells were imaged using an inverted microscope
(IX73, Olympus) equipped with a digital camera. The arrangements of
cells on the chip (corresponding to the flow direction of virus-containing
samples) were A549-Vero-RD, A549-RD-Vero or RD-A549-Vero for EV71
infection and A549-Vero-MDCK, A549-MDCK-Vero or MDCK-A549-Vero
for H1N1 infection. Each infection assay was repeated three times.
Fig. 2. Principle of the microfluidic chip. PMMA, polym
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2.7. Real-time quantitative polymerase chain reaction (RT-qPCR)

For quantification of EV71 RNA, A549, Vero and RD cells were seeded
in a 96-well plate or on the chip as described above and were then
infected with EV71 at the indicated MOI. The entire microfluidic chip
was frozen at �20 �C for 4 h at the indicated time points post infection.
Then the chip was disassembled, and the frozen samples in different
chambers were stripped from the chip as quickly as possible before they
melted at room temperature. Total RNAs of cells were extracted (Trizol
reagent, 15596026, Invitrogen, Carlsbad, USA) and were used for reverse
transcription by HiScript® II 1st Strand cDNA Synthesis Kit (R211-01,
Vazyme biotech Co., Ltd., Nanjing, China). The synthetic cDNA was
subjected to real-time quantitative PCR (qPCR) analysis by the Bio-Rad
CFX Connect RT-qPCR instrument (CFX96, Bio-Rad, Hercules, USA)
with a Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix
(11184ES03, Yeasen Biotechnology Co., Ltd., Shanghai, China). The
specific primers were 50-CTTTGTGCGCCTGTTTTATAC-30 (forward) and
50-GGAAACAGAAGTGCTTGATCA-30 (reverse).

For quantification of influenza virus H1N1 RNA, A549, Vero, and
MDCK cells were seeded in a 96-well plate or on the chip as described
above and were then infected with influenza virus H1N1 at the indicated
MOI. Likewise, the samples were harvested after being frozen at the
indicated time points post infection. An influenza A virus nucleic acid
detection kit (DAJY-001-24T, Daan Gene Co., Ltd. of Sun Yat-sen Uni-
versity, Guangzhou, China) and one-step real-time fluorescent PCR were
used to determine the level of viral replication. Sample preparation and
the reaction system were conducted in accordance with the manufac-
turer's instructions. The samples were processed on the Bio-Rad CFX
Connect RT-qPCR instrument (CFX96), and CFX Manager (Version 3.1)
was used for data analysis.

3. Results

3.1. Design and assembly of the microfluidic chip

From top to bottom, a microfluidic chip device was assembled from
PMMA (as the upper cover), PLA (as the frame), PDMS (as the culture
chip), and PMMA (as the lower cover) within a metal framework. The
dimensions of the PDMS chip were 70 mm � 28 mm � 3.3 mm, and the
built-in culture chamber was 6 mm in diameter and 2 mm in height.
When a chip was initially installed, the medium was injected into the cell
chamber at a rate of 2 mL/h. In order to support the growth of cells by
providing sufficient nutrients and oxygen, the medium was injected at a
ethyl methacrylate; PDMS, polydimethylsiloxane.
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rate of 2 mL/h for 30 min every 12 h (Fig. 2). The volume of each cell
culture chamber is 56.52 μL. With ten chambers per chip, the total
chamber volume in a single chip is 565.2 μL. And the total volume inside
the microfluidic channel connecting the chambers and the external
tubing is 314 μL. Thus, the sum of the chamber, channel, and tubing
volumes is 879.2 μL, less than 1000 μL. Therefore, 30 min using a flow
rate of 2 mL/h, which results in an injection of 1000 μL fresh medium, is
sufficient to replace the medium of the whole chip.

