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Graphical abstract

Abstract

Single cell mass (SCM) is one of the intrinsic properties of cell and is a vital part of single cell analysis
(SCA). To date, a myriad numbers of works has been successfully reported for single cell mass measurement
but the reported information are scattered, consequently a comprehensive review becomes mandatory to
bring them together. Lab-on-chip microfluidics system integrated with micro-resonator provided an
excellent platform to measure single cell mass directly (in presence of cells). On-chip microfluidics system
like suspended micro channel resonator (SMR) was reported for non-adherent single yeast cell mass while
‘living cantilever arrays’ (LCA) was proposed to measure adherent HeLa cell mass. On the other hand,
cantilever based resonant mass measurement system has non-uniform mass sensitivity; this issue has been
overcome by pedestal mass measurement system (PMMS). PMMS has a unique geometrical structure that
provided uniform mass sensitivity to the sensing surface. Moreover, we presented a comprehensive
discussion of each of the available methods of SCM elaborating the sensing mechanism, geometry of the
sensor and governing equations. It is hoped that, information presented in this comprehensive review paper
will be a valuable source for the single cell mass analysers and biological researchers.
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1.0 INTRODUCTION

With the revolution of micro-bio and nano-bio technology,
physiology of single cell is being discovered day by day. Great
strides have been taken to develop the technology to investigate
the intracellular and extracellular properties of single cell. For
example analysis of single cell inside environmental scanning
electron microscope (ESEM) [1]-[4], AFM cantilever for single
cell strength analysis [5], Nano scale electrochemical probe for
single cell analysis (SCA) [6], SCA through electrochemical
detection [2], [6]-[11] and microfluidics disk for single cell
viability detection [12]. SCA elucidates complex cellular
functions such as cell’s mechanical, electrical and chemical
properties. Single cell mechanics is one of the vital part of the
single cell analysis. Recent development of micro electro
mechanical systems (MEMS) provide an excellent platform to
analyse single cell mechanics often known as lab-on-chip (LOC)
microfluidics device [7], [10], [12]-[16]. Studies on cell
mechanics acquired a great interest of scientist as cell mechanics
can be related to the early diagnosis of disease through single cell
surgery and cell wall stiffness [17]-[20]. Cell mechanics consist
of (but not limited to) cell wall strength, cell mass, density and
volume at different phases of cell growth cycle. However, in this

comprehensive review article we limit our scope to single cell
mass and its measurement techniques. Previously, a few
illuminating review papers were presented reflecting chemical
and biological analysis of single cell [21], single cell analysis for
quantitative biology [22], single cell trapping mechanisms [23],
single cell in biotechnological applications [14] and single cell
culturing methods. Nevertheless the review on single cell mass
(SCM) measurement is yet to be done and technological
advancements of SCM remains scattered. In order to bring this
scattered information in a single platform we have presented in
this review article.

Lab-on-chip integrated with microfluidics system enabled
scientist to measure the mass of individual cells directly (in
presence of alive cells). Micro-nano mechanical resonators have
opened the doors for single cell mass measuring with high
accuracy. Frequency of the resonator is inversely proportional to
the acquainted mass of resonator [5], [24]-[28]. Using this
principle Burg et al. proposed suspended micro channel resonator
(SMR) for single cell mass measurement [7], [29]. But this work
was limited to dry cell only i.e. non adherent yeast cell [13], infect
micro beads was used to characterize the sensor [30]. This issue
has been overcome by ‘living cantilever arrays’ for measuring
adherent HeLa cell [10]. However, resonating cantilever has non-
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uniform mass sensing ability [31] as a result accuracy depends on
the cell position merely [10]. On the other hand, cantilever based
mass measurement techniques were not able to relate the cell
mass with cell growth through cell cycle. These issues have been
addressed by object position independent pedestal mass
measurement [16]. Results showed that, cell mass increases
exponentially with cell growth which is in agreement with the
previous arguments [16], [32].
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Figure 1 (A) A large population of cells. (B) Properties of particular
healthy and unhealthy cell

