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ABSTRACT

Chan, Bin-Da. Ph.D., Purdue University, December 2014. Micromanipulator-Resonator
System for Selective Weighing of Individual Microparticles. Major Professor: Cagri A.
Savran, School of Mechanical Engineering.

Over the past decade, MEMS-based cantilever sensors have been widely used in
the detection of biomolecules, environmental pollutants, chemicals and pathogens.
Cantilever-based sensors rely on attachment of target entities on their surface. The
attachment causes either change in surface stress or resonance frequency of the cantilever,
which is detected using various schemes that range from optical to piezoelectric. The
majority of these sensors rely on probabilistic attachment of multiple target entities to the
sensor surface. This introduces uncertainties since the location of the adsorbed target
entity can modify the signal generated by the sensor. In addition, it does not allow the
measurement of individually selected target entities. The goal of this dissertation is to
exploit the cantilever-based sensors’ mass sensing capability to develop a “supermarket
weight scale” for the micro world: a scheme that can enable the user to pick an individual
target entity and weigh only that particular entity by precisely positioning it on a micro-
weight scale.

The system is composed of a manually operated micromanipulator and a

cantilever-based micro-resonator. The micromanipulator is able to pick, move and place a



XV

micro-particle of interest, and the micro-resonator can determine the mass of the target
particle. During a measurement, an individual target particle selected under a microscope
is picked up by the micromanipulator and then placed on the tip of one of the two
cantilevers beam for weighing. The differential motion between the two cantilevers is
measured by means of a diffraction grating that allows picogram level mass resolutions.
Although the main goal of the study is not to develop the world’s most sensitive mass
detector, we demonstrate that the current resolution of the sensor is sufficient to weigh a
wide range of microparticles. We present the capability of the system to select and weigh
various individual microparticles from a single red blood cell (~10"" g) to the eye-brain
complex of an insect (~10° g), covering a 5-order-of-magnitude mass range. In addition,
we are also able to measure the mass and density responses of stem cells to pathological
treatments. We also demonstrate that this weighing scheme can work in conjunction with
other experimental practices, such as immunomagnetic separation and focused ion beam
milling processes, to provide complementary mass information. We believe this versatile
and user-friendly system will be useful to a wide range of users, including biologists and

bioengineers.



CHAPTER 1. INTRODUCTION

Microelectromechanical systems (MEMS) sensors have been used for a variety of
purposes including detection of motion [1], verification of the existence of biomolecular
substances [2, 3] and measuring the magnitude and direction of forces [4, 5]. Among a
plethora of different types of sensors, cantilever-based micro/nano resonators have been
used excessively as AFM (atomic force microscopy) probes [6], radio frequency filters
[7], mass sensors [8], and sensors to detect a wide variety of entities including
biomolecules, chemicals, viruses and cells [9]. The benefits of using micro- or
nanomechanical resonators are their small size that enables high sensitivity and
microfabrication of many of them at the same time. The latter enables large scale
integration on a silicon wafer, which significantly reduces costs and increases yield rate
by reducing device-to-device variations. The compliant nature of cantilever sensors has
been engineered for extremely sensitive detection of external forces and adsorption of
small particles including biomolecules and cells [10]. Researchers have shown that
cantilever-based resonators are capable of weighing micro-/nano-particles with zepto-
gram resolution [11, 12]. However, current strategies of weight measurement using
cantilevers mostly rely upon random binding of the targets on the cantilever surface. The
probabilistic attachment of the targets introduces uncertainties because location of the

target particle can substantially influence the dynamic response of the system and hence



the resolution of the measurement [13, 14]. As a consequence, current strategies are most
successful when interrogating a large number of target entities that bind randomly onto
the sensor surface but are not geared towards analyzing single entities.

The goal of this study is to develop a versatile and practical system that allows
users to weigh a single micro-particle of their choice, in a manner as intuitive as how it is
done in a supermarket. The system we developed is based on a combination of a
micromanipulator and a cantilever-based mass sensor, whereby a designated object can
be moved to the tip of a cantilever and weighed. This chapter will first describe the state
of the art on various micromanipulators, followed by a review of cantilever-based

detection. The chapter ends with an organizational overview of this dissertation.

1.1 Micromanipulator

Microtweezers or microgrippers are developed and used in various fields to
manipulate microparticles. They can also be implemented in automatic/robotic devices
and be used to study the mechanical properties of objects [15]. Several different actuation
schemes have been introduced to operate microtweezers. For example, thermal flexure
schemes [16-18] have been widely used as actuation mechanisms to open and close the
microgrippers’ tips. By using structures or materials with asymmetrical thermal
expansion coefficients, the prong section of the microgrippers can be bent, which causes
the grippers’ tips to open or close according to the applied temperature. Shape memory
alloy thin sheets were also used as materials for microgrippers [19]. Other actuation

methods, such as scratch drive [20], pneumatic [21], piezoelectric [22, 23] were also



proposed for use in micromanipulators. Other researchers have been able to manipulate
submicron substances by optical trapping [24, 25].

The sophisticated methods described above require extensive fabrication steps,
electrical connections, power sources, and/or other additional components (e.g., heating
and magnifying elements) for actuation, which directly affect their versatility,
compactness, and overall utility. In order to address several complexities in the
aforementioned methods, researchers have proposed mechanical actuation as an
alternative [26, 27]. In the system depicted in Figure 1-1, a specially designed micro-box
is used to mechanically bend the tweezers arms and therefore actuate the microtweezers’

tips.

L _—= ———
T ] ]
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‘ Tweezer tips ‘ Dimple ‘ Tweezer box
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4 _— ]
T ’J\
20pum () <—

Figure 1-1: The open and close state of the mechanically driven microtweezers [26].

The system shown in Figure 1-1 is based on sliding a plastically deformed metallic
pair of tweezers inside a box that forces them to further deform elastically to close the
tips. The design is simple, elegant and devoid of electrical actuation but relies on friction

and plastic deformation which may be difficult to control and could result in large device-



to-device variations as well as variations in controlling the tip distance and hysteresis. In
this dissertation, our goal is a system that is also mechanically actuated but one with
controllable fabrication and operation parameters with minimum hysteresis or device-to-

device variations.

1.2 Cantilever-based Mass Sensing System

Micro-/ nanocantilevers are widely applied in mass measurement because of their
virtues in simple design and low spring constant that render them extremely sensitive to
external forces as well as adsorption of additional load [2, 28]. Due to its high sensitivity
(as small as zeptogram-scale resolution [12]), in addition to direct mass measurements
[29-32], cantilever-based resonant sensors have also been used for measuring humidity
[33-35], pH values [36, 37], viscoelasticity [38], carbon deposition on nanowires [39],
and temperature [40, 41].

Cantilever-based sensors can be operated both in static, i.e. stress sensing, or
dynamic, i.e. resonator modes [2]. In the static mode, a surface stress deflects the

cantilever according to

312(1-v)
Et2

Az = A8, (1.1)

where 1, t, v, E, Ad represent the length, thickness, Poisson’s ratio, Young’s modulus and
differential surface stress between the top and the bottom surfaces of the cantilever,
respectively. The surface stress accumulation is a slow process, and hence moves the
cantilever slowly. This means that the system is prone to low frequency noise and

disturbances that exhibit a flicker or 1/f-type behavior [42]. Also, as implied by Equation



(1.1), the input that is inferred by the deflection of the cantilever is surface stress and not
exactly the added mass (even though there is some correlation between the two).

In the dynamic mode on the other hand, the cantilever is oscillated over a range of
frequencies including the resonance frequency that changes with added mass. The
angular resonance frequency of the first oscillation mode of an ideal rectangular

cantilever in the absence of damping can be expressed as [43, 44]

e

. (1.2)

Wy = Ea
where k. is the effective spring constant and M is the effective mass of the cantilever. The

spring constant of a rectangular cantilever is

_ Ewt3

ko =2 (13)
Here, E is the Young’s modulus of the cantilever, and w, t, 1 represent the width,
thickness and length of the cantilever, respectively. With a mass m loaded on the tip of a

cantilever, the resonance frequency of the cantilever is modified as [45]

ke
M+ m’

wq =

(1.4)

For masses located not far away from the tip of the cantilever, Equation (1.4) is a good
approximation.
For cantilevers operated in the dynamic mode, the mass of entities loaded on a

cantilever can be derived from the changes in resonance frequency [46]:

m= ke (25— 1), (1.5)

w1?2  wo?
where k. denotes the spring constant of the cantilever, o, is the resonance frequency after

the mass is loaded, w is the resonance frequency of the empty cantilever.



The smallest detectable mass (0M) of a cantilever with a constant stiffness is
ultimately determined by the minimum measurable frequency (6mg), which can be

expressed as [47]:
M ~ —2 L Sw,, (1.6)
wo

where M and ®) denote the modal mass and angular resonance frequency of the
cantilever, respectively. For an externally driven cantilever which is only limited by

thermomechanical noise [48], the ultimate minimum measurable frequency is:

Swy = [KELCT%]UZ. (1.7)

Here, Kg is Boltzmann’s constant, T is ambient temperature. BW and Q depict the
bandwidth and quality factor of the measurement. E. is the maximum drive energy
provided by the external excitation, which can be expressed as E= M <x>". <x.>
represents the root mean square (RMS) amplitude of the resonator driven by the external
excitation. With Equation (1.7) and Equation (1.8), we can rewrite the minimum

detectable mass (0M) of a cantilever as:

§M ~ 2M (ﬂ)l/2 (BW)I/Z. (1.8)

B Qo
It is important to note that Equation (1.7) and Equation (1.8) assume that thermal
noise, i.e. the “kT” noise, is the only noise source affecting the system. In practice
however, there will be many other factors such as noise in the external actuator, in the
illumination source and the electronic components used in the experimental setup, which
will contribute to detection uncertainty. Hence the actual mass resolution is likely to be
worse than what Equation (1.8) predicts. Therefore it is important to experimentally

verify the minimum mass that can be detected using the system in question. The



numerical figures provided by Equation (1.8) should only be used as frame of reference
with which the experimentally determined uncertainty can be compared. Equation (1.8)
can however be used for general design guidelines. For example, as we will show later, it
is generally true that detecting small masses requires large external excitation (E.), a high
quality factor (Q) and a small modal mass.

The goal of this thesis study is not to maximize mass sensitivity but rather to
design a simple and intuitive system that has sufficient sensitivity to allow detecting a
wide variety of particles that are of relevance. As we discuss later in this thesis, we did
employ external excitation to enhance our resolution but refrained from specialized
experimental conditions (such as vacuum packaging to enhance Q) that could result in

excessively large and or complicated systems that are difficult to build and operate.

1.3 Motion Detection of Cantilever Sensors

The motion of a cantilever-based sensor can be detected using a variety of schemes.
Some of these techniques require integration of a motion-detecting interface into the
cantilever during its microfabrication such as piezoelectric and piezoresistive schemes
[49-51]. These schemes allow operation of the cantilever in a stand-alone fashion,
without the need of an external detection scheme. They however require some external
circuitry to process the signals produced by the motion-sensing interface. They also
significantly increase the complication and hence the cost of device fabrication.
Researchers have used optical detecting schemes to avoid such complications. These
schemes are external, but are much easier to implement: they require very small or no

modification of the cantilever fabrication process. The most common optical motion



interrogation scheme is the optical lever method [52, 53], which is commonly used in the
atomic force microscopy. In this scheme, a laser beam is directed to the tip of the
cantilever and its reflection, which is altered by the cantilever’s motion, is measured
using a split photodiode (Figure 1-2). This scheme requires precise alignment and also
suffers from the jittering noise of the laser source. In order to mitigate these effects,
researchers have integrated diffraction gratings into cantilevers [1, 54, 55]. Integrating a
diffraction grating into a cantilever is relatively simple and requires only a simple
modification of the cantilever structure that can easily be incorporated during the design

of the mask for photolithography.

