
Lab on a Chip

PAPER

Cite this: Lab Chip, 2021, 21, 1364

Received 21st October 2020,
Accepted 31st January 2021

DOI: 10.1039/d0lc01056a

rsc.li/loc
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amplification and cytopathic effect monitoring on
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Detection, quantification and monitoring of virus – host cell interactions are of great importance when

evaluating the safety of pharmaceutical products. With the wide usage of viral based vector systems in

combination with mammalian cell lines for the production of biopharmaceuticals, the presence of

replication competent viral particles needs to be avoided and potential hazards carefully assessed.

Consequently, regulatory agencies recommend viral clearance studies using plaque assays or TCID50

assays to evaluate the efficiency of the production process in removing viruses. While plaque assays

provide reliable information on the presence of viral contaminations, they are still tedious to perform and

can take up to two weeks to finish. To overcome some of these limitations, we have automated,

miniaturized and integrated the dual cell culture bioassay into a common lab-on-a-chip platform

containing embedded electrical sensor arrays to enrich and detect infectious viruses. Results of our

microfluidic single step assay show that a significant reduction in assay time down to 3 to 4 days can be

achieved using simultaneous cell-based viral amplification, release and detection of cytopathic effects in a

target cell line. We further demonstrate the enhancing effect of continuous fluid flow on infection of PG-4

reporter cells by newly formed and highly active virions by M. dunni cells, thus pointing to the importance

of physical relevant viral–cell interactions.

1. Introduction

In light of current and reoccurring viral outbreaks such as
Ebola, Influenza, Zika and most recently SARS-Cov-2,
improved detection systems capable of detecting ultralow
levels of virus concentrations are of growing interest to the
public and the medical community. Additionally, new
methods that allow monitoring of virus–cell interactions are
equally of importance in the development of virotherapy
options, where either native or engineered viruses are used as

alternatives in cancer therapies, immunotherapies and
delivery vehicles in gene therapy applications.1,2 Furthermore,
reliable and accurate identification of viral contaminations in
pharmaceutical products constitutes an essential risk
assessment strategy to evaluate the safety of drugs, to date.
This safety issue has arisen with the widespread usage of
mammalian cell lines in the production of
biopharmaceuticals, which potentially can express and release
endogenous derived retroviral-like particles. Viral clearance
studies are therefore recommended by the Food and Drug
Administration (FDA) to evaluate pharmaceutical purification
processes.3 In virus clearance studies the biosafety of
pharmaceutical products is determined by (a) selecting the
most appropriate virus for the study and (b) assessing process
steps that are effective in removing viruses. Among others,
the murine leukemia virus as one of the best studied
retrovirus is predominantly used in virus clearance studies.4,5

This virus can be readily propagated without adverse effects
in the skin fibroblast cell line M. dunni (mus terricolour)
resulting in the release of large quantities of infectious virus
particles, which can be subsequently detected using focus
forming and plaque assays.6,7 This means that in theory the
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presence of a single replication competent retrovirus can be
detected in pharmaceutical products using a cell-based virus
amplification strategy. In contrast to PCR-based strategies
that are used as golden standard for quantification of viral
content, focus forming assays are based on
immunofluorescent labelling of antibodies detecting
cytopathic effects of a viral titer on cells. In addition, plaque
assays rely on infecting a secondary cell culture (reporter cell
line) that in turn forms visual circular cell-free areas and are
the golden standard to analyze virus infectiousness or
replication.8,9 Here, the cat brain Moloney sarcoma virus-
transformed PG-4 cell line is often used in viral clearance
studies for detection of replication competent retroviruses in
products and reagents for human use. Although proven
effective and recommended by the FDA, the standard assay
protocol is labor intensive involves multiple manual steps, is
expensive due to the large volumes of cell culture media,
reagents and consumables needed and can take up to two
weeks to complete using trained biomedical analysts. As an
example, a standard assay protocol involves initial virus
amplification using M. dunni cell cultures, repeated collection
of the supernatant, followed by preparation of several
dilutions of the virus containing reagent and its addition to a
semi-confluent grown PG-4 cell layers usually followed by the
coverage with a solid or semisolid overlay to hinder the
spread of the virus ad random. Once infected PG-4 cells
undergo distinct morphological changes (e.g. rounding up
and cell detachment) resulting in the formation of cell free
areas during the process of viral release, which overtime leads
to the formation of visible plaques in the cell layer. To
enhance the contrast between cell layer and plaques, a
potential cancerogenic and environmentally toxic staining
procedure of the cell layer is usually performed at the end of
the cultivation period (e.g. 9 days) and the number of plaque
forming units (PFU ml−1) are microscopically analyzed and
calculated in relation to serial dilutions.10,11