1.1 Significance of Measuring Single Cell Mass

Cell mass depends on the synthesis of proteins, DNA replication,
cell wall stiffness, cell cytoplasm density, cell growth, ribosome
and other analogous of organisms [10]. Chronic diseases like
cancer and tumour affect intracellular physiological properties of
cells [33], subsequently cell mass and density will be changed as
well [32], [34]. Single cell mass can be measured either from an
absolute single cell or from a large population of cells. But from
the average data of single cell mass, it is not possible to identify
the mass of a particular single cell. Hence, ambiguities arise in
identification of cell’s physical data. On the other hand, an
absolute single cell mass data is able to explain the physical
conditions of a particular cell. This leads to differentiate an
unhealthy cell from a bunch of healthy cells and vice-versa for
the healthy cell. Figure 1 shows a concept, how single cell mass
contributes in terms of identifying infected cell. Figure 1A
describes a schematic diagram of a population cell. From the
estimated data of population cell mass, it is not possible to
differentiate the healthy and infected cell. On the other hand,
Figure 1B shows the single cell property for a particular cell only.
For an infected cell, all these internal particles are being affected
by the foreign agents or materials. These physiological changes
also affect the mass of single cell. For example, in a tumour
infected cell, integrity of DNA faces continuous challenges and
genomic instability occurs to the chromosome's structure [35].
Inevitably, this will cause severe change to DNA replication,
cytoplasm density and cell volume which ultimately leads to the
changes in single cell mass. In this condition, if we could
determine the mass of a single cell, we will be able to differentiate
the unhealthy cell from healthy cells by investigating single cell
mass property. Single whole cell mass has also a great
contribution in terms by generating biomarkers for rapid
identification of intact microorganisms like virus and bacteria
[36]. As a result, we strongly believe that studying single cell
mass and its measurement techniques will enhance our

understanding of physiological properties of cell and perhaps it
may provide new tools for disease diagnosis through the variation
of single cell mass property of identical cells at different health
conditions.
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Figure 2 (A) Atypical SMR, where cantilever is hanging. (B) Frequency
shifting in presence of cell. (C) Frequency shifting of the cantilever at
different position of the cell [7]

H2.0 LAB-ON-CHIP SUSPENDED MICROCHANNEL
RESONATOR (SMR) FOR SINGLE CELL MASS
MEASUREMENT

Suspended micro channel resonator (SMR) was proposed by
Burg et al. for bio molecular detection from the frequency
shifting of cantilever in 2003 [29]. Although this technology was
initially proposed for bio molecular detection, its area of
application has subsequently expanded into single cell mass and
density measurements [7], [9], [13]. Frequency of the resonator
is inversely proportional to the square root of its mass [7], [9],
[10], [29]. This principle enables frequency shifting cantilever to
measure the single particle mass in 100 mg level with high quality
factor i.e. adequate sensitivity to detect each and every particle.
Figure 2A shows a schematic of typical SMR, where the
cantilever is at the hanging position and to be resonated. An
electrostatic actuator is placed at the bottom of the cantilever to
generate sufficient actuation (‘DC’ voltage ~60). This actuation
generates micro-newton centrifugal force, which provides
excellent mass sensing capability to the cantilever. At the
presence of any particle, the frequency generates pick value and
each of the pick is inversely proportional to the square root of
current mass of the cantilever [7]. Relationship between mass and
frequency is illustrated in Equation 1 proposed by Sarid [37].
Relation between the particle mass and frequency depends on the
position of the particle on the cantilever. The maximum
experienced mass by the cantilever is when the particle at its apex.
Schematic at Figure 2B illustrates this phenomenon of mass
sensing by the resonating cantilever. Figure 2C illustrates a more
specific relation between mass and frequency of the cantilever.
Frequency of the cantilever was measured by a position sensitive
photo detector (PSD).
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bridge) and optical detectors. Phase shifter enables feedback actuation
[15]

1 k
f=—.|—F—— @)
27 \'m +aAm

Where, f is the resonating frequency, m* is the effective
mass, k is the spring constant, o is the numerical constant that
depends on the added mass to the resonator Am. When
measureable particle is at the apex numerical constant o=1.
Cantilever is coated with 100 nm Aluminium thin film to obtain
a good electrical conductivity and a high optical reflectivity [29].
Smallest change of the frequency can be determined from the
ratio between the surface areas to the total mass as shown in
Equation 2. Optimizing this ratio is known as surface absorption

(71, [91.
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Where, Af/fis the related frequency shift, A is the area of the
cantilever, m is the loaded mass and Ac = A/Am is the surface
mass loading. By increasing surface area to mass ratio, the mass
sensing resolution of the cantilever can be enhanced.

