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Selective Weighing of Individual Microparticles
Using a Hybrid Micromanipulator-Nanomechanical
Resonator System

Bin-Da Chan, Kutay Icoz, Richard L. Gieseck, and Cagri A. Savran

Abstract— We report a system based on a combination of a
micromanipulator and a cantilever-based differential resonator
for selecting and weighing individual micro-scale particles.
Instead of relying on probabilistic attachment of particles on
sensor surfaces, the system can specifically select and weigh
individual micro-entities. The micromanipulator is able to move
particles from a native media to the surface of a resonator that
can weigh particles with pg-level resolution. The system allows
individually manipulating and weighing a wide variety of entities
that can be visualized under a microscope, ranging from cell
spheres to spore clusters and single diatom algae.

Index Terms— Cantilever, resonator,
diffraction, stem cell sphere, spore, diatom.

micro-manipulator,

I. INTRODUCTION

ANTILEVER-BASED micro/nano sensors have been

used extensively over the past decade to detect a wide
variety of entities including biomolecules, chemicals, viruses
and cells [1]-[5]. These sensors have been used both in
static, i.e. stress sensing, or dynamic, i.e. resonating mode.
The latter mode reveals the mass of the target entity by mea-
suring changes in the resonance frequency of the cantilever.
Current strategies of weight measurement using cantilevers
mostly depend upon probabilistic attachment of the targets
on the cantilever surface [6]-[8]. For example, resonators
were used to weigh single bacteria and viruses that bind
to sensor surfaces both specifically [9] and nonspecifically
[10]. Burg et al. used suspended microchannel resonators to
measure biomolecules and single nanoparticles by flowing the
target entities through the inner microchannel of a cantilever
[11]. Here, we present a versatile system that allows weigh-
ing a wide variety of individual microparticles by discretely
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Fig. 1.  (a) Micrograph of the micromanipulator’s silicon-made tweezer
section. (b) The dual-arm nanomechanical resonator. (¢) Schematic of the
diffractometric measurement strategy.

picking and placing them onto a resonator (similar to a
typical weighing scenario in the macro world). The system
is based on combining a micromanipulator and a cantilever-
based resonator. A single target entity that is selected under
a microscope is grabbed by a mechanically-actuated micro-
manipulator whose fabrication and basic operation have been
described previously [12]. The entity is then moved and placed
on the tip of the sensor arm of the cantilever for weighing, as
seen in Fig. 1.

The system has two adjacent cantilevers, one of which
serves as an inherent reference, which suppresses noise
and other disturbances that affect both cantilevers similarly.
The fabrication of the cantilevers has been described previ-
ously [13], [14]. We have fabricated cantilevers with various
geometries. The one shown in Fig 1 (the one we make the
most use of in this paper), has a length of 250 um, and a
minimum and maximum width of 50 gm and 85 um, not
including the interdigitated fingers which are 5 ym in width
and 50 um in length with 3 um spacing. The relative motion
between the two cantilevers is detected directly by illuminating
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the diffraction grating between their tips and measuring the
intensity of the reflecting modes [15]-[17].

II. EXPERIMENTAL SETUP

The compact design of the mechanically-actuated micro-
manipulator provides mobility and simplicity to manipulate a
variety of microparticles in different media [12] and to place
them onto the tip of a silicon-nitride cantilever. The gratings
are coated with a thin layer of gold to improve reflectivity and
are illuminated with a laser beam (Newport R-30091, 5 mW).
A photo diode (Thorlabs DET110) is used to measure the
intensity of the 0" mode of the reflected diffraction pattern.
By analyzing the intensity change of the reflected diffrac-
tion mode, the resonance frequencies of both cantilevers can
be deduced. Additionally, a piezoelectric shaker (Thorlabs
AEO0203D04F) is attached below the resonator for excita-
tion [18]. The oscillation amplitude and frequency of the
shaker are controlled by a function generator (Tektronix
AFG3102). A lock-in amplifier (Stanford Research Systems
SR830) is used to record the signal at the excitation frequency.
We measure changes in resonance frequency to resolve the
loading upon the cantilever, which is expressed by [19]:

f= 1 \V K (1)
T 22V 0243M +m’

Here, M is the effective mass of the cantilever, m is the mass
of the load and K is the effective stiffness of the cantilever.
Accordingly, the difference between the resonance frequencies
of the reference and the sensor cantilevers are:

