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A B S T R A C T

The transwell assay is currently the most popular approach to studying cellular invasion due to its ease of use
and readout, and the possibility for quantitative measurements. However, it only allows end-point measurements
without the possibility for real-time tracking of the dynamics of cell movement during an invasion. Moreover, it
requires cell labeling, and construction of customized devices is hampered by the commercial standard mem-
brane inserts, only available in certain designs. Recently, paper has been used as a scaffold for three-dimensional
(3D) cell cultures. Because of its microfibrous structure and easy handling, it could be a versatile alternative as a
membrane insert in customized devices. Here, we develop a low-cost real-time invasion assay device using paper
as an alternative membrane insert. The device was designed for two-electrode impedance measurements and
fabricated using CNC micromilling. It also comprised a disposable low-cost stencil-printed working electrode on
a poly(methyl methacrylate) substrate below the membrane and glassy carbon counter electrode above the
membrane inserted in a specially designed lid. Thus, the impedance measurements during cell invasion ad-
dressed the entire membrane. We demonstrated the function of the device by monitoring the invasion of B16
melanoma 4A5 cells from a mouse using insulin growth factor-1 as the chemoattractant. The cell invasion on
paper was visualized using scanning electron microscopy and confocal microscopy with Z-stack 3D imaging.
Melanoma cell invasion could be observed within 7 h after the chemoattractant treatment, which was faster than
the conventional assay and less likely to be influenced by cell proliferation.

1. Introduction

Understanding the cancer metastatic mechanism is crucial for the
development of targeted therapies [1]. To study the cancer invasion
mechanism responding to different chemokines, the transwell assay is
the most common method used nowadays due to its scalability and
simple end-point readout [2]. However, the transwell assay is still
based on the 2D formation of cells, which fails to recapitulate the
natural behavior of cells in vivo [3]. Besides, the experimental setup
relies on the use of a commercial membrane insert, which was available
in certain sizes and designs. These limit access to the membrane insert

and the ability to perform 3D invasion assay in customized devices.
Recently, 3D cell culture has gained traction in the development of
invasion assays due to its ability to mimic the in vivo metastatic con-
ditions [4]. Various researchers have developed spheroid-based inva-
sion assays. However, those methods are time-consuming, costly, and
labor-intensive due to the step of spheroid formation before the treat-
ment of chemoattractants and the end-point evaluation of invasive cells
[5,6]. Therefore, alternative materials are required to increase the
flexibility to perform 3D invasion assays.

Because of its microfibrous structure, paper can support cells in a 3D
environment [7–9]. Furthermore, paper is biocompatible and easy to
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use for device assembly. For these reasons, paper has been employed as
a cell culture substrate in various applications, such as drug discovery
[10], disease modeling [8,9,11–15], and cell cryopreservation [16,17].
The cell culture zone can be easily patterned using wax printing and
sterilized by UV before cell seeding. Mosadegh et al. demonstrated a
paper-based invasion assay by constructing a device containing mul-
tiple layers of paper. Fluorescently labeled cells were then encapsulated
in a gel and placed in the middle of the stacked multilayer [18].
However, this approach requires a paper destacking step to analyze the
invading cells in each layer. Paper-based 3D cell culture devices have
also been coupled with electrochemical measurements. Lei et al. de-
monstrated paper-based 3D cell culture for quantifying cell prolifera-
tion using Electrochemical Impedance Spectroscopy (EIS) [19,20],
which shows the potential of paper as an alternative scaffold for 3D cell
cultures in combination with electrochemical techniques.