2.1 Optimization of the SMR Design for Single Cell Mass
Measurement

SMR was fabricated by etching microfluidic channel on a
standard silicon wafer using photolithography and reactive ion
etching (RIE). For a fine detection of biomolecules, suspended
micro channel must be thin and the channel should have the
capability to flow the liquids continuously. Keeping these
purpose ahead, SMR was fabricated with channel wall thickness
of 800 nm and a fluid layer of 1.2 um thick. Combination of
polysilicon Damascene and sacrificial layer [38] etching in bulk
micromachining of hot potassium hydroxide [39] was used to
fabricate the suspended micro channel resonator. Actuation was
generated through electrostatic force and optical lever used to
detect the resonance frequency. Recently, SMR was modified
with piezoresistive actuator by Lee et al. [15] and the frequency
detection mechanism has changed to electrically instead of
optically. Optical detection of frequency has two major
limitations; external laser source required to generate the optical
beam and a photodiode detector to detect the frequency shift.
Multiplexed measurement was not possible with the SMR that
proposed by Burg et al. Figure 3 shows SMR's frequency
detection mechanism with both optical lever detector and
electronic detector modified by Lee et al. Three external resistors
were combined with on-chip piezoresistor to build a Wheatstone
bridge. The output signal passes to the amplifier either through
the Wheatstone bridge or photodiode. Phase shifter determines

the frequency shift and feedback the signal to the actuator. This
configuration of SMR, allowed it to be a feedback suited actuator
and able to detect the dynamic displacement of the SMR [15].
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Cell trapping zones

Figure 4 Top view of the mechanical trap using SMR. (A) SMR with
3x8 pum channel and 200 nm horizontal slit. (B) SMR with 8x8 um
channel and 2 um vertical opening. (C) SMR with 15x20 um channel and
three columns with even diameter or 3 um. Red circle is the trapping zone
for each cantilever [30]

Weng et al. remodelled the SMR with three channels and
columns configurations [30] so that single cell can be trapped
inside the fluidic channel. Besides that, there are several cell
trapping methods available such as dielectrophoresis [40],
hydrodynamic cell isolation arrays [41], optical tweezers for cell
trapping [42] and also acoustic effect for cell trapping [43]. But
these methods were limited to cell trapping only while recently
modified SMR has an integrated cell trapping system for single
cell mass measurement. The fabrication process was described
elsewhere in [7], [29]. There were two types of the three channel
SMR were fabricated, one was 3x8 pm device with 200 nm
horizontal slit [Figure 4A] between the channel and another was
the cross-sectional area of 8x8 um and 2 um wide [Figure 4B]
vertical opening [30]. Three channels SMR trap the cell at the
apex of the cantilever which ensured the maximum mass
sensitivity of the cantilever [7]. For the columned SMR, the
cross-section area for the channel was 15x20 pm and three
columns (3 um diameter for each column). Each of the columns
was separated evenly in a gap of 3 um [Figure 4C]. These
columns can be placed either at the corner or centre of the
cantilever, depending on the user demand. This type of
configuration enables the suspended micro channel to trap single
cell and perform the desired measurement. Again Arlett et al.
proposed that by integrating SMRs with large number of arrays
mass resolution can be improved significantly. This configuration
of SMR is able to detect proteins and other rare biologically
important particle like virions [44]. Table 1 summarized the
configurations of SMR modified by different authors.

2.2 Single Cell Mass Characterization Using SMR

SMR detects any change in mass of the cantilever and translates
to resonant frequency. Single cell characterization using SMR
had two approaches. One is to estimate the single cell mass from
a known number of population cells and another is to measure the
single cell mass for a particular cell only. In 2009, Bryan et al.
has initiated the first approach to measure the buoyant mass of a
population of cells. Buoyant mass is the mass difference between
cell and displaced liquids on the cantilever [13]. This buoyant
mass caused the frequency changes of the cantilever as well.
Frequency of the cantilever is inversely proportional to the square
root of its total mass as illustrated in Equation 1. A commercial
coulter counter was used to estimate the volume of cell. For large
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number of sample (n > 20,000), volume of single cell was
estimated as 27.0 + 0.1 pm®. Relation between buoyant mass and
volume were illustrated in Equation 3.

m, =V (Pf —P) @)

Where mp is buoyant mass of cell, V is volume, pr and p are the
density of fluid and cell respectively. From Equation 3 average
single yeast cell mass was calculated as 1.38 + 0.010 pg [13]. As
single cell volume was estimated from the total size of the
population and so for the density. This average estimated data
was unable to illustrate the mass of a particular single cell,
subsequently real time mass data of each cell remains elusive.