1 K / K
Af=5— - . @
2z \ | 0.243M + m, 0.243M +m

where m; is the added load on the reference cantilever, and
m is the added mass on the sensor cantilever. Since the
cantilevers are not perfectly rectangular, K and M in (1)
and (2) were determined by combining Abaqus finite element
simulations with experiments. First, the effective density of a
cantilever was taken as 3.65 g/cm® by averaging a 20 nm
thick gold layer with a density of 19.3 g/cm? [20] and a
480 nm of silicon-rich silicon nitride layer with a density of
3 g/em? [21]. The Young’s modulus was then estimated to be
182.2 GPa by matching the resonance frequency predicted by
the finite element simulation with that observed experimentally
(6642 Hz). Next, the K was determined to be 0.0195 N/m using
a finite element simulation by applying a vertical point force
at the tip and observing the resulting tip deflection. Finally, M
was determined to be 46.08 ng by substituting K into (1).

It is known that for maximum sensitivity (i.e., for (1) and
(2) to hold), the load needs to be exactly at the tip of the
cantilever [22], [23]. Hence, the micromanipulator here also
serves the purpose of placing the target load as close to the tip
of the cantilever as possible, improving the accuracy of mass
measurements. Nevertheless, we do account for the effect of
loading location on the resonance frequency. We use finite
element analysis to demonstrate the relationship between the
resonance frequency, and the location of the loaded particle’s
center. Fig. 2. shows the variation of the resonance frequency
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Fig. 2. Variation of resonance frequency with added mass and loading
position. The solid curve represents (2) with empty reference cantilever, and
data points represent the results of finite element simulations.
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Fig. 3. Frequency response of system for different mass loads. Resonance
frequencies of both the sensor and the reference arms are obtained in a single
measurement.

shift with different loading masses and locations on the sensor
arm. Hence for improved accuracy in determining the mass, we
first determine the location of the load using calibrated bright-
field microscopy and generate the corresponding frequency
shift vs. mass curve using finite element analysis.

Fig. 3 demonstrates the experimental results of frequency
response of the system when one of the cantilevers (the
sensor arm) is loaded with three different masses. In each
experiment, an individual polystyrene bead (Spherotech) with
a different mass was placed on the free end of the sensor arm
for weighing. Prior to the placement, the micromanipulator
was used to dip the bottom of the bead in a small amount of
grease. We found that this much grease has negligible mass
(~70 pg) in comparison with the particles being weighed and
can efficiently improve the adhesion between the particles
and the cantilever surface. Further, the grease can be placed
directly on the cantilevers (before placing the loads), whose
effect on frequencies can be directly accounted for before
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Fig. 4. Dependence of the standard deviation in measured frequency shift
on the excitation voltage and loading.

the measurements. In Fig. 3, the frequencies corresponding
to the two peaks represent the resonance frequencies of the
sensor (low frequency peak) and the reference (high frequency
peak) arms. Initially, since both cantilevers are empty, no
significant frequency separation occurs and two resonance
peaks overlap with each other. As the load on the sensor arm
increases, the resonance peak corresponding to the sensor arm
shifts to the left and the two resonance frequencies separate.
The 46.5 ng and 9.3 ng beads were measured as 12.2 um
and 11.6 um away from the tip of the cantilever, respectively.
The resonance frequency of the reference arm stays unchanged
because there is no significant change of mass on the reference
arm. The mass of the load on the sensor arm can be derived
readily from the frequency separation between the two peaks,
with a single measurement. Note that the system can also be
used to directly determine the differential mass between two
particles by loading both cantilevers (instead of leaving the
reference arm empty).

III. DEVICE CHARACTERIZATION

We first examined the repeatability of the resonance fre-
quency measurements. We loaded the sensing cantilever with
an individual polystyrene bead with a known mass and varied
the peak-to-peak excitation voltage. Two different beads with
different masses (9.3 ng and 46.5 ng) were used and each
experiment was repeated five times at each excitation voltage.
The standard deviation of the measured resonance frequency
was then calculated. The results shown in Fig. 4 indicate that
the repeatability of the measurements improves both with mass
loading and the excitation voltage. This is because the increase
in mass improves the quality factor of the cantilever [24], [25],
and the external excitation improves the signal-to-noise ratio
of the measurement. Hence, in order to reduce the standard
deviation of the measured frequency shift, one can place a
reference bead of known mass on the reference arm instead of
leaving it empty. With this modification, the uncertainty in the
resonance frequency can be as low as 1 Hz (our measurement
bandwidth), which corresponds to about 3 pg according to (2)
with the cantilever mass and stiffness values described above.