EIS has been widely used for label-free real-time cellular studies
[21]. When cells are seeded on an electrode surface, adherent cells act
as insulators, which impedes the passage of alternating current. An
increasing number of cells on an electrode surface results in a corre-
sponding increasing impedance. This principle has been used to de-
velop different real-time migration and invasion assay devices. For
example, the commercial xCELLigence system was used for invasion
study. For instance, the invasion of melanoma and colorectal cancer
cells under the treatment of conditioned medium from adipocytes. The
cell culture wells were separated into two compartments by a porous
membrane. Before performing the invasion assay, the membrane was
coated with Matrigel followed by addition of the conditioned medium
in the lower compartment. The dynamics of cancer invasion was then
studied over time using impedance measurements without the need for
cell labeling [22]. Other than the commercial devices, researchers have
miniaturized the invasion assay using a microfluidic setup. The mi-
crofluidic system provides a convenient invasion platform as well as a
reliable quantitative measurement of invasive cells [23–25]. For in-
stance, Toh et al. have developed a polydimethylsiloxane (PDMS)-made
microfluidic device. The device consists of three perfusion channels,
which allow medium, cells, and chemoattractant loading. Perfusion of
the medium, the microenvironment within the device, and the 3D cell
formation could mimic the invasive mechanism close to the in vivo
environment [26]. EIS was used in a simple invasion assay by

integrating the electrodes in a transwell-inspired device [27]. The assay
was performed by placing chemoattractant under the membrane insert
and cellular invasion was followed in real time by an increasing im-
pedance due to the movement of cells.

To provide a more accessible real-time invasion assay based on the
3D formation of cells, we developed an invasion assay device using easy
fabrication processes. Owing to the developed wax printing [28] and
stencil-printing technique [29], we could fabricate paper-based cell
culture and working electrode (WE) conveniently using general la-
boratory instruments. CNC micromilling was applied for the fabrication
of culture chambers and lid. To monitor the invasion of cells through
the pores of the paper, counter electrode (CE) and WE were placed
above and below the paper, respectively, without any contacts. Paper
was coated with Matrigel before seeding cells on top and introducing
the chemoattractant below. The device functioned as a sterile closed
system using the CE built-in lid. The device was then applied for the
invasion study of B16 melanoma 4A5 cells under the treatment of in-
sulin growth factor-1 (IGF-1). Cell invasion was monitored based on the
blockage of the current flow caused by invasive cells in the paper pores.
This resulted in an increased impedance magnitude. Melanoma inva-
sion was confirmed using scanning electron microscopy (SEM) and
confocal 3D Z-stack imaging and compared with a conventional trans-
well assay. As a result of the paper-based scaffold, the invasion of cells
could be studied based on the 3D formation of cells.

2. Materials and methods

2.1. Cells and reagents

B16 melanoma 4A5 cells from mouse, Dulbecco's Modified Eagle's
medium (DMEM), fetal bovine serum (FBS), 100× penicillin/strepto-
mycin, 0.25% trypsin-EDTA solution, Insulin growth factor-1 (IGF-1),
potassium hexacyanoferrate(II/III), and Phosphate Buffered Saline
(PBS) were purchased from Sigma-Aldrich Corporation (Merck KGaA,
St. Louis, MO, USA). Calcein-AM was purchased from Invitrogen.
Propidium iodide (PI) was purchased from BioLegend. Matrigel was
purchased from Corning (Corning Incorporated, NY, USA). Sodium
hydroxide (NaOH) was purchased from Merck Millipore (Darmstadt,
Germany).

Fig. 1. a) An image of the fabricated invasion assay device, b) Schematic diagram representing the layers of the fabricated invasion assay device (left) and the
assembled device (right), and c) Experimental setup of the real-time invasion assay device for B16 melanoma 4A5 cells under IGF-1 treatment.

N. Pupinyo, et al. Sensing and Bio-Sensing Research 29 (2020) 100354

2



2.2. Paper preparation for use as a membrane insert

Patterning of Whatman cellulose filter paper No. 1 and No. 4
(Sigma-Aldrich) was designed using Photoshop CS4 software. The paper
insert was 40 × 40 mm2 and consisted of one 10 mm wide circular cell
culture zone in the center (Fig. 1). A Xerox ColorQube 8870 printer was
used to print wax patterns on one side of the filter papers. The wax-
patterned paper inserts were baked on a hot plate at 150 °C for 2 min to
allow the wax to melt and penetrate through the thickness of the paper.
After cooling, the wax solidified in the paper forming a hydrophobic
barrier [28].