To overcome some of the limitations associated with
detecting virus–host cell interactions a variety of advanced
cell-based technologies have been reported to improve
automation, miniaturization and integration of biosensing
strategies to eliminate tedious staining and endpoint
detection. For instance, impedance measurements have been
employed to determine viral titers by tracing cytopathic
effects induced changes in cell cultures using the commercial
available xCELLigence™ real-time cell analysis system
(Agilent, USA) and ECIS™ systems (Applied BioPhysics Inc.,
Germany).12–14 Despite these efforts to improve outcomes,
reduce time-to-result and costs, the complexity of the
multistep cell-based assay prevails. As complementary
technology to analyze virus–cell interactions microfluidic cell
culture systems have been used to detect cell-to-cell, cell-to-
matrix and cell-to-surface as well as material–biology
interactions especially regarding biocompatibility and
toxicology.15–17 Microfluidic cell culture systems are ideally
suited to monitor cytopathic and cytolytic effects of viruses,
since laminar flow enables improved particle–cell

interactions with high spatiotemporal resolution creating a
more controllable and precise microenvironment.18,19 In the
current work we introduce an automated microfluidic-based
extended infectivity assay where virus amplification and
continuous release of newly formed virions by a primary
producer cell line as well as the secondary cytopathic or
cytolytic effect on an indicator cell line are monitored on a
single lab-on-a-chip platform with non-invasive and dynamic
monitoring using embedded impedance microsensors. Rapid
detection of replication competent viral particles in samples
is readily accomplished with our platform by initially
increasing the viral load using the virus replication
supporting M. dunni cell line, followed by infection of the
indicator cell line PG-4 by the newly formed and active
virions resulting in a loss of cell-surface integrity (onset of
plaque formation). As visualized in Fig. 1 our platform
combines the basic virus – host mechanisms in a dual
compartment sensing system with an automated microfluidic
assay principle to significantly cut down the assay timeline
and automate tedious assay steps. An important aspect of
our microfluidics approach is the application of constant
fluid flow of 1.5 μl min−1 during virus uptake, amplification
and release resulting in newly formed and active virions that
readily infect the downstream PG-4 target cell line,20 where
cell-surface detachment processes are readily investigated by
cell impedance sensing.21,22 Our “Sample In Result Out”
microfluidic infectivity assay reduces assay steps by (i)
performing dual cell culture handling in parallel, (ii)
eliminating supernatant collection and biased sample
transfer by manual pipetting, (iii) maintaining higher
numbers of replication competent virions and (iv) omitting
staining procedures and end-point detection by read-out
automation. Our automated microfluidic infectivity assay
therefore provides results within a fewer time window and
has the potential to reduce costs of QC measures based on
standard microtiter plate-based plaque assays when
integrated into existing biopharmaceutical work flows.