We further investigated the effect of other uncertainties
on the accuracy of the mass measurement. Since a wafer is
fabricated with many devices on it, a user may assume the
same properties for all cantilevers on the wafer which can lead
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to errors since dimensions could differ slightly. The change
in thickness due to non-uniformity of nitride deposition was
measured as 8 nm over a distance of 3 inches on a wafer,
which for a 500 nm-thick film, could alter the stiffness of a
cantilever by 4.9% (cubic dependence on thickness) and its
mass by 1.6% (linear dependence on thickness). According
to (1), the combined effect of this on a single cantilever’s
natural frequency (with nominal M of 46.08 ng and K of
0.0195 N/m) would be about 106 Hz. However, due to the
differential nature of the system as shown in (2), for small
loads up to 2 ng, this effect is suppressed to below 1 Hz
(our measurement bandwidth). For a 10 ng load, the uncer-
tainty would be 11 Hz (~ 100 pg).

We also measured that two cantilevers that are 2 inches
apart on the wafer can differ in length by as much as 1 gm
(possibly due to alignment errors during photolithography).
For a 250 um long cantilever, the effect of this uncertainty on
stiffness can be about 1.2%, and on mass 0.4 %, the combined
effect of which can be a 53 Hz uncertainty on resonance
frequency. However, in a differential system (according to (2)),
while measuring small loads (< 290 pg), uncertainty in length
results in no detectable error in resonance frequency shift.
For a 10 ng load, the uncertainty would be 19 Hz (~ 200 pg).

In practice however, these errors can be mitigated by
measuring the dimensions of the particular cantilevers with
high accuracy using scanning electron microscopy (SEM) and
determining the related M and K before the measurement.
For example, a 2 nm uncertainty in measuring thickness in
SEM would result in no detectable errors in measuring loads
up to 4.7 ng, a 24 pg error in measuring a 10 ng load and a
1.5 ng error in measuring a 100 ng load. A 2 nm uncertainty in
250 pm nominal length would result in no detectable error in
resonance frequency. Note that the above uncertainty analyses
assumed that the reference cantilever is empty. Hence for
a differential system, loading the reference cantilever with
a mass similar to that on the sensing cantilever can further
mitigate the effects of uncertainties.

We also investigated the effect of uncertainty in the location
of the load. An analysis similar to that shown in Fig. 2 suggests
that a 200 nm uncertainty in assessing the location of the
load (the limit of a typical brightfield microscope) would
result in a 23 pg uncertainty in the mass of a 10 ng particle.
This uncertainty is less than 3 pg while measuring particles
that weigh 1 ng or less. For many applications, this uncertainty
can be further mitigated by measuring the location of the load
using SEM.

IV. RESULTS AND DISCUSSION
A. Weighing of Individual Stem Cell Spheres

We used the system to weigh individual stem cell spheres.
Currently, stem cells are of interest because of their capac-
ity for organ replenishment and for their potential role in
cancer initiation and progression [26]-[28]. Stem cells form
multiple spheres in soft agar. These spheres are usually not
analyzed individually but en masse [27]. With the current
system an individual stem cell sphere can be extracted from
culture medium and weighed. We performed an experiment
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Fig. 5. (a) SEM image and (b) the resulting frequency spectrum showing
the comparative weighing of two different stem cell spheres.

with adolescent male murine prostate stem cell spheres that
were cultured for 10 days. The cell spheres were fixed by
formalin, followed by dehydration using ethanol. Then, the
stem cell spheres were left to dry on a glass surface for
subsequent testing steps. Fig. 5 illustrates the SEM image
of two stem cell spheres placed on different cantilevers for
weighing. One of the cantilevers was loaded with a larger
stem cell sphere located 14.2 ym away from the cantilever tip,
while the smaller sphere was located 9.8 ym away from the
cantilever tip. The left peak and the right peak of the frequency
spectrum illustrate the resonance frequencies corresponding
to the cantilevers loaded with larger and smaller spheres,
respectively. The difference in the masses of both cell spheres
is derived as 88.2 ng with the mass of the big cell sphere
being 114 ng and small sphere being 25.8 ng. The ability to
easily compare two individual stem cell spheres in terms of
mass could offer interesting possibilities in understanding their
biology and their response to various treatments.

B. Humidity Response of Bacillus Subtilis Spores

We also used the system to assess the response of Bacillus
subtilis spores to environmental stimuli. These spores can
absorb water, and dehydrate when heated [29]. By weighing
the spores in different humidity levels, the amount of water
absorbed by the spores can be measured.

