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al-time monitoring of human
mesenchymal stem cell differentiation in 2D and 3D
cell culture systems using impedance cell sensors†

Jun Ho Song, a Sun-Mi Leeb and Kyung-Hwa Yoo *ab

Three dimensional (3D) stem cell culture has recently received considerable attention because it may

enable the development of in vitro 3D tissue models. In particular, label-free and real-time monitoring of

stem cell differentiation is of importance for tissue engineering applications; however, only a few non-

invasive monitoring methods are available, especially for 3D cell culture. Here, we describe impedance

cell sensors that allowed the monitoring of cellular behaviors in 2D and 3D cell cultures in real-time.

Specifically, apparent capacitance peaks appeared in both 2D and 3D cell culture systems when human

mesenchymal stem cells (hMSCs) were cultured in osteogenic induction medium. In contrast, when

hMSCs were cultured in adipogenic induction medium, the capacitance increased monotonically. In

addition, distinct characteristics were noted in the plots of capacitance versus conductance for the cells

cultured in osteogenic and adipocyte induction media. These results demonstrated that the

differentiation of hMSCs toward osteoblasts and adipocytes in 2D and 3D cell culture systems could be

discriminated non-invasively by measuring the real-time capacitance and conductance. Furthermore, the

vertical distribution of cellular activities in 3D cell cultures could be monitored in real-time using the 3D

impedance cell sensors. Thus, these sensors may be suitable for monitoring the differentiation of various

stem cells into different types of cells with distinct dielectric properties for tissue engineering applications.
Introduction

Three-dimensional (3D) cell cultures have been extensively
investigated in the elds of drug discovery, stem cell, and tissue
engineering because 3D assays simulate in vivo cellular condi-
tions better than 2D cell culture systems.1–4 For example,
traditional 2D cell monolayers are cultured on at and rigid
substrates. However, almost all cells in an in vivo environment
are surrounded by other cells and by the extracellular matrix;
therefore, 2D cell culture does not adequately mimic the natural
3D environment of cells. Accordingly, many studies have shown
that cells in a 3D culture environment differ morphologically
and physiologically from those in a 2D culture environment.5–8

Human mesenchymal stem cells (hMSCs) represent attrac-
tive candidates for use in cell therapy and regenerative medicine
owing to their stable expansion and multilineage differentia-
tion.9–11 When cultured in the presence of induction media that
include differentiation-promoting agents and growth factors,
hMSCs can differentiate into osteoblasts, adipocytes, and
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chondrocytes.12,13 Optical methods based on uorescent probes
are most oen used to characterize hMSC fate, whereas a variety
of biochemical assays, such as western blot, ow cytometry, and
real-time polymerase chain reaction analyses are used to
analyse hMSCs at the molecular level.14–16 However, these
methods are invasive and do not provide information regarding
the kinetics of cellular responses. Electric cell-substrate
impedance sensors (ECIS) have thus been developed as an
alternative approach to provide real-time and label-free
measurements.17–21 With ECIS, the cells attach and spread
while being cultured on the surface of the sensing electrode,
and the alternating current (ac) impedance between a small
sensing electrode and a large counter electrode is measured. For
example, many groups have utilized ECIS to monitor various
cellular activities in real-time, including adipose-derived stem
cell differentiation toward osteoblasts and/or adipocytes.22–25

However, the electrode impedance in ECIS is inuenced by the
shape, adhesion, or mobility of the cells attached to the sensing
electrode; therefore, this method can be applied in 2D but not
in 3D cell culture systems.

Here, we describe impedance cell sensors that can be used
with both 2D as well as 3D cell culture systems. In particular,
whereas a 2D impedance cell sensor has interdigitated elec-
trodes that are fabricated on a glass substrate (Fig. 1A and
S1A†), a 3D impedance cell sensor consists of four pairs of
vertically aligned electrodes (Fig. 1B and S1B†). In these
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) A 2D impedance cell sensor array composed of 16 sensors
with a pair of interdigitated electrodes and (B) a 3D impedance cell
sensor consisting of four pairs of vertically aligned electrodes.
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impedance sensors, cells are placed between two electrodes
rather than on the top of the electrode; thus the dynamic
information about cellular activities can be obtained by
measuring changes in capacitance and conductance in real-
time, where the capacitance and conductance constitute the
real and imaginary portions of the impedance, respectively.
We reported previously that various cellular activities, such as
cell proliferation and cell death, could be monitored in real-
time using these cell sensors when cells are cultured in 2D
and 3D cell culture systems.26–31 In the present study, we
further investigated whether these impedance cell sensors
could discriminate between hMSCs that differentiated into
osteoblasts versus adipocytes in real-time in both cell culture
systems. Notably, the impedance cell sensors showed that
osteoblast and adipocyte lineages exhibit distinct dielectric
properties, allowing the label-free monitoring of hMSC
differentiation in real-time using our impedance sensors.
Materials and methods
Cell cultures

