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ABSTRACT OF THE DISSERTATION

Heterogeneously Integrated Optofluidic Platforms

for Cell Patterning, Sorting and Sensing

by

Xiongfeng Zhu

Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2019

Professor Pei-Yu Chiou, Chair

Single cell analysis is the study of individual cells isolated from cell populations. A typical
workflow of single cell analysis starts from a physiologically heterogeneous cell culture, and
involves a high-throughput and robust isolation method based on single or multiple parameters to
prepare a subpopulation of cells for further downstream processing and analysis.

New technologies are demanded to conduct single cell analysis on a finer level.
Microelectromechanical systems (MEMS) provide good interface with cells because of

comparable feature size, and have the advantages of device miniaturization and process integration,
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thus are suitable for biological studies. In this dissertation, I focus on developing heterogeneously

integrated optofluidic platforms for applications in cell manipulation and sensing.

We first demonstrate a novel dielectrophoresis-integrated pulsed laser activated cell sorter

(DEP-PLACS). It consists of a microfluidic channel with 3D electrodes laid out to provide a

tunnel-shaped electric field profile for sheathless focusing of microparticles/cells into a single

stream in high-speed microfluidic flows. DEP-PLACS has achieved a sorting purity of 91% for

polystyrene beads at a throughput of 1,500 particles/sec.

To achieve enhanced DEP forces in high conductivity media, which can potentially

improve manipulation throughput in a biocompatible environment, hemispherically shaped,

heavily doped (N++) silicon electrode is proposed to decouple the strong electric field region from

the electrode interface and provides a large interface capacitance to prevent surface charging in

high conductivity media, thereby effectively suppressing electrochemical reactions. Compared to

conventional metal electrode, N++ electrode can provide 3 times higher threshold voltage and a

corresponding 9-fold enhancement of maximum DEP force in 1x PBS buffer with an electrical

conductivity of 1 S/m.

As one kind of downstream analysis, mechanobiology has been an emerging cross-

disciplinary field that studies the mechanical properties of cells and tissues and how physical forces

can contribute to the changes in biological events such as cell differentiation and disease

development. Over the past years several tools and approaches have been developed for

quantifying mechanical properties of biological samples. However, the throughput is usually low
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and obtaining statistically significant data can be difficult. To address this problem, we proposed
a mechanobiological measurement platform consisting of two major steps: high-throughput cell
patterning and parallel pressure sensing.

For the first step we developed a novel and simple technique called lift-off cell lithography
(LCL). Our approach borrows the key concept of lift-off lithography from microfabrication and
utilizes a fully biocompatible process to achieve high-throughput, high-efficiency cell patterning
with nearly zero background defects across a large surface area. Using LCL, we reproducibly
achieved > 70% patterning efficiency for both adherent and non-adherent cells with < 1% defects
in undesired areas.

For the second step we developed a pressure-sensing substrate that can monitor pressure
distribution across a large area with high spatial resolution by utilizing colorimetric interferometry
and image-based measurements. Vertical optical micro-cavities are constructed on a silicon
substrate and covered by a thin planar layer of polymer material that deforms under pressure. Local
measurement of pressure is realized by monitoring the change of reflected color spectrum from
each micro-cavity. Pressure distribution across 1 cmr area with a spatial resolution of 50 um has
been achieved. We demonstrate a measurement range of 0-5psi with < 0.2 psi error. The
measurement range can be customized by tuning the design and material properties depending on

the specific application such as biological cell or tissue stiffness measurement.
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Chapter 1 Introduction

1.1 Single cell analysis and bio-MEMS systems

Single cell analysis is the study of individual cells isolated from cell populations[1]. A
typical workflow of single cell analysis starts from a physiologically heterogeneous cell culture,
and involves a high-throughput and robust isolation method based on single or multiple parameters
to prepare a subpopulation of cells for either further downstream processing such as drug delivery

or gene editing, or analyzing their response to perturbations.
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fluorescence, metabolism, stiffness ...

