Cell mass and modulus are impor-
tant indicators of cell behavior during
growth, proliferation, differentiation,
and interactions with external stimuli
such as drugs and viruses. We propose
a method fo simultaneously measure
cell mass and modulus through the
use of the vibrations of tunable three-

dimensional (3D) structures formed

via a mechanics-guided assembly
approach. The method is applicable
to various types of cells and other
biological materials and small-scale
living systems across a wide range
of values of mass and modulus. The
results may serve as the foundation
for microelectromechanical *systems
capable of monitoring physical aspects
of cellular processes in real fime.
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Vibration-based methods can be used effectively to characterize the physical properties
of biological materials, with an increasing interest focused on the mechanics of individual,
living cells. Real-time measurements of cell properties, such as mass and Young’s modulus,
can yield important insights into many aspects of cell growth and metabolism as well as the
interaction of cells with external stimuli (e.g., drugs). Vibrational test structures designed for
the study of such cell properties often use fixed configurations and operational modes, with
associated limitations in determining multiple characteristics of the cell, simultaneously. Recent
development of mechanics-guided techniques for deterministic assembly of three-dimensional
(D) microstructures provides a route to vibrational frameworks that offer tunable configurations,
vibration modes, and resonant frequencies. Here we propose a method that exploits such
tunable vibrational structures to simultaneously determine the mass and modulus of a single
adherent cell, or of other biological materials or small-scale living systems (e.g., organoids),
through theoretical modeling and finite element analysis. The idea involves a 3D architecture that
supports two different vibrational structures and can be converted from one to the other through
application of strain to an elastomeric substrate. Specifically, tailored designs for serpentine
ribbons in these systems enable a decoupling of the dependence of the resonant frequencies
of the two structures to the cell mass and modulus, with an associated ability to measure these
two properties accurately and independently. These same concepts can be scaled to apply to
various types of cells, as well as to organoids (3D clusters of cells) and other biological materials
with small geometries, across a range of values of mass and modulus. This method could serve
as the foundation for microelectromechanical systems capable of monitoring mass and modulus
in real time for use in research in biomechanics and dynamic biological processes.

Introduction
Vibrational structures with submillime-

non-invasive ability to monitor cellular pro-
cesses in real time."*%1*22 For example, a

ter dimensions have been widely adopted
in determining the physical properties of
materials such as cells,'”'? blood,*'* and
nanofibers/nanowires.'>'®  Vibration-based
methods in cell mechanics is of grow-
ing interest because of their rapid and

micrometer-scale cantilever actuated by a
beam of laser light enables the continuous
(millisecond time resolution) measurement
of cell mass with high resolution (picogram)
from the shift of its resonant frequency.?
However, these and other related vibrational
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structures focus mainly on the measurement of a single prop-
erty of the cell, such as mass. For many envisioned uses,
multi-parameter monitoring (e.g., mass and Young’s modulus)
during cell growth or interactions with the surrounding envi-
ronment (e.g., drugs and virus) can be important. Vibrational
structures with fixed architectures and operational modes can-
not, in most cases, be used for simultaneous determination of
multiple cell properties, as the inverse problem involves mul-
tiple, coupled unknowns. A microelectromechanical system
(MEMS) sensor reported by Park et al.> measures cell mass,
modulus, and viscosity simultaneously, but it requires at least
four cells with different masses and a fixation procedure to
alter the cell modulus and viscosity. The multimode nanome-
chanical resonators reported by Malvar et al.?* measure the
mass and modulus of nanoparticle and bacteria simultane-
ously, but the sample modulus is on the order of GPa, which
is about 3~6 orders of amplitude larger than that of soft, bio-
logical materials.*** Kang et al.?® determined the mass and
modulus of suspension cells simultaneously, but the reported
fractional shift in the resonant frequency is on the order of
only 10-%, which requires a very accurate measurement of the
resonant frequency.