2.3. Device fabrication

The invasion assay device consisted of four layers (a schematic view
of the details is shown in Fig. 1b): (1) a stencil-printed carbon WE on
poly(methyl methacrylate) (PMMA) substrate, (2) a PMMA spacer be-
tween the electrodes, (3) a wax-printed paper insert as a culture sub-
strate for melanoma cells, and (4) a PMMA cell culture vial. The PMMA
sheet for electrode printing had dimensions of 100 × 100 mm2 and
thickness of 1.5 mm. The other layers had dimensions of 40 × 40 mm2.

The cell culture vial was covered with a plastic lid made of PMMA,
specially designed to enable the insertion of a glassy carbon (GC) rod (Ø
5 mm) from Alfa Aesar (Lancashire, UK) to be used as a CE. A wire as an
electrical connection to the CE was attached using Epotek H20E con-
ductive silver-filled epoxy glue (Epoxy Technology, Inc., Billerica, MA,
USA) followed by baking at ca 70 °C for at least 2 h.

The cell culture vial, spacer between the WE and paper insert, and
plastic lid were designed using Autodesk Inventor Professional 2019.
The designs were then converted to G-code using CimatronE 12.0
software and fabricated using a CNC micromilling machine. The cell
culture vial had a total volume of 628 μl and was designed as an 8 mm
high cylinder with an inner diameter of 10 mm (the outer diameter was
30 mm). The PMMA spacer between the WE and the paper insert had a
central hole of 10 mm in diameter and thickness of 1.5 mm to form a
chemoattractant-containing lower chamber, into which melanoma cells
could invade through the paper. The spacer also had two 1 mm wide
micromilled channels (one channel on each side of the spacer) leading
to the central hole. The channel on the upper side was interfaced to
800 μm Teflon tubing (inner diameter 300 μm) to release the liquid
tension within the spacer chamber. The channel on the lower side was
interfaced with a sterile hypodermic syringe needle for medium or

Fig. 2. a) Nyquist plots acquired at different distances between the CE and the WE: 2.5 (■ black), 3.5 (● red), 4.5 (▲ blue), and 5.5 (▼ green) mm and b) their
average Rct when characterized in different device assemblies, c) Nyquist plots acquired for the invasion assay device without paper (■ black) insert as well as with
paper insert: Whatman No. 4 (▲ red), Whatman No. 1 (◆ blue), Matrigel-coated Whatman No. 1 (▼ green), and Matrigel-coated Whatman No. 4 (★ magenta), and
d) their average Rct when characterized in different device assemblies. The solid lines represent curve fitting to the equivalent circuit in the inset. Data in the bar
graph are presented as the mean ± SD (n= 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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chemoattractant loading. Both the syringe needle (Ø 0.8 mm) and the
Teflon tubing were attached to the spacer channels using Sylgard 184
PDMS at 1:10 ratio of the curing agent:silicone elastomer base.

SWT 20 + R semiconductor wafer processing tape (75 μm thick-
ness) from Nitto Belgium NV was used to create a stencil for printing
the carbon WE on the PMMA substrate. The printed carbon structure
(designed using CorelDRAW X8) comprised a circular WE (Ø 10 mm)
and a 43 × 4 mm2 rectangular part that served as a lead and contact
pad. After attaching the tape to the PMMA substrate, the shape of the
structure to be printed was cut using an Epilog Mini 18 CO2 laser cutter
with 100% speed, 15% power, and frequency of 2500 Hz (Epilog Laser,
Golden, CO, USA). The used laser parameters allowed cutting of the
tape without affecting the PMMA substrate. Subsequently, the laser-cut
tape was peeled off in the area where the carbon electrode structure
was to be formed followed by spreading of the carbon sensor paste
without the use of mesh screen (Code no. C2030519P4, SunChemical).
The carbon sensor paste was spread using a PDMS squeegee. The stencil
was peeled off either immediately after spreading of the carbon paste or
after a 24 h precuring period. The carbon paste was cured at room
temperature (RT) for 72 h before assembling the device. Optimization
of the stencil-printing process can be found in the supplementary in-
formation (Fig. S-1). For the electrical connection of the WE, a wire was
attached to the contact pad of the electrode using Epotek H20E. The
components of the device were assembled using double-sided silicone
adhesive tape (INT TA106 from Intertronics, Oxfordshire, UK) that was
laser cut (15% power, 100% speed, and frequency of 2500 Hz) ac-
cording to the dimensions of the device. A schematic view of the as-
sembly is shown in Fig. 1.