The merit of this design lies in that the customized chip channel
structure can be realized in a short time by using three-dimensional (3D)
printing (Fig. 1). The surface of the cell culture chambers is easy to pre-
process, and seeding of different cell lines in a single chip is also easy to
achieve, in contrast with traditional microfluidic cell seeding. Further-
more, the PDMS chip can be assembled into a microfluidic device after
cell seeding is complete, thus allowing the reconstruction of microfluidic
chips by integrating various PDMS chips with different cells.
3.2. Culture of different cell lines on the microfluidic chip

A549, Vero, RD, MDCK, and BHK-21 cell lines, which are sensitive
to different viruses (including enterovirus, simplexvirus, vesiculovirus,
Ebola-like viruses, and flavivirus) (Phanthanawiboon et al., 2014;
Alonso and Compans, 1981; Puhl et al., 2021; Shen et al., 2019; Xiao
et al., 2020; Lee and Fuller, 1993; Drews et al., 2019), were selected as
the potential virus-permissive cells to test in constructing the chip.
However, these cells require diverse culture conditions. BHK-21,
MDCK, and RD cells require MEM, whereas A549 and Vero cells need
DMEM. To culture these different cell lines on the chip under the same
conditions, DMEM containing 1% FBS was established by having the
cells gradually adapted. As a result, all five cell lines could adhere to the
substrate of the chip after seeding and showed normal morphology and
viability (Figs. 3 and 4).
Fig. 3. Comparisons of cell morphology and viability of five cell lines cultured in M
microscopic images of tested cells. Scale bars ¼ 100 µm and scale bars in inset images
SDs from three independent replicates. The viability data were statistically analyzed
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3.3. Feasibility of screening for EV71-permissive cells using the microfluidic
chip

To evaluate the feasibility of using the cell chip to screen for viral host
cells, two well-known pathogens, EV71 and H1N1, were selected as
model viruses. Under normal circumstances, when infected with these
viruses at an appropriate MOI, permissive cultured cells exhibit CPEs,
such as rounding, shrinking, or cytoplasmic blebbing as a consequence of
virus replication and release (Tobias-Altura and Ngelangel, 2022; Wang
et al., 2008; Yi et al., 2011; Ku et al., 2012).

For demonstrating the typical CPE of EV71, A549, Vero, and RD cells
were seeded in a 96-well plate at a density of 1 � 104 cells/well and
infected with EV71 at an MOI of 40. All three cell types exhibited cyto-
pathic changes,withRD cells showing themost significant changes at 24 h
post-infection (hpi) (Supplementary Fig. S1). In order to mimic clinical or
field samples for EV71-permissive cell screening, A549, Vero, andRD cells
were seeded onto the chip at the same cell density as in the 96-well plate
and were infected with EV71 at much lower MOIs of 0.389 and 3.89 �
10�4 (Fig. 5). Typical CPE was observed on RD cells cultured either in the
96-well plate or on the chip at 30 (Fig. 5A) and 48 (Fig. 5D) hpi, respec-
tively, compared to control cells without virus infection (Supplementary
Fig. S2). Although Vero cells in the 96-well plate also displayed lesions at
an MOI of 0.389, RD cells presented the most typical CPE at 30 hpi under
both culture modes (Fig. 5A). When RT-qPCR was used to measure the
viralRNAcopynumbersof EV71 indifferent cell lines, RDcells showed the
best support for EV71 proliferation, especially at the lower MOI (Fig. 5B
and E). Specifically, at anMOI of 0.389, the EV71RNA copy number in the
culture of A549 or Vero cells from the 96-well plate was larger than that
from the cell chip (Fig. 5C). The difference might result from that the
infection in the 96-well plate allowed higher chances of contact between
virus particles and receptors on target cells than those on the chip that was
perfused. In contrast, at an MOI of 0.000389, such differences were not
EM versus DMEM, both containing 1% FBS, in a 96-well plate. A Bright-field
¼ 20 µm. B Cell viability by assaying WST-8. Values in histograms are means �
by the Student’s t-test. SD, standard deviation; ns, no significance.