One major difficulty associated with vibrational methods
in measuring multiple cell properties simultaneously is that
the number of outputs (e.g., shifts of resonant frequencies) is
limited, as the shape and the operational mode of the vibra-
tional structure are fixed. Recent advances in techniques for
mechanics-guided, deterministic assembly of three-dimen-
sional (3D) mesostructures provide routes to morphable 3D
systems with complex architectures and in geometries that
can be dynamically selected in a systematic way.?’** Such 3D
vibrational structures form via processes of guided buckling of
a corresponding 2D precursor because of compressive forces
imparted onto them with a prestrained elastomeric substrate.
Such substrates can be stretched or compressed after this
assembly process to tune the shapes in a systematic, reversible,
and well-controlled manner.3¢* In particular, the natural fre-
quency and vibration mode of a 3D structure are significantly
different from those of the 2D precursor (flat structure).36:37-340
Diverse functional materials, such as piezoelectric mem-
branes,*! thin metal films,**> doped silicon nanostructures,**’
shape memory polymers,**** and elastomers®>! can be easily
integrated into these dynamic 3D structures, thus providing the
basis for multiple options in actuation and sensing.

Here we propose a method that uses two 3D vibrational
structures with distinguishable vibration modes and natural
frequencies to measure the adherent cell mass and modu-
lus simultaneously. The two structures are formed via the
mechanics-guided, deterministic 3D assembly technique from
the same 2D precursor and can be induced to switch from one
to the other via strains applied to the substrate. A key fea-
ture is that the functional parts of the structures adopt ser-
pentine shapes.”>> Compared to conventional 3D structures
formed via buckling, such serpentine structures offer low
stiffnesses®>** comparable to those of cells, thereby favoring
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the measurement of the cell modulus. Via tailored selection
of the geometrical parameters of the serpentine structures, the
approach can be optimized to apply to several types of cells
such as osteoblasts, fibroblasts, and HeLa cells (with mass
typically from 2ng to 14ng and modulus from 2 kPa to 20
kPa3?*3%). Using general scaling laws from an analysis of the
underlying mechanics, these designs can be scaled to apply
to additional types of cells with various values of mass and
modulus, as well as to other small-scale biological systems
such as organoids.

Approach and formulation

The tunable 3D structures and their vibration

A schematic illustration of the tunable 3D structures is shown
in Figure 1, where the serpentine ribbon is the vibrational part.
A small disk introduced at the center of the structure serves as
a support for a cell. The 2D precursor (Figure 1a) is selectively
bonded to a substrate with prestrains (&, and €,.,) in both
x- and y-directions. Structure 1 forms from release of the pre-
strain only in the x-direction, such that the serpentine ribbon
remains flat; Structure 2 forms by subsequently releasing the
prestrain in the y-direction, and the serpentine ribbon buckles
up (Figure 1b). The two structures are formed from the same
2D precursor and can switch from one to the other via the sub-
strate strain. The vibrations of both structures can be actuated
by a vibrational stage attached to the bottom of the substrate®
or by a Lorentz force setup.’ This study adopts a vibrational
stage that moves vertically in a periodic manner to actuate the
out-of-plane vibration mode (Figure 1c). A laser system can
measure the resonant frequency by a laser system.23641:5

Resonant frequency of the serpentine ribbon
without the cell

The stiffness of the serpentine ribbon is much smaller than the
supportive straight ribbon,* such that in the first-order out-
of-plane vibration mode, only the serpentine ribbon vibrates
(see Figure 1c), and the resonant frequency is independent of
the straight ribbon and the substrate.’” Our prior work®? dem-
onstrated that the resonant frequency (first-order out-of-plane
mode, small deformation) of the serpentine ribbon obeys the
following scaling law

EStruc hStruc
e = 0L € A 5 1
fSt ( ) Pstruc HS ( )

where Eg,., Pswue H, S, and hg,, stand for the serpentine
modulus, mass density, height, total arc length and cross-sec-
tional thickness, respectively (see Figure la), and the coeffi-
cient 0i(€) depends on the compressive strain € = €p,,/(1+€py,)
applied on the serpentine ribbon (¢ =0 for Structure 1 and
€~10% for Structure 2). The scaling law holds for L<<S and
N <<bgy (L, serpentine length; by, cross-sectional width;
see Figure S1 for finite element analysis (FEA) demonstra-
tion and Appendix A for details of the FEA). For a repre-
sentative compressive strain € = 10%, the resonant frequency

Struc Struc>
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Precursor

where mcy, Ecq, and peg correspond
to cell mass, modulus, and mass den-

Straight Ribbon

| sity, respectively, and the function C
to be determined depends on the cell
shape. Depending on the types of cell,
the human cell mass ranges from 0.1 ng
(neutrophil) to 1000ng (ovum), and
i modulus ranges from 0.1 kPa (lympho-

- cyte) to 100 kPa (cardiomyocyte).>24%

Structure 1

<<

Structure 2

actuated by a vibration stage.