Normal human bone marrow derived mesenchymal stem cells
were purchased from Lonza (Walkersville, MD, USA), and used
at passage 4 or 5 for the capacitance and conductance
measurements. The hMSCs were cultured in non-induction,
osteogenic induction, or adipogenic induction media. The
non-induction medium consisted of Dulbecco's modied
Eagle's medium (DMEM; Gibco, Rockville, MD, USA) containing
10% fetal bovine serum (PAA Laboratories, Somerset, UK), 1%
penicillin–streptomycin, and 1% fungizone (Gibco). The osteo-
genic and adipocyte induction media were the same as non-
induction medium but were supplemented with 50 mg ml�1

L-
ascorbic acid, 10 mM b-glycerophosphate, 100 nM dexametha-
sone (Sigma, St. Louis, MO, USA), and 500 ng ml�1 BMP-2
(Peprotech, Rocky Hill, NJ, USA), or with 1 mM dexametha-
sone, 1 mgml�1 insulin, and 0.5 mM IBMX (Sigma), respectively.
All cells were cultured in a humidied incubator maintained at
37 �C and 5% CO2.
This journal is © The Royal Society of Chemistry 2018
Alginate hydrogel scaffold

Alginate hydrogel scaffolds were prepared, as reported previ-
ously.26 Briey, alginate sodium salt from brown algae (Sigma)
was dissolved in DMEM culture medium to a 3% concentration
(w/w) aer autoclaving. For cell encapsulation, hMSCs (4 � 105

cells ml�1) were homogeneously suspended in the 3% sodium
alginate solution. The cells in the sodium alginate solution (0.8
ml) were then transferred to Millicell® cell culture inserts
(diameter: 12 mm; pore size: 12 mm; Millipore, Billerica, MD
USA). To crosslink the alginate hydrogel, the Millicell® inserts
containing the alginate solution and the cells were immersed in
100 mM CaCl2-buffered MEM and incubated for 3 h in
a humidied incubator maintained at 37 �C and 5% CO2. Before
inducing cellular differentiation, the alginate hydrogel-
encapsulated cells were cultured in non-induction medium (2
ml) overnight in an incubator to stabilize the cell cultures.
Subsequently, the medium was changed to osteogenic or adi-
pogenic induction medium. The media were changed every 2–3
days.
Fabrication of 2D and 3D impedance sensors

A 2D impedance sensor array composed of 16 sensors was
fabricated on a glass substrate (Fig. 1A and S1A†). Interdigitated
gold electrodes with a thickness of 70 mm and a gap size of 30
mm were patterned on glass using photolithography and li-off
techniques. For cell culture, an acrylic well with a volume of 300
ml (Lab-Tek chamber slide with cover; LOT #10118584) was
attached to the sensor array with polydimethylsiloxane. Prior to
cell seeding, the impedance sensor array was sterilized with
70% ethanol and under ultraviolet light for 30 min.

A 3D impedance-based cell sensor consisting of four pairs of
electrodes was constructed by attaching two printed circuit
boards (PCBs), as reported previously.26 First, four parallel
electrodes (1 � 2 mm2) with 0.5 mm spacing and four electrical
connections to external connectors were patterned on a double-
sided PCB and gold-plated. Next, two PCBs were placed in the
impedance cell sensor vertically inside the Millicell® inserts,
and a supporting stand was constructed using aluminum plates
(Fig. S1B†).
Capacitance and conductance measurements

The capacitance and conductance were measured using an LCR
meter (Agilent 4294A, Santa Clara, CA, USA) with a peak-to-peak
alternating current (ac) signal of 10 mV. The sensors inside the
incubator and the LCR meter outside the incubator were con-
nected via electrical connectors that were mounted on the side
of the incubator. The capacitance and conductance were
measured simultaneously for the sensors using a data
acquisition/switching unit (Agilent 34970A) that was connected
to the LCR meter. Data were collected every 30 min from each
sensor.
Staining with EthD-1/calcein AM

The density of live cells was estimated using a live/dead cell
assay (Invitrogen, CA, USA). The cells were washed twice with
RSC Adv., 2018, 8, 31246–31254 | 31247
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phosphate buffered saline, followed by staining with 2 mM
EthD-1 and 4 mM calcein AM in PBS for 30 min. Fluorescence
images were obtained using a uorescence optical microscope
(IX 71, Olympus, Tokyo, Japan), and the uorescence intensities
were estimated using ImageJ soware (National Institute of
Health, Bethesda, MD, USA).
Staining with ARS