Fig. 4. Culture of multiple different cell lines on the chip. A549, BHK-21, Vero, MDCK, and RD cells were seeded on the chip at a cell density of 1 � 104/well. After the
chip components were assembled, the medium (DMEM containing 1% FBS) on the chip was refreshed by 30-min perfusion at a flow rate of 2 mL/h every 12 h until the
end of the culture process. The cells were imaged under the bright-field mode of an inverted microscope at 6 h and 12 h post seeding. Scale bars ¼ 100 µm and scale
bars in inset images ¼ 20 µm.
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observed for A549 and Vero cells, which could be explained by the fact
that nearly no proliferation of EV71 occurred in A549 and Vero cells at the
ultralowMOI (Fig. 5F). At both MOIs, RD cells were the most efficient for
the proliferation of EV71, without significant difference in the EV71 RNA
copy number between from the 96-well plate and from the cell chip.
Therefore, based on the cell chip culturing result, RD cells can be selected
as the permissive cell line for EV71. This is consistent with the well-
established use of RD cells for the culture of EV71 (Lum et al., 2002;
Leong et al., 2002) and matches our results from the 96-well plate (Sup-
plementary Fig. S1), demonstrating that permissive cell screening based
on the cell chip can be used as a substitute for the conventional plate
culture method.

In addition, considering the possible release of cytokines from
permissive cells upon viral infection, we further tested whether the un-
infected or less sensitive cell lines could be affected by the most sensitive
cell line. We adjusted the arrangement order of the cell lines on the
microfluidic chip and performed screening experiments (Fig. 6). The
results indicated that RD cells were still “identified” as the permissive cell
line for EV71, no matter in what order the cell lines were cultured,
supporting that the potential effect of permissive cells on the non-
sensitive or less sensitive cell lines does not interfere with the outcome
in the screening for virus-permissive cells using themicrofluidic cell chip.

3.4. Feasibility of screening for H1N1-permissive cells with a microfluidic
chip

For comparison between cell chip-based and traditional plate-
based screening, A549, Vero, and MDCK cells were seeded on the
cell chip or into a 96-well plate at a density of 1 � 104 cells/well. The
cultivation of influenza virus H1N1 needs TPCK-treated trypsin (TPCK-
trypsin), so the culture medium was optimized to be DMEM containing
2% BSA and 2 μg/mL TPCK-trypsin (Supplementary Fig. S3). Influenza
virus H1N1 was firstly allowed to infect these cells at an MOI of 12.3
to demonstrate the typical CPE of H1N1. At 24 hpi, MDCK cells
showed significant CPE, whereas the other cells still maintained
normal cell morphology (Supplementary Fig. S4).

Then the cells cultured in a 96-well plate or on the microfluidic chip
were infected with H1N1 at lower MOIs of 0.012 and 0.00012 to mimic
clinical or field samples for H1N1-permissive cell screening (Fig. 7). At
the MOI of 0.012, typical CPE was observed on MDCK cells at 72 hpi
under both culture modes (Fig. 7A), compared to control cells without
virus infection (Supplementary Fig. S5), in agreement with the knowl-
edge that the MDCK cell line is permissive to EV71. However, at the MOI
of 0.00012, none of the cell lines showed unambiguous CPE (Fig. 7D),
which should have resulted from the ultralow MOI. To further confirm
that influenza virus H1N1 can replicate in the cells “identified” as
permissive via chip culture, a quantitative analysis of influenza virus
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H1N1 RNA in the cultures was performed (Fig. 7B and E). After A549,
Vero, and MDCK cells were infected with influenza virus H1N1 at an MOI
of 0.012 or 0.00012, the cultures were collected at 72 hpi and analyzed
using RT-qPCR with probes for the influenza virus H1N1 polymerase
gene. At an MOI of 0.012, the virus replicated in MDCK cells under both
culture modes (Fig. 7C). Although there was no statistically significant
difference, the viral RNA copy number of the progeny viruses from the
cells cultured on the microfluidic chip was somewhat higher than that
from the cells cultured in the 96-well plate. However, at an MOI of
0.00012, only low-level viral replication was detected in the MDCK cells
on the cell chip, while no viral replication was detected in the MDCK cells
in the 96-well plate (Fig. 7F), which suggests that the cell chip may be
more sensitive for permissive cell screening compared with the tradi-
tional plate-based culture method. Additionally, we also tested whether
the uninfected or less sensitive cell lines could be affected by the most
sensitive cell line. By adjusting the arrangement order of the cell lines on
the microfluidic chip, we found that the MDCK cell line was the
permissive cell line for H1N1, no matter in what order the cell lines were
cultured (Fig. 8). These results further support the feasibility of using cell
chips to screen for virus-permissive cells.