2. Materials and methods
Chip design and fabrication

The bottom of our lab-on-the-chip device consisted of a (30 ×
30) mm2 borosilicate glass substrate (Schott Borofloat®
D263Teco) containing interdigitated electrode structures
(μIDES), 200 fingers with electrode finger width as well as a
gap distance of 5 μm (1 : 1 ratio) and an IDES area of 2 mm2

(see ESI† Fig. S1). The fluidic layer consists of
polydimethylsiloxane (Sylgard 184) consisting of 100 μm high
and wide channels that connect both cell culture chambers.
The culture chambers were 20 mm long and 5 mm wide
featuring a cell culture area of 95 mm2 for each chamber.
The microfluidic PDMS is layered between the bottom glass
substrate containing the microelectrode arrays and a top
object glass (VWR international) substrate containing 1 mm
in diameter access holes to connect to external tubing. Final
assembly of the two glass and PDMS layers were performed
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by thoroughly cleaning each single substrate followed by
plasma activation and bonding.

Bioimpedance spectroscopy

The dual-cell chip was placed onto an aluminium holder and
heated to 37 °C, while contact pads located at the sensor
substrate were connected via spring-laded pins and insulated
wires to a VMP3 multi-channel potentiostat (BioLogic).
Impedance spectra ranging from 400 Hz to 400 kHz were
continuously recorded every 5 min (V peak to peak 140 mV)
over a period of 3 to 5 days. For data analysis EC Lab
software, Graph Prism 7.0a and OriginPro 8.5 and
FlowJo10.3; Dean–Jett–Fox analysis was used. Impedance data
were normalized according to ((IZI total column – IZI
medium)/(IZI peak – IZI medium)).

Cell culture handling

The cat brain Moloney sarcoma virus – transformed PG-4 cell
line (European Collection of Cell Cultures, 94102703) and the
normal mouse tail fibroblast M. dunni (Clone III8C) cell line
(European Collection of Cell Culture, 94101211) were
cultured at 37 °C in 5% CO2 humidified atmosphere

(incubator; HeraCell). Cell expansion took place in 25 cm2

cell culture flaks (PAA Laboratories), where after reaching 70
to 80% confluence both cell lines were split at a ratio of 1 : 6
using 0.25% trypsin–EDTA (trypsin–
ethylenediaminetetraacetic acid, fisher scientific) at 37 °C for
3 min for enzymatic cell detachment. The culture medium,
McCoys (PAA Laboratories), was supplemented with 1%
stabile L-glutamine (PAA Laboratories) and 5% FCS (PAA
Laboratories) for the M. dunni cell line as well as 10% FCS for
die PG-4 cell line. For on-chip experiments cells were
transferred into a 6-well plate 24 h prior to their seeding into
the microfluidic device at a density of approximately 70% to
ensure comparability of the cellular state between
experiments. The final cell culture medium was prepared
with 10% FCS and complemented with 15 mM HEPES puffer
(PAA Laboratories) for on-chip experiments.

On-chip cultivation – extended infectivity protocol

The retrovirus x-MuLV (ATCC®Vr-1447™) strain pNFS Th-1
was obtained from ViruSure GmbH (AT) and stored at −80 °C
prior to usage. Prior to cell seeding, the microfluidic device
was rinsed for a minimum of 1 h with 70% ethanol followed

Fig. 1 A.) Schematic overview of the biological principles underlying the proposed extended infectivity assay. Left mouse silhouette indicates the
M. dunni amplification cell line, that allows for non-cytopathic virus propagation. Middle shows the lab-on-a-chip platform for simultaneous dual
cell cultures with embedded impedance sensors. Right cat silhouette indicates the PG-4 indicator cell line which upon superinfection with the
model virus shows cytopathic effects and cells detach from sensor surface. B.) Representative outline of the process steps involved in a standard
plaque assay protocol. C.) Rapid one step “sample in result out” microfluidic extended infectivity assay based on M. dunni cell-based x-MuLV virus
amplification and release followed by infection of target PG-4 cells and detection of cytopathic effects using embedded impedance sensors.
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by a second rinsing step with PBS supplemented with 1%
gentamycin for several hours to ensure sterility. This was
followed by flushing the biochip with cell culture medium
using a 10 mL gas-tight syringe at 15 μl min−1 using a
pressure driven syringe pump (Nemesis) for several hours.
Next, the flow was set to 1.5 μl min−1 and impedance baseline
signals were recorded as described above. M. dunni and PG-4
cells were individually seeded into each cell chamber to cover
40% (6.6 × 104 M. dunni cells) and 20% (1.32 × 105 PG-4 cells
per 195 μl volume) of the 95 mm2 cell culture area,
respectively. After 2 h of attachment time under static
conditions, the culture medium flow rate was set to 1.5 μl
min−1 and infection of the M. dunni cells with varying virus
titres was performed after 13.5 h using 1 mL plastic syringe.

