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This paper presents a microfluidic device for simultaneous mechanical and electrical characterization of single cells. The device performs two types of cellular characterization 共impedance spectroscopy and micropipette aspiration兲 on a single chip
to enable cell electrical and mechanical characterization. To investigate the performance of the device design, electrical and mechanical properties of MC-3T3 osteoblast cells were measured. Based on electrical models, membrane capacitance of
MC-3T3 cells was determined to be 3.39⫾ 1.23 and 2.99⫾ 0.82 pF at the aspiration pressure of 50 and 100 Pa, respectively. Cytoplasm resistance values were
110.1⫾ 37.7 k⍀ 共50 Pa兲 and 145.2⫾ 44.3 k⍀ 共100 Pa兲. Aspiration length of cells
was found to be 0.813⫾ 0.351 m at 50 Pa and 1.771⫾ 0.623 m at 100 Pa.
Quantified Young’s modulus values were 377⫾ 189 Pa at 50 Pa and 344⫾ 156 Pa
at 100 Pa. Experimental results demonstrate the device’s capability for characterizing both electrical and mechanical properties of single cells. © 2011 American
Institute of Physics. 关doi:10.1063/1.3571530兴

I. INTRODUCTION

The electrical properties of the cell membrane and cytoplasm1–3 and the mechanical properties
of the cytoskeleton4,5 determine the overall biophysical properties of a cell. The electrical and/or
mechanical characterization of single cells is fundamental for understanding cell properties and
has also been correlated with pathophysiological states in diseases, such as malaria6–12 and
cancer.13–20
Advances in microfluidic technologies have led to the development of microdevices for
single-cell electrical property characterization. The three types of microdevices for electrical characterization are based on patch clamp,21–34 electrorotation,35–40 and micro-electrical impedance
spectroscopy 共-EIS兲.1–3 Patch-clamp microdevices characterize cellular ion channel activities by
sucking a cell membrane patch into a micropipette to form a high electrical resistance seal. This
technique is invasive since the cell membrane is intentionally disrupted, and thus cannot be used
for long-term study or multiple types of measurements. In electrorotation, a rotating electric field
is exerted on a suspended cell causing the cell to rotate as a result of Maxwell–Wanger polariza-
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tion. Electrorotation is a powerful technique for measuring cell membrane permittivity and cytoplasm conductivity. However, accurate cell positioning in the rotating electrical field is required,
making the implementation of this technique labor intensive.
-EIS is a noninvasive technique in which a frequency-dependent excitation signal is applied
across a single cell to measure the corresponding current response.1–3 Several microfluidic devices
have recently been reported for single-cell impedance measurement using coplanar41,42 and
parallel43–47 facing electrodes. Hydrodynamic trapping methods have been employed in conjunction with -EIS for measuring cellular impedance properties over extended periods of time.11,48–50
Furthermore, two mechanisms utilizing vacuum aspiration13,14 and electrode surface
modification51 were proposed to form tight cell adhesion on the measurement electrodes. In addition, microhole-based chips modified from patch-clamp devices have been proposed to address
the leakage current issue by forming proper sealing between the aspirated cell and the aspiration
channel.52,53 The main concern of the -EIS technique is that differences in impedance profiles
between measurements taken with and without a cell’s presence are usually small and sometimes
unobservable.51
In the meantime, several microfluidic-based devices have also been developed to measure the
mechanical properties of single cells, such as micropipette aspiration,54,55 electrodeformation,56–58
and optical stretchers.16,20,59,60 In micropipette aspiration, a cell is deformed by applying negative
pressure through an aspiration channel. By recording the resulting geometrical changes of the cell
and using well-established aspiration mechanics models, raw data can be used to extract the cell’s
Young’s modulus. In electrodeformation, a cell placed in an applied electric field becomes polarized due to the build-up of surface charges and therefore is deformed electrically. By interpreting
the relationship between the deformation ratio and the applied electric field, cell mechanical
properties can be obtained. In an optical stretcher, a two-beam laser trap is optimized to serially
deform single suspended cells by optically induced surface forces to measure mechanical properties.
Discussions above reveal that a number of microfluidic devices have been demonstrated for
cell biophysical characterization. However, the majority of these devices are only capable of
characterizing either electrical properties 共i.e., ion channel activities, membrane capacitance, and
cytoplasm resistance兲 or mechanical properties 共i.e., Young’s modulus兲 of a cell. For a more
complete understanding of a cell’s properties, it is desirable to perform both electrical and mechanical measurements on the same cell using the same device. The only device, which was
reported to perform both impedance and mechanical characterization of single cells,11 is complex
in both design and microfabrication processes. In this device, cantilever deformation ratios were
used to indicate cell mechanical properties, which are difficult to be translated into cell’s Young’s
modulus. The design electrically suffered from the problem of leakage currents, and no electrical
model is available for the interpretation of the raw data into cell’s electrical parameters. In terms
of microfabrication, four photolithography steps, dry and wet etching of silicon, and metal and
dielectric deposition and lift-off were required for device construction.
This study presents a microfluidic device for single-cell electrical and mechanical characterization using impedance spectroscopy and micropipette aspiration 共see Fig. 1兲. The device, consisting of two layers of Polydimethylsiloxane 共PDMS兲, is simple in both design and fabrication.
The application of a low negative pressure traps a single cell at the entrance of the aspiration
channel while the magnitude of this pressure controls the cell aspiration length. Cellular deformation is recorded as a function of increasing pressure while cellular impedance is measured via two
Ag/AgCl electrodes inserted into culture medium. The design of this device overcomes several
technological limitations: 共1兲 the leakage current is minimized through proper sealing between the
aspirated cell and the aspiration channel; 共2兲 the electrode polarization problem 共impedance profile
distortion in the low frequency domain due to the effect of the electrical double layer兲 is minimized by using Ag/AgCl nonpolarizable electrodes;61 共3兲 equivalent circuit models are straightforward to establish for determining cellular components 共e.g., membrane capacitance and cytoplasm resistance兲; and 共4兲 existing micropipette aspiration models enable the quantitative
extraction of the Young’s modulus values of cells.
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FIG. 1. Simultaneous electrical and mechanical characterization of single cells. A negative pressure is applied to trap a
single cell at the entrance of the aspiration channel. Cell deformations are recorded by imaging. Impedance measurement
is conducted via two Ag/AgCl electrodes connected with an impedance analyzer. The electrical model of the aspiration
channel is represented by Rpipette and Cpipette in parallel. Cellular electrical components are represented by Rcytoplasm and
Cmembrane in series. Rleak indicates sealing during cell aspiration.