2.4. EIS characterization of the device

EIS measurements were used to characterize the different steps in
device construction: Optimization of the (1) stencil printing of carbon

WEs, (2) distance between the WE and GC CE, (3) choice of paper for
the insert (Whatman filter papers No. 1 and No. 4 from GE Healthcare),
and (4) effect of Matrigel coating (from a 500 μg/ml solution in sterile
0.7% NaCl for 2 h at 37 °C) of the paper insert. The measurements were
performed in PBS containing 10 mM potassium hexacyanoferrate(II/III)
using a PalmSens4 potentiostat (PalmSens BV, Houten, The
Netherlands). Impedance spectra were acquired by applying a 10 mVrms
sinusoidal potential over a frequency range of 100 Hz to 1 MHz (10
points per decade). Initially, for characterizing the performance of the
stencil-printed WEs, a gold-coated silicon plate (10 × 25 mm2) was
used as the CE. During characterization of the paper inserts (before and
after Matrigel coating) in an assembled device, 450 μl and 150 μl of the
potassium hexacyanoferrate(II/III) solution was introduced in the
upper and lower compartments, respectively.

2.5. Cell culturing

B16 melanoma 4A5 cells were cultured in standard T75 cm2 flasks
using DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/
ml penicillin/streptomycin. Cell cultures were maintained at 37 °C in a
humidified incubator with 5% CO2. Before seeding cells on the paper,
cell suspensions were prepared by standard trypsinization using a
0.25% trypsin-EDTA solution. Cells were centrifuged at 200g (25 °C) for
5 min. The cell number was determined using a NucleoCounter NC-200.
The desired cell densities were prepared by diluting the initial cell
suspension with the culture medium.

2.6. Device preparation and invasion assay

After fabrication of the device components, the stencil-printed WE,
spacer, and cell culture vial were sterilized by soaking in 500 mM NaOH
for 15 min followed by rinsing twice in PBS and water. The sterilized
components were air-dried before assembly. The wax-printed paper was

Fig. 3. Viability assessment of B16 melanoma 4A5 cells on a paper insert in the assembled device: Confocal microscopy images of LIVE/DEAD stained cells after a) 4,
b) 8, c) 12, d) 24, and e) 48 h (green – calcein-AM; red – propidium iodide; scale bars: 50 μm). f) % Cell viability. Data are presented as the mean ± SD (n= 3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sterilized under UV for 15 min on each side. All the preparation steps
and the device assembly (see Section 2.3) were done on a laminar flow
bench. Before cell seeding, the paper insert was coated with Matrigel
(see Section 2.4). 450 μl of cell suspension in DMEM without FBS was
placed in the cell culture vial (upper compartment). 150 μl of DMEM
without FBS was injected into the lower compartment. The device was
closed with the lid having the inserted GC CE. Cells were stabilized by
incubating at 37 °C in a humidified incubator with 5% CO2 atmosphere
for 24 h. After that, the medium in the lower compartment was replaced
by 150 μl of culture medium containing either IGF-1 (100 ng/ml)
without FBS or only FBS. The device was kept at 37 °C in a humidified
incubator with 5% CO2 atmosphere throughout the experiment. EIS
measurements (PalmSens4 potentiostat) were performed using the
same parameters as described in Section 2.4. Cellular invasion through
the paper was tracked by acquiring an impedance spectrum every 1 h
for 47 h in total (Fig. 1c).