Flow cytometry – Cell cycle analysis

M. dunni and PG-4 cells were seeded 24 h prior to the
experiment into 6-well plates at an approximate density of
70%. For the experiment itself, both cell types where seeded
into 12-well plates at a density of 20% complying to 1.05 ×
105 cell per well. Both cell types were cultured under non-
starvation, starvation and starvation-release conditions and
samples were taken after 24, 48 and 72 h after seeding. After
aspiration and rinsing with PBS, cells were detached using
300 μl of a trypsin–EDTA solution and 3 min of incubation at
37 °C. The cells were than resuspended in 1 mL culture
medium and centrifuged for 5 min at an acceleration force of
170 g. The supernatant was discarded, and the cell pellet was
resuspended in a 2% paraformaldehyde solution (PFA) for 10
min at room temperature. Samples were once more
centrifuged for 5 min at an acceleration force of 170 g, the
PFA solution was removed, the cells were resuspended in 1
mL blocking buffer (PBS + 0.2% BSA) and stored at 4 °C.
Prior to the FACS analysis, cells were stained using the DNA
binding dye DAPI. Cells were centrifuged for 5 min at 170 g
and cells were resuspended in staining solution comprised of
PBS with 0.2% BSA, 0.2% TritionX-100, 100 μg mL−1 RNAse
and 2 ng mL−1 DAPI dilution and kept for 20 min in the dark
before analysing via FACS.

qPCR – virus sample preparation

Starting after the cell seeding on-chip, at an initial density of
40% confluence, the supernatant of the cell culture was
periodically collected and stored at −80 °C. The cell culture
was inoculated with a virus titer of 7.7 × 103 PFU ml−1 12 h
following cell seeding and supernatants were collected after
6, 12, 24, 30, 36, 42, 48 and 60 h after virus inoculation. The
frozen samples were shipped to ViruSure Inc. for qPCR
analysis. RNA isolation and reverse transcription was
performed according to standard protocols. The qPCR
protocol was performed using the Applied Biosystems 7500
real-time PCR System with the following program. Reverse
transcription for 15 min at 48 °C, enzyme activation for 10
min at 95 °C followed by 40 cycles of a denaturation phase of

15 s at 95 °C and annealing/extension phase of 1 min at 60
°C.

Computational fluid dynamics – fluid modeling

The CFD simulation was performed by CFD Autodesk 2019.
The CAD model of the chip was created in Fusion 360
(Autodesk). The fluid was modeled as water at room
temperature. Furthermore, there was no heat exchange and
gravity simulated. The fluid inlets were modeled by a defined
1.5 μl min−1 of volume flow. The outlets were modeled as
openings with 0 pascal pressure (please see table). No further
initial conditions were added, and the net was generated
automatically by the software.

3. Results and discussion
3.1. Characterization of microfluidic device

Initial microdevice characterization was performed using
computational fluid dynamics (CFD) simulation and
fluorescent imaging of labelled nanoparticles (diameter of
100 nm) within the two-chamber lab-on-a-chip system to
analyse viral transport behaviour. Results shown in Fig. 2A
revealed identical measurement conditions for both cell
culture chambers, while nanoparticle movement from the
upstream-located virial amplification cell culture chamber to
the viral detection cell chamber required 20 min in the
presence of 1.5 μl min−1 fluid flow. Therefore, it takes approx.
10 min for the nanoparticles to pass over sensor region 1 and
2 within a single chamber (see Fig. 2B), thereby ensuring
sufficient time for virus to cell interactions.