heterogeneous cell population
Figure 1.1 Examples of work flow for single cell analysis
New technologies are demanded to conduct single cell analysis on a finer level. In fact,
many microelectromechanical systems (MEMS) provide good interface with cells because of
comparable feature size, and have the advantages of device miniaturization and process integration,
thus are suitable for biological studies. On one hand, MEMS platforms can provide high degree of
freedom of control in single cell manipulation and high precision for cell processing. Microarrays,
which provide a collection of microspots for cells to rest and efficiently interact with small volume
of reagents, are widely used for high-throughput and low-cost cell study[2], [3] or genome

analysis[4]. Microfluidic-based cell sorting devices aim to overcome issues of conventional



fluorescence-activated cell sorters (FACS) by removing biohazardous aerosol formation,
providing more flexibility in integration and miniaturization while maintaining the same level of
performance[5], [6]. Optoelectronic tweezers are able to precisely manipulate single cells in a
massively parallel fashion, which has found broad applications in cell therapies, drug screening
and gene editing[7], [8]. Laser-assisted heating of micro-scale structures can open tiny pores on

cell membrane and precisely control the volume of cargo delivered into cells[9], [10].
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Figure 1.2 Examples of MEMS systems for cell manipulation and processing. (A)
Microarray for probing single stem cell fate in high throughput(3]. (B) 3D pulsed
laser-triggered high-speed microfluidic fluorescence-activated cell sorter[5]. (C)
Massively parallel manipulation of single cells and microparticles using optical
images[7]. (D) Massively parallel delivery of large cargo into mammalian cells
with light pulses[9].



On the other hand, MEMS sensors have demonstrated advantages of high sensitivity and
precision in measurement of biological samples. Micro and nano scale cantilevers and membranes
are used as micromechanical sensors to probe the mechanobiological properties of cells and tissues
and reveal new findings and insights [11], [12]. Intricately designed micro-electrodes and probes
can detect trace amount of biomolecules such as glucose, lactose and cholesterol with high
sensitivity[13]. Nano-scale periodic grating structures are also used as surface plasmon resonance
(SPR) based optical sensors for similar applications of low-level biomolecule detection in food

quality and safety analysis, medical diagnosis and environmental monitoring[14], [15].

Force l Cell
cortex

(A) (C)

Incoupling light  Outcoupled light

Figure 1.3 Examples of MEMS systems for biological sensing. (A) AFM tips used
to probe cellular mechanical property[12]. (B) Flexible, multifunctional neural
probe for deep-brain chemical sensing and agent delivery[13]. (C) Resonant
waveguide grating biosensor for living cell sensing[15].

1.2 Heterogeneously integrated optofluidic platforms for manipulation and sensing of
biological cells

Since the introduction of PDMS-based microfabrication, the field of bio-MEMS has
experienced rapid expansion. As the most commonly used elastomeric material, PDMS has unique
features of being optically transparent, gas-permeable, chemically inert and non-toxic[16], [17].

These properties make it a suitable material for constructing microfluidic devices for cell



manipulation and measurement. Through oxygen plasma treatment, activated PDMS surface can
be permanently bonded to glass or silicon dioxide surfaces to provide a good interface to

heterogeneously integrate with other mechanical, electrical and optical components[13], [18].

ES D |
\ | 4

s s s s

OH OH OH OH plasma

OH ©OH OH OH treatment
Si Si §I Si

PDMS (polymers)

Figure 1.4 Heterogeneous integration of PDMS with optical, electronic and
mechanical components.

In this dissertation I focus on the development of heterogeneously integrated optofluidic
platforms for two major tasks: cell manipulation and sensing. The first part cell manipulation
includes the following systems and devices:

(1) Pulsed laser activated cell sorting (PLACS) for rare cell sorting with sheathless single stream
dielectrophoretic (DEP) focusing,
(2) Improve the maximum DEP force that can be induced in high conductivity media without
electrolysis by using heavily doped silicon as a new type of electrode,
(3) Lift-off Cell Lithography for Cell Patterning with Clean Background
As one kind of downstream analysis, mechanobiology has been an emerging cross-
disciplinary field that studies the mechanical properties of cells and tissues and how physical forces

can contribute to the changes in biological events such as cell differentiation and disease
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development. Over the past decade multiple tools and approaches have been developed for
quantifying mechanical properties of biological samples. However, the throughput is usually low

and obtaining statistically significant data can be difficult.