/‘\ \ Mirror

—/

Laser

Photodiode Detector

Cantilever Beam

Figure 1-2: Schematic of optical lever detection system utilized to measure the motion of
a cantilever beam [56].

1.4 Diffractometric Cantilever Sensors

Diffractometry has been shown to be effective in improving the resolution of

cantilever motion measurements. This method works by integrating a diffraction grating



into the cantilever structure [57]. The diffraction grating appears as a set of interdigitated
fingers half of which move in tandem with the cantilever while the other half remain
stationary. As shown in Figure 1-3 the interdigitated fingers diffract the incident light into
several beams called “diffraction modes”.

The intensity of diffraction modes alternates in accordance with the deflection
between two adjacent cantilevers. The intensities of even diffraction modes 0™ 2™ )
can be expressed as:

Iopen < €OS%0, (1.9)
and the intensities of the odd modes (1%, 3", ...) are:

I, 04 % sin?e, (1.10)
where 0 represents the phase difference between two cantilever beams. As the incident

light is perpendicularly illuminating the cantilever plane, 0 is expressed as:
0="26 (1.11)

The phase 0 varies with the wavelength (L) of the incident optical beam and the spatial
displacement (8) between two adjacent cantilevers. For a fixed wavelength, the intensities
of diffraction modes are only sensitive to the displacement between the two cantilevers.
Therefore, one can obtain the deflection distance between neighboring cantilevers by
observing the intensity of the reflected diffraction modes. The operation of the
diffractometry-based cantilever would be the same whether the cantilever is used in the

static stress-sensing mode or the dynamic mass-sensing mode.
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Figure 1-3: (a) SEM image of an interdigitated cantilever, (b) schematic of the Cross-
sectional view of diffraction grating [1].

1.5 Weighing of Individual Biological Microparticles Using Resonant Sensors

Mass measurement using resonant sensors is attractive not only due to superior
resolution but also due to the ability of detecting mass directly as opposed to inferring it
from measurements performed in other domains (e.g. in optical). Therefore applying this
scheme to weigh biological entities has also become popular quickly. The mass of
biological micro-entities such as cells has been associated with the growth of cells [58, 59]
or the effects of pathological and chemical treatments on cells [60, 61]. Researchers have
tailored resonant sensors into various forms and architectures to detect cells and other
biological entities.

The SMR (suspended microchannel resonator) was developed by the Manalis Lab

at MIT to detect biological samples in liquid that flows through the internal channels of
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the device that oscillates in vacuum [62-64]. This addresses the problem of low quality
factor and large modal mass caused by oscillating a cantilever in liquid. As shown in
Figure 1-4, the device is composed of a silicon cantilever with a microfluidic channel
embedded in it. As an entity passes through the microfluidic channel, the mass of the
particle leads to a change in the resonance frequency of the cantilever [65]. Recently, the
SMR method has been used for a variety of applications including monitoring the growth
of individual cells [66, 67], estimating water content in single cells [68], and investigating

the cellular response to chemicals [69].

Fluid 1 -
(P <pcell) 89y V Blue fluid in cantilever Cell transits cantilever
. s 5‘3 Red fluid in cantilever Cell transits cantilever Frequency proportional ~ Peak height proportional to
F'U;d 2 ) £ &= | Frequency proportional  Peak height proportional to \ to density of blue fluid - cell's buoyant mass in blue fluid
P> Pcell @ 55| todensity of red fluid  cell's buoyant mass in red fluid N
© Cellor cgo
particle Time

Figure 1-4: The SMR chip (left) and the measurement of single cell using two fluids with
different densities [69].

The pedestal resonant sensor is another recently developed technique that can be
used to measure the “apparent mass” of single biological microparticles. The sensor has a
unique structure of a 60x60 pm® platform supported by four beam-springs to provide
uniform mass sensitivity across the device (Figure 1-5a). This design is used to alleviate

the problem of uneven mass sensitivity that results when particles land on random
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locations on the surfaces of conventional cantilever-based sensors (Figure 1-5b). To
deposit target cells on sensor surfaces, a polydimethylsiloxane (PDMS) perfusion
chamber was attached on the pedestal sensor array (Figure 1-5¢) for cell incubation. This
PDMS well, in combination with an on-chip microfluidic system, was used for depositing
cells and providing essential nutrients for cell culturing [70]. The device has been
successfully applied to monitor the growth of mammalian cells in terms of changes in

their stiffness and mass [59, 70].

Error due to

Sampie Position > 100%

Error due to o,
Sample Position * 4%

Figure 1-5: (a) Measurement of cellular mass using the Pedestal Resonant Sensor [71]. (b)
Finite element analysis of cantilever (upper) and pedestal resonator (lower). Color bars
indicate the normalized mass sensitivity [59]. (¢) Top view of the fully assembled
pedestal chip embedded with a PDMS-based perfusion chamber [70].

Finally, cantilever-based sensors have also been used to measure the mass of
individual biological microparticles. Even though the sensors have the capability to
resolve the mass of single biological entities, this is often achieves by relying on random
binding of single entities on the sensor surface and not by positioning an individual

particle selected by the user. Figure 1-6a and Figure 1-6b [2, 72-74].
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Here we combine a micromanipulator and a cantilever-based resonator to perform
the on-demand and selective weighing of single biological microparticles including red

blood cells, cancer cells, pollen grains, and pancreatic islet spheroids.

Figure 1-6: Weighing of single particles using cantilever-based sensors: (a) an
Escherichia coli cell, scale bar = 5 um [73], (b) a Vaccinia virus particle, scale bar = 1
um [74].

1.6 Organizational Overview

Chapter 2 focuses on the design, fabrication, and applications of a mechanical
driven micromanipulator. The compact, user-friendly and manually actuated
micromanipulator is demonstrated as well as its applicability to various fields including
construction of 3-D microstructures, placement and arrangement of individual micro-

particles on specific locations, microcontact printing, and manipulation of live cells.
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In Chapter 3, the design and fabrication of the cantilever-based resonator is
discussed and an introduction is made to the applications of the system. Uncertainty
analyses are also performed to characterize the errors in the measurement.

Chapter 4 presents the combination of the micromanipulator and the cantilever-
based resonator to selectively measure the mass of a variety of microparticles. The use of
system to determine the dry mass of tumor cells and prostate stem cell spheres is
demonstrated. Afterward, the system’s utility in interrogating cancer cells in conjunction
with other experimental techniques including immunomagnetic separation and focused
ion beam milling is presented. Finally, the chapter ends by presenting the weighing of
various microparticles covering a 5-order-of-magnitude dynamic range from tens of a
picogram (10" g) to several microgram (10 g).

In Chapter 5, we summarize the dissertation and present a plan for future work.
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CHAPTER 2. DESIGN, FABRICATION AND APPLICATIONS OF THE
MICROMANIPULATOR

This chapter presents the design, fabrication and some applications of the
micromanipulator (microtweezers) that is able to operate in both liquid and air, and
transport micro-objects between the two media. The design and actuation mechanism are
first introduced in Section 2.2. In Section 2.3, the fabrication approaches and results are
presented. Additionally, the actuation setup and characterization of the device are also
shown in this section. Finally, in Section 2.4, several applications of the
micromanipulator, such as particle-by-particle microfabrication in 3D, micro-

functionalization of individual particles and manipulation of live cells are demonstrated.

2.1 Introduction
Micromanipulators or microgrippers are developed and used in various fields to
manipulate or characterize microparticles. As discussed in Chapter 1, many current
products have some drawbacks that limit their applicability including high fabrication
cost and complex structures and actuation mechanisms. In this chapter, we introduce a
versatile, user-friendly and easy-to-fabricate micromanipulator. By combining the
elastically deformable and replaceable micromachined tweezers with manual mechanical

actuation, the device can readily grab, move, and place microparticles in various media.
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2.2 Design and Operational Concepts

The device is composed of a micromachined silicon pair of micro-tweezers, a
micrometer head, and an interface connecting the two. The microfabricated pair of
tweezers is secured on a cured-polymeric interface (tweezers holder), which allows
connection to the spindle of a micrometer head for manual actuation by rotating the
thimble (schematically shown in Figure 2-1). The “cone tip” in Figure 2-1, which is
connected to the micrometer’s spindle, can move back and forth by rotating the
micrometer’s thimble manually. The movement of the cone tip induces the
opening/closing of the prong tips of the microtweezers. Details of the actuation

mechanism, tweezers design, and clamping methods are introduced below.

@ Clamping Cap Tweezers Holder @ Micrometer Head (Spindle)
@ Cone Tip @ Microtweezers

Figure 2-1: The schematic and components of the micromanipulator. (a) The fully
assembled micromanipulator, (b) (c) detailed views of the tip of micromanipulator, (d)
exploded view of the micromanipulator.
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Figure 2-1: Continued.

2.2.1 Actuation Mechanism

The microtweezers are mechanically actuated by manually rotating the spindle to
move the cone tip back and forth. The micrometer head that we used has a nonrotating
spindle with a resolution of 1 um and a dynamic range of 25 mm (Global Towns NRM-
100). As seen in Figure 2-1c, the cone tip rests against the bridge (or “saddle”) that
connects the prongs of the microtweezers. Moving the cone backward exerts a force on

the saddle, which deforms the tweezers elastically and closes the tips. Similarly, moving
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the cone tip forward opens the tweezers. The entire silicon structure is operated

elastically, hence no noticeable hysteresis or permanent deformation occurs.

2.2.2 Microtweezers

The microtweezers are made by micromachining a silicon wafer into a compliant
structure. The structure was first designed using the ABAQUS finite-element software
package to achieve closure of the tips by a manual input transferred to the structure by
means of a micrometer head, without exceeding critical stress values that could cause
fracture.

Several parameters were used in the simulation. The Young’s modulus and
Poisson’s ratio were taken as 190 GPa and 0.17 respectively [75]. In the simulation, only
two constrains were employed: the two square bases in Figure 2-2 are fixed in all
directions (3 translational and 3 rotational), and the cone tip moves only in one direction
which is against the surface of the saddle section. 3D stress hexagon elements (C3D8R in
ABAQUS) were used to construct the mesh for the finite element analysis.

Figure 2-2 shows the resulting stress distribution of the microtweezers whereby the
cone tip moves backward by 110 pm, bringing the prong tips to contact and closing the
tweezers completely. The maximum von Mises stress (red color) is about 103 MPa,
which occurs at the part where the saddle contacts the cone tip. The maximum stress is
well below the tensile strength of silicon (~7 GPa), hence the structure is safe during

normal operation.
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Figure 2-2: Stress distribution in the microtweezers when they are completely closed.

2.2.3 Clamping Methods and Materials

The holding elements (including the clamping cap, tweezers holder and cone tip)
are made by the 3D prototyping (FastProtos.com) technique using the material FullCure®
830 curable polymer [76]. In comparison with a previous design in which the tweezers
holder was made by graphite [77], the polymeric parts have advantages of simpler
fabrication, lower cost, lighter weight, ease of installation, stainless parts, and lack of
need for screws for fastening.

To install the microtweezers in the holder, the silicon microtweezers is first slid
into the two grooves of the tweezers holder by using another translation stage. Afterward,
the apex column of the cone tip is manually adjusted to rest exactly next to the middle
point of the saddle section. This alignment step is essential to avoid the cone tip from
pressing on an off-centered portion of the saddle section, which can results in an

imbalanced closure of prong tips. Finally, the clamping tip is secured to prevent the
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microtweezers from moving within the tweezers holder. After the microtweezers are
clamped at the holder, and connected to the micrometer, the assembly can be attached to
a variety of translation stages to allow translational and rotational movements in every

direction. The assembly process is schematically presented in Appendix A.