2.7. Impedance data analysis

To monitor the invasion of cells through the thickness of paper over
time, the change in the impedance magnitude was converted into cell
index (CI) using Eq. (1) [30],

= = …Cell index (CI) max |Z(t, f )|–|Z(0, f )|
|Z(0, f )|

,i 1,2, , N
i i

i (1)

where |Z(t, fi)| is the impedance magnitude at a specific frequency and
time point and |Z(0, fi)| is the impedance magnitude at the same fre-
quency at the time immediately after cell seeding. To determine the
frequency at which the maximum value of CI was obtained, impedance
spectra were acquired at different time points and the relationship
between normalized impedance magnitude (Eq. 2) and log frequency
was studied.

=Normalized impedance magnitude |Z(t, f )|
|Z(0, f )|

i

i (2)

2.8. Cell viability assay on the paper insert

After the device was assembled, 800,000 B16 melanoma 4A5 cells
in 450 μl culture medium were seeded on Matrigel-coated paper insert
in the upper compartment and cultured as described above. The
medium was changed every 24 h. After 4, 8, 12, 24, and 48 h of in-
cubation, a solution containing calcein-AM and PI (both at 4 μg/ml in
PBS) was added to the upper compartment and kept for 20 min at 37 °C
in the incubator. The paper with the stained cells was then removed
from the device with a scalpel and washed with PBS twice before
imaging with a Zeiss LSM 700 confocal microscope. Fluorescent images
were captured in five fields and the intensity of calcein-AM and PI in
each image was analyzed using ImageJ software. The average intensity
of calcein-AM and PI of the five captured images was calculated and
converted to the percentage of cell viability using the ratio of live cells
to the total number of cells.

3. Results and discussion

3.1. Choice of the counter electrode and its placement in the device

In two-electrode applications of EIS, the area of a CE is con-
ventionally larger than that of the WE to ensure that the primary
contribution to the measured impedance is due to the WE [31].
Moreover, in conventional applications, the placement of the WE and
CE would also have a higher degree of freedom. For the application and
device we present here, the main criterion for choosing a CE was to
ensure that the impedance measurements through a membrane would
effectively map changes in the entire membrane area caused by cell
migration. Hence, the CE area should be rather similar to that of the
stencil-printed WE and the center of the CE should be aligned with that
of the WE [32]. Although the gold-coated silicon plate (10 × 25 mm2)
CE was sufficient for the preliminary electrode characterization, it
could not meet the above-mentioned requirements. A GC rod (Ø 5 mm)
was considered sufficient and could be easily placed concentrically with
the stencil-printed WE, meeting the above-mentioned requirements.

The PMMA lid of the device was designed to facilitate placement of
the GC rod in the center of the device and easy attachment using nylon
screws inserted from the left and right side of the GC rod (Fig. S-2),
which also allowed fast adjustment of the distance between the CE and
WE. To evaluate the influence of the distance on impedance measure-
ments, the GC rod was adjusted at distances of 2.5, 3.5, 4.5, and 5.5 mm
from the WE. Fig. 2a and b shows Nyquist plots that indicate how Rct
increased with distance. 2.5 mm was the shortest feasible distance to
have sufficient space for the paper insert. Because the PMMA spacer is
1.5 mm thick, this distance ensures that the tip of the CE was ap-
proximately 1 mm from the surface of the paper insert. Therefore, we

Fig. 4. Impedance characteristics of the invasion assay device in the presence of
B16 melanoma 4A5 cells: a) the relationship between normalized impedance
magnitude (|Z|Norm) and log frequency after 3 (▪ black), 6 (● red), 9 (▴blue),
and 12 (▾green) hours of incubation, showing the maximum at 100 kHz for
each time point, and b) the impedance magnitude at 100 kHz (|Z|100kHz) over
time after seeding 25,000 (▪ black), 50,000 (● red), 500,000 (▴blue), and
1,000,000 (▾green) cells/cm2. Data are presented as the mean ± SD (n = 3).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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chose to fix the GC rod at a distance of 2.5 mm from the WE.

