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ABSTRACT

Noninvasive examination of live cell function in real-time is essential in advancing the understanding
of the dynamic progression of cell’s biological processes. We present a dynamic and noninvasive
method of monitoring the adhesion and proliferation of bovine aortic endothelial cells (BAEC) using a
ZnO nanostructure-modified quartz crystal microbalance (ZnOnano-QCM) biosensor. The ZnOnano-
QCM biosensor consists of a conventional QCM with ZnO nanostructures directly grown on its sensing
electrode deployed in-situ of a standard cell culture environment. Cell adhesion to the ZnO surfaces
with various morphologies is studied and the optimal morphology is chosen for the BAEC adhesion. The
ZnOnano-QCM biosensor displays enhanced sensitivity compared to the standard QCM sensor with
~10 times higher frequency shift and motional inductance, and ~4 times higher measured motional
resistance at full confluency. The dynamic motional resistance and inductance relating to the cells’
viscoelastic properties during growth are extracted from the measured time-evolving acoustic spectra.
The Butterworth-Van-Dyck (BVD) model is adapted for the ZnOnano-QCM biosensor system and is used
to correlate the measured time-evolving acoustic spectra with the motional characteristics of cell
attachment and proliferation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Non-invasive and real-time examination of live cell function is
essential in advancing the understanding of the mechanistic and
dynamic progression of biological processes related to cell growth
and death. Such understanding has a great impact on develop-
ment of the cell-based drugs and assays. Standard methods such
as optical microscopy, hemacytometry, and flow cytometry
(Freshney, 2005) often involve invasively killing the cells and
tagging them with optically active biomolecules to obtain infor-
mation about their growth, proliferation, and function. Recently
there is an increasing interest in using impedance spectrum
analysis of acoustic wave devices such as the quartz crystal
microbalance (QCM), the QCM with dissipation (QCM-D) for
noninvasive and dynamic cell growth studies (Alessandrini
et al.,, 2006; Fredriksson et al.,, 1998; Heitmann and Wegener,
2007; Li et al., 2005; Lord et al., 2006; Marx et al., 2005; Rodahl
et al.,, 1997; Wegener et al., 1998; Zhou et al., 2000). The QCM
which is a bulk acoustic wave device has been used as a compact,
versatile and cost effective sensor with a high quality factor (Q),
typically 10*-10° at room temperature in vacuum or gaseous
environment (Rodahl et al., 1995). QCM devices can operate in the
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range of several MHz to tens of MHz. The QCM-D on the other
hand, is a modified version of the QCM which allows the sensor to
simultaneously detect frequency shifts and energy dissipation
(Fredriksson et al., 1998). For cell monitoring applications, the
impedance spectrum analysis using the QCM and QCM-D sensors
measure the frequency shift, and impedance as a function of time
during the cell growth. In addition, the QCM-D measures time
evolution of the acoustic energy dissipation due to cell activity.
Such applications to cell growth analysis for cell-based drug
assays and biophysical analysis were reported by Tan et al.
(20094, 2009b), Zhou et al. (2010), and Wegener et al. (2000).
ZnO is emerging as a wide bandgap semiconductor. Through
proper doping and alloying ZnO can be made as a multifunctional
material, which is particularly attractive for sensor technology.
ZnO based sensors have demonstrated high sensitivity to CHy4, CO,
H-0, H,, NH3, trimethylamine, ethanol and NO, (Anisimkin et al.,
1995; Hsueh et al., 2007). ZnO and its ternary alloy Mg,Zn,_,0
are known to be the biocompatible oxides, in which Zn and Mg
are important elements for neurotransmitter production and
enzyme function (Miller and Trantim, 1998). ZnO nanostructures
with different morphologies (nanometer-scale rods, belts, tips,
etc.) can be grown on various substrates including Si, quartz,
glass, and metals. ZnO nanostructures are also considered as
a coating material for medical implants (Lee et al., 2008). It is shown
that ZnO nanorods are compatible with intracellular material and are
highly sensitive to pH changes inside cellular environments (Al-Hilli
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et al,, 2006). ZnO nanorods are also used for detection of enzymatic
reactions with target biochemicals (Wei et al., 2006). The biocompat-
ibility of ZnO and its feasibility for biosensing applications are further
demonstrated in detections of proteins, antibodies, and DNA through
the proper surface functionalizations (Reyes et al., 2009; Taratula
et al,, 2006; Zhang et al., 2007; Chen et al., 2009). The control of the
surface wettability of ZnO nanotips between the super-hydrophillic
and super-hydrophobic states is used to dramatically enhance the
sensitivity of the biosensors and to reduce the consumption of the
liquid samples (Zhang et al., 2007). The use of nanostructured ZnO
for biological cell analysis has been mainly focused on (i) a nanos-
tructured platform to facilitate cellular adhesion for various cell lines
(Lee et al., 2008), (ii) a conductive nano-coating for intracellular
probes mainly to detect cytoplasmic pH (Asif et al., 2009; Al-Hilli and
Willander, 2009), and (iii) a material for enhancing optical detection
(fluorescence and Raman type microscopy) (Adam and Dorfman
et al., 2006; Dutta et al., 2009).