2.3 Fabrication Process and Results

In order to fabricate the silicon microtweezers, a 4-inch, 500 um-thick, single-side
polished, silicon <1 0 0> wafer with a 1 pm-thick silicon oxide (SiO,) layer was used as

the bulk material.

2.3.1 Microfabrication Process

The fabrication process involved two major steps, namely photolithography and
deep reactive ion etching (RIE). After the piranha and acetone cleaning steps, the AZ-
9260 photoresist was spun on the silicon wafer twice to provide protection during the dry
etching procedure. The thickness of photoresist layer was between 12 to 15 pm (verified
by an Alpha-Step Profilometer).

After a sequence of photolithography procedures including soft bake (at 110 °C),
UV-exposure (8 mW/ cm” power for 31 seconds), development (using AZ-400K
developer) and hard bake (120 °C), the wafer was immersed in a buffered oxide etchant
(BOE) to remove the exposed SiO, layer. The patterned photoresist/ SiO, layer defined
the feature of the microtweezers and also formed a protection layer for the dry etching

procedure.
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To carry out the deep-RIE process, an STS Advanced Silicon Etch DRIE System
(STS-ASE) was used to perform the anisotropic Bosch Process that enables fairly vertical
walls. The STS-ASE system alternated between the SF¢ gas to remove the silicon, and the
C4Fg gas to deposit a protection layer on the sidewalls. After dry etching, the 4-inch
wafer was immersed in a 90 °C solvent solution (PRS-2000) to remove the passivation

residue (C4Fg). The process is schematically presented in Figure 2-3.
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Figure 2-3: Major steps of the fabrication process flow. (a) Silicon wafer with 1 um
silicon oxide was first cleaned with piranha and acetone. (b) Microtweezer patterns
defined by photoresist. (c) Wafer immersed in BOE for SiO, removal. (d) Sample wafer
attached on a carrier wafer using Crystalbond™ 555 adhesive (PELCO). (e) Exposed
silicon removed by Deep RIE. (f) Device released by 90 °C PRS-2000 solution.
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2.3.2 Microfabrication Results

Figure 2-4 shows the dark-field mask pattern that was used in the fabrication. As
seen in this figure, up to ten tweezers can be obtained after processing each wafer
(depending on the yield rate which usually is between 50% and 80%). After removing
individual tweezers from the wafer by cutting the breakout tabs, a microtweezers is
installed on the holding interface. Figure 2-5a illustrates the micrograph of a pair of
microtweezers. As seen in this figure, the sharp tips of microtweezers allow manipulation
of relatively small particles (down to 5 um), while their parallel orientation facilitates
grabbing larger particles. Figure 2-5b illustrates both 20-pum and 42-um polystyrene

microspheres (Spherotech) held by the microtweezers.

Figure 2-4: Mask used for the photolithography process.
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Figure 2-5: (a) The silicon micromanipulator has a pair of sharp tips to manipulate micro-
particles with size as small as 5 um. (b) A 20 pm bead held by the tweezers.

Figure 2-6 shows the fully-assembled micromanipulator that is ready to operate in
an inverted position (the orientation can be modified depending on the application). The
microtweezers are able to grab a target particle, and move and place it as desired. The
elastic deformation of the silicon microtweezers’ structure constitutes a restoring force
that tends to open the tweezers. However, since the effective stiffness of the manually
actuated micrometer head is far greater than that of the silicon structure, a given amount
of manual actuation effectively “locks” the distance between the two tips. Therefore, a
given distance between the tweezers tips can be maintained virtually indefinitely without
providing continuous user input or any other kind of electrical or magnetic actuation.
This provides a significant advantage in holding particles in place (or under a given

amount of compression) for long amounts of time.
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Additionally, since the device can readily be attached to or disconnected from most

translation stages, it is possible to grab a particle and move it to a far location (e.g. to

another laboratory) while the target entity is held by the tweezers.

Cone Tip

Microtweezers

Figure 2-6: A view of the operational micromanipulator.

2.3.3 Device Characterization
We characterized the mechanical behavior of the device by observing the distance
between the tips versus the horizontal displacement of the saddle/cone tip. Figure 2-7

shows both the experimental observations and the results of a finite-element simulation.
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Displacements were measured by means of calibrated bright field microscopy. Figure 2-7
shows a linear input—output relationship and a good agreement with simulation results.
Measurements were made during both closing and opening of the tips with no noticeable
difference between the tip separations, indicating that the device exhibits no significant
hysteresis. According to the slope of the line in Figure 2-7, and the micrometer’s output

(spindle) resolution, the resolution of the prong tip motion is approximately 3 um.
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Figure 2-7: Variation of tip separation with horizontal displacement of (d) saddle.

2.3.4 Failure Modes
The primary failure mode of the device is the fracture of the silicon microtweezers
upon crashing into a much less compliant surface. We were able to use a pair of tweezers

for up to 12 months (more than 1,000 uses) before it was accidentally crashed into a hard
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surface. Another possible mode of tweezers failure is the over-tightening of the thimble.
However, since the tweezers motion is observed at all times during operation, the
occurrence of this is unlikely. Since multiple tweezers are fabricated on a silicon wafer, a

broken pair of tweezers can be replaced without difficulty.

2.4 Applications and Discussion

As discussed before, the micromanipulator can operate in both air and liquid and
move particles between these two media. The dynamic range and resolution of motion
depend on those of the motion stage where the device is attached. We use three Thorlabs
PT1 translation stages to move the micromanipulator in 3 translational directions. The
translation stages have 25-mm dynamic range and a resolution of 20 um/ thimble
graduation, although much smaller movement (~2 pm) can be achieved by monitoring
the movement continuously under a microscope. We describe below various applications

of this versatile and easy-to-use system.

2.4.1 Manipulation and Stacking of Microparticles
As an example, Figure 2-8 illustrates the manipulation of the Arabidopsis Thaliana
plant cells (provided by Department of Botany and Plant Pathology, Purdue University).
Initially the plant cells were randomly distributed in the culture media. In the experiment,
a cluster of plant cells (containing 4 to 5 cells) was chosen under the microscope. By
using the microtweezers, this cluster of cells was isolated and removed from the natural
media without being damaged. To avoid adhesion of cells to the surface of the

microtweezers, the cells were released from the device before they were completely dried.
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In addition to manipulating living cells, the use of translation stages also enables
multiple features such as stacking particles to form 3-D geometries or placing them at
distinct positions on other devices or sensors. Figure 2-9a shows a three-layer pyramid
structure constructed using fourteen polystyrene beads with diameters around 40 pm. A
conductive tape was used to provide adhesion for the first layer of beads as well as to
assist in scanning electron microscopy (SEM). The 3 x 3 bottom layer was constructed by
placing beads directly on the conductive tape. To improve the structural integrity of the
pyramid and to secure the beads during the SEM imaging, the bottoms of the beads of the
second and third layers were dipped partially into grease before placement on the bottom
layer of beads.

The micromanipulator was also used to place particles gently on an extremely
fragile structure. Figure 2-9b shows a two-layer pyramid built by placing individual
beads on the tip of a 500 nm-thick micromachined cantilever while avoiding contacting
adjacent structures. Such a capability enables “on-demand” weighing of micro particles

or organisms individually isolated from a large group of samples.
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Figure 2-8: Micrograph of a small clump of plant cells held by the micromanipulator. The
inset shows a micrograph of the cell cluster.

S4800 1.0kV 10.8mm x700 SE(M) 1/28/2011 50.0um § S4800 1.0kV 10.1mm x300 SE(M) 2/4/2011 100um

Figure 2-9: (a) SEM image of the three-layer pyramid constructed with 40-pm-diameter
beads. (b) Two-layer pyramid of 40-um polystyrene beads on a cantilever tip.
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2.4.2 Microcontact Printing on Selected Areas

Functionalization of micro-areas individually and discretely without contaminating
neighboring areas is an important advantage that can eliminate wasting chemicals and
allow separate functionalization of an area within a device or multiple areas that are in
close proximity. With the current system, a micro-stamp can be used for precise
functionalization of discrete spots. In an experiment, a piece of polydimethylsiloxane
(PDMS) was used as the stamp material to transfer “ink” to a target surface and
fluorescein-isothiocyanate-labeled bovine serum albumin (FITC-BSA, Sigma) as the ink.
Figure 2-10a shows nine 40-pm beads arranged in a line formation using the device. The
stamp was grabbed and inked using the micromanipulator and brought to contact with
selected beads (indicated by arrows in Figure 2-10a). The upper figure in Figure 2-10a is
the bright field micrograph, and the lower one shows the corresponding fluorescent
micrograph. The result shows fluorescence only from the stamped beads. Figure 2-10b
presents another micro-stamping result which features a Purdue ‘P’ logo.

This result demonstrates that the manipulator can apply sufficient pressure on
individual beads to transfer the ink without causing the stamp to slip off the tweezer or

moving a bead out of position.
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Figure 2-10: (a) Bright field and fluorescence micrographs of microstamped 40-pum beads.
The arrows indicate beads stamped by FITC-BSA. (b) Micro-stamping result shows 'P.'

2.4.3 Extraction of Stem Cell Spheres from Culture Media

The ability to discriminate and move individual live cells within or out of aqueous
media is important since it allows the device to accomplish tasks of arranging cells in
specific patterns, placing them on surfaces of sensors, or isolation of individual cell
spheres from culture, as we demonstrate next.

Stem cells grow as multiple spheres in soft agar. Before the cells are interrogated,
multiple aspiration and incubation steps are used to separate all of the spheres from the
viscous media [78]. This standard procedure not only requires time and reagents but also
cannot isolate a single sphere. As a result, many spheres are wasted that could otherwise
remain in the media until needed. We were able to isolate a single mouse prostate stem
cell sphere directly from the viscous media (Matrigel) that it was suspended in. The tips

of the microtweezers were able to reach in the gel and remove a single 100-pm cell
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sphere (Figure 2-11). The force provided by the microtweezers was sufficient to compete
with the surface tension of the viscous gel but not large enough to damage the cell sphere.

Figure 2-11b shows that the cell sphere remained intact after being pulled out of the

Matrigel.

Figure 2-11: Micrographs of (a) a cell sphere being pulled out of viscous Matrigel and (b)
cell sphere held by a microtweezer in air.

2.5 Summary

We have developed and demonstrated a compact, portable, and multipurpose
micromanipulator that is actuated manually by rotating the thimble of a micrometer head
connected to a microtweezer structure via a 3D-printed interface. The operation principle
of microtweezers is based on the elastic deformation of silicon, which practically
eliminates hysteresis effects and greatly simplifies the overall device design. The device
can operate in both air and liquid and transport entities between the two media. Due to its

compact and highly portable nature, the device is also capable of transporting entities
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from one setting to another. Three applications have been demonstrated in this chapter:
With its relatively sharp tips and large dynamic range, the device was able to arrange
microspheres in 3-D (including designated spots of sensor surfaces) and perform on-
demand microcontact printing. The device was also able to isolate and remove a single

stem cell sphere from viscous media without damaging either the sphere or the tweezer.
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CHAPTER 3. CANTILEVER-BASED NANOMECHANICAL RESONATOR

In this chapter we present the design, fabrication, operational principles and
applications of the cantilever-based nanomechanical resonator. The operational principles
of the device are first introduced in Section 3.1. The fabrication process and results are
presented in Section 3.2. In Sections 3.3, the experimental setup and results using
piezoelectric-actuation are introduced. The frequency response of the resonator is also
characterized in terms of loading location and repeatability. In Section 3.4, system
verification and uncertainty analyses are performed. Finally, the chapter is summarized in

Section 3.5.