II. MATERIALS AND METHODS
A. Materials

Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich 共Oakville, ON,
Canada兲 and cell-culture reagents were from American Type Culture Collection 共ATCC兲
共Manassas, VA, USA兲. Materials required for device fabrication included SU-8 photoresist
共MicroChem Corp., Newton, MA, USA兲 and 184 silicone elastomer 共Ellsworth Adhesives Canada,
Burlington, ON, Canada兲.
B. Device fabrication
1. SU-8 mold master fabrication

The two-layer channel masters 共see Fig. 2兲 were fabricated in the clean room facility of the
Emerging Communications Technology Institute 共ECTI兲 at the University of Toronto. Glass slides
were cleaned in acetone, methanol, and de-ionized water, and dried on a hot plate

A

B

C

D

FIG. 2. Fabrication steps for forming the two-layer PDMS device.
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共30 min@ 150 ° C兲. The first layer of SU-8 共5 m thick兲 is made of SU-8-5 to form cell aspiration channels, which was spun on the slide 共500 rpm for 5 s + 1500 rpm for 30 s兲, soft-baked
共2 min@ 65 ° C + 5 min@ 95 ° C兲, and exposed to UV light 共7 s, 16 mW cm2, 365 nm兲 through
the first chrome-on-glass mask 共University of Alberta Nanofabrication Facility, Edmonton, Alberta, Canada兲 using a Karl Suss MA6 mask aligner 共Garching, Germany兲. Slides were then baked
on a hot plate 共1 min@ 65 ° C + 2 min@ 95 ° C兲 to cross-link the exposed SU-8-5 without development 关Fig. 2共a兲兴.
The second layer of SU-8 共25 m thick兲 is made of SU-8-25 to form cell loading channels.
SU-8-25 was spin coated on the glass slide covered with the first layer of SU-8-5 共without
development兲 共500 rpm for 5 s + 2000 rpm for 30 s兲, soft-baked 共3 min@ 65 ° C
+ 7 min@ 95 ° C兲, aligned, and exposed to UV light 共12 s, 16 mW cm2, 365 nm兲 through the
second chrome-on-glass mask 共University of Alberta Nanofabrication Facility, Edmonton, Alberta,
Canada兲 关see Fig. 2共b兲兴. Slides were then baked on a hot plate 共1 min@ 65 ° C
+ 3 min@ 95 ° C兲 to cross-link the exposed SU-8-25, developed in SU-8 developer for 60 s, and
finally hard baked 共2 h @ 175 ° C兲.
2. PDMS molding and channel bonding