In this paper we present a novel cell monitoring technology
which combines the unique sensing ability and biocompatibility
of ZnO nanostructures with the dynamic and noninvasive mea-
suring characteristics of QCM device to form the ZnO
nanostructure-modified QCM sensor (ZnO,ano-QCM). In contrast
with the reported methods, the Zn0O,,,,-QCM has ZnO nanos-
tructures that serve as both of the biomolecular interface via
surface functionalization and the sensitivity-enhancing layer
resulting from the controlled morphology and giant effective
surface area. This combination is expected to greatly enhance
the device sensitivity, allow for simultaneous measurements of
multiple parameters in a single test, and enable noninvasive and
dynamic monitoring. The system features a portable and cost
effective design. The biophysical properties, mainly viscoelastic
transitions, mass accumulation, and cell adhesion and prolifera-
tion relating to cell activity are monitored in real-time through
the sensor’s specific time-evolving spectral signatures, including
peak frequency shift, motional resistance and inductance. We
adapted the Butterworth-Van-Dyck (BVD) model to correlate the
measured spectral signals with the motional components of the
Zn0pano-QCM sensing system.

2. Material preparation and experimental procedures
2.1. Growth of ZnO with various surface morphologies

ZnO films of various surface morphologies were grown on
22 mm square glass cover slips and on the QCM and Zn0O,,,,,-QCM
by the metal-organic chemical vapor deposition (MOCVD) tech-
nique. Diethylzinc (DEZn) and ultra-high purity O, are used as the
Zn precursor source and oxidizer, respectively. A chamber pres-
sure of ~50 Torr was maintained during growth. Three different
surface morphologies (“flat”, “rough”, and “sharp”) were prepared
(see Section 3.1) by varying the substrate temperature during
MOCVD growth. The ZnO films were characterized using field
emission scanning electron microscope (FESEM, Hitachi S-800),
and the surface roughness was determined using the atomic force
microscopy (AFM, Veeco Nanoscope Multimode). All samples and
devices were sterilized with ethyl alcohol and distilled water and
then treated with the human fibronectin (BD Biosciences,
Bedford, MA) for 1 h. The samples were then placed in a standard
6-cell well and filled with cell medium for standard cell growth
analysis.

2.2. Cell culture protocol

The cell line used for all experiments was bovine aortic
epithelial cells (BAEC). All cells were maintained in the standard

humidified incubator (5% CO, and 95% air) at 37 °C. The cells were
grown in low glucose Dubelcco’s modified eagle medium (DMEM)
supplemented with 1% 1-Glutamine, 1% bovine brain extract (BBE)
(Clonetics, Inc.), 0.5% Heparin, 10% fetal bovine serum (FBS), and 0.4%
of 10,000 U/ml penicillin and 10,000 mg/ml streptomycin solution.
The cell culture was trypsinized and diluted for re-seeding after
~ 85% confluency was reached. The fibronectin solution was prepared
using 1 mg of human fibronectin (BD Biosciences) diluted into 1 mL
of PBS buffer solution.

Standard optical microscopy was used to confirm the cell
growth on Zn0O-on-glass samples, while fluorescence microscopy
(Zeiss Axiovert 200 M, Gottingen, Germany) with a 548 nm filter
and 576 nm excitation was used for the optically opaque devices.
For the fluorescence microscopy the growth medium was modified
with a living-cell tracer (Cell Tracker Orange CMRA) by preparing a
1:5 solution of CMRA fluorescent tracker and dimethyl sulfoxide
(DMSO) to the growth medium.