The experiment started by collecting spore clusters using the
micromanipulator. After the spores were dried out on a glass
surface, the micromanipulator was employed to tenderly pile
up the spores. The multilayered coat structure of each spore
renders it as one of the most durable cell types [30]. Therefore,
the spores remain intact after being grouped. After collecting
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Fig. 6. (a) The micrograph of a spore cluster on one cantilever and a bead
on the other. The inset depicts an SEM image of the spores. (b) Change in
differential frequency with increasing humidity.

sufficient spores, the cluster of spores was picked up and
placed on the tip of the cantilever, which had been pre-paved
with a thin layer of grease to prevent the spore cluster from
flying away. This particular cantilever pair is slightly different
from the one used before hence the effective stiffness and
the effective mass were determined again as 0.0187 N/m and
45.6 ng, respectively. As seen in Fig. 6(a), the sensor arm
of the cantilever was loaded with a cluster of B. subtilis
spores, and the reference arm was loaded with a reference
bead. The experiment took place in a closed space to facilitate
humidity control.

The resulting relationship between humidity change and
mass is demonstrated in Fig. 6(b). The initial frequency shift
value is deliberately set to O for clarity. The initial mass of the
spore cluster was 18.8 ng, which varied with relative humidity.
The mass increased from 18.8 ng to 23.2 ng as the relative
humidity increased from 36% to 92%. The 23.5% increase in
the spore mass is in accordance with a previous study [31].
The effect of humidity on the cantilevers themselves is sup-
pressed by the inherently differential detection. Consequently,
only the water adsorbed in the spores is measured.

C. Weighing of Diatoms from Pond Water

In order to further test the system’s versatility, we used it to
weigh individual diatom algae. Diatoms are unicellular algae
that are widely observed in aquatic environments. They have
been extensively studied in various fields including ecology
[32], bioengineering [33], medicine [34], and nanotechnol-
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Fig. 7. SEM images of (a) contents of a dried pond water sample and
(b) weighing of a diatom selected from the dried sample. The inset depicts a
magnified view of the diatom on the cantilever tip.

ogy [35]. Due to their special features such as amorphous silica
skeletons, uniform nano-porous structures, chemical inertness,
and versatile forms and sizes, researchers have proposed multi-
ple applications of diatoms such as in biophotonics, microflu-
idcs, nanofabrication, gel filtration, and drug delivery [33],
[34], [36], [38]. The ability of our system to individually pick
and weigh single diatoms could provide new insight into their
characterization and their use as biotechnological tools [32].
To measure the mass of diatom particles, a cantilever
with circular head shape was used to weigh single diatom
cells. The effective stiffness of this particular cantilever pair
was 0.0188 N/m and the effective mass was calculated as
54.2 ng. In our experiment, a drop of outdoor pond water that
contained large amounts of diverse microorganisms including
bacteria, algae, and protozoa, was first left to dry in air on
a glass slide. Fig. 7(a) shows a spot on the glass slide with
numerous microparticles, a pennate-type diatom [35] and other
microorganisms. Using the micromanipulator, we were able to
extract a single diatom and place it at the tip of the sensor
cantilever for weighing (Fig. 7(b)). Again, a polystyrene bead
with known mass was placed on the reference cantilever,
to improve the resolution of the measurement. The diatom
and the reference bead were placed 2.8 ym and 17.4 um
away from the suspending end of the cantilever, respectively.
As a result, the differential resonance frequency between
two adjacent cantilevers was measured as 2173 Hz, and the
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differential mass between the two particles was measured as
42.2 ng with the mass of the diatom being 4.4 ng.

V. CONCLUSION

We presented a facile and versatile method for selecting
and weighing individual microparticles. The system comprises
a micromanipulator and a cantilever-based nanomechanical
resonator. The use of the mechanically driven micromanip-
ulator can effectively improve the specificity in selecting
and analyzing a desired microparticle and allow placement
at the tip of the cantilever for accurate mass measurement.
The dual cantilever-based resonator is able to directly detect
the differential mass between two loads placed on each can-
tilever individually. With this versatile method, we were able
to isolate individual prostate stem cell spheres from culture
and measure their weight. The same system was used to
aggregate and measure the humidity response of spore cells
while minimizing the affect of the humidity on the sensor itself
due to the inherently differential nature of the measurement.
Lastly, we presented the capability of the system to extract and
weigh an individual diatom from a cluster of microparticles
found in outdoors pond water.
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