3.1 Introduction
Cantilever-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 [2, 79-82]. As discussed in Chapter 1, these sensors have been used both in static, i.e.
stress sensing, or dynamic, i.e. resonating mode. The latter mode, in which our
cantilever-based resonator is operated, reveals directly the mass of the target entity by
measuring changes in the resonance frequency of the cantilever. In this study, as shown

in Figure 3-1, we utilize a dual-beam cantilever integrated with a diffraction grating for
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motion measurement. The device has two identical adjacent cantilevers. Often times one
of the cantilevers serves as a reference to test the operation of the system before an
experiment using a load with a known mass. The reference cantilever can also serve to
account for small disturbances that may affect both cantilevers. In addition, the dual-
beam design of the sensor can also be used to directly determine the mass of two different
particles in one measurement by loading both cantilevers instead of leaving the reference
arm empty.

The relative motion between the two cantilevers is detected directly by
illuminating the diffraction grating (or interdigitated fingers in Figure 3-1) between the
two cantilevers by a laser beam. The resonance frequency of each cantilever is obtained
in a single measurement by observing the intensity of the Oth order reflected diffraction
mode that changes in accordance with the deflection between the neighboring cantilevers.

Details about the diffractometry-cantilever sensing scheme were described in Chapter 1.

Independent
Neighboring Beams

Interdigitated Fingers
|

Figure 3-1: Micrograph of a dual-cantilever-based resonator. Scale bar: 50 pm.
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3.2  Fabrication of the Dual Cantilever Sensor

The processes used in the microfabrication of the sensing structure include 1)
silicon nitride deposition, 2) photolithography, 3) wet etching, and 4) gold deposition.

The 4-inch, 500 um-thick, single-side polished, <1 0 0> silicon wafers were first
immersed in piranha and then acetone for cleaning. Next, the silicon wafers were
deposited with a 480 nm low-stress silicon-rich silicon nitride layer by LPCVD (low-
pressure chemical vapor deposition). After deposition of the nitride layer, a
photolithography process was performed to define the cantilever patterns. In this process,
AZ-1518 photoresist and Karl-Suss MA6 mask aligner with an exposing power of 8
mW/cm® were used to define the cantilever pattern. Next, the wafer was immersed in the
AZ-Developer solution to peel off the exposed photoresist. After hard backing in a
120 °C oven for 15 minutes, Plasma Tech was used to remove nitride layer that was not
protected by the photoresist; with an etching time of 11 minutes.

The photolithography and the nitride removal processes were then repeated on the
backside of the wafer to define the die. After removing the layer on the backside, the
wafer was placed into a piranha solution (H,SO4: H>O = 1:1) and acetone to remove the
photoresist. Finally, the wafer was immersed in a 45 % KOH (potassium hydroxide)
solution at 80 °C over a period of 7 hours to etch the underlying silicon and release the
cantilever structures. A 20 nm gold layer was deposited on the surface of the cantilever to
improve the reflectivity. In the process of gold-deposition, an Airco E-beam Evaporator
was used to deposit a 1.2 nm Cr adhesion layer and a 20 nm Au layer.

The above mentioned processes are schematically presented in Figure 3-2. Figure

3-3 illustrates a scanning electron micrograph (SEM) image of a cantilever. In addition to



37

rectangular cantilevers, we also fabricated cantilevers with various shapes that we
believed could facilitate weighing micro entities with different geometries. Cantilevers

with different shapes are numbered and illustrated in Figure 3-4.

silicon [l Siticon Nitride [l Phototoresist [l Gold

(d)

b

°W" <

Figure 3-2: Fabrication process flow. Only major steps are presented. (a) <100> silicon
wafer cleaned by piranha and acetone. (b) LPCVD silicon nitride deposition (on both
sides). (c¢) Cantilever patterns defined by photoresist. (d) Silicon nitride removed by
Plasma Tech, photoresist removed by piranha and acetone. The processes of photoresist
patterning and silicon nitride removal were repeated again on the backside to define die
patterns. (e) Device released by KOH solution. (f) Gold deposition.
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Figure 3-3: SEM image of a dual-beam cantilever.

Cantilever #1 Cantilever #2 Cantilever #3

Figure 3-4: Micrograph of different cantilever designs. Scale bar: 50 um.

3.3 Piezoelectronic Actuation

In this section, we discuss the experimental setup and the experiments of weighing
microparticles using the cantilevers described before. It is possible to observe the natural
frequencies of our cantilevers without any external actuation: the kT-based
thermomechanical actuation is sufficient to excite the cantilever over a broad frequency

range that includes resonance [83-86]. However, as also mentioned in Chapter 1, external
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excitation does offer the advantage of improved signal-to-noise ratios and allow better
observation of frequency changes [87]. We therefore use a piezoelectric actuator to drive

our sensors during measurement.

3.3.1 Experimental Setup

Figure 3-5a demonstrates the experimental setup used to perform the weighing
measurements. The coherent illumination is generated by a 632.8 nm Helium-Neon laser
(Newport R-30991, 5 mW), and the resulting beam is focused by three lenses. The
reflected laser is directed toward the photo detectors by a beam splitter (Thorlabs BS016).
The photo detector is composed of a photodiode (12 V reverse-bias, Thorlabs DET110)
and an adjustable aperture (Thorlabs SM1D12), which is used to measure the intensity of
the 0™ mode of the reflected diffraction pattern (Figure 3-5b). A function generator
(Tektronix AFG 3102) is used to actuate the piezoelectric shaker. The sinusoidal signal
provided by the function generator serves the purposes of both actuating the piezoelectric
shaker (Thorlabs AE0203D04F) and providing reference signal to the lock-in amplifier
(Stanford Research Systems SR830).

The reflected signal collected by the photodiode is sent to a lock-in amplifier for
noise filtering. Output of the filter is connected to a computer for further analyses via a
data acquisition interface (National Instrument DAQ). Lastly, a LabVIEW program made
in-house is used to collect the data, and a Matlab algorithm is used to smooth the

resulting frequency spectrum.
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Figure 3-5: (a) Experimental setup of the weight measurement system. (b) First three
reflected diffraction modes.

3.3.2 Frequency Response due to Added Mass
Figure 3-6 demonstrates the frequency response of the system (using Cantilever #1)
when the sensor arm is loaded with three different masses. In each experiment, an
individual polystyrene bead (Spherotech Inc.) with a different mass was placed on the
free end of the sensor arm for weighing. A small amount of grease (70 - 200pg) was

applied underneath the bead prior to the placement, for improving the attachment
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between the bead and the cantilever surface as discussed in Chapter 2. We found that this
much grease has negligible mass in comparison with the particles being weighed and can
efficiently improve the adhesion between the particles and the cantilever surface. In some
measurements where the mass of grease has significant impact on experimental results,
such as measuring lighter objects (mass < 5 ng), the effect of grease on frequencies can
be directly accounted for by measuring the mass of grease before the target object is
placed. The mass derivation process will be described in Section 3.3.3.

In the frequency spectrum of Figure 3-6, the frequencies corresponding to the two
peaks represent the resonance frequencies of the sensor (low frequency peak) and the
unloaded reference (high frequency peak) arms. Initially, since both cantilevers are empty,
no significant frequency separation occurs and two resonance peaks overlap with each
other (red curve in Figure 3-6). As the load on the sensor arm increases, the resonance
peak corresponding to the sensor arm shifts to the left and the two resonance peaks
separate. The resonance frequency of the reference arm stays unchanged because there is
no change of mass on the reference arm. The mass of the load on the sensor arm can be
derived readily from the resonance frequency corresponding to the sensor cantilever.
Since the resonance frequencies corresponding to both arms are shown in the same
frequency spectrum, the cantilever-based resonator can also be applied to weigh two

objects of different masses in one measurement.
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Figure 3-6: The frequency response of system with different mass loads. Resonance
frequencies of both the sensor and the reference arms are obtained in a single
measurement (The 46.5 ng and 9.3 ng beads were placed 12.2 um and 11.6 um away
from the tip of the cantilever, respectively).

As discussed in Chapter 1, the resonance frequency of a cantilever depends not
only on the mass of the load but also on the location of the load with respect to the tip of
the cantilever [88, 89]. We used finite element analysis to demonstrate the dependence of
the resonance frequency on the mass and the location of the loaded particle. Figure 3-7
shows the change of the resonance frequency of Cantilever #1 with different loading
masses and locations on the sensor arm. It is obvious that both added mass and loading
location have an impact on the resonance frequency. To mitigate the effect of loading

location uncertainty, in each experiment, the exact location of a loaded particle needs to
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be measured by optical microscopy. The effects of loading locations will be further

discussed in Section 3.4.2.
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Figure 3-7: The resonance frequency of Cantilever #1 (as shown in inset) with location of
the load with respect to the cantilever tip.

3.3.3 Mass Derivation
In this study, we utilize the ABAQUS finite element simulation to derive the mass
from the frequencies observed in the experiment. To conduct the simulation, we first
characterized the Young’s modulus of the particular cantilever in question. The effective

density of our cantilever is estimated as 3.65 g cm” by averaging a 20 nm thick gold layer

with a density of 19.3 g cm™ [90] and a 480 nm of silicon-rich silicon nitride layer with a

density of 3 g cm™ [91]. The Young’s modulus is estimated to be 170 GPa, by matching
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the resonance frequency of an empty cantilever predicted by the finite element simulation
with that observed experimentally.

To obtain the mass of loaded objects, we match 1) the experimentally observed
resonance frequency of the loaded cantilever and 2) microscopically determined location
and approximate shape of the loaded objects with our finite element simulation. Figure 3-
8a demonstrates the weighing of a Lasthenia fremontii pollen grain (left arm). As
mentioned before, prior to the placement, a small amount of grease is smeared on the
cantilevers to improve the adhesion between the pollen grain and the cantilever surface.
On the right arm, a polystyrene bead with a previously measured mass of 39.9 ng is
loaded to ensure that the system is functioning properly. Figure 3-8b is the experimental
frequency spectrum corresponding to the weighing experiment in Figure 3-8a. The
resonance frequency of the sensor cantilever shifted from 7319 Hz (the resonance
frequency of an empty cantilever) to 6043 Hz due to the loading of the pollen grain. The
resonance frequency of the reference cantilever was reduced to 3342 Hz due to the
weight of the reference bead. By introducing these measured resonant frequencies and
location of the loaded object into finite element simulation, the mass of the pollen grain
was obtained as 4.54 ng.

We verified the accuracy of the weighing scheme by comparing the effective
density of polystyrene beads determined by measuring their mass and microscopically
observed volume, to their density reported by the manufacturer (Spherotech, Inc.). In this
test, Cantilever #3 and an optical microscope were used to individually measure the mass
and volume of ten small (measured average diameter 24.8 um) and ten large (measured

average diameter: 41.9 um) polystyrene beads. The resulting average masses of small and
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large beads were 8.37 ng and 40.62 ng respectively. The average densities of ten different
beads were then calculated as 1.048 g cm™ for small beads and 1.055 g cm™ for large
beads. These results were in good agreement with the density of polystyrene beads

reported by the manufacturer (~1.05 g cm™).
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Figure 3-8: (a) SEM image of a pollen grain placed on a cantilever (left arm). The
reference cantilever (right arm) was loaded with a polystyrene bead of known mass. Scale
bars: 30 um. (b) Frequency response of the system that shows the resonance frequencies
of both cantilevers.

3.4 Device Characterization

As discussed previously, the resonance frequency of a cantilever depends on both
the added mass and loading location on the cantilever. In this section, we first discuss the
effective mass and the stiffness of the cantilevers, which can later be used for uncertainty
analysis. We next discuss the effect of the loading location on the resulting resonance

frequency. Afterward, the repeatability of measurements is studied to achieve an
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understanding of the realistic resolution of detectable frequency. Finally, we present an

uncertainty analysis of the weighing system.