2.3. Set-up of ZnOnano-QCM for the cell monitoring system

The schematic of a Zn0,,,0-QCM device is shown in Fig. 1(a) for
the top view, and in Fig. 1(b) for the cross sectional view of the
multilayer structure. The piezoelectric AT-cut quartz layer is sand-
wiched between two 100 nm gold electrodes. The sensing area is
0.2047 cm?. The ZnOpane-QCM device consists of ZnO nanostruc-
tured films grown directly on a standard QCM through a shadow
mask. The optimal ZnO nanostructure morphology was determined
through the control of the MOCVD growth conditions described in
Section 2.1. The ZnO nanostructure layer has thickness of ~500 nm.
The ZnO-covered sensing area was exposed to UV light to make
it super-hydrophilic (Zhang et al., 2007). The combined effect of
giant surface area of the nanostructures and superhydrophilic state
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Fig. 1. (a) The ZnOnano-QCM biosensor schematic, (b) its multilayer (c) setup for
deploying the ZnOnano-QCM biosensor for noninvasive and dynamic cell growth
monitoring.
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makes the ZnO,.,0-QCM a very sensitive mass measuring, and
viscoelastic monitoring device. The operating frequency of the
standard QCM is 10 MHz, while the ZnOp,no-QCM has an operating
frequency of 9.916 MHz.

The ZnOnano-QCM was then sterilized and deployed inside a
Teflon cell-growth well to serve as the test device (Fig. 1c), while
a sterilized standard QCM was inserted in a similar Teflon cell-
growth well to serve as the reference device. Both were filled with
50 pL of growth medium that was seeded with BAEC cells to have
a ~2 x 10° cells/mL concentration, and then placed in a standard
CO, incubator for an average of 50 h.

2.4. Nano-QCM measurements and data analysis

The characterization and testing of the ZnOnano-QCM and
standard QCM devices were conducted using an HP 8573D Net-
work Analyzer (Agilent Technologies, Palo Alto, CA). The acoustic
admittance (Y) spectrum of the device was automatically mea-
sured in every half-hour interval while the BAEC cells were
growing on the ZnOnano-QCM sensor inside the incubator. The
final output of the ZnOnano-QCM cell monitoring sensor is in the
form of time-frequency 3D signals that contain multiple para-
meters in a single monitoring period, namely (i) peak frequency
shift, (ii) motional resistance, (iii) motional inductance, and (iv)
spectral shape evolution. Each of these parameters is analyzed for
correspondence to the dynamic behavior of cell adhesion and
proliferation and they are discussed in Section 3.2.

3. Results and discussion

3.1. Adhesion of BAEC Cells on ZnO surfaces with various
morphologies

It is critical to determine the most suitable ZnO nanostructure
morphology to facilitate the optimal adhesion of the cells to the
device. In order to determine the optimum morphology for the
cell adhesion, ZnO nanostructures with three different surface
morphologies were grown as described in Section 2.1 and images
are found in the supplementary materials Fig. S1(a-h). It was
found that the substrate temperature played the major role on
achieving various surface morphologies of ZnO films. Fig. S1(a-c)
shows three different surface morphologies of ZnO films, taken by
FESEM. The “flat” sample, shown in Fig. S1(a), was grown at a low
temperature of ~250 °C, while the “rough” sample (Fig. S1b) was
grown at ~330°C. The “sharp” sample (Fig. S1c), required a
relatively high temperature ( > 400 °C) for growth. The surface
roughness (root mean square) of ZnO films was characterized by
AFM, which is 1.39 nm for “flat” ZnO (Fig. Sl1a), 7.48 nm for
“rough” (Fig. S1b) and 11.4 nm for “sharp” (Fig. S1c) sample. The
samples were prepared for cell culture as discussed in Section 2.1.
After 50 h the three samples were analyzed. For the flat ZnO
surface, the cell culture is close to 100% confluency and uniformly
spreading and proliferating on the ZnO substrate (Fig. S1d).
However, it is found that after the entire duration of the
monitoring cycle the cells have crowded with each other, com-
peting for nutrients and space. This condition will eventually
induce the cells to die and detach from the ZnO surface. On the
other hand, the cells on the rough ZnO surface have reached about
75% confluency, uniform proliferation, and the individual cells
have considerable amount of spreading as shown in Fig. S1(e). The
cells adhered to the sharp ZnO surface, but did not establish good
focal adhesion to facilitate uniform proliferation and proper
individual cell spreading. The cell culture on the sharp ZnO
surface only attained 40% confluency and a clumped cell distribu-
tion as shown in Fig. S1(f). This clumped distribution could cause