To estimate the amount of calcium deposition, the cells were
stained with Alizarin red S (ARS, Sigma). First, the cells in the 2D
cell culture system were washed twice with PBS and xed with
70% ethanol for 2 min. Then, the cells were stained with 2%
ARS solution for 5 min, followed by three washes with deionized
water. Images of hMSCs stained with ARS were examined using
a uorescence optical microscope. To quantify the amount of
ARS, the stained cells were dissolved in 10% acetic acid over-
night and then centrifuged at 13 000 rpm for 15 min. The
supernatant was transferred to a conical tube and neutralized
with 10% ammonium hydroxide. Finally, the optical density was
measured at 405 nm.

To stain the cells that were cultured in the 3D cell culture
system, the cells/encapsulated hydrogel was washed twice with
PBS and xed with 70% ethanol for 1 h. The cells were then
stained with 2% ARS solution for 1 h, followed by three times
washes with deionized water. To investigate the vertical distri-
bution of calcium deposition, the hydrogel was sliced horizon-
tally using a razor blade, and the sections were examined using
a uorescence optical microscope. To estimate the amount of
ARS, the stained hydrogel was destained with 10% cetylpyr-
idinium chloride monohydrate in 10 mM sodium phosphate
Fig. 2 The frequency dependence of the capacitance and conductance m
the 2D cell culture system. In panels (A) through (D), the symbols represen
a negative control. (E) The equivalent circuit for the 2D cell culture sy
indicated with Cm and Ce-cell, respectively, and Rm and Re-cell are the equi
the equivalent impedance of interface, and the equivalent impedance
respectively.

31248 | RSC Adv., 2018, 8, 31246–31254
buffer at room temperature for 15 min, and the optical density
of the supernatant was measured at 570 nm.

Staining with ORO

For Oil red O (ORO, Sigma) staining, the specimens were
washed twice with PBS and xed with 10% formaldehyde in PBS
for 10 min (cells in 2D culture systems) or 30 min (cells in 3D
culture systems), followed by two washes with deionized water.
The hydrogel was then immersed in 60% isopropanol for
30 min (2D cultures) or 1 h (3D cultures), and stained with 0.2%
ORO staining solution in 60% isopropanol for 30 min (2D
cultures) or 1 h (3D cultures). The samples were rinsed three
times with deionized water, and the hydrogels were sliced
horizontally with a razor blade. Images of the stained sections
were acquired by a uorescence optical microscope. For quan-
tication, the stained hydrogel was immersed in 100% iso-
propanol for 20 min with gentle shaking and the solution was
transferred to a conical tube. The optical density was measured
at 500 nm.

Results and discussions
Frequency dependence of the capacitance and conductance in
2D cell culture

We rst investigated the osteogenic and adipogenic differenti-
ation of hMSCs using 2D impedance sensor arrays (Fig. 1A and
S1A†). The hMSCs (1.4 � 104 cells per well) were seeded in each
sensor and then cultured in non-induction, osteogenic induc-
tion, and adipogenic induction media. Fig. 2A and B show the
frequency dependence of the capacitance measured for hMSCs
easured on day 0 (A and C) and day 14 (B and D) for hMSCs cultured in
t the respective media used for culture; the cell-freemediumwas used
stem; the equivalent capacitance of medium and cellular network is
valent resistance of the medium and cellular network, respectively. Zi is
of the medium and cellular network is indicated with Zm and Ze-cell,

This journal is © The Royal Society of Chemistry 2018
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that were cultured in various media at day 0 and 14, respectively.
As the frequency increased, the capacitance decreased for all
sensors, which is consistent with a dielectric relaxation theory
that predicts frequency-dependent dielectric response caused
by the delay in molecular polarization with respect to the ac
electric eld.32,33 However, compared to the cell-free medium
(the negative control), the sensors containing hMSCs had
higher capacitance values, indicating that the presence of
hMSCs contributed to an increase in capacitance. At day 0, the
sensors containing hMSCs exhibited similar frequency depen-
dences regardless of the type of medium (Fig. S2†). At day 14,
however, the capacitance increased differently depending on
the media, particularly at low frequencies; thus, different
frequency dependences were observed for different media. The
frequency dependence of the conductance measured simulta-
neously with the capacitance at days 0 and 14 is also shown in
Fig. 2C and D, respectively. The conductance showed similar
overall behaviours to the capacitance, although the conduc-
tance increased with increasing frequency unlike the
capacitance.