3.2. Choice of paper for the membrane insert

To choose the optimal paper for the membrane insert, Whatman
filter paper was considered due to its a) cellulose component, which
easily allows wax printing; b) ability to support 3D cell culture [7]; c)
the purity of the paper (Whatman No. 1 and No. 4 contain ≤0.06%
ash); and d) stability during long-term soaking in culture medium for up
to 120 h [7]. We tested Whatman No. 1 and Whatman No. 4 filter pa-
pers due to their pore sizes (11 μm and 20–25 μm, respectively), which
would match the size of melanoma cells (~10 μm), making cell pene-
tration possible.

After device assembly, impedance measurements were performed
with and without a paper insert. The results showed that upon the in-
sertion of paper, the average Rct was higher than without paper insert
due to the obstruction of the current flow by the paper. Moreover, when
using Whatman No. 4 as the insert, the average Rct was lower than was
obtained for Whatman No. 1 insert. This can be attributed to the larger
pore size of Whatman No. 4, which impeded the current flow less than
Whatman No. 1. Subsequently, we evaluated the influence of Matrigel
coating on the two paper inserts. The results showed that the presence

of Matrigel acted as an additional insulator, increasing the Rct in
comparison with the values obtained for naked paper inserts.
Furthermore, we observed that the average Rct for Matrigel-coated
Whatman No. 4 was higher than that for Whatman No. 1 (Fig. 2c and
d). This behavior may be explained based on the larger porosity of
Whatman No. 4 paper, which allowed the diluted Matrigel to penetrate
readily through the entire thickness of the paper. Hence, Whatman No.
1 was chosen to be used as the membrane insert in our device due to the
lower Rct after Matrigel coating.

3.3. Cell viability and morphology assessment of the paper insert

To confirm the biocompatibility of our device, 800,000 B16 mela-
noma 4A5 cells in 450 μl of culture medium were seeded and cultured
on Matrigel-coated Whatman No. 1 paper insert. LIVE/DEAD staining
was then performed after 4, 8, 12, 24, and 48 h of incubation.

Confocal images were obtained to confirm the viability of the cells
cultured in the device (Fig. 3a–e). This result confirms the biocompat-
ibility of our device for the total period needed for performing invasion
assays. After 4, 8, and 12 h of incubation, the cells were still in circular
shape and did not fully attach and spread onto the paper. Therefore, the
cells were washed out when we removed the medium for LIVE/DEAD

Fig. 5. a) CI vs incubation time for B16 melanoma 4A5 cells (initial cell
seeding density of 1,000,000 cells/cm2), showing a stable baseline
when the cells were maintained in culture medium without FBS for the
first 24 h, and an increase in CI (from 25 to 47 h) when the medium in
the lower compartment was replaced by DMEM with only FBS (● red)
or 100 ng/ml IGF-1 (▴blue) (no increase in CI for the negative control
(▪ black)). b, c) Microscope images showing B16 melanoma 4A5 cell
behavior on a paper insert in the absence (left) and presence (right) of
IGF-1: b) Confocal microscopy 3D Z-stack images (green – calcein-AM;
red – propidium iodide); c) SEM images (scale bar 100 μm). (For in-
terpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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staining, resulting in the low cell density as shown in Fig. 3a. After 24 h
of incubation, the cells had fully attached to the paper and acquired a
fibroblast-like shape (Fig. 3d). On the other hand, after 48 h of in-
cubation, the cells had passed through the entire thickness of the paper
due to the presence of FBS in the culture medium, which could activate
cell invasion (Fig. 3e and S-3). Fig. 3f shows a summary of the viability
assessment, indicating that even after 48 h incubation more than 90%
of the cells remained viable. This result suggested that after seeding, the
cells required a 24 h stabilization period in FBS containing culture
medium before the chemoattractant treatment and impedance mea-
surements could be started.