3.4.1 Determination of the Effective Mass and Effective Stiffness of Cantilevers

We first determined the effective mass (M) and effective stiffness (K.) of
cantilevers by combining the experimental results with finite element simulations. In
Section 3.4.2 and Section 3.4.4, these two values will be used to characterize the effect of
loading location as well as the systematic uncertainty of the weighing system.

Several studies have presented analytical methods for determining the stiffness of
cantilevers. For example, Sader et al. [92, 93] estimated the stiffness of rectangular
cantilevers from the knowledge of its resonance frequency and quality factor, without
requiring the knowledge of cantilever’s thickness or density. However, cantilevers used
in our study are not perfectly rectangular and Sader’s simplistic formulations are not
directly applicable. Therefore, in this study ke and M in Equation (1.4) were determined
by combining finite element simulations with experiments.

To obtain k. and M, we first obtained the effective density and Young’s modulus of the
used cantilever by the procedure presented in Section 3.3.3. Afterward, the effective
stiffness (k.) was determined by simulating the tip deflection due to a point load using a
finite element simulation. Finally, the effective mass (M) was determined by substituting
the resonance frequency of the empty cantilever (fj) and k. into Equation (1.4). The k.
and M values of different cantilevers used in this study are summarized in

Table 3-1.
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It should be noted that ke and M of different cantilevers could vary even with
identical geometry. Since a wafer is fabricated with many devices on it, a user may
assume the same properties for all cantilevers on the same wafer. This can lead to errors
since dimensions could differ slightly (possibly due to alignment errors during
photolithography). For example, according to our measurement, the change in thickness
due to non-uniformity of nitride deposition was measured as 8 nm over a 3 inches range
on a wafer, which for a thin film with 500 nm-thickness, 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 Equation (1.4), the combined effect of this on a
cantilever’s natural frequency (with nominal M of 11.202 ng and k. of 0.0195 N/m)
would be about 106 Hz. We also found that the length of two cantilevers that are 2 inches
apart on the wafer can differ by as much as 1 pm. 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. Therefore, in order to
account for the variation between different cantilevers, the above mentioned calibration

process has to be carried out for each specific cantilever.
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Table 3-1: Effective stiffness (k.), effective mass (M) and resonance frequency (F;) of
different shapes of cantilevers. The cantilever types corresponding to different numbers
are shown in Figure 3-3. Scale bars: 50 um.

Cantilever #1 Cantilever #2 Cantilever #3
ke (N/m) 0.0195 0.0188 0.0182
M (ng) 11.202 13.171 8.634
fo (Hz) 6642 6010 7319
Type

3.4.2 Effects of Loading Position on Resonance Frequency
As shown in Section 3.3.2, the location of the loaded particle can affect the

resonance frequency of a cantilever. This effect can be predicted by [94, 95]:

1 , ke
ﬂ_a M+gp(x)2m’ G.1)

where f; is the resonance frequency of cantilever, M and k. are respectively the effective

mass and effective stiffness of the cantilever, m is the added mass, and g,(x) is:

9 =1-3()+;()" 62)
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where L is the length of the cantilever and x is the distance of the load away from the tip
of the cantilever. As a load is moved away from the free end of a cantilever, the
denominator in Equation (3.1) decreases and thus the resonance frequency of the
cantilever increases. Unlike Equation (1.4) that assumes the added mass being placed
exactly at the tip of the cantilevers, Equation (3.1) factors in the effect of loading location
(x) and hence provides a more accurate estimate.

Figure 3-9 presents the relationship between the loading location, added mass and
the resonance frequency of the loaded cantilever. The modeled cantilever is Cantilever #3
as illustrated in Figure 3-4. Circles and curves in this figure represent the results obtained
from the finite element simulation and Equation (3.1), respectively. The trend indicates
that the sensor does not “feel” the added mass as much when it moves away from the tip.
In this study, we address this issue by 1) using the micromanipulator to place a load as
close to the tip as possible to ensure a better mass sensitivity, and 2) measuring the actual
position of the load and accounting for the effect of location when determining the added

mass.



50

8000
o—o—@ 7
27000 goooo ©  © ° g = S
= e}
- © o) . F)
= o
:é o© o o
5 6000 Yo " .
2 o
= &® o
g 5000 ¢°° o m= 1 ng
S m= 35 ng
; < m= 10 ng
é 4000 A o m= 40 ng
)
OO
©
3000 ¥ . : ,
0 50 100 150 200

Loading Location (x, pm)

Figure 3-9: Dependence of resonance frequency, added mass (m) and loading position (x).
Curves represent prediction of Equation (3.1) and circles represent finite element
simulations.

3.4.3 Uncertainty in Mass Measurement
We examined the systematic uncertainty in our mass measurements by evaluating
the uncertainties in determining the location of a loaded particle as well as that in the
frequency measurements. The uncertainty in the loading location is introduced by the
resolution limit of the optical microscope used. The uncertainty in the frequency
measurement is due to the effects of both the quality factor of the cantilever and the
signal-to-noise ratio, as well as other drifts in the system. To quantify the uncertainty in

both the location and the frequency measurements, we conducted experiments in which
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the resonance frequency of a cantilever (Cantilever #3) and the location of a polystyrene
particle loaded on a cantilever were repeatedly measured. The location of a polystyrene
bead (24.8 um in diameter) was repeatedly measured twenty times by means of calibrated
brightfield microscopy. The 99.7 % confidence interval for the resulting uncertainty in
location was 0.16 um for a bead that was on average located 8.3 pum away from the tip of
the cantilever. The uncertainty in the resonance frequency was obtained by measuring the
resonance frequency of the loaded cantilever ten times. In this experiment, the excitation
voltage was 3.0 V and the resulting average resonance frequency was measured as 3345
Hz (which gave the mass of the bead as 39.7 ng) with an uncertainty of + 0.89 Hz at the
99.7% confidence level.

The effect of the uncertainties in the measured location (6x) and frequency (6f), on
the uncertainty in the mass measurement (dm) was then calculated using an error

propagation approach:

sm = \/ om 6f 6x)2, (3.3)

where m is the mass of the load that can be derived from Equation (3.1):

_ ke_Mc(ZTffr)z
gp(X)22mfr)?’

(3.4)

As shown Figure 3-9, the general trend of resonance frequencies predicted by
finite element simulation agrees with that described by Equation (3.1). However, a more
careful investigation of the figure shows that the mismatches between the FEM

simulation and the analytical model could be considerable for larger loads placed at

larger distances from the tip. This mismatch is smaller for small values of x, (e.g. < 50
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um). In our experiments, with the use of the micromanipulator, the target objects are
generally placed close to the tip of the cantilever (x < 20 um). Therefore, Equation (3.4)
serves an appropriate model that can be used in conjunction with Equation (3.3) for
uncertainty analysis. The effective stiffness (k.) and effective mass (M) of the tested
cantilever (Cantilever #3) were previously determined as 0.0182 N/m and 8.634 ng as
shown in Table 3 - 1.

Figure 3-10 shows the resulting dependence of the calculated mass uncertainty (dm)
on the added mass (m) and the loading location (x). According to Figure 3-10, the
uncertainty in mass is 3.2 pg for a 1 ng load (when x = 0). This uncertainty increases to
about 82 pg when the added mass is 40 ng. The effect of location uncertainty is less
severe as the uncertainty in the mass of a 1 ng load increases only from 3.2 pg to 3.8 pg
when x increases from 0 to 20 um.

We next compared the calculated uncertainties with the experimentally observed
variations in mass. We used two groups of 10 beads for this analysis, one group with an
average diameter of 24.8 um (“small beads”), and one with and average diameter of 41.9
um (“large beads”). We first picked one bead from each group and weighed it 10 times.
Each weighing was performed from scratch where the same bead was weighed, removed
from the cantilever surface, placed back on the cantilever and weighed again by recording
the new frequency and the bead location. The resulting variation in mass measurements
as well as the systematic uncertainty predicted by Equation (3.3), at the 99.7% confidence
level are shown in Figure 3-11. The similarity between the experimental and the
calculated uncertainty values indicate that the uncertainties in the frequency and location

measurements are an important part of the overall systematic uncertainty. Next, we
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studied the variation of mass from one bead to another in each group, where we weighed
each bead from each group once. In each experiment, the mass of the grease on the sensor
surface was measured before beads were placed on the cantilever so that the measured
frequencies only represent the mass of the beads. These results are also presented in
Figure 3-11 as well as Table 3-2, and indicate that bead-to-bead variation in mass, even

for beads from the same group, greatly outweigh the systematic uncertainty in the mass

measurements.
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Figure 3-10: The theoretical uncertainty in mass with respect to the mass and location of
the attached matter. ‘x’ denotes the distance of the load away from the tip of the
cantilever.
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Figure 3-11: The bar chart illustrates experimental and theoretical uncertainties in mass
for single beads (n=10). The average masses and experimental uncertainties in mass of
ten different beads are also presented.

Table 3-2: Experimental and theoretical mass uncertainties at the 99.7% confidence level.

Experimental Theoretical
Sample Mean mass (ng) Error (£ng) Error (ng)
1 small bead
. . 8.38 0.033 0.019
weighed 10 times
1 large bead
. . 40.56 0.172 0.087
weighed 10 times
10 small beads each
. . 8.37 0.146 NA
weighed 1 time
10 large bead each
40.62 1.810 NA

weighed 1 time
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3.4.4 Comparison of Experimental and the Ultimate Theoretical Mass Uncertainty

In this study, the added mass is determined by measuring the resonance frequency
of the loaded cantilever. Therefore, the resolution of frequency measurement (6f; in Hz or
dwy in rad/s) has a direct impact on the mass resolution. Although we determine our
minimum detectable frequency experimentally, which automatically accounts for all
possible uncertainties and noise sources, it is informative to compare this with the
ultimate limits of a system in the absence of all uncertainties except for thermal noise.
Such a model has been reported by Ekinci ef al. [48]. Accordingly, the ultimate minimum

detectable frequency of a thermomechanically driven cantilever can be expressed as:

Swy = [’%%]1/2 : (3.5)

Where E, represents the maximum drive energy:

E. = Mwy*(x.)* (3.6)
with M being the modal mass, ®¢ the resonance frequency, and <x.> the RMS oscillation
amplitude. In our study, for an unloaded Cantilever #3, quality factor (Q) is 16.4, angular
resonance frequency (o) is 45986.6 rad/s (fo = 7319 Hz), the approximate measurement
bandwidth (BW) to define a resonance peak (~fy/Q) is 446.3 Hz, and the effective mass
of the cantilever (M) is 8.634 ng. The RMS amplitude of the resonator <x.> can be
estimated using the product of the amplitude of external excitation to the base of the
cantilever (A) and the quality factor of the measurement (~A*QN(2)). Fora3.0V peak-
to-peak excitation voltage, A (provided by our piezo stage) is 45 nm and hence <x.> is
approximately 521.8 nm. With the above information, dwy is calculated as 1.02 rad/s or

0.16 Hz. This value is small in comparison with what we obtained experimentally in the
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previous section for a loaded cantilever (~0.89 Hz). In fact, it will be even smaller if the
effect of a 40 ng load is included in the calculation. The difference is not surprising as
Ekinci’s formulation is an ultimate theoretical limit (derived for Q > 10,000) and
considers the thermomechanical noise as the only source of uncertainty. In comparison,
our experiment provides a realistic estimation of frequency uncertainty, which accounts
for every source of error that could have contributed to our frequency uncertainty, such as
drifts in frequency measurements. However, Equation (3.5) does demonstrate that the
frequency uncertainty of measurement can be improved by utilizing an external drive as
well as increasing the modal mass of a cantilever. According to Equation (3.5), with an
enhanced excitation (increasing X.), E. is increased and hence dw is decreased. In
addition, with an increased modal mass (M), quality factor of the system is also increased

according to [96]:

Q=L=ykM (3.7)

where &, ke, M, c represent the damping ratio, spring constant, effective mass, and
damper constant of the cantilever, respectively. From Equation (3.6) and Equation (3.7),
an increase in the nominal load on the cantilever not only increases the external excitation
energy (E;) but also improves the quality factor, both resulting in an improved frequency
uncertainty.