PDMS prepolymer and curing agent were mixed at a ratio of 10:1, degassed in a vacuum
desiccator, poured on a channel master placed in an aluminum foil plate, and finally baked in a
convection oven 共15 min@ 125 ° C兲 关see Fig. 2共c兲兴. PDMS channels were then peeled from the
SU-8 master and reservoir holes were punched through. Bonding to glass slides was conducted
using a portable corona treater where PDMS pieces and glass slides were treated with a BD20-AC
corona treater 共Electro-Technic Products, Inc., Chicago, IL, USA兲 for 30 s per piece, pressed
together, and baked on a hot plate 共1 h @ 100 ° C兲 关see Fig. 2共d兲兴.
C. Device operation

MC-3T3 cells were purchased from American Type Culture Collection 共Manassas, VA, USA兲
and cultured in GIBCO™ Minimum Essential Medium Alpha 共1X兲 supplemented with 10% fetal
bovine serum. Cells were cultured in tissue culture-treated polystyrene flasks. Immediately prior to
an experiment, cells were trypsinized, centrifuged, and resuspended in GIBCO™ Minimum Essential Medium Alpha 共1X兲 with a concentration of 1 ⫻ 106 cells/ ml. Cell passage generations
between p3 and p10 were used in this experiment.
The device was first filled with culture medium. Before cell trapping, an impedance profile
was recorded for reference 共Agilent-4294A Impedance Analyzer, Agilent Technologies, Inc., Santa
Clara, CA, USA兲. A droplet of cell suspension 共MC-3T3 cells兲 was then pipetted to the entrance
of the cell loading channel. A negative pressure from 50 to 100 Pa generated from a custom
developed pump was applied to trap and aspirate a cell at the entrance of the cell aspiration
channel. Cell images were taken by an inverted microscope 共Olympus IX801, Olympus Canada,
Inc., Markham, ON, Canada兲. Impedance data with the frequency range of 100 Hz–1 MHz 共excitation voltage: 100 mV兲 were recorded by the impedance analyzer. After characterization, a high
negative pressure 共⬃2000 Pa兲 was used to completely remove the cell from the aspiration channel. Thus, the device was ready to perform measurements on the next cell.
D. Data analysis
1. Impedance profile analysis

To interpret the measured impedance data, three electrical models are proposed 共see Fig. 3兲,
which were modified from equivalent electrical models used in the patch-clamp technique.27
Model 1 is used to fit the impedance data without cell trapping, in which Rpipette and Cpipette
represent the equivalent resistance and capacitance of the aspiration channel 共see Fig. 1兲. Models
2 and 3 are used to model the situation with cell trapping. Rleak in model 2 represents the cell
blockage of electrical filed 共see Fig. 1兲, and this model does not include cell’s electrical components. In model 3, cellular electrical components are considered, which are represented as
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FIG. 3. Circuit models proposed to assess impedance data. Model 1 is used to interpret impedance profiles with no cell
trapping, aiming to calculate the values of Rpipette and Cpipette for their further use in models 2 and 3. Models 2 and 3 are
used to model the situations with cell trapping. In model 2, cellular electrical components are not considered and Rleak is
used to represent cell blockage of electrical filed. In model 3, cellular electrical components are taken into consideration in
which the cell membrane is represented by a capacitor Cmembrane and the cell cytoplasm is represented by a resistor
Rcytoplasm.

Cmembrane 共capacitance of the cell membrane兲 and Rcytoplasm 共resistance of the cytoplasm兲 connected
in series. In these equivalent circuit models, the electrical double layer issue was not considered
since Ag/AgCl nonpolarizable electrodes were used, and therefore no electrical double layer was
produced.61
MATLAB programs 共MathWork, Natick, MA, USA兲 were developed to fit the impedance profiles to the aforementioned electrical models. Since the mathematic expressions of these models
are highly nonlinear, nonlinear least-squares fitting was employed for optimization.62 In order to
address the potential concern of convergence to a local solution due to the inappropriate choice of
a group of initial values, a loop function was used to enumerate the initial values of interest,
subsequent to which nonlinear least-squares curve fitting was conducted for each case. Optimization results from each group of initial values were then compared to locate the best curve fitting
case and the corresponding optimized parameters.
2. Image processing of cell aspiration and Young’s modulus calculation