Figure 1. lllustration of the tunable vibrational structures. (a) 2D precursor, (b) process
to form 3D Structures 1 and 2 from the same 2D precursor, and (c) out-of-plane vibration

ul The wide range of cell properties
makes it difficult for a single design to
apply effectively to all types of cells.
The design of the tunable structures
presented in the next section aims at
osteoblasts, fibroblasts, and HeLa cells
(2ng < mey < 14ng and 2 < E,, < 20
kPa), which are the cells that produce
bones, secrete collagen proteins, and
are widely used in cancer research,
respectively. Based on the scaling laws
in Equations 1 and 2, these designs can
be scaled to apply to other types of cells
or other soft materials (see the section
on “Scale the design for other types of
cell or biological materials”™).

Phase 180°

Vibration I

Structure 1

Vibration of the structures with

cells

Placing a cell on the central disk of the
serpentine structure yields a combined
3D structure—cell system with a reso-
nant frequency f that depends on the
properties of both the serpentine ribbon

Structure 2

fswuer Of the buckled serpentine ribbon (Structure 2) is larger
than the resonant frequency fg,..; of the flat serpentine ribbon
(Structure 1, see Figure S1). Even though the scaling law in
Equation 1 does not account for the small disk at the center of
the structure, it is useful for purposes of selecting the design
for the resonant frequency of the tunable serpentine structures.

Resonant frequency of the cell on arigid base

The cell shape (and some other biological materials such
as organoids), which can be measured by standard optical
methods,>’ is often modeled as a spherical cap (as shown in
Figure 2 and Figure S2) in prior studies,>** where /icy/acy,
reflects the cell shape (A and acy—spherical cap height
and radius, respectively, see Figure S2). For cells with their
bottoms fixed on a rigid base, dimensional analysis yields
the following scaling law for the resonant frequency (small
deformation, see Figure S2 for FEA demonstration)

1
Ela | o hee

fCeu:(ZC”] C(C"), (2)
McenPcel Acell

and the cell (see Figure 2). Determining
the cell mass and modulus from one output (resonant fre-
quency) of a single structure is difficult. The proposed tunable
structures, which correspond to two distinct structures formed
from the same 2D precursor, provide two outputs (i.e., two
resonant frequencies fgei.car A0d foruer-cen) to facilitate deter-
mination of the cell mass and modulus simultaneously,

Sswuercen = Fi(Mcens Ecen) 3)
sic2-cent = Fa(Mmeen, E Cell).

In addition, for a tailored design of the serpentine ribbon
with Eg,,. = 4.02 GPa* and pg,,. = 1220 kg/m?** for polyimide
and H=90um, S=1000um, Ag,, =4um, and by, =20 um,
Equation 3 becomes approximately decoupled, especially for
the range of cell mass 6ng < m,, < 14ng and modulus 4 kPa
< E¢ <10 kPa.

Structure 1 (flat serpentine) is designed to have its resonant
frequency fg,e (~19.2 kHz) close to fyyei.can (~17-18 kHz,
see Figure 2b) of the structure—cell system, but both are much
smaller than fi,, (~33.6-70.5 kHz for A/ac. = 0.5%) of the
cell, such that the cell does not deform significantly near the
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fsuwuer.can (s€e Figure 2c) such that the
[a] [6] 1875 cell modulus FE, is an important
parameter (Figure 2d), which can then
Structure 1 Normalized vibration 18.70 be det ined fi th d
e ampliude — e determined from the second equa-
‘/ [ | 18.651 tion in Equation 3.
1 ‘ . 18.60 e rramrn For an expanded range of cell prop-
] 1o ":mc-u g erties (e.g., 2ng <m,; < 14ng and 2 kPa
Mow=10ng ] . y ]2 < E_,; < 20 kPa), the two equations for
Ecy =4kPa ¥ s - z cell mass and modulus in Equation 3
. . ijs b a0 are coupled, but they can still be solved
? —— 14 .
) ) H TS numerically.
“ar} The accuracy in the measured reso-
Phase 0° Phase 180° 7 nant frequency is estimated to be ~1 Hz,
16 according to the report by Park et al.
for the resonant frequency on the order
E of 10-100 kHz using laser Doppler
e vibrometer. As shown in Appendix B,
Structure 2 Cell the proposed approach predicts the
Normalized vibration 44.40 | . .
amplitude maximum uncertainty of 0.42% for
R M35 the cell mass and 5.2% for the cell
. 4430 ) : modulus, for the range 2ng < m, <
Mey=10ng . Y {mcey (ng 14ng and 2 kPa < E,; < 20 kPa. These
- 5% 7] —— - e