Table 1 SMR with different configurations

Authors References & Year Configuration Frequency detection Remarks
methods
Burg et al. 2003,2007 [7], [29] U-Shaped Optical lever SMR was used to detect
biomolecules and estimate single
cell mass from average data
Leeetal. 2010 [15] U-Shaped Optical lever and Feedback suited actuator
piezoresistive
Weng et al. 2011 [30] Three channel and columned  Piezoelectric and optical Cell trapping mechanism has been
added
Arlett et al. 2010 [44] Double clamped beams Thermoelectric actuation and  Flow through detection methods
piezoresistive detection introduced
Leeetal. 2011 [45] U-Shaped Photo detector Second flexural bending mode to

lower the minimum detectable
particle size

In 2011, Grover et al. has overcome this issue by measuring
buoyant mass [46] of a particular single yeast cell using SMR.
Archimedes’ (at 250 B.C.) theory was used to measure the
buoyant mass of the particle. Equation 4 illustrates the relation
between particle buoyant mass, absolute mass and fluidic density.
By measuring the buoyant mass of a particle in two different
medium of known density, Archimedes was able to calculate the
density of the crown (particle). The same approach was used by
Grover et al. to measure the density of a particular single cell.

m, =m 1—& 4)

Yo,
Where, mp is the buoyant mass of the particle, m is the absolute
mass of particle, pr is the density of the fluid and p is the density
of the particle. This method of single cell mass measurement
required two major mechanisms. One is a high resolution mass
sensor and a way to change the fluidic flow direction as faster as
possible. Initially, cantilever was filled with liquid which was less
dense than cell (red, stepl) and the density of the fluid was
measured from resonant frequency of the SMR [Figure 5A]. At
the next step, cell was passed through the channel and from the
pick (step 2) of resonant frequency buoyant mass of cell was
measured. The direction of the flow was then reversed and
cantilever was filled with high dense fluid (blue, step 3). As the
blue fluid was heavier than the red, this causes frequency drop.
Similarly step 4 was performed to measure the buoyant mass of
cell at high dense fluid. From these four steps, absolute mass of
single cell and density was calculated using Equation 4. This
relationship between absolute mass and buoyant mass has been
elaborated graphically in Figure 5B.

ulufuly

nm nula In unlxlcvel Cell transits cantilever

Red fluid in cantilever  Cell transits cantilever \ Freque ional Peak height proportional to
Frequency proportional _ Peak height proportional to 1 Gansiy o bisa fuid colrs Bucyant mass i b huid
10 density of red fluid  cell’'s buoyant mass in red fluid

Fluid 1
®<Pcei)

. Fluid 2
®>peen)

Resonance
frequency of
cantilever

© Celor

particie Time

=~}

Fluid density (g/mL)

Single cell buoyant mass

Figure 5 (A) Steps of measuring single cell buoyant mass. Red circle on
the frequency curve indicates the frequency drop due to cell in red (less
dense) fluid. Blue circle on the frequency curve indicates the frequency
drop due to cell in blue (dense dense) fluid. (B) Relation between buoyant
mass and absolute mass of single cell [46]

However, we observe that many researchers have reported
SMR as an effective on-chip device for characterizing single cell
mass and density. Yet, there are some limitations and ambiguities
remain. For example, cell viability, cell adherent properties, cell
sorting mechanism and mass sensing error which could be up to
100% for a suspended cantilever mass sensor [16]. By improving
aspect ratio of the cantilever sensitivity error can be minimized
[10]. On the other hand, position dependency results of the SMR
can be improved by adding flexural bending ability to the
cantilever [45]. Single cell sorting is also one of the toughest
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challenge in SMR mass measurement sensor. In the structure of
a SMR, micro channel is hanging with an opening inlet and outlet.
In order to pass a cell through the suspended micro channel, cell
must be injected through the gate of the inlet [23]. There might
be two possible way to manage the single cell to pass through the
channel [14]. One is to sort the cell in another lab-on-chip and
then inject to the suspended cantilever beam. Another approach
might be, to use a valve analogous gate at the inlet of the channel
which will allow only a single cell at one time to pass through the
channel. After all, a micro-nano manipulator can be used for
positioning the single cell in the inlet of the channel [21]. As a
consequence we may conclude that, SMR can be modified with
additional feature to obtain an optimised sensor for measuring
single cell mass. For instance, introducing of dynamic ‘mass-
spring-damper’ model to extract the spring constant of the
cantilever and minimize the object position dependency [16].