3.4. Impedance characteristics of the device in the presence of cells

For the cell-based impedance system, the biggest change of the
impedance signal is observed at various frequencies, depending on the
sensitivity of the sensor [33]. To determine the frequency at which the
highest impedance is obtained in our system, 800,000 B16 melanoma
4A5 cells in 450 μl of culture medium were seeded on the paper insert
in the assembled device. After that, we performed the impedance
measurements every hour for 12 h. Fig. 4a shows the normalized im-
pedance magnitude (Eq. 2) as a function of log frequency based on the
impedance spectra acquired after 3, 6, 9, and 12 h incubation. The
result indicated that the highest impedance magnitude was obtained at
approximately 100 kHz, which was then chosen for the subsequent
experiments.

EIS-based cellular assays require the optimization of cell seeding
density to obtain an impedance baseline that allows easy evaluation of
how the cells respond to the introduced drug or other effectors [34]. To
determine the cell density that provides an optimal baseline impedance
before introduction of the chemoattractant, we suspended 20,000,
40,000, 400,000, and 800,000 B16 melanoma 4A5 cells in 450 μl of
culture medium and seeded them on the Matrigel-coated paper insert in
the device. The chosen cell seeding densities correspond to 25,000,
50,000, 500,000, and 1,000,000 cells/cm2. Subsequently, impedance
spectra were acquired every hour for 12 h. Fig. 4b shows the impedance
magnitude at 100 kHz as a function of incubation time for each cell
seeding density. The initial impedance magnitude immediately after
cell seeding (0 h) clearly increased with increasing cell seeding density.
During the 12 h incubation period, the cell density of 25,000 cells/cm2

did not increase impedance, indicating that the cell density would be
below the limit of detection. The two intermediate cell densities,
50,000 and 500,000 cells/cm2, led to monotonically increasing im-
pedance, which would not provide a proper baseline for an assay. On
the other hand, in the case of 1,000,000 cells/cm2, the determined
impedance was highest and reached a plateau which provided a clear
initial baseline before introduction of the chemoattractant. The high
impedance magnitude at 0 h of 1,000,000 cells/cm2 was caused by a
very high concentration in medium suspension, resulting in the high
resistance in the system right after seeding. However, the value dropped
after the system was stable after 1 h of incubation. Moreover, the higher
initial impedance would also improve the sensitivity of impedance
monitoring during cell invasion. Based on the above assessment,
1,000,000 cells/cm2 was chosen as the cell density for the invasion
assay.

3.5. 3.5 Invasion assay of B16 melanoma 4A5 cells

IGF-1 has been implicated in metastasis of melanoma through in-
creased production of Interleukin-8 [35]. Melanoma patients have also
been identified with an upregulated IGF-1 receptor content [36]. Be-
cause of the significance of IGF-1 to melanoma invasion, the developed
device was used for the invasion study under IGF-1 treatment at a
concentration of 100 ng/ml based on a previous report [37]. The result
was compared with cell migration in the presence of only FBS and
without FBS (negative control).