According to the dielectric relaxation theory,32,33 the relative
complex permittivity 3 is described by 3 ¼ 30 � j300, so when the
applied electric eld (E) is not very strong, the current density (J)
is induced:

J ¼ sSE + ju30(3
0 � j300)E ¼ (sS + u303

00)E + ju303
0E (1)

where sS is the direct current (dc) conductivity of the material, u
is the angular frequency of the applied eld, 30 is the permit-
tivity of free space, 30 is the dielectric constant, and 300 is the loss
factor of the material. Therefore, the conductivity correspond-
ing to the real part of eqn (1) is given by sS + u303

00, whereas the
capacitance is proportional to 30. The 30 and 300 are not inde-
pendent of each other. Assuming that sS is very small, the u30/300

(zC/G) is related to 1/s, where s, C, and G are the characteristic
relaxation time, capacitance and conductance, respectively (see
ESI† for details).

The equivalent circuit for a sensor that contains cells is
presented in Fig. 2E. The equivalent impedance (Ze-cell) of cells
(connected in parallel and in series) between two electrodes is
in parallel to the medium impedance (Zm); these together are in
series with the interface impedance (Zi) at the electrode-
solution interface. If Zi is assumed to be much smaller than
Ze-cell and Zm, the total capacitance (Ctot) and conductance (Gtot)
are approximated as Ctotz Cm + Ce-cell and Gtot¼ 1/Rtot¼ 1/Rm +
1/Re-cell, respectively, where Cm and Ce-cell represent the equiv-
alent capacitance of medium and cellular network, respectively,
and Rm and Re-cell indicate the respective equivalent resistances.
It is in good agreement with the higher capacitance and
conductance measured for hMSCs than for the cell-free
medium.

Real-time capacitance and conductance in 2D cell culture

Fig. 3A shows the real-time capacitance measured at f¼ 0.5 kHz
for hMSCs that were cultured in non-induction, osteogenic
induction, and adipogenic induction media. The culture media
were changed every 2–3 days. The capacitance similarly
This journal is © The Royal Society of Chemistry 2018
increased up to days 3–4 of the culture in all media, suggesting
that hMSCs proliferated initially even in the induction media.
Aer that, the capacitance of the cells in the non-induction
medium increased continuously, which was ascribed to an
increase in the number or volume of cells.29 For the cells
cultured in adipogenic induction medium, the capacitance
increased over 14 days similar to that observed in the non-
induction medium; however, their capacitance became
smaller than that of proliferated cells from days 3–4. In
contrast, when cultured in the osteogenic induction medium,
the cell capacitance decreased rather than increased from day 4.
To investigate whether the decreased capacitance was caused by
osteogenic differentiation, time-lapse optical images were
acquired simultaneously with the real-time capacitance
measurements (Fig. 3B). The images showed the occurrence of
morphological changes in cells from day 4 in osteogenic
induction medium, suggesting that the decrease in capacitance
could be attributed to the onset of osteogenic differentiation.

As the capacitance in this device is closely related to the
number or volume of live cells during proliferation in non-
induction medium,29 we also estimated the number of live
cells from the uorescence images of the cells stained with
ethidium homodimer-1 (EthD-1)/calcein AM at different days
(Fig. S3†). The number of live cells increased from day 3 to day 7
in the osteogenic induction medium, indicating that the
decreased capacitance was due to osteogenic differentiation
rather than the cell death. In addition, the real-time capacitance
was measured at higher frequencies than 0.5 kHz. Similar
trends were observed at higher frequencies although the
capacitance values were smaller (Fig. S4A†).

The real-time conductance measured at f ¼ 0.5 kHz is shown
in Fig. 3C. For the cells cultured in non-induction medium, the
conductance exhibited similar time dependences as the capac-
itance. However, when the media were changed, the conduc-
tance varied considerably from day 6 for the cells in the
osteogenic and adipogenic induction media, leading to
apparent discontinuities. These discontinuities might be
ascribed to weakened cellular adhesion on the surface caused
by differentiation,34,35 since similar discontinuities were also
reported by Bagnaninchi's group, who measured impedance
using ECIS during the differentiation of adipose-derived stem
cells into osteoblasts and adipocytes.17 In addition, the
conductance for the cells in adipogenic induction medium
decreased aer day 4 unlike the real-time capacitance, whereas
similar behaviours for these measures were observed in the
osteogenic induction medium. All together these results sug-
gested that proliferation and differentiation into osteoblasts or
adipocytes could be monitored non-invasively by measuring the
real-time capacitance and conductance. Furthermore, the cells
with an osteoblast lineage exhibited different dielectric prop-
erties from those with an adipocyte lineage, suggesting the
possibility to discriminate between osteogenic and adipogenic
differentiation very early in differentiation process.