H3.0 °‘LIVING CANTILEVER ARRAYS’ (LCA) FOR
MEASURING SINGLE CELL MASS

Even though suspended micro channel resonator has a great
contribution to the advancements of single cell mass
measurement techniques, yet this method is limited to non-
adherent cell only [16] and cell stiffness data remained elusive.
But it has been believed that, cell stiffness is a significant
parameter that impact on stress-induced cell spreading [47], cell
differentiation [48] and cancer metastasis [8]. As a consequence,
Park et al. has proposed ‘living cantilever arrays’ to measure
adherent cell mass [10]. In this method, cantilevers were
submerged into the L-15 growth medium and cells were cultured.
Hence, cells remain alive and adherent cell mass was measured
using cantilever arrays mass measurement sensor. Figure 6A
shows the schematic diagram of the cantilever arrays. Laser
doppler vibrometer (LDV) was connected with the cantilever to
measure  the vibration frequency precisely. Positive
dielectrophoresis was used to attach the cells on the cantilever.
Frequency shifting phenomenon was used by Park et al. to relate
frequency with cell mass. Similarly like SMR, the cantilever
array used the frequency shifting phenomenon at the cantilever
beam. Mass changed Am was measured from the frequency
shifting [49] as illustrated in Equation 5.

k 1 1
M\ ©
1

0

Where, fi1, fo is the resonant frequency with and without cell
respectively, k is the spring constant of the cantilever. For a
cantilever, typical equation for spring constant is denoted by
Equation 6.

t°b

d (®)
3L

k=E

Where, E is the elastic modulus, L is the length, b and t is the
width and thickness of the cantilever. The cantilever arrays were
named as “living cantilever arrays” as cells were captured and
cultivated on the surface of the cantilever, which kept the cell
alive and adherent properties unchanged.

A B

Figure 6 (A) Living cantilever arrays for single cell mass (SCM)
measurement. (B) Cell capturing using dielectrophoresis (DEP). DEP
input signal was 6 Vpp at 1 MHz [10]

3.1 Fabrication and Characterization of LCA

‘Living cantilever arrays’ were fabricated from a silicon wafer.
Length of the cantilever was varied from 25-40 um long, 10 pm
wide and 240 nm thick. Shortest cantilever was 25 um long and
longest was 40 pm. Initially, silicon wafer was a 500 pm substrate
with 240 nm thick device layer (Figure 6A). Desired dimensions
of the cantilever were obtained by reactive ion etching (RIE).
Cantilever’s electric conductivity was enhanced by implantation
of boron at 10 KeV, it was then further tempered at 900°C for 30
min. A PDMS slab with a 2.5 mm wide and 250 pum high
microfluidic channel was fabricated to cover the silicone
cantilever. Thermal noise was the excitation source and an
advanced Fourier transform was performed to produce sufficient
vibration. Frequency of the cantilever was detected with a LDV
(Laser Doppler Vibrometer, MSV-300, Polytech PI).

3.2 Cell Capturing and Culturing on LCA

The aim of this work was to measure the single cell mass without
distorting the adherent properties of cell. Positive
dielectrophoresis (DEP, 6 Vpp,1 MHz) was used to capture the
cell from liquid medium. Biomolecules have dielectric property,
which allows DEP in many medical applications like bio
molecular separation, isolation etc. [50]. Silicon cantilevers were
coated with poly-L-lysine and poly-L-lysine become highly
positive at the physiological conditions. Cells were captured by
the cantilevers due to the electrostatic interaction.
Figure 6B confirmed cell capturing using DEP. With increasing
of time, number of attached ells also increased. Once cells were
captured, DEP signal was turned off. Cell growth media was
inserted immediately to keep cells alive. As there is no DEP at
this stage, cells were attached to the cantilever due to the adhesion
property of cells only. Immortal human cervical cells, HeLa were
used as a sample cell. HeLa cells culturing required 3-7 days to
observe the cell growth properly.