localized areas on the ZnO surface where cell death is induced.
The results of poor cell adhesion on sharp nanorods are consistent
with the observation reported by Lee et al. wherein the same cell
line (BAEC cells) lacked the ability to establish strong initial
adhesion to the sharp nanostructures, thus prohibited them to
produce lamellipodia (cell-anchoring mechanism). It would be a
natural choice to use the flat ZnO surface since it gives us a large
yield in cell growth, however, there is an inherent tradeoff in
choosing the optimal ZnO morphology for the sensing surface. In
terms of cell attachment, the cells favor the adhesion to flatter
surfaces, but in terms of device performance the sharper surface
provides the highest sensitivity due to the large effective sensing
area provided by the nanostructures (Reyes et al., 2009; Zhang
et al., 2007). It is determined that the rough ZnO surface is the
most suitable morphology for adhesion and viability for cell
growth without sacrificing the device sensitivity.

For the comparison, we repeated the same cell adhesion
experiment on two different ZnOnano-QCM sensors; one with
the rough ZnO surface and another with the sharp ZnO surface,
both grown on the top electrode. Fig. S1(g) and (h) shows the
fluorescence images of the living cells on the Zn0O;,,,-QCM with
sharp and rough surface, respectively. The fluorescence micro-
graph representing the ZnO,.,,-QCM with the sharp surface
shows low cell attachment and proliferation whereas the one
with the rough surface shows uniform cell proliferation, good
attachment and individual cell spreading.

3.2. Cell monitoring using Zn0O,qno-QCM

The Zn0,ano-QCM device with the optimized ZnO surface
morphology (rough ZnO surface) was utilized to monitor adhe-
sion and proliferation of the cells. The control (standard QCM) and
test (ZnOphan0-QCM) devices were set up as described in Section
2.3. The devices were seeded with cell density that would be fully
confluent in approximately 45-50 h. While the cells were grow-
ing on each device, we continuously measured the sensor’s
admittance parameter Y(w) for half-hour intervals.

The time-evolving resonance frequency shift o6f(t)=fo—f(t) of
both devices were monitored, where fy is the resonant frequency
of the device right after it has been injected with the cell-seeded
medium and f(t) is the subsequent resonant frequency of the
device after a time t. Fig. 2 shows the plot of 6f(t) for both devices.
The most evident feature of this plot is the enhanced sensitivity of
the Zn0,an0-QCM over the standard QCM where the maximum
frequency shift at confluence of the ZnO,;,,-QCM is ~10 times
larger than the standard QCM. This can be attributed to the giant
effective surface area made available for cell attachment to the
ZnO nanostructures on the sensing area of the ZnO,an,-QCM
device. According to (Heitmann and Wegener, 2007), the detect-
able activity of cell growth on the QCM-type devices only happens
at the interface of the cells and the sensing area. Adding the ZnO
nanostructures to the QCM sensing area enhances this interfacial
interaction by providing a huge effective sensing area for the
device. The ZnOpaino-QCM device also exhibits a linear cell
proliferation from initial seeding before it tapers off at 40 h when
the cells reach full confluency. The standard QCM on the other
hand shows nonlinear proliferation rate (Fig. 2 inset) and reaches
confluency early at 25 h of incubation. Moreover, the fluorescence
images of both the devices taken after 50 h (Fig. 3a and b) show
that the cell culture reached similar full confluency on both
devices.

We need to establish the correspondence between the time-
evolving admittance measurements from the ZnOpan-QCM (which
is an electrical parameter) with the mechanical parameters at the
sensing area. The transmission line model of the basic QCM outlined
by Bandey et al. (1997) was used to show the correspondence. The
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the standard QCM (solid squares), and the ZnOnano-QCM (open circles) showing
~10 times enhanced sensing performance by the ZnOnano-QCM.