In order to quantify the aspiration length, a subpixel contour extraction algorithm was developed to process the captured images. The procedure consists of a sequence of image processing
steps adapted to the context of cell elongation 共such as smoothing, thresholding, edge detection,
followed by a Hough transform兲. The Young’s modulus values of the aspirated cells were calculated according to E = 共3⌽ / 2兲⌬P共R / L兲, based on the elastic half-space solid model,63,64 where E
is the Young’s modulus of the cell, ⌬P is the applied negative pressure, R is the inner radius of the
microchannel, and ⌽ is a constant with a typical value set at 2.1.
III. RESULTS AND DISCUSSION

Differences in impedance profiles between measurements with and without single cells are
usually small and sometimes unobservable.51 For example, the differential single-cell impedance
analysis using hydrodynamic cell trapping, reported in Ref. 48, had only a 20%–30% impedance
difference with and without cell trapping. This small difference can be due to poor contact between the cell and electrodes, which led to current leakage.14
To improve cell-electrode adhesion, a -EIS was developed where a negative pressure was
used to suck the measured cell into close contact with the electrodes.14 Differences were observed
in impedance phase profiles of two cell lines. However, the impedance amplitude was not found
statistically different, which proves the existence of leakage current although tight cell-electrode
adhesion was formed. Another approach to reduce leakage current involves surface modification
of the electrode and minimization of microelectrode contact with the electrolyte,51 which resulted
in an impedance amplitude increase of approximately 40% in the low frequency domain 共several
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kilohertz兲. However, at these frequencies the amplitude difference is dominated by the presence of
an electric double layer suggesting that the observed increase in impedance amplitude may result
from the disturbance of the electrical double layer 共versus from the cell兲. It was speculated in Ref.
51 that the nanometer gap between a cell and electrodes is the current leakage source and the
effect of the electrical double layer due to electrode polarization can further distort impedance
profiles in the low frequency domain.
In order to further reduce the leakage current and remove the electrical double layer effect, a
microhole-based chip modified from the vertical patch-clamp technique utilizing the fourelectrode arrangement was proposed.52 This approach resulted in a greater than 100% impedance
amplitude increase after cell trapping. It can be further improved by proper control of the aspiration pressure to form a tight seal between the cell and the microhole, mimicking the situation used
in conventional patch-clamping 共i.e., gigaohm seal兲.
The microfluidic device developed in this study is based on lateral patch-clamping and micropipette aspiration. Compared to the microhole-based device,52 this design has a few advantages: 共1兲 accurate control of negative pressure enables a proper seal of the cell with the aspiration
channel to minimize the leakage current issue; 共2兲 the device performs lateral aspiration rather
than vertical aspiration 共as in Ref. 52兲, enabling microscopy measurement of cell elongation, and
thus mechanical characterization while electrical impedance profiles are measured; and 共3兲 the
geometry of lateral aspiration dramatically reduces the capacitive coupling between the cell loading channel and the aspiration channel, which is important for low-noise impedance recording.
A. Impedance measurement results and data analysis