3.3 Single Cell Mass Characterization Using LCA

After capturing the cells, cells were cultured inside incubator at
37°C and 5% CO2 and cells growth was observed for several
days. After several days (up to 7 days) of cell culturing, frequency
of the cantilever was measured with LDV. Later cells were
detached from the cantilever by trypsin and cleaned with an
enzymatic cleaner (Tergazyme, Alconox, Inc., NY, USA).
Frequency was measured again to get resonant frequency without
cells only at the growth medium. Frequency drop was 2.92 KHz
in the presence of cell. From these two frequencies (with and
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without cells) single cell mass was calculated using Equation 5.
Single HeLa cell mass was calculated as 1.01 ng, which is
approximately half of the theoretical measurement of single HeLa
cell massi.e. 2.48 ng [10]. The experimented result was only 40%
close to theoretical result and single cell mass result is to be
fluctuated, depending on the numbers of cells attached on the
cantilever. On the other hand the cell growth at the artificial cell
cultivation media was not as normal as expected. LCA was to
culture a single cell and measure the single cell mass only. But in
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dielectrophoresis, many cells were attached and frequency was
measured with many cells acquainted in the cantilever [50]. In
addition, the spring constant and the quality factor of the
resonating cantilever is affected due to the small aspect ratio of
the cantilever [51]. This may cause error to the calculating of
spring constant of the cantilever. As a result, we could conclude
that, LCA may require improvement in terms of cells capturing
and spring constant calculation.
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Figure 7 Fabricated pedestal mass measurement sensor’s arrays. There were 9x9=81 sensors fabricated. (B) For a typical cantilever sensor, error could be
up 100% depending on the object’s position, while for pedestal sensor the sensing error is less 4%. (C) Left is the linear mass-spring-damper model that have
used for cantilever sensor, Right is the dynamic mass-spring-damper model for four beam pedestal mass measurement sensor. (D) Relation between fixed
cell’s apparent mass to the non-fixed corresponding cell’s apparent mass. (E) Exponential increase of cell mass prior to cell division. Inset (1-3) showed the

numerical model that used to represent cell division [16]

However, LOC resonating based cantilever mass
measurement sensor enabled the technology to measure adherent
cell mass directly. Major difference between SMR and ‘living
cantilever array’ is that SMR generates the pick from the mass of
the single cell. On the other hand, cantilever arrays shift the
existed resonance depending on the mass of attached cells on the
cantilever surface. Thermal noise was used to generate the
vibration on the cantilever in LCA while electrostatic actuation
for SMR.

M4.0 LAB-ON-CHIP PEDESTAL MASS MEASUREMENT
SENSOR (PMMS)

Integrated lab-on-chip living cantilever arrays (LCA) considered
as one of the successful work for measuring adherent cell mass.
However, the cantilevers based mass sensor has non-uniform
mass sensitivity [31], as a result accuracy depends on the cell
position merely [10]. These issues have been addressed by object
position independent pedestal mass measurement [16].
Furthermore, pedestal measurement sensor has an excellent
geometrical shape that enables cell to be trapped within the mass

sensing region. Previously, SMR was modified by introducing
mechanical trap to the sensor to measure the buoyant mass at
different liquids [30], but it was limited to non-adherent cell only.
On the other hand, pedestal mass sensor was developed to
measure the live adherent cell mass upon trapping and culturing
on the pedestal surface.

There were 9x9 arrays where 81 pedestal (60 x 60 umz2)
sensors were fabricated on the MEMS chip where each of the
pedestal sensor was supported by four identical spring beam.
Length of the supported beam was 80 um, width was 40 um with
an approximate pit depth 50 pm. The entire fabrication process
have been discussed elsewhere in [16]. Figure 7A shows the
fabricated pedestal mass measurement sensor. The four beamed
novel structure of the sensor generates the vertical vibration only
and this structure reduces the amplitude fluctuation significantly
[16]. This concept has been calibrated using numerical
approaches. Results showed that the vibration direction is only
vertically and the error of the mass sensitivity is less than 4%
while it can be up to 100% for a conventional resonating
cantilever depending on the position of the object on the
cantilever [Figure 7B].
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mass

4.1 Procedures of the Single Cell Mass Measurement Using
PMMS

Frequency shifting phenomenon was used to measure the cell
mass using pedestal mass measurement sensor. Pedestal sensor
was vibrated using Lorentz force by passing constant current of
150 pA in a static magnetic field. Three different frequencies of
the resonator were measured. In air medium sensor was vibrated
at the frequency of 150 KHz which had been used to calculate the
spring constant of the supporting beam followed by measuring
resonant frequency in L-15 (Sigma Aldrich) growth medium (60
KHz). Frequency measured inside the growth medium had been
used a reference frequency. Human colon adenocarcinoma cell
(HT29) was then cultured on the sensor to enable direct mass
measurement. The sensor merged in the growth medium had been
covered with PDMS hermetically with a covered slip. Finally,
frequency of the pedestal platform had been measured in presence
of live adherent cells, frequency was measured in every 30 min
for 60 h to understand the relation between cell mass growth as
well as the effect of cell migration through the sensor.