Fig. 3D shows the plot of the measured capacitance versus
the measured conductance. A nearly linear relationship was
observed in the non-induction medium, implying that s main-
tained nearly constant value during proliferation. However, the
RSC Adv., 2018, 8, 31246–31254 | 31249
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Fig. 3 (A) Capacitance measured at f ¼ 0.5 kHz over time during 2D cell cultures in the non-induction, osteogenic induction, and adipocyte
induction media. The black dashed lines indicate the time point at which cell culture media were changed. (B) Time-lapse images of the hMSCs
cultured in the 2D cell culture systems on the indicated days. Scale bar, 50 mm. (C) Conductancemeasured at f¼ 0.5 kHz over time during 2D cell
cultures in the non-induction, osteogenic induction and adipocyte induction media. (D) Plot of capacitance versus conductance for hMSCs
obtained from the hMSCs cultured in the non-induction, osteogenic induction and adipocyte induction media.
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initiation of differentiation decreased the conductance. Thus,
the slope became very shallow in the adipogenic induction
medium, whereas overlapping shallow slopes were observed in
the osteogenic induction medium. These results suggested that
s of differentiated cells was longer than s of proliferated cells,
indicating that the impedance cell sensor allowed the discrim-
ination between proliferation and differentiation as well as
differentiation into osteoblasts versus adipocytes.

To conrm the differentiation of hMSCs toward osteo-
blasts, hMSCs were cultured in non-induction and osteo-
genic induction medium, and stained with Alizarin red S
(ARS) at different times (Fig. 4A) to indicate calcium deposi-
tion. Positive (red) staining was nearly undetectable for 14
days in cells in the non-induction medium, whereas calcium
deposition was observed on day 3 in cells in the osteogenic
induction medium. These results support the idea that the
decrease in capacitance was caused by osteogenic differen-
tiation. Fig. 4B shows images of hMSCs that were cultured in
non-induction and adipogenic induction medium, and
stained for lipids with Oil red O (ORO) at the indicated times.
Indeed, a close relationship was observed between the
31250 | RSC Adv., 2018, 8, 31246–31254
change in capacitance and the percentage of differentiated
cells that was estimated from time-lapse stained images
(Fig. S5†).
Proliferation of hMSCs in 3D cell culture

For 3D cell culture, alginate hydrogels were utilized as a cell
culture matrix. hMSCs (3 � 105 cells per well) in 3% alginate
solution were added into a Millicell® insert in which the 3D
impedance sensor consisted of four pairs of electrodes with two
parallel vertically placed electrodes (Fig. 1B). The hydrogel was
crosslinked using buffered CaCl2 (100 mM) at 37 �C for 3 h. The
buffered CaCl2 was then replaced with cell culture medium, and
hMSCs were cultured in an incubator. Before measuring the
capacitance of the sensors containing hMSCs, we measured the
frequency dependence of the capacitance at different times for
the cell-free alginate hydrogel as a negative control (Fig. S6A†).
The frequency dependence was nearly unchanged until day 8.
Thereaer, the capacitance values increased rapidly at low
frequencies, unlike what was observed for the cell culture media
used in 2D cell culture. To further investigate the time
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Time-lapse stained images of non-induced hMSCs (top panels) and osteogenic-induced hMSCs (bottom panels) cultured in the 2D
cell culture system and stainedwith ARS to detect calcium. The plot to the right shows normalized absorptionmeasured on the indicated days for
non-induced and osteogenic induced cells stained with ARS. (B) Time-lapse stained images of non-induced hMSCs (top panels) and adipogenic
induced hMSCs (bottom panels) cultured in the 2D cell culture system and stained with ORO to detect lipids. The plot to the right shows
normalized absorption measured on the indicated days for non-induced and adipogenic-induced cells stained with ORO. The data in the plots
are shown as the means � standard deviations (n ¼ 5). Scale bar, 200 mm. *P < 0.001.
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dependence of the capacitance for the cell-free alginate hydro-
gel, we measured the real-time capacitance at f ¼ 0.5 kHz
(Fig. S6B†). As expected, the capacitance was nearly unchanged
until day 8 and then it increased rapidly, which could probably
be ascribed to degradation of the alginate hydrogel.36,37 Hence,
we analysed only data obtained before day 8 in the subsequent
experiments.