4. Discussion

In this study, a microfluidic cell chip for virus cultivation has been
fabricated, which works by the following principle. A variety of candi-
date cell lines are seeded in the chambers of the PDMS chip. When a
virus-containing sample flows through the chambers, the cell line that is
permissive to the virus will be infected, leading to CPE. Thus, a permis-
sive cell line for an emerging virus can be determined, and at the same
time, the virus can be cultivated for isolation and identification by mo-
lecular biological techniques.

Microfluidics has shown great potential with advanced materials,
fabrication methods, and promising applications in various fields such as
biology andmedicine (Zhang et al., 2019, 2020; Yu et al., 2021; Farokhzad
and Tao, 2021; Tang et al., 2020). Here, by use of the powerful micro-
fluidic technique, we aimed to develop a method for fast permissive cell
screening for the cultivation and isolation of viruses. In order to make the
method facile and robust, we applied a simple design of a microfluidic cell
chip and prepared the chip with PDMS by 3D printing. There are multiple
chambers connected in series on the chip, which allow high throughput
screening for virus-permissive cells. Moreover, the microfluidic cell chip
can be integrated into customized equipment to realize automated
high-throughput screening and isolation of viruses from the field or clin-
ical samples under high-level biosafety control. The advantage of our
method do not lies in how the cell chip is fabricated but in that it would
offer a next-generation mode for virus isolation and identification with
higher efficiency and a lower risk of researcher exposure to potentially



Fig. 5. Feasibility of screening EV71-permissive cells using a microfluidic chip. A549, Vero, and RD cells were seeded in a 96-well plate or on the microfluidic chip and
infected with EV71 at MOIs of 0.389 (A–C) and 3.89 � 10�4 (D–F). A, D The cells were imaged under a bright-field microscope for CPE at 30 (MOI ¼ 0.389) and 48
(MOI ¼ 3.89�10�4) h post-infection (hpi), respectively. Images of control cells without virus infection are shown in Supplementary Fig. S2. Scale bars ¼ 100 µm and
scale bars in inset images ¼ 20 µm. B, E Quantifications of EV71 viral RNA in A549, Vero, and RD cells grown in a 96-well plate or on the microfluidic chip were
performed with RT-qPCR at 30 (MOI ¼ 0.389) and 48 (MOI ¼ 3.89 � 10�4) hpi, respectively. C, F Statistical analyses of the RT-qPCR results. Values in histograms are
means � SDs from three independent replicates. Asterisks indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance) by the Student’s t-
test. CPE, cytopathic effect; SD, standard deviation.
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Fig. 6. EV71 infection of different cell lines seeded in different arrangements on the microfluidic chip. EV71 infected three candidate cell lines seeded in two kinds of
arrangements at MOIs of 0.389 (A–C) and 0.000389 (D–F), respectively. A, D The cells were imaged under a bright-field microscope for CPE. Scale bars ¼ 100 µm and
scale bars in inset images ¼ 20 µm. B, E Quantifications of EV71 viral RNA in cells performed with RT-qPCR. C, F Statistical analyses of RT-qPCR results, with upper
panels corresponding to arrangement 1 and lower panels to arrangement 2. For convenient comparison, the data of the 96-well plate were directly from Fig. 5. Values
in histograms are means � SDs from three independent replicates. Asterisks indicate significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001;
ns, no significance) by the Student’s t-test. SD, standard deviation.
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infectious samples. In fact, the use of a microfluidic chip for virus infection
studies has been reported previously. Warrick et al. usedmicrofluidic chips
to measure the cellular gene expression of host cells infected by vesicular
stomatitis virus (Warrick et al., 2016). Guo et al. fabricated a microcavity
composed of PDMS layers to monitor cell dynamics upon virus infection
(Guo et al., 2017). However, only a single cell line was cultured on the
microfluidic chips described in these studies, whereas the microfluidic cell
553
chip reported here achieved the simultaneous culture of five distinct cell
lines. Towards a powerful tool for permissive cell screening and virus
isolation, the number of cell lines on our chip remains to be increased. In
principle, the types of cultured cell lines can be extended by simply
increasing the number of chambers on the cell chips or by designing
parallel chips and grouping or adapting cell lines of interest. Another issue
to be considered in virus isolation with the cell chip is the possibility that