Figure 4 shows the impedance amplitude profiles 关Fig. 4共a兲兴 and phase profiles 关Fig. 4共b兲兴 as
a function of frequency, both with and without cell trapping at an aspiration pressure of 50 and 100
Pa, respectively. Error bars represent standard deviations 共n = 18兲. The values of measured impedance amplitude and phase at “no cell trapping” are steady in the low and medium frequency
domains 共433.7⫾ 50.1 k⍀ and −0.1⫾ 0.015° at 1 kHz兲, modeled as a pure resistor Rpipette. The
average values are consistent with those reported by Cho et al.52 Since Ag/AgCl electrodes were
used in this design, the electrical double layer effect was not observed. In the high frequency
domain, a decrease in both amplitude and phase occurred 共374.7⫾ 35.5 k⍀ and −25.5⫾ 4.8° at 1
MHz兲, indicating the presence of a capacitance, Cpipette.
Circuit model 1 was used to fit the impedance profiles at no cell trapping. The calculated
Rpipette and Cpipette are 434.4⫾ 50.3 k⍀ and 0.19⫾ 0.03 pF. The transition frequency at which
impedance amplitude starts to decrease is roughly 100 kHz, which is much higher than the
transition frequency 共⬃5 kHz兲 in Cho et al.,52 indicating a lower parasitic capacitance Cpipette
present in this design because of the lateral aspiration structure.22,32
The values of measured impedance amplitude and phase at “cell trapping at 50 Pa” are also
steady in the low and medium frequency domains 共601.9⫾ 54.6 k⍀ and −0.19⫾ 0.055° at 1 kHz兲
关see Figs. 5共a兲 and 5共b兲兴, modeled as two resistors 共Rpipette and Rleak共50 Pa兲兲 connected in series.
Rleak indicates cell blockage of the electrical field at the entrance of the aspiration channel. In the
high frequency domain, a decrease in both amplitude and phase occurred 共414.5⫾ 31.3 k⍀ and
−31.5⫾ 3.4° at 1 MHz兲.
Circuit models 2 and 3 were used to fit the impedance profiles at cell trapping at 50 Pa.
Compared to model 2, model 3 better fits the impedance data 关see Figs. 5共a兲 and 5共b兲兴, proving
that the data reflect the properties of the cells. The values Rleak共50 Pa兲, Cmembrane, and Rcytoplasm using
model 3 were determined to be 167.5⫾ 46.7 k⍀, 3.39⫾ 1.23 pF, and 110.1⫾ 37.7 k⍀ 共see Fig.
6兲.
Compared to the patch-clamp technique, Rleak obtained here is relatively low. Since the aspiration channel in this device is not exactly circular, forming effective seal between the cell
membrane and the aspiration channel is more difficult and leakage may have taken place.65 The
calculated Cmembrane values are consistent with those 共roughly 1 F / cm2兲 obtained from patch
clamp.66
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B

FIG. 4. Measured impedance amplitude 共a兲 and phase 共b兲 at no cell trapping, cell trapping at 50 Pa, and cell trapping at 100
Pa as a function of frequency 共n = 18兲. Error bars represent standard deviation.

The values of measured impedance amplitude and phase at cell trapping at 100 Pa are steady
in the low and medium frequency domains 共704.2⫾ 58.3 k⍀ and −0.30⫾ 0.007° at 1 kHz兲 关see
Figs. 5共c兲 and 5共d兲兴, modeled as two resistors 共Rpipette and Rleak共100 Pa兲兲 in series. In the high
frequency domain, a decrease in both amplitude and phase occurred 共426.6⫾ 29.8 k⍀ and
−33.5⫾ 3.9° at 1 MHz兲.
Circuit models 2 and 3 were used to fit the impedance profiles at “cell trapping at 100 Pa.”
Similar to the case cell trapping at 50 Pa, model 3 better fits the impedance data 关see Figs. 5共c兲 and
5共d兲兴, demonstrating that the data reflect cell properties. Rleak共100 Pa兲, Cmembrane, and Rcytoplasm using
model 3 were determined to be 272.5⫾ 57.0 k⍀, 2.99⫾ 0.82 pF, and 145.2⫾ 44.3 k⍀ 共see Fig.
6兲. Rleak共100 Pa兲 is 60% higher than Rleak共50 Pa兲, which indicates a better seal of the cell with the
aspiration channel at 100 Pa, and therefore a further decrease in leakage current. As the aspiration
pressure was increased from 50 to 100 Pa, a larger portion of a cell was aspirated into the
aspiration channel, which causes a roughly 30% increase in Rcytoplasm.
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FIG. 5. Fitting measured impedance data with cell trapping to electrical models 2 and 3. 共a兲 Fitting measurement impedance amplitude profiles at cell trapping at 50 Pa to models 2 and 3. 共b兲 Fitting measurement impedance phase profiles at
cell trapping at 50 Pa to models 2 and 3. 共c兲 Fitting measurement impedance amplitude profiles at cell trapping at 100 Pa
to models 2 and 3. 共d兲 Fitting measurement impedance phase profiles at cell trapping at 100 Pa to models 2 and 3.
Compared to model 2, model 3 better fits the impedance data 共both amplitude and phase兲, demonstrating that the measurement results reflect cell properties. Error bars represent standard deviation.