We verify the effects of both external excitation and nominal load to frequency
resolution by observing the repeatability of our frequency measurements. We loaded the
sensor cantilever with an individual polystyrene bead with a known mass and varied the

peak-to-peak excitation voltage. Two different loads (0 ng and 46.5 ng) were tested and
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each experiment was repeated five times at each excitation voltage. The standard
deviation of the measured resonance frequency was then calculated. In the study,
Cantilever #1 is used, and the average resonance frequencies corresponding to 0 ng and
46.5 ng added masses were measured as 6642.8 Hz and 3081.5 Hz. The experimental
results are shown in Figure 3-12. Figure 3-12 agrees with Equation (3.5) which
demonstrates that an improvement of frequency resolution can be achieved by increasing
both external excitation and nominal load on the cantilever. This however, does not imply
that an increased load will ultimately lead to an increased mass resolution. In fact, the
fundamentally nonlinear nature of the system results in smaller changes in resonance
frequency as the total mass of the system increases. This effect ultimately outweighs the
improvement in the external energy as well as the quality factor of the system, which can
be explained by Equation (1.8) that indicates the ultimate mass resolution of an externally

driven and thermomechanically limited resonator [47]:

§M ~ 2M (ﬂ)l/2 (BW)I/Z. (3.8)

B Qo
Using the parameters in Equation (3.5) and Equation (3.6), Equation (3.8) predicts
an ultimate mass resolution of 0.38 pg which is about an order of magnitude smaller
when compared with the smallest uncertainty value in Figure 3-10. This is expected,
since, as mentioned before, Equation (3.8) only assumes limitation by thermal noise, and
does not take the effect of the loading location into account. Equation (3.8) does suggest
that the mass resolution can be improved by increasing external excitation (E¢). Hence, in

our measurements, we use excitation voltages larger than 2.5 V to maximize the external
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energy input into the system. However, with an increased load on cantilever, the mass
uncertainty is increases which is also shown in Figure 3-10.

Due to the relatively low quality factor of our cantilevers, the resonant peaks of the
two cantilevers could sometimes be difficult to differentiate from one another when the
added mass is small (i.e. when the two peaks overlap). When this happens, we have the
option to load the reference cantilever with a bead and separate the resonance frequencies
of the two cantilevers. This also increases the effective mass of the reference cantilever

and hence improves our ability to resolve its resonance frequency.
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Figure 3-12: Dependence of the standard deviation in the measured frequency on the
excitation voltage and loading.

3.5 Summary

In this chapter, we have presented a cantilever-based resonator that can be used to

measure the mass of individually selected single microparticles. The resonator has two



59

adjacent cantilevers that constitute a sensor/reference pair. By matching the
experimentally measured resonance frequency of the loaded cantilever and the location of
the load with a finite simulation model, the mass of load can be determined. We validated
the accuracy of the weighing method by measuring the density of polystyrene beads, and
the result was in good agreement with that reported by the manufacturer. Finally, we
performed a hybrid experimental/analytical study of the measurement uncertainty, that
we believe is a more realistic representation of the mass resolution of the system than
what is predicted by theoretical models provided in literature that predict ultimate

resolutions.
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CHAPTER 4. SELECTIVE WEIGHING OF INDIVIDUAL MICROPARTICLES

In this chapter, we demonstrate the weighing of individual dry biological
microparticles by discretely picking and placing them on a resonator for mass
measurement (similar to a typical weighing scenario in a supermarket). A single target
entity that is selected under a microscope is first grabbed by a mechanically actuated
micromanipulator whose fabrication and basic operation were described in Chapter 2.
The entity is then moved and placed on the tip of the sensor arm of the cantilever for
weighing. The concept is schematically shown in Figure 4-1. Due to the ease of use and
the maneuverability of the micromanipulator, and the large surface of the cantilever-
based resonator, this weighing approach is highly compatible with established laboratory
practices to provide mass information for a wide variety of microparticles. We utilized
the present weighing scheme to measure the dry mass of individual cancer cells, prostate
stem cell spheres, and cancer cells that are bound to other particles and those that have
been dissected by focused ion beam milling. We finally demonstrate the weighing of a
wide variety of biological microparticles over a high dynamic range (from 10s of

pictograms to micrograms).
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Figure 4-1: Schematic of the measurement strategy for selectively weighing individual
micro-entities.

4.1 Dry Mass Measurement of Biological Microparticles

Measuring the dry mass of biological entities has sparked great interest because this
simple physical property can provide unique insight into many fields including biology,
pathology, and ecology. For example, studies showed that the dry mass of individual
yeasts could be used as an effective way to study the synthesis of new cellular material
during cell growth [97, 98]. Researchers also used the dry mass to monitor the growth of
cells [99, 100], as well as demonstrating the change of cell mass in response to chemicals
[60, 69]. In several studies of environmental biology and ecology, the mass of airborne
pollens was correlated with the pollen transportation and gene flow [101-103]. The dry
mass of microorganisms was also used to determine the metabolic rate that represented

the energy needed to sustain life [104-106].
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Several approaches regarding the measurement of the dry mass of biological
microparticles have been reported. It has been shown that the dry mass of bacteria can be
estimated by using their carbon content [107] or electron opacity values determined by
electron microscopy [108]. Optical interferometry methods [71, 100, 109-112] were also
used to observe temporal changes in the dry mass of live cells. However, to use methods
that do not directly weigh particles, assumptions about their optical or material properties
have to be made. In addition, the measurement accuracy can be affected by experimental
conditions such as debris in fluid [71] or speckle generated by the illumination sources
[100]. Researchers have used nanomechanical resonance to demonstrate characterization
of cells in terms of their mass [65, 71, 113, 114]. As presented in Chapter 1, the Manalis
Group at MIT used the suspended microchannel resonators (SMR) to estimate the dry
mass of cells in suspensions that flow through the interior channels of a microfluidic
structure [66, 68]. Here we use the combination of a micromanipulator and cantilever-
based resonator to directly measure the dry mass of individually selected biological
microparticles as opposed to weighing them in multiplicity.

Cells and microorganisms are often dried to obtain scanning electron microscopic
(SEM) images. With proper fixation and drying procedures [115], the geometries and
interior structures of dried samples can be preserved and be recognized under an electron
microscope. Several studies report using the electron microscope to conduct pathological
or morphological analyses of dried biological microparticles including cancer cells [116],
Drosophila embryos [117, 118], erythrocytes [119, 120], and pancreatic islets [121-124].
In addition to SEM imaging, drying procedures are also used in conjunction with other

procedures and tests such as focused ion beam milling [125], microorganism preservation



63

[126], and mass spectrometry [127]. With the method we present here, the mass of a wide
variety of dried biological particles can be directly and individually measured, and be

readily used to complement their morphological, structural or chemical properties.

4.2  Preparation of Cancer Cell and Blood Cell Samples

4.2.1 Cultivation of Cancer Cell Lines

Human cancer cell lines were obtained, cultured, fixed and dried for weighing
experiments. The breast cancer cell line MCF-7, obtained from American Type Culture
Collection (ATCC), was cultured in Eagle’s Minimum Essential Medium (EMEM,
ATCC) with 10% fetal bovine serum (FBS, Gemini Bio Products). The lung cancer cell
line A549, obtained from Indiana University School of Medicine, was cultured in F-12K
Medium (ATCC) with 10% FBS. KB cells, a HELA subclone obtained from Purdue
University Department of Chemistry, was cultured in folic acid depleted RPMI 1640
medium (Gibco) with 10% FBS. All three cell lines were harvested using Trypsin-EDTA
(Invitrogen) before going through a series of fixing, dehydration, and drying processes

further described in Section 4.2.3 “Fixation, dehydration and drying of cell samples”.

4.2.2  Preparation of Blood Cells
Red blood cells (RBCs) and leukocytes were isolated from blood samples of
healthy donors under an approved IRB protocol and subjected to weight measurement.
Blood samples were first collected in BD vacutainer tubes with additives of sodium
polyanethol sulfonate (SPS) and were kept at 4 °C immediately after collection until

blood cell isolation. Blood samples were used within two hours after collection. To
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obtain RBCs, 4 mL of the collected blood was first transferred into a tube and centrifuged
at 400 g for 20 minutes. RBCs were subsequently collected from the bottom of the tube
using a pipet tip. Leukocytes (mainly lymphocytes) were isolated from another 4 mL of
blood using Ficoll-Paque PLUS (GE Healthcare) by following the standard protocols

provided by the vendor.

4.2.3 Fixation, Dehydration and Drying of Cell Samples

Cells and microorganisms were first fixed by 2 % glutaraldehyde in 0.1 M
cacodylate for 30 minutes. After rinsing by cacodylate buffer (0.1M, pH 7.4), cells and
microorganisms were post-fixed by 1% osmium tetroxide (OsOs) in 0.1 M cacodylate for
30 minutes. These two fixation steps can effectively retain proteins and lipids in cells
[128, 129]. The series of fixation procedure has been commonly used as a method to
stabilize the interior structures of cells and tissues when preparing them for scanning
electron microscopy (SEM) and dissection [130, 131]. The samples were then subjected
to a series of dehydration processes in ethanol with varying concentrations (10, 30, 50, 70,
90, 100 for 10 minutes each). Afterward, cells were re-suspended in 50% and 100%
hexamethyldisilazane (HMDS) solutions for 10 minutes each. HMDS has been shown to
replace the critical point drying (CPD) method as an effective and economical way to dry
biological samples [132-134]. It has been demonstrated that HMDS induces only a small
amount of surface tension and hence prevents cell structures from collapse and distortion

introduced during air-drying [135-137].
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4.3  Weighing of Individual Stem Cell Spheres of Different Inflammation States

Our system is unique in the sense that it can easily manipulate and measure the
mass of a specifically selected micro-entity. In this section, we use our system to
differentiate between different types of prostate stem cell spheres based on their masses
and densities.

Prostate stem cells (PSC) are able to self-renew and differentiate into mature cells
in order to compensate tissue injury. It is currently believed that these cells play a role in
prostate cancer initiation and progression [138, 139]. To study the biological properties of
prostate stem cells and the associated therapeutic applications, the sphere-forming assay
is extensively utilized where stem cells grow into 3 dimensional clusters or ‘spheres’ in
soft agar. Here, we apply our weighing system to study the impact of inflammation on
PSC by comparing the dimension, dry mass, and effective density between regular (naive)
and inflammation regulated (inflamed) PSC spheres.

In this study, the adolescent mouse prostate stem cell spheres were provided by
Prof. Ratliff and Hsing-Hui Wang from the Purdue University Center for Cancer
Research. After being isolated from Matrigel (BD Bioscience), prostate spheres were first
fixed using paraformaldehyde and then air-dried on a glass slide. Next, individual spheres
were picked up by the micromanipulator under a microscope and placed on the
cantilever-based resonator for weighing. Figure 4-2a illustrates the SEM image of a
prostate sphere located on a cantilever for mass measurement. The dry mass of the
specific sphere in Figure 4-2a was measured as 279 ng according to the frequency
spectrum in Figure 4-2b. The volume of the sphere was then determined based on the

microscopically observed diameter and the assumption that the sphere was a perfect
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spheroid. Finally, the effective density of the loaded prostate sphere was calculated as
1.13 g cm™ by dividing the measured mass by its effective volume. In addition to
measuring one object each time, the present method can also weigh two objects with two
different masses simultaneously. Figure 4-3a illustrates a SEM image of two prostate
spheres placed on different cantilevers for a simultaneous mass measurement. With the
frequency spectrum shown in Figure 4-3b, the masses of both cell spheres were derived
as 114 ng for large sphere and 25.8 ng for small sphere.