Next, biosensor sensitivity, cell adhesion and growth curve
dynamics of M. dunni and PG4 cell lines was assessed using
the on-chip electrochemical impedance measurements. Since
sensitivity of an cell-based impedance assays is influenced by
sensor geometry, frequency analyses for both cell types were
conducted.23,24 Fig. 3A shows impedance spectra of confluent
cell monolayers of M. dunni and PG-4 using the 5 × 5 μm
gap-to-finger geometry. To verify that no significant signal
maxima shifts are present due to cell line differences,
frequency analyses were performed using infected M. dunni
and PG-4 cells. Results shown in ESI† Fig. S2 point at similar
frequency dependent sensor sensitivities of M. dunni (n = 11)
and PG-4 (n = 10) cultures, which were infected by increasing
titres of the x-MuLV prior measurements.

Interestingly the lower impedance signal change-fold
observed with infected PG-4 cells (indicator cell line) already
indicates the occurrence of cytopathic effects of the retrovirus
resulting in cell detachment and cell lyses. In a next set of
experiments, cell attachment, spreading and proliferation of
M. dunni cells (amplification cell line) were investigated to
characterize on-chip growth behaviour of healthy cells. It is
important to note that M. dunni cells need to be seeded at a
low surface coverage of max. 40% to allow cells to proliferate
and thereby undergo all cell cycle phases (G1, S, G2 and M).
This is crucial to ensure effective integration and
amplification of the retroviral genome into the proliferating
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M. dunni cell line. Impedance-time traces shown in Fig. 3B
reveal a rapid signal increase within the first 4 h (e.g. cell

attachment) after cell seeding followed by a slow signal
decrease (e.g. cell spreading) of (1.55 ± 0.77) Ohm h−1 (n = 12)
for 25 h resulting in stable impedance signals between 40 to
45 h, which indicates the establishment of fully covered
sensor surfaces and stable cell layers up to 100 h of
cultivation duration. ESI† Fig. S3A depicts the representative
change in sensor coverage during impedance sensing of M.
dunni cells over the whole culture period. Similarly, the
establishment and stability of PG-4 indicator cell line over a
period 100 h cultivation inside the microfluidic biochip was
confirmed using the embedded impedance sensors. Fig. 3C
shows a steady signal increase of in average (1.04 ± 0.62)
Ohm h−1 (n = 9) over the first 65 h after which a plateau is
reached that indicates sensor coverage by PG-cells (ESI† Fig.
S3B). The fact that the chip-based PG-4 cell culture reaches
confluency approximately a day later than M. dunni cells is
ideally suited to perform dual cell cultivations in parallel to
the infectivity assay, thus eliminating multiple cell-loading
steps at different time points. It is of importance that the
cell-based virus-amplification carried out by M. dunni cells
takes place prior to reaching a confluent PG-4 monolayer to
ensure effective integration of the retroviral genome and
manifestation of its cytopathic effects.

3.2. Cell-based virus amplification and infection efficiency

A key aspect of any viral infectivity assay is the successful
integration of retroviral DNA into the host genome, which
takes place during cell mitosis in particular during the
nuclear membrane breakdown. The production of x-MuLV
viral progeny usually begins within 18 h to 24 h after
infection (see also ESI† Fig. S4), which makes a time-oriented
infection protocol an important issue in optimizing the on-
chip co-cultivation protocol. Since mammalian cell mitosis

Fig. 2 A.) Distribution and shear stress analysis by CFD simulation of the two-chamber lab-on-a-chip system. Flow velocity in both culture
chambers show similar profiles with a higher shear stress levels in the area of ports and connectors while a fluid flow of 1.5 μl min−1 was applied.
B.) Tracing of fluorescence labelled nanoparticle with a diameter of 100 nm over the area of (upstream) region 1 to region 2 (downstream) within a
single cell culture chamber. Nanoparticle remain approximately 20 min within one culture chamber before passing over to the second chamber.