Fig. 7. Feasibility of screening H1N1-permissive cells with a microfluidic chip. A549, Vero, and MDCK cells were seeded in a 96-well plate or on the microfluidic chip
and infected with influenza virus H1N1 at MOIs of 0.012 (A–C) and 1.2 � 10-4 (D–F). A, D The cells were imaged under a bright-field microscope for CPE at 72 hpi.
Images of control cells without virus infection are shown in Supplementary Fig. S5. Scale bars ¼ 100 µm and scale bars in inset images ¼ 20 µm. B, E Quantifications of
H1N1 viral RNA in A549, Vero, and MDCK cells grown in a 96-well plate or the microfluidic chip were performed with RT-qPCR at 72 hpi. C, F Statistical analyses of
the RT-qPCR results. Values in histograms are means � SDs from three independent replicates. Asterisks indicate significant differences (***P < 0.001; ****P <

0.0001; ns, no significance) by the Student’s t-test. CPE, cytopathic effect; SD, standard deviation.
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Fig. 8. H1N1 infection of different cell lines seeded in different arrangements on the microfluidic chip. H1N1 infected three candidate cell lines seeded in two kinds of
arrangements at MOIs of 0.012 (A–C) and 0.00012 (D–F), respectively. A, D The cells were imaged under a bright-field microscope for CPE. Scale bars ¼ 100 µm and
scale bars in inset images ¼ 20 µm. B, E Quantifications of H1N1 viral RNA in cells performed with RT-qPCR. C, F Statistical analyses of the RT-qPCR results, with
upper panels corresponding to arrangement 1 and lower panels to arrangement 2. For convenient comparison, the data of the 96-well plate were directly from Fig. 7.
Values in histograms are means � SDs from three independent replicates. Asterisks indicate significant differences (***, P < 0.001; ****, P < 0.0001) by the Student’s
t-test. SD, standard deviation.
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two or more types of viruses might exist in a sample and be isolated when
one attempts to look for the pathogen of a specific infectious disease. In
this case, the target virus should be identified through sequencing or other
molecular biological techniques.

The cell chip would be compatible with the strict biosafety re-
quirements in the operation of infectious samples. Except for briefly
exposing the PDMS chip before the screening assays, the cell chip device
operates under a completely sealed condition, which protects against the
555
leakage of medium containing infectious pathogens. Moreover, the de-
vice should be placed in a qualified biosafety cabinet when it is used for
cultivating viruses according to biosafety regulations. In addition, the
microfluidic cell chip can be integrated into customized equipment that
complies with biosafety protocols in the future so that all steps (i.e., cell
seeding, virus infection, perfusion, circulation, etc.) can be carried out in
a completely enclosed space under biosafety control, which benefits
automated operations and lowers the risk of researcher exposure.
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5. Conclusions

In summary, a simple microfluidic chip for cell culture has been
fabricated through fast assemble of prefabricated chip frames and a
customized PDMS chip. Different PDMS chips can be rapidly customized
to suit the virus identification demands and reassembled into this
microfluidic chip, which would help decrease the time from chip design
to production. By standardizing the culture conditions, the culture of a
variety of representative cell lines that are commonly used for virus
proliferation has been achieved. The results of infection experiments
with two model viruses, EV71 and H1N1, demonstrate that the micro-
fluidic chip system worked well for identifying virus-permissive cells by
supporting the development of typical CPE in corresponding well-known
host cell lines. Compared with the conventional plate-based method of
virus cultivation and isolation, this cell chip system has the advantages of
higher throughput and smaller sample requirements. Furthermore, the
system can be made fully automatic via its integration with necessary
controlling modules or devices, which will save time. The cell-chip-based
cultivation system described here offers a fast and efficient means for the
identification of virus-permissive cells and the isolation of emerging vi-
ruses, which will be helpful in combating viral diseases. Additionally, the
cell chip fabricated here may also be useful for cytotoxicity studies of
micro- and nanomaterials, antiviral drug screening, and so on.
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