Figure 4-4 shows the average volumes, masses, and effective densities of 42 naive
and 37 inflamed PSC spheres. The measured average mass, volume, and effective density
of naive PSC spheres were 105.83 + 56.09 ng, 96182 + 49927 um?®, 1.11 + 0.11 g cm™
(mean + 1 standard deviation); and the average mass, volume, and effective density of
inflamed PSC spheres were 234.32 + 218.51 ng, 175241 + 147355 um’, 1.292 + 0.144 g
cm™. As seen in Figure 4-4, inflammation regulated PSC generated significantly larger,
heavier, and denser prostate spheres in comparison to what naive PSC did (Student t-test,
p<0.05).

This is an ongoing project in collaboration with the Tim Ratliff Group of the
Purdue University Center for Cancer Research. At the present, although we are not
completely certain what causes the inflamed spheres to have higher mass and volume, it
might be possible that the inflammation regulated PSCs are more proliferative and
therefore generate heavier and larger spheres within the same cultivation time. The result
of inflamed prostate spheres being denser can be explained by an observation of the inner
structures of prostate spheres. According to Wang et al. [140], prostate spheres generated

by inflamed PSC have significantly higher percentage of tubule-like (or double-layered)
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spheres (41.4 %) than that generated by naive PSC (21%). The interior of tubule-like
spheres (or inner layer of spheres) is filled with proteins [140, 141] which have a higher
density (1.4~1.5 g cm™ according to [142]) than the rest of the sphere (Figure 4-4c).
Therefore, our result of higher average density for inflamed prostate spheres suggests that
inflamed prostate spheres may indeed have higher percentage of tubule-like structure

than naive ones.
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Figure 4-2: (a) SEM image and (b) corresponding frequency spectrum of weighing a PSC
sphere. The system used is referred to as Cantilever #1 in Chapter 3 [140].
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4.4 Arrangement of Single Particles on Resonator Surface

In Chapter 2 we demonstrated the capability of the micromanipulator to perform
particle-by-particle construction of micro structures on various substrates including
surfaces of the cantilevers used in this study [143]. With this capability, we can build
structures by combining individual particles on the tip of a resonator and readily weigh
these structures. This becomes especially useful for weighing particles smaller than ~15
um. It is often easier to maneuver and place a small particle on top of a larger spherical
particle already placed on the cantilever surface than it is to directly place it on a two-
dimensional cantilever surface. Figure 4-5a is an example of a cell-bead stack built on a
cantilever surface. To build this stack, a polystyrene bead (orange) was first placed on the
cantilever. Next, the top of the bead was “painted” with a layer of grease (purple) to
improve adhesion. Afterward, an individually targeted KB cell (green) was placed on the
bead using the micromanipulator.

To obtain the mass of the specific KB cell in Figure 4-5a, the resonance frequency
of the cantilever with the bead/grease combination was first determined. After the cell
was placed on top of the bead, the resonance frequency of the cantilever corresponding
with the bead/grease/cell combination was measured again. Subsequently, the measured
resonance frequencies as well as the locations of the bead and cell were used in a finite
element simulation to determine the mass of the cell. The mass of the dry KB cell in
Figure 4-5a was determined as 0.52 + 0.019 ng (measured mass * theoretical systematic
uncertainty). We also applied the method to weigh smaller biological particles such as red
blood cells ( Figure 4-5b). The resulting mass of the specific dry red blood cell in Figure

4-5b was 57 = 18 pg. Note that in this case, using a heavier base particle under the
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relatively small red blood cell increases the systematic uncertainty. Therefore, the
measurement resolution can be improved by choosing a lighter base particle such as a

smaller bead.
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Figure 4-5: SEM images of microparticles measured by the cantilever-based resonator.
(a) KB cell was placed on top of a polystyrene bead for weighing. The inset shows the
side view of the cell-bead stack. The green part indicates the KB cell, purple is the
adhesive grease layer, and orange is the polystyrene bead. (b) Weighing of a red blood
cell. A red blood cell was selectively picked up from a scatter of cells (inset) by the
micromanipulator.
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4.5 Weighing of Individually Selected Cancer Cells

Knowing the mass of a cell can be extremely valuable. For example, researchers
have shown that they can investigate the effects of chemical or clinical treatments on
tumor cells by observing their masses [60, 61]. Others have shown that the dry mass of
cells can be associated with cellular senescence and cell growth [58, 71, 144]. With our
approach, a particular cell can be individually isolated and weighed. Figure 4-6a shows
individual cancer cells that were selectively weighed by our system. In this experiment
five A549 cancer cells were selected from the surface of a glass slide that contained
numerous dried A549 cells, and weighed. After the weighing, the A549 cells were
removed from the cantilever and arranged on a conductive substrate for SEM imaging.
With this particular protocol that combines SEM imaging and on demand weighing,
detailed spatial information as well as the mass of individual cells can be obtained as
shown in Figure 4-6a.

The developed method can also be used to characterize individual cells that are
attached to other particles. For example, magnetic particles are frequently used in
immunomagnetic separation to isolate specific cells from heterogeneous cell suspensions
[145, 146]. This analysis often relies on a balance between magnetic, fluidic and
gravitational forces applied on cells in question and hence the mass of the individual cell-
bead assembly. Using our method, the mass of an individual cell that is attached to
magnetic particles can be determined and compared to that without particles. This
information can be useful for accurate simulations of magnetic flow-based separation
systems and the overall optimization of the system [147, 148]. Here, we incubated KB

cells with magnetic beads (Sigma-Aldrich) conjugated with antibodies against folate
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receptor (anti-FR, R&D systems) for 90 minutes. Afterward, bead-bound cells were
collected by a magnet [149], followed by a re-suspension in a fixing agent
(Glutaraldehyde). After a series of fixation, dehydration and HMDS-drying steps
described before, individual bead-attached and bare KB cells were analyzed using our
weighing system.

Figure 4-6b shows a comparison of KB (with and without beads), A549, as well as
MCF-7 cancer cells. The average dry masses of bead-bound KB, bare KB, MCF-7, and
A549 cells were measured as 1.05 + 0.40, 0.76 = 0.15 ng, 0.43 £ 0.13 ng, 0.61 + 0.13 ng,
respectively (mean + 99.7% confidence interval, Figure 4-6b). Notice that the error bars
in Figure 4-6b indicate cell-to-cell variation in mass, not the systematic measurement
uncertainty that is less than 20 pg (as discussed in Chapter 3). It was observed that dried
KB cells were on average heaviest of all three cell lines, whereas MCF-7 cells were the
lightest. For KB cells, it was observed that bead-bound KB cells were on average 0.2 ng
heavier than bare KB cells. The greater variation observed in the mass of bead-bound KB
cells is expected and most likely due to variation in the number of beads bound to each

cell during incubation.
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Figure 4-6: (a) SEM image of measured A549 cells with their corresponding dry masses.
The theoretical uncertainty of the measured mass was around 20 pg. (b) The dry mass of
bead-bound KB cells and bare KB cells are compared. The dry mass of A549 and MCF-7
cancer cells were also presented. Error bars represent +/- 99.7% confidence interval of
cell-to-cell variation (not the systematic uncertainty in measurements which is far
smaller).
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4.6 Weighing in Conjunction with the Focused Ion Beam Cell Milling Process

The developed method can also be utilized to individually characterize fragments
or parts of whole cells. To demonstrate this capability, an individual KB cell was chosen
from an array of KB cells that have been weighed individually (Figure 4-7a) and arranged
on a conductive tape substrate. Subsequently, the targeted cell was sectioned by means of
focused ion beam (FIB) milling technique as illustrated in Figure 4-7b~7d. The FIB cell
milling procedure is detailed in Appendix B. After the milling process, the remainder of
the target KB cell was picked up by the micromanipulator and weighed again. It was
measured that the dry mass of the specific cell in Figure 4-7 was reduced from 790 + 19
pg (mean + theoretical systemic uncertainty) to 220 + 19 pg after the milling process.
Figure 4-8 illustrates weighing of a sectioned K9-TCC cell. The cell mass was reduced
from 862 + 3 pg to 483 + 2 pg after the milling process. Since the dimensions of K9-TCC
cells were generally larger than 15 um, we did not load the cell above a base particle (as
seen in Figure 4-8c and d). As a result, the theoretical systematic uncertainty of weighing
KO9-TCC cells is smaller than that of weighing KB cells. FIB milling is normally used to
prepare sections of samples for electron microscopy, while avoiding the distortion in
cellular structures that can result from conventional mechanical sectioning processes
[150]. Our system can readily be combined with FIB milling to interrogate parts of

individual cells or various biological particles in terms of their mass.
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Figure 4-7: (a) SEM image of an array of KB cells arranged individually after being
weighed. Red arrow indicates the specific cell to be milled by FIB. (b) Top view and (c)
tilted view of the milled cell. (d) The artificially colored SEM image illustrates the cross-
section of the milled KB cell. The green and blue parts represent the surface and interior
structure of cell, the yellow part is the thin platinum layer that is deposited to protect and
define the milling edge, and the pink part depicts the conductive substrate. Scale bars
denote 10 pm.



Figure 4-8: SEM images of the (a) top view and (b) tilted view of the milled K9-TCC cell.

The substrate was glass. (c) Tilted view and (d) top view of a milled K9-TCC located on
a cantilever. Scale bars: (a) and (b) are 10um, (c) and (d) are 20um.

76
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4.7 Characterization of Microparticles over a High Dynamic Range

The weighing scheme is advantageous in its robustness and versatility in
selectively weighing individual microparticles over a high dynamic range of mass. The
specific prong design allows the manipulation of particles with dimensions between 5 pym
and 300 um [143]. Also the large surface area (50 um by 250 pum) of the cantilever
facilities the placement of microparticles with various sizes. We characterized the dry
mass of wide variety of microparticles including (in the order of increasing size) red
blood cells, white blood cells, cancer cells, canine bladder cells, pollen grains, micro
beads, stem cell spheroids, pancreatic islet spheroids as well as the eye-brain complexes
of insects.

In the weighing experiment, pollen grains from Lasthenia fremontii and Lasthenia
glabrata species were obtained from Purdue University Departments of Biological
Sciences and Botany & Plant Pathology (courtesy of Prof. Nancy Emery). Pollen grains
were collected on glass slides by tapping the flowers that contained the grains. Diatoms
were collected from outdoor pond water. Each diatom was air dried without any fixation

or dehydration processes. Mouse pancreatic islet spheroids were provided by Prof. Jenna

Rickus of the Department of Agricultural and Biological Engineering, Purdue University.
As mentioned before, mouse prostate stem cell spheres were provided by Purdue
University Center for Cancer Research. Stem cell spheres were fixed with
paraformaldehyde after isolation from Matrigel (BD Bioscience). The eye-brain
complexes of drosophilae were provided by the Department Biochemistry, Purdue

University.
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Figure 4-9 demonstrates that our weighing system can readily load and measure
the mass of microparticles with complex geometries, including single pennate-type
diatom [151-155] and pollen grain from Lasthenia fremontii [156-158] (shown in Figure
3-8a). The mass of the diatom is measured as 4.40 ng. Figure 4-10 and Table 4-1
summarize the results of a tandem weighing/SEM analysis performed on 12 different
kinds of entities. The dimensions of the measured particles ranged from 5 um (red blood
cells) to 190 um (eye-brain complex of drosophila). Here, the error bars represent the
sample-to-sample variation for all data points except the pancreatic islet and the eye-brain
complex where only one sample was available for analysis. For these two data points, the
systematic measurement uncertainties are 1.66 ng and 10.25 ng, which are too small to

visualize in Figure 4-10.