To investigate whether the vertical distribution of cellular
activities could be monitored in real-time, we measured the
real-time capacitance at f ¼ 0.5 kHz using four vertical elec-
trodes (E1, E2, E3, and E4; Fig. 1B) for hMSCs cultured in the
non-induction medium (Fig. 5A). The culture media were
changed every 2–3 days. The capacitance measured with E4
increased continuously over time, whereas that measured with
the other electrodes increased up to days 4–5, followed by
a slight decrease in capacitance. To determine whether this
decrease in capacitance was caused by cell death, we estimated
the relative density of live cells based on the time-lapse uo-
rescence images of hMSCs-encapsulated in hydrogel, which
was sliced horizontally and stained with EthD-1/calcein AM
This journal is © The Royal Society of Chemistry 2018
(Fig. 6A and S7†). For E4, the relative density of live cells
increased continuously over time. However, for E1–E3, the
relative density of live cells increased up to day 4 but decreased
on day 8, probably because of limited culture space. These
results indicated that the decrease in capacitance for E1–E3
might be due to a decrease in the number of live cells. In
Fig. 5B, the capacitance is plotted as a function of the
conductance (Fig. S8A†). As in 2D cell cultures, a nearly linear
relationship was observed for E4. However, when the
conductance was higher than about 0.6 mS, negative slopes
appeared for E1–E3, potentially owing to cell death (Fig. 5C).
Osteogenic and adipogenic differentiation of hMSCs in 3D
cell culture

For osteogenic differentiation, the four vertical electrodes, E1–
E4, exhibited similar capacitance peaks on days 1–1.5, as in the
2D osteogenic induction medium (Fig. 5D). However, as the
relative density of live cells did not decrease before day 8 (Fig. 6B
and S7†), the measurements suggested that osteogenesis in 3D
cultures might be also characterized by a capacitance peak. In
RSC Adv., 2018, 8, 31246–31254 | 31251
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Fig. 5 Capacitance of hMSCSmeasured at f¼ 0.5 kHz over time using four electrodes, E1, E2, E3, and E4 during 3D cell cultures with (A) the non-
induction, (D) osteogenic induction, or (G) adipocyte induction media. Plot of capacitance versus conductance obtained from hMSCs in the 3D
cell culture system with (B) the non-induction, (E) osteogenic induction, or (H) adipocyte induction media. Pictures illustrating what is occurring
in hMSCs encapsulated in hydrogel on the indicated days during culture in the 3D cell culture system with the (C) non-induction, (F) osteogenic
induction, or (I) adipocyte induction media. The real-time conductance of hMSCs in the 3D cell culture system with various media is shown in
Fig. S8.†
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addition, as expected from the results of the 2D cell cultures, the
plots of capacitance versus conductance showed shallower
slopes (i.e., longer s) for all electrodes upon the initiation of
osteogenic differentiation started (Fig. 5E). These results
implied that osteogenic differentiation might be induced
uniformly in the vertical direction (Fig. 5F).

In contrast, adipogenic differentiation cultures did not
show capacitance peaks, and changes in the capacitance over
time were electrode-dependent (Fig. 5G). The capacitance
increased up to day 4 for E1 and up to day 6 for E2, then leveled
off, whereas the capacitance increased continuously up to day
8 for E3 and E4. However, the number of live cells was esti-
mated to be fairly uniform in the vertical direction (Fig. 6C and
S7†). Thus, the changes over time in the capacitance for the
different electrodes might be due to different degrees of adi-
pogenic differentiation, as cultures in adipogenic induction
medium had lower capacitance values than those in non-
induction medium in 2D cell culture. The plots of capaci-
tance versus conductance also showed a change in slope for E1
and E2, whereas a nearly linear dependence was observed for
E3 and E4 (Fig. 5H), suggesting that in the lower region of the
31252 | RSC Adv., 2018, 8, 31246–31254
device, a certain number of hMSCs might have differentiated
toward adipocytes within 8 days, whereas in the upper region,
a smaller number of hMSCs might have differentiated within
this period (Fig. 5I). These results demonstrate that as for 2D
cell cultures, measuring the real-time capacitance and
conductance might be used to discriminate between osteo-
genic and adipogenic differentiation in 3D cell cultures, and
that the vertical distribution of cellular activities might be
monitored in real-time using the impedance cell-sensors.