Fig. 3 Sensor sensitivity, cell adhesion and growth curve dynamics of
the integrated impedance sensors: A) analysis of frequency dependent
sensor sensitivity of PG-4 (n = 9) and M. dunni (n = 12) control
cultures. B and C), Growth curve dynamics of M. dunni (n = 4) and PG-
4 (n = 11) control culture over the time course of 100 h.
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last only for about 2 h, cell cycle synchronization of the entire
cell culture may improve infection rates by increasing the
number of cells present in the G2/M phase at the time of
infection. To assess the impact of a 48 h pre-starvation period
as a simple drug-free means to induce cell cycle arrest, on-
chip cell culture phase synchronisation was analyzed using
time-resolved FACS analyses. Fig. 4 shows cell cycle
distributions over time in the absence and presence of
starvation as well as “release of starvation” using both M.
dunni and PG-4 cells. In the absence of cell starvation, M.
dunni cell cycle distribution over a 72 h period grown in full
media revealed that a majority of cells (>60%) within the cell
population resides in the G1 phase, while a significant
increase in G2/M phase occurred only after 13–17 h and 26 h,

respectively (see Fig. 4A). This phenomenon can most likely
be attributed to cells re-entering a proliferative state after a
delay in cell cycle progression due to initial attachment and
spreading events within the first 10 h. As a result, an increase
of cells in G2/M phase up to 33% of the total cell population
13 h after cell seeding is repeatedly obtained. Interestingly,
G2/M phase population remained stable over the next 17 h of
cultivation, indicating that under regular growth conditions,
virus addition is optimally performed at about 13 h of M.
dunni on-chip cultivation. A direct comparison of cell cycle
distribution using complete growth medium, serum depleted
medium and release out of a 48 h starvation period is shown
in Fig. 4B. Interestingly neither starvation using serum free
medium nor release out of starvation after a 48 h pre-
starvation period increased the amount of cells residing in
the G2/M phase, which is reflected also by an average cell
doubling time of 14.7 to 16.7 h of M. dunni cells. Since cell
cycle synchronization did not yield any advantage over our
regular cell culture protocol, virus addition was set at 13.5 h
post cell ceding to ensure efficient integration of host cell
genome in all subsequent on-chip experiments. These
findings are further supported by time-resolved qPCR
analyses, where the release of newly formed virions by M.
dunni cells 12 h after infection with a x-MuLV titer of 7.7 ×
103 PFU ml−1 was quantified. Results shown in ESI† Fig. S3
confirm constant virus propagation over time exhibiting a
linear increase over 66 h in culture. Additional FACS results
shown in Fig. 4C highlight that PG-4 cells are ideally suited
to serve as indicator cell line for x-MuLV infection studies,
since over 50% of the cell culture displays a G2/M phase at
any given timepoint. In order words, PG-4 cells can be readily
infected by freshly produced virus particles over the entire
analysis period of our on-chip infectivity assay.

3.3. Application of the microfluidic sensor-integrated system
as extended infectivity assay

Prior to the application of the extended infectivity assay,
impedance signals in the presence of infected M. dunni cell
cultures were investigated to determine possible viral
induced side effects such as loss of sensor signals as a result
of cell detachment processes. Fig. 5A shows impedance time-
traces of healthy and M. dunni cells inoculated with a virus
titer of 7.7 × 103 PFU ml−1, translating to 1.5 × 103 PFU per
culture chamber. Although signal differences were observed
for the first 4 h of cultivation, stable impedance-time traces
are obtained for healthy and infected M. dunni cells for the
remaining 96 h of on-chip cultivation. Interestingly, obtained
impedance signals are in average by 2-fold higher in the
presence of infected cells that constantly release newly
formed virions as seen in Fig. 5B. However, regardless of
infection status impedance signals reached a plateau already
after 30 h in on-chip cultures (see Fig. 5A). Moreover, a
successful infection of M. dunni cells, the amplification cell
line, can also be recognized by an increase of impedance
values.