As to the 10% Cmembrane decrease, it is also possibly caused by cell shape change. Cmembrane is
represented by two capacitors in series. The first capacitor corresponds to the portion of the
membrane sucked into the aspiration channel, and the second capacitor corresponds to the portion
of the membrane outside the aspiration channel. When the aspiration pressure increases, there is
no change for the effective area of the portion of the membrane sucked into the aspiration, which
is determined by the cross-section of the channel. At the same time, the effective area of the cell
membrane outside the channel decreases, causing Cmembrane to decrease.
It is worth noting that in the impedance characterization microdevices using vacuum aspiration for cell positioning, there is a potential concern that aspiration pressures may modulate the
on-off stages of mechanical-sensitive ion channels on cell membranes, and therefore affect impedance profiles. In this study, this concern was not taken into consideration as in existing
literature.13,14,52,53 The reason is that the lowest current measured in our experiments was several
As 共excitation voltage: 100 mV, the highest impedance amplitude collected ⬍800 k⍀兲, which is
three orders higher than the typical current level in ion channel experiments 共several nAs
only兲,23,27,29,33 proving that the effect of ion channels is negligible.
B. Cell aspiration results and Young’s modulus calculation

Figure 7共a兲 shows the morphology of a cell before aspiration and at a negative pressure of 100
Pa. Aspiration length of cells 共n = 18兲 was found to be 0.813⫾ 0.351 m at 50 Pa and
1.771⫾ 0.623 m at 100 Pa 关see Fig. 7共b兲兴. Calculated Young’s modulus values of MC-3T3 cells
were 377⫾ 189 Pa at 50 Pa and 344⫾ 156 Pa at 100 Pa using the infinite half-space model of
conventional micropipette aspiration.64
Since the aspiration channel in this device is not exactly circular, forming a perfect seal
between the cell and the aspiration channel is difficult and leakage may take place at the corners
of the aspiration channel. This leakage may result in higher vacuum pressure required to aspirate

Downloaded 30 Mar 2011 to 99.230.247.86. Redistribution subject to AIP license or copyright; see http://bmf.aip.org/about/rights_and_permissions

014113-9

Biomicrofluidics 5, 014113 共2011兲

Single-cell electromechanical analysis

A

7

Capacitance (pF)

6
5
4
50 Pa
100 Pa

3
2
1

17

Cell number

av 18
er
ag
e

15

16

14

13

11

12

9

10

7

8

5

6

3

4

1

2

0

2.5E+05

B
Resistance (ohm)

2.0E+05

1.5E+05
50 Pa
100 Pa

1.0E+05

5.0E+04

17
av 18
er
ag
e

Cell number

15
16

13
14

11
12

8

9
10

6

7

5

3

4

1

2

0.0E+00

FIG. 6. Calculated cell membrane capacitance 共a兲 and cytoplasm resistance 共b兲 of MC-3T3 cells 共n = 18兲 by fitting the
experimental results with model 3 under aspiration pressure of 50 and 100 Pa, respectively. The average values and
standard deviations of membrane capacitance and cytoplasm resistance were also shown in the last columns of the figure.

cells to a certain distance compared to conventional micropipettes, possibly resulting in Young’s
modulus values lower than the use of conventional glass micropipettes. Interestingly, the Young’s
modulus values of 377⫾ 189 Pa at 50 Pa and 344⫾ 156 Pa at 100 Pa determined using this
microdevice are not much lower than those obtained from the use of conventional micropipettes
on the same type of cells 共555⫾ 183 Pa兲.67 The insignificant difference can be attributed to the
fact that the 5 m microchannels exhibit a vaulted rather than a strictly rectangular cross-section,
alleviating the leakage problem to an extent compared to perfect rectangular aspiration
channels.23,33
IV. CONCLUSION

This paper demonstrated the use of a microdevice for both electrical and mechanical characterization of single cells using impedance spectroscopy and micropipette aspiration on the same
device. Impedance profiles and cell aspiration lengths were recorded by an impedance analyzer
and microscopy imaging. Membrane capacitance of MC-3T3 cells was found to be 3.39⫾ 1.23
and 2.99⫾ 0.82 pF at the aspiration pressure of 50 and 100 Pa, respectively, while cytoplasm
resistance values were determined to be 110.1⫾ 37.7 k⍀ 共50 Pa兲 and 145.2⫾ 44.3 k⍀ 共100 Pa兲.
Quantified Young’s modulus was 377⫾ 189 Pa at 50 Pa and 344⫾ 156 Pa at 100 Pa.
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A

0 Pa

100 Pa

B

50 Pa

100 Pa

FIG. 7. 共a兲 Images of cell aspiration at 0 and 100 Pa. 共b兲 Aspiration lengths of cells at 50 Pa 共0.813⫾ 0.351 m兲 and 100
Pa 共1.771⫾ 0.623 m兲 共n = 18兲. Calculated Young’s modulus values are 377⫾ 189 Pa at 50 Pa and 344⫾ 156 Pa at 100
Pa. Error bars represent standard deviation.
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