Fig. 3. (a) 20 x fluorescence image of the BAEC cells on the standard QCM after
full confluency; (b) 20 x fluorescence image of the BAEC cell on the ZnOnano-
QCM sensing after full confluency.

model is adapted to our cell monitoring system which consists of four
mechanical transmission line impedance layers as depicted in
Fig. 4(a): (i) the basic QCM layer described by its characteristic
impedance Z, and the coupling coefficient of quartz K, (ii) the ZnO
nanostructure layer modeled as an ideal rigid mass layer described by
the ZnO density pzo, (iii) the biological cell layer modeled as a finite
thickness viscoelastic film described by the cell density pc.; and the
complex shear modulus Gy, and (iv) the cell growth medium
modeled as a semi-infinite Newtonian fluid described by its density
Pmedium and viscosity coefficient #meqium- Layer (i) is treated as the
basic device, and layers (ii)-(iv) are mechanical load impedances.
If a small-load assumption is used, i.e. total load density is less than
5 mg/cm? and the total viscosity is less than 10° g2/cm®s, then the
entire transmission line model can be simplified into a lumped-
parameter circuit equivalent called the Butterworth-Van-Dyke
(BVD) lumped-parameter model (Bandey et al, 1997; Wegener
et al., 2000). This assumption is also valid for cell growth (Wegener
et al,, 2000). The BVD equivalent circuit of the nano-QCM is shown in
Fig. 4(b), which is composed of a RLC circuit in series with a load
impedance Z;,,q (which includes the contribution due to the ZnO
nanostructure, cell layer, and the growth medium), and in parallel
with a capacitor Cy. Gy describes the basic characteristics of the basic
QCM far from the resonance frequency. The branch of the circuit that
represents the motional characteristics of the nano-QCM near and at
the resonance frequency is the load impedance with the series RLC
circuit, composed of Rocm, Lacm, and Coev, the motional resistance,
inductance and capacitance of the quartz resonator at no load,
respectively. When the basic QCM experiences mechanical perturba-
tions due to a collective load placed on its sensing electrode, the load
impedance Z;,.q takes effect. The load impedance can be further
represented by a series RLC circuit (Ripad, Lioad, and Cioaq) and is
given by

M

Z1pad = Rioad +J®oL1oad 00Ciom
where m, is the resonant frequency of the device. The motional
capacitance is exclusively dependent on the material properties and
dimensions of the quartz crystal (Wegener et al., 2000), thus Cj,.q can
be lumped together with Cocu. The electrical parameter (Zioaq) is
directly related to the mechanical impedance experienced by the
acoustic wave due to the physical perturbations occurring at the
attached overlaying material given by the expression (Wegener et al.,
2000):

1 T Z mechL (2)

A S
9V et 4K2woCo Zacm

where K? is the coupling coefficient of the piezoelectric quartz layer,
Zmech 1S the mechanical impedance due to the ZnO layer+ cellular
layer+growth medium attached to the sensing area, and Zycy is the
impedance the QCM at no load. Egs. (2) and (3) give the expression
for Rioaa and Lig,q and are related to the measured admittance
parameter by

R = T Re{Zmecn} Re{Y10ad} 3
Load = 2 7 = 2 2 3)
4K woCo QCM Re {YLoad 14+ Im*{ YLoad }
T Im{Z } —Im{Y0aa}
Lload — mechLS _ Load ( 4)

AweCo  Zaam  wo(Re*{Ypaa} +1m?(Ypaa))

The quantity Ry ,.q corresponds directly to the mechanical or motional
resistance and designates dissipation of acoustic energy due to the
attached cell growth layer on the nano-QCM surface. The parameter
Lioaq ON the other hand is directly proportional to the stored energy
by the cell layer (i.e. elasticity increase). Yioaq is the measured
admittance spectrum minus the no-load admittance spectrum of
the standard QCM. Adapting our cell monitoring setup to the Zmnech.
expression developed by (Bandey et al, 1997), the mechanical
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impedance becomes a combination of the mechanical effects derived
from the mechanical model in Fig. 5(a) and is given by Eq. (5)

Zytedium COSN(Y et fcen) +Zcent SINN(Y cenee)
Zcell COSh(ycellhcell)+ZMedium Slnh(ycellhcell)

ZMechL :jprnO +Zcell
()

where jwpzno represents the impedance of the rigid ideal mass ZnO
nanostructured layer, Zcej= pcelGeen is the impedance of the finite-
thickness (heen) viscoelastic cell layer, and Zedium is the impedance of
the growth medium as a semi-infinite Newtonian fluid, which is
given by

ZMedium = (] +J) < pMedm;lnMedmm) (6)