B = 4kPa | 0 ' i maximum uncertainties are reached
. Taol ——6 only within a small range of cell mass,

" - = ——1 . .
‘ — ) . _,_12 mee < 6ng. Beyond this range (i.e.,
] 6ng <mcy,<14ng and 2 kPa<E.,, <
St 20 kPa), the uncertainty is much less,
Phasei0” Phase 180° a5k only 0.12% for cell mass and 0.89% for

S I TR cell modulus.
Eg, (kPa)

Figure 2. Vibration of the structure with cells. (a, ¢) Vibration amplitude of Structures 1 Scale the deSign for other types

and 2 with cells, respectively. (b, d) Relationship of the resonant frequency versus cell of cell or biological materials

mass and modulus, for Structures 1 and 2, respectively. The cell shape is hgy/ace = 0.5. : .
The vibration amplitudes in the images of (a) and (c) show the cell deformation. The Based On, the Scahng laws anq the design
actual deformations of both the cell and the structure are in the linear elastic range (small strategy in the previous section, the ser-
deformation). pentine ribbon can be scaled to measure

resonant frequency fg...;.cai Of the structure—cell system (see
Figure 2a for the vibration amplitude). Therefore, the resonant
frequency fsuuer.cer 1S insensitive to the cell modulus, as shown
in Figure 2b (for 6ng < m, < 14ng and 4 kPa < E, < 10
kPa). Meanwhile, the mass of Structure 1 is designed to be
comparable to the cell mass m, such that the resonant fre-
quency fuuer.cen depends on me,, (Figure 2b), from which m,
can be determined,

Ssmet-cen = Fi(Mcen, Ecan) = Fi(mcean). 4)

The resonant frequency fg..., (~44.9 kHz) of Structure 2
(buckled serpentine ribbon) is much larger than fg,,., (~19.2
kHz) of Structure 1, and is close to f, (~=33.6-70.5 kHz) of
the cell, such that fg,....cor (<2545 kHz, see Figure 2d) of the
structure—cell system is also close to f,. Therefore, the cell
deforms significantly as compared to that in Structure 1 (but
still in the linear elastic regime) at the resonant frequency
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simultaneously the mass and modulus
of other types of cells or biological
materials. For example, organoids, which are composed of
several hundred cells, have drawn increasing research interest
recently.’*> For representative organoids, where the mass is
200ng < Mgy, < 1000ng (~100 times of the single cell mass
studied in the previous section) and the modulus is 0.5 kPa <
Eo < 5 kPa, the resonant frequency is 2.9 kHz < fo,,, < 14.5
kHz, much smaller than that of cells in the previous section.
Therefore, the resonant frequency of the serpentine ribbon
should also decrease and provide a mass comparable to that of
the organoid. These characteristics are not difficult to achieve,
such as with H=300pum, S=8000um, hg,, =9um and
bge = S0m, and Eg,,,. = 4.02 GPa* and pg,,, = 1220 kg/m?3¢
for polyimide, as shown in Figure 3. The estimated error is
0.41% for mass and 3.4% error for modulus.