Fig. 6D and E show time-lapse images of hMSCs-
encapsulated in hydrogel that was horizontally sliced and
stained with ARS and ORO, respectively. In the case of
osteogenesis, similar amounts of calcium deposition were
observed in both the lower and upper regions on day 3.
Conversely, in the case of adipogenesis, more lipids (stained
with ORO) were observed in the lower region than in the
upper one on days 3 and 7. These results are consistent with
the real-time capacitance data and verify that osteogenesis
was induced uniformly in the vertical direction, whereas
adipogenesis was induced earlier in the lower region than in
the upper region.
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The relative live cell density of hMSCs measured at different heights within the 3D cell culture system. The hMSCs were cultured with (A)
non-induction, (B) osteogenic induction, and (C) adipogenic induction media on the indicated days. The live cell densities were estimated from
fluorescent images of hMSCs encapsulated in hydrogel that was sliced horizontally and stained with ethidium homodimer-1/calcein AM
(Fig. S7†). The data were normalized using the optical density measured on day 0. Time-lapse stained images of hMSCs encapsulated in hydrogel
that was sliced horizontally and stained with (D) ARS to detect calcium or (E) ORO to detect lipids. The hMSCs were grown in the 3D cell culture
system in non-induction (top) and osteogenic induction media (bottom) for the indicated times. The plots to the right show normalized
absorption for non-induced and osteogenic-induced cells stained with ARS or adipocyte-induced cells stained with ORO. The filled and dashed
bars represent the data obtained from the lower region (E1 and E2) and the upper region (E3 and E4), respectively. Data are shown as themeans�
standard deviations (n ¼ 5). Scale bar, 200 mm. *P < 0.001.
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To investigate the repeatability of these ndings, we fabri-
cated more than ve 2D impedance cell sensor arrays and 3D
impedance cell sensors. Although each sensor exhibited
slightly different initial capacitance and conductance values in
the cell-free medium, similar results were obtained following
normalization using the initial values, indicating that our
impedance sensors provided reasonable repeatability
(Fig. S9†). However, compared to the 2D impedance cell
sensors, the 3D cell sensors yielded larger variations across the
This journal is © The Royal Society of Chemistry 2018
four vertical electrodes, likely because the vertical distribution
of hydrogel-encapsulated cells might not be completely
homogenous (Fig. S10 and S11†).
Conclusions

In summary, we have developed 2D and 3D impedance cell
sensors to monitor hMSC differentiation in real-time. These
sensors showed that osteoblast and adipocyte lineages exhibit
RSC Adv., 2018, 8, 31246–31254 | 31253
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different dielectric properties that allowed us to non-invasively
discriminate hMSC differentiation toward osteoblasts versus
adipocytes in both 2D and 3D cell culture systems. Further-
more, the 3D impedance cell sensors provided dynamic infor-
mation regarding cellular activities in the vertical direction.
This dielectric method may therefore be suitable for label-free
and real-time monitoring the differentiation of various stem
cells into different types of cells with distinct dielectric
properties.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work has been nancially supported by the Basic Science
Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Science, ICT and
Future Planning (Grant No. 2016R1A2B3011980 and
2016R1A2B4014999).
References

1 M. W. Tibbitt and K. S. Anseth, Biotechnol. Bioeng., 2009, 103,
655–663.

2 S. Khetan, M. Guvendiren, W. R. Legant, D. M. Cohen,
C. S. Chen and J. A. Burdick, Nat. Mater., 2013, 12, 458–465.

3 H. Ma, J. Luo, Z. Sun, L. Xia, M. Shi, M. Liu, J. Chang and
C. Wu, Biomaterials, 2016, 111, 138–148.

4 C. R. Correia, R. P. Pirraco, M. T. Cerqueira, A. P. Marques,
R. L. Reis and J. F. Mano, Sci. Rep., 2016, 6, 21883–21894.

5 G. Gao, J. H. Lee, J. Jang, D. H. Lee, J. S. Kong, B. S. Kim,
Y. Choi, W. B. Jang, Y. J. Hong, S. Kwon and D. W. Cho,
Adv. Funct. Mater., 2017, 27, 1700798–1700809.

6 K. Zhang, Q. Feng, J. Xu, X. Xu, F. Tian, K. W. Yeung and
L. Bian, Adv. Funct. Mater., 2017, 27, 1701642–1701652.

7 L. Ouyang, C. B. Highley, W. Sun and J. A. Burdick, Adv.
Mater., 2017, 29, 1604983–1604989.

8 C. Yang, M. W. Tibbitt, L. Basta and K. S. Anseth, Nat. Mater.,
2014, 13, 645–652.

9 C. Li, C. Vepari, H. J. Jin, H. J. Kim and D. L. Kaplan,
Biomaterials, 2016, 27, 3115–3124.

10 Y. Li, J. Chen, X. G. Chen, L. Wang, S. C. Gautam, Y. X. Xu,
M. Katakowski, L. J. Zhang, M. Lu, N. Janakiraman and
M. Chopp, Neurology, 2002, 59, 514–523.

11 A. Nakamizo, F. Marini, T. Amano, A. Khan, M. Studeny,
J. Gumin, J. Chen, S. Hentschel, G. Vecil, J. Dembinski,
M. Andreeff and F. F. Lang, Cancer Res., 2005, 65, 3307–3318.