4.2 Relation Between Cell Mass, Stiffness and Growth

The conventional mass sensing cantilever was modelled based on
linear mass-spring-damper system [16] [Figure 7C left]. This
concept is valid when a cell has been fixed on the surface. But in
liquid medium cells remain suspended and the vibration
frequency may differ from the resonating cantilever which
generates error to the frequency measurements. In the pedestal
mass sensor dynamic mass-spring-damper has been proposed
with 2 degree of freedom (DOF) to the beam spring which
elucidates the effect of viscoelastic modulus to the mass sensor.

Figure 7C (right) illustrate the dynamic mass-spring-damper
model to improve mass measurement sensitivity. On the other
hand, vibrating cell on the sensor have a finite elasticity as a result
there might be variation in the vibration between cells and
cantilever which leads the mass measurement results depend on
cell stiffness as well. Using pedestal sensor apparent cell mass
was measured for both attached and non-attached cells. For
paraformaldehyde (PFA) cells apparent mass is 1.4 times higher
for the attached cell than its corresponding non-attached cell on
the same pedestal surface. This is because the cell stiffness
increases for the fixed cells [16]. Figure 7D shows the results of
measured mass for PFA fixed and non-fixed cells.

It is well known that single cell growth, division and death
are a continuous process [13], [32], [52]. Previously, it was
claimed that cell mass increases linearly with the growth through
the entire cell cycle [34]. Later on it was proved that single cell
mass merely depend on the cytoplasm of the cell which consists
of enzymes, ribosome and other soluble components including
water [32]. The growth of the cytoplasm is exponential [32]
which generates the cell mass exponentially also known as
cytoplasmic mass increase. On the other hand, the DNA
replication of the single cell is also exponential and only few
extraordinary case where DNA replication was linear [34]. But
this extraordinary case is not adequate enough to support the
linear replication of DNA [32], [53]. Pedestal mass measurement
had developed the relationship between single cell mass and
growth in prior to cell division. Figure 7E illustrated the
exponential (y = 0.5303e%%) curve fitting of cell mass vs.
growth for a particular cell which is in agreement with the
previous arguments [16], [32].

However, directly measured SCM techniques enable the real
time analysis of single cell mass at different phases of cell growth.
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Micromechanical resonator integrated with microfluidic chip
provides an excellent opportunity to extract a particular cell mass.
Figure 8 describes the entire technological advancements of cell
mass measurement techniques. We could say, this technological
developments are continuously improved by the researcher. For
example SMR was proposed to detect bio particles, optimized
and applied to single cell mass measurement techniques. On the
other hand, living cantilever arrays was proposed to measure
mass of HelLa cells at fixed and non-fixed conditions. But the
major drawback of the cantilever mass measurement sensor is the
non-uniform mass sensitivity through the cantilever surface. This
issue have been overcome by proposing four spring beam
pedestal mass measurement system. Mass sensitivity of the
pedestal mass measurement system is very promising and allow
the sensor to measure mass for both adherent and non-adherent
cells [16].

5.0 CONCLUSION

In this work, we analysed and summarized the available methods
of single cell mass measurement (SCM) from various published
works. Although it is very challenging to develop a benchmark
for SCM techniques, a detailed discussion of up-to-date
microfluidics based lab-on-chip and mass spectrometry for SCM
measurements techniques are presented throughout the entire
review. For example lab-on-chip microfluidics system integrated
with suspended micro channel resonator (SMR) for non-adherent
cell mass measurement, ‘living cantilever arrays’ (LCA) for
adherent cell measurement and also the position independent
pedestal mass measurement sensor (PMMS) for measuring single
cell mass directly. Comprehensive discussions of the relevant
works including the pros and cons, mechanism, sensor geometry,
fabrication procedures and the governing equations have been
presented. Moreover, we tried to extract the key features from the
relevant published works and reflect the accumulated information
in this work. It is envisaged that, this article could be a one stop
source for single cell mass analysers and could be a valuable
direction for the future works in this area.
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