Fig. 4 Drug-free and starvation-induced cell cycle synchronisation
analysis using FACS: A) M. dunni cells cultured in complete growth
medium. B) Comparison of cell cycle populations of M. dunni cultures
13 h after cell seeding of cultures in complete growth medium as well
as cultures starved by serum depletion and cultures 12 h after release
from a 48 h starvation period. C) PG-4 cell cultures in complete
growth medium.
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When finally coupling M. dunni cell cultures to the PG-4
indicator cell line similar growth dynamics (data not shown)
are observed, indicating that reproducible co-culturing in
parallel is feasible in the current microfluidic dual-cell chip
system. To rule out any influence of the M. dunni culture
upstream of the PG-4 reporter cell line, impedance curves of
PG-4 in co-culture with M. dunni cells from the extended
infectivity assay was compared with PG-4 monocultures (n = 11)
with no discernable difference observable (see ESI† Fig. S7). In
a next set of experiments, the ability of the microfluidic
extended infectivity assay to rapidly detect cytopathic effects
induced by virions in PG-4 indicator cells that were produced
by the upstream located M. dunni cells is evaluated. Following
individual loading of each cell culture compartments (e.g. 40%
M. dunni and 20% PG-4) intended to prevent cell cross
contaminations, the cell cultivation chambers were manually
connected and a flow rate of 1.5 μl min−1 was adjusted, and
impedance measurements were conducted over the entire assay
period of 100 h. As shown in Fig. 6A the microfluidic extended
infectivity assay containing embedded electrical microsensors
already detected the onset of virus-induced cytopathic effects
such as cell rounding and detachment of PG-4 cells after only
60 h (<3 days) in cultivation resulting in impedance decrease.
Here, M. dunni cells were infected with x-MuLV at a
concentration 2.2 × 105 PFU per culture chamber, which was
more than sufficient to induce cell-based virus amplification
and release. Final performance evaluation involved the
effectiveness of the extended infectivity protocol using our dual
cell chip set up over a single cell culture system. Results in
Fig. 6b show obtained signal fold changes between 60 to 100 h
of assay time. The 2.45 ± 0.69-fold signal decrease using the
extended infectivity assay strongly points at increased PG-4 cell
rounding, detachment and death rates following infection with
newly formed virions by M. dunni cells. Interestingly, in the
absence of M. dunni cell where PG-4 cells were directly infected

with viral stock solutions at seeding (t = 0) or 13.5 h after seeding
a significant difference were observed, thus highlighting the
amplification effect of using a dual cell culture set up.

Impedance-time traces (grey line) in control experiments
showed typical growth curves and stable cell monolayer
integrity of healthy PG-4 cells exhibiting a steady signal
increase over time. Importantly, ESI† Fig. S5A shows best

Fig. 5 A) Comparison of M. dunni impedance time traces of single versus dual cell cultures. While the grey (n = 3) trace show M. dunni control
cultures the black (n = 5) one show M. dunni coupled to PG-4 cultures which were additionally infected at a titer of 2.2 × 105 PFU ml−1. B) Absolute
impedance changes (Ohm) over the culture period of 90 h.