12 A. Stolzing, E. Jones, D. McGonagle and A. Scutt, Mech.
Ageing Dev., 2008, 129, 163–173.

13 D. Baksh, R. Yao and R. S. Tuan, Stem Cells, 2007, 25, 1384–
1392.
31254 | RSC Adv., 2018, 8, 31246–31254
14 M. F. Pittenger, A. M. Mackay, S. C. Beck, R. K. Jaiswal,
R. Douglas, J. D. Mosca, M. A. Moorman, D. W. Simonetti,
S. Craig and D. R. Marshak, Science, 1999, 284, 143–147.

15 W. J. Li, R. Tuli, X. Huang, P. Laquerriere and R. S. Tuan,
Biomaterials, 2005, 26, 5158–5166.

16 D. A. De Ugarte, K. Morizono, A. Elbarbary, Z. Alfonso,
P. A. Zuk, M. Zhu, J. L. Dragoo, P. Ashijian, B. Thomas,
P. Benhaim, I. Chen, J. Fraser and M. H. Hedrick, Cells
Tissues Organs, 2003, 174, 101–109.

17 P. O. Bagnaninchi and N. Drummond, Proc. Natl. Acad. Sci.
U. S. A., 2011, 108, 6462–6467.

18 C. Holmes, J. Daoud, P. O. Bagnaninchi and M. Tabrizian,
Adv. Healthcare Mater., 2014, 3, 572–580.

19 W. Gamal, S. Borooah, S. Smith, I. Underwood, V. Srsen,
S. Chandran, P. O. Bagnaninchi and B. Dhillon, Biosens.
Bioelectron., 2015, 71, 445–455.

20 R. Pradhan, S. Rajput, M. Mandal, A. Mitra and S. Das,
Biosens. Bioelectron., 2014, 55, 44–50.

21 Y. Zhou, S. Basu, E. Laue and A. A. Seshia, Biosens.
Bioelectron., 2016, 81, 249–258.

22 R. C. Nordberg, J. Zhang, E. H. Griffith, M.W. Frank, B. Starly
and E. G. Loboa, Stem Cells Transl. Med., 2017, 6, 502–511.

23 S. Reitinger, J. Wissenwasser, W. Kapferer, R. Heer and
G. Lepperdinger, Biosens. Bioelectron., 2012, 34, 63–69.

24 A. H. Kramer, J. Joos-Vandewalle, A. L. Edkins, C. L. Frost
and E. Prinsloo, Biochem. Biophys. Res. Commun., 2014,
443, 1245–1250.

25 H. S. Jun, L. T. M. Dao, J. C. Pyun and S. Cho, Enzyme Microb.
Technol., 2013, 53, 302–306.

26 S. M. Lee, N. Han, R. Lee, I. H. Choi, Y. B. Park, J. S. Shin and
K. H. Yoo, Biosens. Bioelectron., 2016, 77, 56–61.

27 R. Lee, I. S. Kim, N. Han, S. Yun, K. I. Park and K. H. Yoo, Sci.
Rep., 2014, 4, 6319–6325.

28 R. Lee, I. Jung, M. Park, H. Ha and K. H. Yoo, Lab Chip, 2013,
13, 3410–3416.

29 R. Lee, J. Kim, S. Y. Kim, S. M. Jang, S. M. Lee, I. H. Choi,
S. W. Park, J. S. Shin and K. H. Yoo, Lab Chip, 2012, 12,
2377–2384.

30 R. Lee, P. H. Kim, J. W. Choi, O. J. Kwon, K. Kim, D. Kim,
C. O. Yun and K. H. Yoo, Biosens. Bioelectron., 2010, 25,
1325–1332.

31 R. M. Lee, H. Choi, J. S. Shin, K. Kim and K. H. Yoo, Biosens.
Bioelectron., 2009, 24, 2586–2591.

32 W. Kuang and S. O. Nelson, Trans. ASAE, 1998, 41, 173–184.
33 K. F. Foster and H. P. Schwan, Crit. Rev. Biomed. Eng., 1989,

17, 25–104.
34 I. Titushkin and M. Cho, Biophys. J., 2007, 93, 3693–3702.
35 X. Wang, K. Ye, Z. Li, C. Yan and J. Ding,Organogenesis, 2013,

9, 280–286.
36 H. J. Kong, D. Kaigler, K. Kim and D. J. Mooney,

Biomacromolecules, 2004, 5, 1720–1727.
37 D. Shahriari, J. Koffler, D. A. Lynam, M. H. Tuszynski and

J. S. Sakamoto, J. Biomed. Mater. Res., Part A, 2016, 104,
611–619.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra05273e

	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e

	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e

	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e
	Label-free and real-time monitoring of human mesenchymal stem cell differentiation in 2D and 3D cell culture systems using impedance cell sensorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05273e