Another example focuses on cells or biological materials
with very small mass and modulus (e.g., 0.1ng < m, < I ng
and 0.1 kPa < E_;, < 0.5 kPa), which are close to the lower

cell

bounds for the properties of human cells. With H=75um,
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Figure 3. Vibration of the structure with organoids. Relationship of the resonant frequency versus organoids mass and modulus, for (a)
Structure 1 and (b) Structure 2. The organoids are modeled as a spherical cap with hg,4./a0,, = 0.5.
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S=950um, hgy.=1um and by, =5um, and Eg,. =4.02
GPa* and pg,,. = 1220kg/m3 *¢ for polyimide, the proposed
method can determine m,,, and E, in this range with an esti-
mated error of 0.54% for mass and 7.0% error for modulus
(see Figure S3 for the relationships of resonant frequencies
versus cell mass and modulus), again assuming ideal behav-
iors as captured by these modeling approaches. This feasibil-
ity in scaling the design arises from the rich design options of
the serpentine ribbon.

Discussions

Effect of fluid

Living cells are usually immersed in fluids in their physi-
ological environment. With the inertia of the fluids (den-
sity 1g/cm?, close to the physiological environment of
cells) taken into consideration via the acoustic—structure
interaction,?® the simulations illustrate that the relationships
of the resonant frequencies of the two structures versus cell
properties show a similar trend as that presented previously.
As shown in Figure 4, in the range 6 ng < m,, < 14ng and
2 kPa < E, < 14 kPa, the resonant frequency of Structure 1
(flat serpentine) is approximately insensitive to the cell
modulus, whereas that of Structure 2 (buckled serpentine)
is sensitive to the cell modulus. This range of cell proper-
ties is narrower than that presented previously, because the
added mass of the fluid decreases the resonant frequency
of the structure—cell system, and therefore decreases the
sensitivity. However, this range still overlaps with the mass
and modulus of a few biological materials.®*%> The design
of serpentines can also be scaled to work for other ranges of

cell properties. This study demonstrates that the proposed
method may still work when the cells are immersed in their
physiological environments.

Effect of frequency-dependent modulus

As reported by Rigato et al., the cell modulus may change
with the frequency.® Considering this frequency-dependent
modulus, the proposed method may still determine the cell
modulus around the resonant frequency of Structure 2. For
the serpentine structure presented previously, when the cell
mass (M) and modulus (E.,,) are in the range 6 ng < my, <
14ng and 4 kPa < E, < 10 kPa, respectively, Structure 1 can
determine the cell mass without involving the modulus. Given
the cell mass, determining the cell modulus only requires the
resonant frequency of Structure 2, which does not span a very
large range (32.85 kHz—40.80 kHz). Based on the experiment
and the double power law in Rigato et al., the relative change
of the cell modulus with frequency is no more than 10% in
the previous frequency range. Therefore, it is reasonable to
assume a frequency-independent cell modulus in our method
when the cell properties are limited. The design of the serpen-
tine structures can be scaled such that this concept is valid for
other ranges of cell properties.

Conclusions

Two serpentine structures formed from the same 2D pre-
cursor via mechanics-guided, deterministic, 3D assembly
provide a straightforward means to measure the mass and
modulus of a single adherent cell, simultaneously. The key
concept is that the resonant frequency of Structure 1 is
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designed to be much smaller than that of the cell, while that
of Structure 2 is close to that of the cell. The rich design
options supported by serpentine ribbons in these structures
allow the approach to be scaled to operate effectively for
various types of cells and other biological materials with
mass and modulus across a wide range. The proposed
approach may serve as the basis of MEMS to monitor the
cell mass and modulus in real time.

Supplementary material
To view supplementary material for this article, please visit
https://doi.org/10.1557/s43577-021-00043-1.
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Appendices

A. Finite element analysis

The simulation for the compressive buckling and vibration of
3D structures followed the same approach as in prior stud-
ies,**2 performed by the commercial software ABAQUS. The
vibrational structure is modeled by four-node shell elements.
The cell and organoids are modeled by eight-node solid ele-
ments. The cell and the organoids are perfectly bonded to the
vibrational structure by tie constraint.
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B. Accuracy analysis

For the measurement of cell properties in the sections on
“Vibrations of the structures with cells” and “Scale the design
for other types of cell or biological materials,” given the
resonant frequencies fq,.i.can AN fsruer-cen» the cell mass m,
and modulus E, can be solved numerically from Equation
3. Then for fy.ces £ 1Hz and fyo.car = 1 Hz, Equation 3
is solved again, and the differences in the solutions give the
eITors.
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