Atomic force microscopy Micropipette aspiration
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Figure 1.5 Cell stiffness measurement platforms[19].

To probe the mechanical properties of cells we need to detect small amount of
displacement, typically in the range of hundred nanometers. While atomic force microscope
(AFM) has been considered the gold standard to measure nanometer scale displacement, it is a low
throughput method. To address this problem, we investigated two possible approaches to probe
cells in parallel while maintaining good sensing ability:

(1) Parallel nanomechanical indentation platform using quantitative phase imaging

(2) Microfluidic pressure distribution mapping using colorimetric interferometry



By developing the nanomechanical force/pressure measurement platforms, along with the
clean array pattern of cells onto the platforms using LCL, we can potentially achieve the goal of

measuring mechanical properties of biological cells with high throughput.



Chapter 2 Optofluidic Platforms for Cell Manipulation

2.1 3D Dielectrophoretic focusing integrated pulsed laser activated cell sorter

2.1.1 Introduction

Fluorescence-activated cell sorter (FACS) is widely used for single cell analysis in both
fundamental biomedical research and clinic applications. In conventional FACS, cells are focused
to the center of a stream by sheath flows and pass through a fluorescence detection zone. After
exiting a narrow nozzle, the stream of cells is broken into individual droplets that can be selectively
charged and deflected based on detected fluorescence signals. However, this droplet approach can
result in biohazardous aerosol formation which exposes the operator to potential contamination
and infection[20]. It is also difficult to integrate additional upstream or downstream modules with

conventional FACS to perform multiple functions in one single run.
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Figure 2.1 Conventional fluorescence-activated cell sorters.

Microfluidic fluorescence activated cell sorting (WFACS) systems aim to provide a fully

enclosed environment for sterile cell sorting by eliminating droplet and aerosol formation.



Moreover it has the advantage of integration with upstream pre-sort and downstream post-sort
modules to provide flexible sample handling and versatile sample analysis. To narrow down the
gap of performance between microfluidic FACS and conventional aerosol-based FACS, several
active sorting mechanisms have been employed, including pneumatic valve control[21],
piezoelectric actuation[22], optical force switching[23], acoustic wave actuation[24] and pulsed
laser activated cell sorting (PLACS)[25]. Among them PLACS shows a great potential in
achieving comparable performance to commercial aerosol-based FACS. By utilizing the rapid
(~30 ps) and precise fluid perturbation from pulsed laser induced cavitation bubbles, PLACS has
achieved a sorting performance of 90% sort purity at 23000 cells sec* using 3D sheath flows[5].
However due to the large sheath-to-sample flow ratio it suffers from severe sample dilution and
requires a high initial sample concentration (>10" ml'), which is not practical for certain

applications such as rare cell sorting. Hence a sheathless focusing mechanism is preferred.

* Pneumatic control Optical force

Waste \ / Collection v
J - ¥
— ﬂf’ =N\ - —
- - %»»_ ¥ i « ten
/ \ ° M.M. Wang, et al.
9 A.Y. Fu, et al. Anal. A e . ;
® Chem. 74, 2451 N - ”;‘(')'0'53’““" 23,83
Input (2002). webe Cohaction ( )

« PZT actu%tor

[ ]
(7
5
Q
0
o
)
0

., O
" ©
> &
o=
o
3
)
<
o

(1) No voltage

(2) Positive voltage

SN’

s—>—000
o

S. Hwan Cho, et al.
Lab on a Chip 10,
1567 (2010).

[e)
)

A.A. Nawaz, et al. Anal.
Chem. 87, 12051 (2015).

=

Figure 2.2 Example of microfluidic active sorting mechanisms.

Inertial focusing provides a sheathless mechanism by utilizing inertial forces on particles

in high-speed flows in microfluidic channels. However, the focusing effect is size-dependent and



a stable single stream focusing is difficult to obtain[6]. Tuning the focusing location is also difficult
since the equilibrium position is dependent upon channel geometry and flow speed.