According to the initial cell morphology observed during the LIVE/
DEAD staining, cells needed to be stabilized by incubating them for
24 h in culture medium without FBS before applying the chemoat-
tractant. Fig. 5a shows that after the first 24 h of incubation, the cells
showed a relatively similar CI baseline. During that period, the CI
slightly increased due to cell adhesion on the paper insert. After 24 h,
the lower compartment was filled with medium containing 10% FBS or
100 ng/ml IGF-1 while the impedance measurements were continued.
In the case of the negative control, the lower compartment was filled
with medium without any added FBS or IGF-1. The obtained results
indicated that after 25 h incubation in medium without FBS the CI did
not show any increase; in fact, it slightly decreased during the last 20 h
of incubation. In the presence of FBS, the CI showed a slight increase
but leveled off after only a few hours. On the other hand, when IGF-1
was introduced, a threefold increase in CI could be observed. The ob-
served increased CI after the treatment of FBS and IGF-7 in this ex-
periment was caused by the penetration of cells into the pore of the
paper, which resulted in an additional impediment of current flow
within the system. Thus, the more extensive the observed cell invasion
is, the more obstruction to the current is caused by the cells penetrating
within the pores of the paper, concomitantly increasing the measured
impedance. This phenomenon is analogous to what was observed when
the pores of paper inserts were filled with Matrigel coating, which re-
sulted in an increased impedance (Fig. 2c and d). Moreover, the EIS
measurements could distinguish the effect of the treatment (IGF-1 or
FBS) on B16 melanoma 4A5 cell invasion already after 7 h. According
to the hallmarks of cancer, cell motility and their ability to invade ex-
tracellular matrix (ECM) are the key aspects of cell invasion [38]. The
invasion of B16 melanoma 4A5 cells on the paper insert was confirmed
by Z-stack imaging using confocal microscopy (Fig. 5b) and SEM
(Fig. 5c). After 12 h treatment with medium containing 10% FBS or
100 ng/ml IGF-1, the cells were stained with calcein-AM and PI. Based
on confocal microscopy imaging, there were fewer cells on the surface
of the paper after IGF-1 treatment. The fluorescence intensity of the
stained cells through the entire thickness of the paper was higher in the
case of IGF-1 treatment (Fig. 5b, right panel) in comparison with the
cells that were only exposed to medium without FBS (Fig. 5b, left
panel), which confirmed that the invasion was enhanced by IGF-1.
Fig. 5c (left) shows multiple layers of cells with a flattened shape on the
paper when only medium without FBS was introduced, indicating the
inability of cells to invade through the ECM on the paper. On the other
hand, Fig. 5c (right) shows cells with round shape, which were able to
invade ECM and penetrate through the pores of the paper as a response
to IGF-1 treatment, indicating the formation of spheroids of cells during
cell invasion. Furthermore, the EIS results correlated well with the
conventional transwell assay (Fig. S-3). However, real-time EIS mea-
surements allowed monitoring of the kinetics of cell invasion instead of
only an end-point measurement. The conventional invasion assay re-
quires at least 12 h of incubation after the introduction of chemoat-
tractants, whereas the real-time EIS-based invasion assay could reduce
the incubation time to 7 h, also making it more reliable because the
shorter incubation time decreases the influence of cell proliferation [2].
In this experiment, we demonstrated the applicability of the device to
the detection of melanoma invasion under IGF-1 treatment. These re-
sults lead us to the development of a multiwell device in the future, to
perform high-throughput experiments.

4. Conclusions

To make real-time invasion assay devices more accessible, in this
work, we have demonstrated an alternative material, paper, as a
membrane insert for invasion assay. The use of paper could reduce the
cost of real-time invasion assay experiments. Importantly, the paper
provides the 3D culture environment for the melanoma cells and allows
spheroid formation. Besides, the use of paper allows easy customization
to fit different cell culture devices. To eliminate the need for cell
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labeling and counting steps to investigate invasive cells, we coupled the
use of Matrigel-coated paper (membrane insert) with real-time EIS
measurements. Using real-time EIS measurements, the IGF-1-induced
invasion of B16 melanoma 4A5 cells on the paper could be dis-
tinguished from a negative control faster than using a conventional
transwell assay. Hence, the invasion study was less affected by cell
proliferation. The pore size of the filter paper was a crucial factor in
determining the suitable paper for the EIS-based invasion assay. Filter
paper with an intermediate pore size (~11 μm) comparable to the size
of melanoma cells resulted in lower background impedance upon
Matrigel coating, allowing more sensitive detection of the impedance
changes caused by cell invasion into the pores of the paper. Though the
paper is not transparent, the confirmation of cell invasion, cell viability
assay, and visualization could be performed directly on the paper using
fluorescent staining. The paper could be easily cut out using a scalpel
before imaging. Here, we first demonstrate the effect of cell invasion
through ECM and pores of paper, which can be detected by the im-
pedance signal. In this regard, we provide another perspective of in-
vasion assay through the use of paper-based cell culture with im-
pedance monitoring. Our device can also be developed for high-
throughput measurements by increasing the number of culture wells. A
paper membrane could be designed to have a pattern of multiple cell
culture zones.
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