Fig. 6 A) Impedance time trace of PG-4 cell cultures infected with 2.2
× 105 PFU ml−1 using the extended infectivity assay protocol (black, n =
2) in comparison to untreated control (grey, n = 1). B) Comparison of
fold changes in impedance signal to control using different infection
protocols. A −2.45 ± 0.69 fold change in impedance signals was
observed after 100 h of assay time in the presence of the extended
infectivity assay protocol. Also, significant differences to directly
infected PG-4 cultures without in-line amplification through
connected M. dunni cultures was evident (2-way ANOVA, Turkey's
multiple comparison test, p = 0.0001 (***), p < 0.0001 (****)).
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performance were obtained using the single-step co-culture
system, further highlighting the importance of a timed assay
protocol. In turn, ESI† Fig. S5B shows impedance-time traces
of directly infected PG-4 cells using a 2.2 × 105 PFU ml−1 viral
titer added after cell seeding and 13.5 h of culture,
respectively. Results of this timed infection study revealed
that cytopathic effects in PG-4 cell can be readily detected
using impedance measurements, however obtained average
signal decreases of 30% between 60 h to 70 h is less
dominant than seen using a cell-based virus amplification
strategy. This demonstrates that in the presence of similar
viral titers, the directly produced and newly formed viruses in
our co-culture system are highly potent, active and infectious.
In a final control experiment, the microfluidic extended
infectivity assay was exposed to heat inactivated x-MuLV titers
to confirm that only replication-competent virus particles are
detected in the dual-cell chip system. Impedance-time trace
seen in ESI† Fig. S6 also shows a steady impedance signal
increase reaching a plateau after 70 h, thus pointing at
normal growth characteristics for the first three days followed
by a rapid loss of impedance as a result of cytopathic events.
The brief signal recovery at 80 h can be linked to fluid flow
disruption during changing of the media supply syringe at
the external pumping station. In summary, our results clearly
demonstrate the potential benefits of downscaling,
miniaturizing and integrating cell culture systems, since our
microfluidic extended infectivity assay coupled with
impedance sensors is able to provide results in less than 4
days instead of over one to two weeks required when using
the standard plaque assay protocol.

4. Conclusion

The main principle of our microfluidic extended infectivity
assay is based on the on-chip combination of cell-based viral
amplification using M. dunni cells and detection of cytopathic
effects of newly formed and highly active virions in target PG-
4 cells using embedded impedance sensors. Only the
application of an advanced microfluidic cell-based assays will
eliminate multiple sequential cell culture handling steps and
staining procedures needed for microscopic readouts. While
simultaneous co-cultivation of both cell lines in a common
lab-on-a-chip systems eliminates numerous and tedious cell
culture handling steps, the inherent sensitivity of the
bioimpedance sensors allows the time-resolved assessment of
cytopathic effects such cell rounding and detachment events
as of infected PG-4 cells. We have shown that time-to-result
in viral clearance studies can be significantly reduced from
over a week down to 4 days, using a simple cell culture and
infection protocol. Another benefit of using a dynamic cell
assay protocol is that new formed virions are actively
transported to the indicator cell line, thus ensuring constant
and effective virus – cell interactions.

Despite the advantages of using an improved microfluidic
dual cell culture system over standard plaque assays, some
limitations still remain and are associated with its industrial

integration. Key for a successful implementation for viral
clearance studies is concerned with assay parallelization and
increased throughput. In particular additional automation to
generate virus titrations, perform sample and cell loading
procedures as well as dose–response analysis routines still
need to be integrated to ensure reliable adaptation into
pharmaceutical safety evaluations and quality control
measures. However, automation and parallelization can also
be accomplished by increasing the numbers of cultivation
chambers and integrating additional microfluidics
components such concentration gradients and mixers. Also,
replacement of the active flow control using external syringe
pumps with passive flow strategies (e.g. refilling of reservoirs)
may allow the application of robotic pipetting stations
leading to improved sample throughput, thus presenting a
real alternative to plague assays.

In summary, the developed microfluidic extended
infectivity assay has shown to provide reliable results even
when using low to medium viral titers. However, it is not
entirely clear whether ultralow concentrations of replication-
competent particles present in a final pharmaceutical
product can be detected within a limited assay time of 4 days.
A comparative analysis within an industrial QM setting is still
needed to fully evaluate the potential of our microfluidic
extended infectivity assay for viral safety evaluation in
pharmaceutical production. Since a direct performance
evaluation and benchmarking against standard plaque assays
also requires a significant adaptation in biochip layout to
deal with the increased sample volume, it is, however,
beyond the current study and subject to future development.
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