S4800 5.0kV x300 SE(U)

Figure 4-9: SEM image of the weighing of a diatom (right arm). The inset depicts a
magnified view of the diatom on the cantilever tip. The cantilever used is Cantilever #2
shown in Chapter 3.
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Figure 4-10: Summary chart of all measured biological microparticles. Insets show the
SEM images of measured targets including (a) a white blood cell, (b) a bead-bound KB
cell, (c) a K9TCC-AN cell, (d) a Lasthenia Glabrata pollen grain, (e) a pancreatic islet
spheroid from mouse, and (f) an eye-brain complex collected from drosophila larvae.
Error bars represent +/- 99.7% confidence interval. Pancreatic islet spheroid and brain-eye
complex have sample size = 1 therefore no error bars are shown.
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Table 4-1: Mass and dimension of measured biological micro-entities. Dimension
indicates the diameter of a spherical particle or the long axis of an oval particle such as a
pollen grain. Mass and dimension variation denote the value of 99.7% confidence interval.

. . Dimension
. Average mass Mass Dimension .
Sample Sample size i variation
(ng) variation (ng) (um)
(rm)
Red
.04 .01 7 4
blood cells 8 0.0 0.0 >-76 0.48
White
blood cells 9 0.14 0.03 5.8 0.75
MCEF-7 cells 20 0.43 0.15 9.51 0.91
A549 cells 20 0.61 0.16 10.36 1.01
KB cells 20 0.76 0.17 11.33 0.94
KB cells 20 1.05 0.47 10.97 1.72
with beads
K9TCC-AN 9 2.41 1.8 16.48 6.6
Pollen grains 14 5.51 1.24 23.42 2.56
(Glabrata) ' ' ’ ’
Pollen gral.t.'ls 14 7.28 2.25 24.25 1.01
(Fremontii)
Stem cell 10 149.56 44.24 64.63 5.79
spheres
B 1 586 NA 124 NA
Spheroids
Eye-brain 1 2395 NA 195 NA

complex
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4.8 Summary

In summary, we have demonstrated the application of the micromanipulator-
resonator system for selectively and individually measuring the mass of various
microparticles. To prepare dried biological samples, we have introduced a two-step fixing
process followed by a chemical drying technique that can preserve the morphology of
cells during the dehydration and drying processes. By applying the weighing method on
PSC spheres, we found that inflamed prostate spheres are on average larger, heavier, and
denser than naive ones. These results suggest that inflamed PSC may be more
proliferative and generate larger percentage of tubule-like spheres. We also introduced
the method of cell-bead stacks to facilitate the procedures of placing and removing
smaller biological entities including cancer cells and blood cells to and from the sensor
surface. With the method of cell-bead stacks, we were able to compare the mass of
individual cancer cells. Moreover, we also combined our weighing scheme with other
standard experimental methods to provide complimentary mass information of bead-
bound cancer cells as well as fractions of cancer cells. Finally, we demonstrated the
weighing of various biological microorganisms over a wide dynamic range from 10s of

pictograms to micrograms.
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CHAPTER 5. SUMMARY AND FUTURE WORK

5.1 Summary

The main goal of this thesis study was to develop a facile and versatile method for
selecting and weighing individual microparticles. The weighing scheme, which was
designed to mimic the simple and intuitive nature of a typical select-and-weigh
experience in a supermarket, comprises a mechanically driven micromanipulator and a
cantilever-based resonator. The use of the micromanipulator can effectively improve the
specificity in picking and analyzing a desired micro-entity and allow placing it at the tip
of the cantilever for an accurate mass measurement. With this system we were able to
measure the masses of biological particles that weigh some 10s of picrograms. It is
possible to find mass measurement techniques in the literature that can resolve far smaller
masses. However, theses system are significantly more complicated both in terms of
fabrication and the associated experimental setups. Furthermore, they mostly rely on
probabilistic attachment of the target particles on sensor surfaces, which not only results
in errors in determining the associated mass but also makes it challenging to weigh an
individual particle chosen by the user. The system we have developed is capable of
detecting a wide range of particles that are biologically significant in a simple and

accurate manner.
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In this study, we performed the weighing of a variety of individual biological
microparticles whose masses ranged from 10s of picograms to micrograms. We further
used the system to weigh cells bound to other particles, as well as in conjunction with
focused ion beam milling to measure fractions of cells. In addition, we also demonstrated
the potential of our system to help solve biological problems by studying the weights of
naive vs. inflamed prostate stem cell (PSC) spheres. Our results demonstrated that the
inflammation-regulated PSC generated larger, heavier, and denser prostate spheres,
which may indicate a higher proliferation potential for inflamed PSCs and a relatively
greater ratio of tubule-like prostate spheres generated by inflamed PSCs. Finally, we also
conducted the weighing of a wide variety of microparticles that vary from a red blood
cell (~10™"" g) to the eye-brain complex of an insect (~10° g), covering a 5-order-of-
magnitude mass range.

We expect this versatile system to have a wide range of applications including
analysis of individual cell’s response to drugs or chemical treatments and comparative
analysis of individual pollen grains as well as offering interesting possibilities such as

autopsy of insects.

5.2 Future Work
This study shows an easy, direct, and inexpensive way to measure the mass of
various microparticles. However, there are still many studies that can be performed to
further improve the performance as well as extend the applicability of the system.
First, in order to measure smaller microparticles such as bacteria, both the

maneuverability of the microtweezer and the sensitivity of the cantilever-based weighing
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device can be improved. To reduce the smallest size the microtweezer can control, the
sharpness of the microtweezer tip needs to be improved by refining the manufacturing
process. To improve the sensitivity of the cantilever-based resonator, it may be more
desirable to operate the cantilever at higher resonant modes, or increase the resonance
frequency of the first mode by modifying the geometry of the cantilever.

Second, the micromanipulator can be applied to analyze rare circulating tumor
cells (CTC) isolated from blood samples by other appropriate microfluidic platforms.
[148]. These systems often capture other unintended cells alongside the CTCs that are
aimed. Hence, the micromanipulator can be employed to directly retrieve a single cell
from the chip surface of the microfluidic device that has captured it and place it in
another container for the subsequent DNA analysis without suffering from the impurities
that may be introduced by other cells that were unintentionally captured. This application
can greatly improve the specificity of the follow-up analyses after the CTC detection
processes. Furthermore, the system can be used to weigh these single cells, which can
provide an additional phenotype to characterize and differentiate them from normal cells.

Third, several studies have suggested that the density of cellular microparticles can
reveal important information such as different cell growth stages of cells as well as the
impact of chemical treatments on cells. In Chapter 4, we also demonstrated that the
density information is directly related to the inflammation status of PSC spheres.
Therefore, in order to obtain the density of microparticles of various geometries, an
effective and accurate volume measurement tool is needed to work in conjunction with
our weighing system. Currently, there are plenty of methods that can measure the volume

of microparticles such as white light interferometry [159] and confocal microscopy [160].
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By combining both mass and volume measurement tools, we can investigate the density
response of biological microparticles to treatments of other factors.

Fourth, we are currently utilizing our system to measure the mass of pollen grains
from Lasthenia fremontii. L. fremontii is an annual plant that is endemic to vernal pools
wetlands in California. With the characteristics of sharp and stable distribution
boundaries across years of varying precipitation patterns and pool hydrology [158], L.
fremontii has been widely utilized to study the relationship between environmental
heterogeneity and plants [156, 157]. With our weighing method, we can investigate the
impact of environmental factors (i.e. temperature and precipitation) on the mass of pollen
grains of L. fremontii. In addition, since pollen grains of Lasthenia are normally
transported by bees, we can also compare the masses of pollen grains from different
species (with the same genus Lasthenia), and associate the mass of pollen grains to the
distribution patterns between different species.

Fifth, since our cantilever has two cantilevers in close proximity, it is possible that
there exists some coupling between the two cantilevers. In our experiments, especially in
the context of the weights we have measured, we have not noticed a significant change in
the response of one cantilever when we have loaded the other. However, if such a
coupling does exist, it could affect the resolution of the system. Such a coupling could
result from unintended undercutting of the base of the cantilevers or the viscosity of the
medium (in this case air) between the interdigitated fingers of the system. In a future
study, the coupling between the adjacent arms could be studied so that its effect on the

measurement resolution can be understood.
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Finally, for those applications that require the specific drying process we have
discussed in the study, it will be desirable to know how much this process affects the
weight of the particle being analyzed. This can be accomplished by performing controlled
experiments whereby the amount of a specific chemical used in the process if varied
while keeping others constant. Such as study can be extremely useful to a wide range of

scientists who use similar methods for drying and fixation.
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Appendix A Assembly of the Micromanipulator

The assembly process of the micromanipulator is schematically presented in
Figure A-1. The micromanipulator is comprised of a micrometer head, a tweezers holder,
a clamping cap, a cone tip, and a microtweezer. The assembly process starts with
inserting the micrometer head into the tweezers holder as shown in Figure A-1b.
Afterward, the tip of the micrometer head is capped by the cone tip as shown in Figure A-
Ic. The microtweezer is then carefully placed on the tweezers holder by using another
translation stage (Figure A-1d). The two outside prongs are sled into the two slots on the
tweezers holder to prevent the microtweezer from moving during operation. Finally, the
clamping cap is utilized to secure the microtweezer from moving in the vertical direction.
With appropriate dimensional design of every junction part, we are able to perform a

boltless mounting between different parts.
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Figure A-1: Schematics of the assembly process. (a) An explosion view of the
micromanipulator, (b) assembling micrometer head with the tweezers holder, (c)
assembling the cone tip, (d) installing the microtweezer, () assembling the clamping cap,
(f) a zoom-out view of the micromanipulator.
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Appendix B Focused Ion Beam (FIB) Milling of Cells

The experiment of FIB cell milling was carried out by FEI Quanta 3D FEG (FEI
Company) that has a dual-beam source, one is the gallium ion beam column and the other
is the electron beam column. The milling procedure is presented in Figure B-1. First, a
post-weighed target cell was selected under a SEM as seen in Figure B-1a. Afterward, the
gallium ion beam was utilized incorporated with the trimethylcyclopentadienyl platinum
((CH3)3Pt(CpCH3) gas injector to selectively deposit a thin layer of platinum on the
sample cell as shown in Figure B-1b and Figure B-1f. The platinum layer serves two
purposes: 1) to define the milling edge, and to prevent the cell surface around the milling
edge from being damaged by ion beam, and 2) to improve the uniformity of the milling
speed throughout the milling path and therefore eliminate most artifacts on the milled
surface (strips in Figure B-1c). After the Pt deposition process, the gas injector was
turned off and the cell starts to be milled by the gallium FIB as seen in Figure B-1g and
Table B-1. The milled cell is presented in Figure B-1c and B1d. With this FIB milling
process, the targeted cell can be sectioned easily and precisely with minimized structural

distortion that would most likely happen in traditional cell sectioning techniques.

Table B-1: FIB cell milling process

Step Description Acc. Current
#1 | “Regular cross-section” until half of the cell has been removed 4.6 nA
#2 | “Cleaning cross-section” to slowly approach the cutting edge 1.9 nA
#3 | “Cleaning cross-section” to clean the cutting edge 0.64 nA

Milling with the ion beam was done at accelerating voltage of 20 kV
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Figure B-1: SEM images of (a) the selected KB cell, (b) KB cell coated with a thin Pt
layer, (c) and (d) milled KB cell. (e-g) Flow chart of the FIB cell milling process.
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