To isolate the effects of the ZnO layer and the growth medium
(and also obtain empirical values for the BVD parameters for these
layers) we measured the admittance parameter of the ZnO,,,,-QCM
right after the ZnO nanostructure deposition on the sensing electrode
to show that the only effect the ZnO film, the growth medium and
fibronectin layers collectively does on the signal is to introduce a
Sauerbrey frequency shift (Fig. S2(a) and (b) of supplementary
materials) This means that the this collective layer does not
contribute to the dynamic transitions occurring in the cell monitor-
ing setup. These will serve as the baseline signals which verify that

the changes we observed in the time-evolving admittance spectra
are only due to the viscoelastic cell layer.

We used Egs. (3) and (4) to generate the motional resistance
and inductance plots that relate the measured admittance spectra
to the viscoelastic changes happening during the cell growth
process monitored by the ZnO,,,,-QCM. Fig. 5(a) shows the
motional resistance of the ZnO,a,,-QCM for the 40-h cell growth
monitoring period. The inset shows the same parameter for the
standard QCM. The most obvious information derived here is the
highly enhanced sensitivity of the Zn0O,.,,-QCM compared to a
standard QCM in detecting viscoelastic transition. For the stan-
dard QCM, the total change in motional resistance ARyt Was
only 1.5 kQ, while for the ZnO,.,,-QCM it was 37.5 kQ which is
25 times higher than the standard QCM. Fig. 5(b) shows the
motional inductance experienced by the nano-QCM due to the
cell growth. Fig. 5(a) and (b) reveals certain details about the cell
growth on the ZnOpan0-QCM sensor. Liyaq increases continuously
from O to 40 h while Ry ,.q changes in different time intervals.
From O to 16 h Ry .4 increases slowly from 1.29 kQ to 3.84 kQ.
This indicates a small energy dissipation due to the low value of
Ry 0aq. This may be due to the onset of proliferation on the sensing
area. For the time interval 16-30 h there is a rapid increase in the
value of Ry .4 indicating a high energy dissipation that may be
caused by the formation of more rigid focal adhesion points by the
individual cells, and the increase of cell spreading. At 30-40 h the



P.I. Reyes et al. / Biosensors and Bioelectronics 41 (2013) 84-89 89

value of Ry,.q further increases faster indicating further energy
dissipation due to onset of full confluency or cell crowding. This
increase in energy dissipation is caused by the dampening of the
shear waves induced by the large amount of cellular proliferation.
Fig. S3 (supplementary materials) shows a plot of the motional
resistance versus motional reactance. The upward curvature
8 Rigad /8(L1oaq)* > 0 indicates that the energy loss per unit mass
of the cells increases with the cell culture proliferation. The solid
lines in Fig. 5(a) and (b) represent the BVD fitting curves derived
from empirical parameter fitting of the individual layers in the BVD
model. The BVD model curves agree with the measured para-
meters; however, they do not closely fit, especially in the early
stages of cell growth because of the limitations intrinsic to the BVD
model. The assumption in the model is that the cells have a
constant density and have a uniform distribution on the entire
sensing area. This model therefore approaches higher accuracy as
confluency is reached rather than in the early proliferation stage.

4. Conclusion

The integration of ZnO nanostructures and a standard QCM
forms a surface-modified QCM biosensor (nano-QCM), which pos-
sesses significantly enhanced sensitivity over the conventional QCM
counterpart. The nano-QCM biosensor is installed in situ using a
standard cell culture environment for noninvasive and dynamic
cellular monitoring. We have demonstrated the controlled adhesion
and proliferation of BAEC cells on the nanostructured ZnO surface
with the optimized surface morphology. The ZnOnano-QCM exhib-
ited enhanced sensitivity to detection of cell adhesion, proliferation,
and viscoelastic transitions through a single measurement of time-
frequency 3D acoustic spectra. The ZnOnano-QCM shows 10 times
increased sensitivity in frequency shift due to total cell proliferation
in comparison with the standard QCM. The Butterworth-Van-Dyke
(BVD) lumped-parameter model analysis was applied to the mea-
sured acoustic spectra to extract dynamic information from the
signal’s spectral shape evolution, peak frequency shift, and ampli-
tude modulation. The presented technology provides a base for
noninvasive, real-time, dynamic and label-free cellular monitoring.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.bios.2012.07.039.
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