Here we demonstrate a new dielectrophoretic focusing integrated pulsed laser activated cell sorter
(DEP-PLACS) featuring continuous, sheathless, size-independent, real-time tunable, 3D

dielectrophoretic single stream focusing for high throughput and high purity sorting.

2.1.2 Dielectrophoretic focusing integrated PLACS

2.1.2.1 Device structure

Figure 2.3 shows the schematic of DEP-PLACS. In the DEP-PLACS system the upstream
main channel carrying the sample flow is a 80 um wide and high, 4 cm long heterogeneously
integrated PDMS microchannel. On top and bottom glass substrates the quadro-electrode layout
spans the whole length of the main channel to provide an extremely long dielectrophoretic
interaction length for focusing cells in high-speed flows. The main channel is divided into two
branches in the downstream, one for target sample collection and another for waste. Both are 80
pm in height and 40 um in width. At the bifurcation the main channel is connected to the dye
channel, which is 150 um in width and expands to 300 um at the bubble excitation location, by a
nozzle of 60 um in length and 20 um in width. The device is fabricated by utilizing thin film PDMS
fabrication processes[18], [26], [27]. Figure 2.4 shows the schematic of fabrication process flow

of the device.



Sample flow

E_Dielectrophoretic focusing

Pulse laser
induced bubble

T=8ns
Collection Waste =532 nm
Figure 2.3 Schematic of the DEP-PLACS system for sheathless high throughput
and high purity cell sorting. Randomly distributed particles are focused into a
single stream using negative DEP and sorted into separate channels based on
fluorescence properties by pulsed laser induced cavitation bubbles.
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R

B .
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Figure 2.4 Fabrication process of DEP-PLACS device. (a) A SU-8 mold is treated
with silane to facilitate later demolding. (b) Uncured PDMS mixture is poured onto
the mold and pressed by a heavily silane-treated glass slide. (c¢) Glass slide is
removed and PDMS thin film stays in the mold. (d) New uncured PDMS is poured
onto PDMS thin film and pressed by a PR-coated glass. (e¢) PDMS thin film is
picked up by the stamp. (f) PDMS thin film is oxygen-plasma treated and aligned
to bond to the glass substrate with electrode layout. (g) Top glass slide is removed
by dissolving PR in acetone, and then the PDMS buffer layer is peeled off. (h) Align

and cover the device with another thin glass substrate with electrode layouts to
complete the fabrication process.

2.1.2.2 Tunable single stream dielectrophoretic focusing

Dielectrophoresis (DEP) is the phenomenon in which a force is exerted on a dielectric
particle when it is subjected to a non-uniform electric field. It is widely used to manipulate,
transport, separate and sort different types of particles. For a homogeneous sphere of radius r and
complex permittivity €, in a medium with complex permittivity €, the time-averaged DEP force

can be modeled as

11



Figure 2.5 Schematics of positive and negative DEP.

When an a.c. signal is applied symmetrically to the electrodes, a tunnel-shaped electric
field potential profile forms along the channel. Figure 2.6(a) presents the numerically simulated

electric field distribution in the microchannel with a single field minimum at the center.
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Figure 2.6 Single stream DEP focusing. (a) Quadro-electrodes generate a single
electric field minimum at the center of the microchannel when a.c. signals applied
symmetrically. (b) A high-speed imaging of polystyrene beads focused into a single
stream after 4 cm long interaction distance with a particle speed of 16 cm/s, 1S/m
medium conductivity, and 20 V,, electrical voltage applied.
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The location of the field minimum can also be tuned in the cross section by changing
voltage combinations applied to the electrodes[28]. This can be a useful feature to achieve
consistent focusing position even if electrodes are not aligned perfectly during fabrication
processes, because detected particles at different streamline arrive at the switching zone at different
time and the successful switching relies on precise synchronization in time (Figure 2.7). It can also
be used to combine with flow ratio adjustment to guide particles into desired downstream outlets

as shown in Figure 2.8.

T | |
g il
detection] — switching

™
]

L L
Laminar Flow
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Figure 2.7 Detected particles at different streamline arrive at the switching zone
at different time.
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Figure 2.8 Tunable single stream focusing to guide fluorescent polystyrene beads
into different downstream outlets.

For a particle more polarizable than the medium, it experiences positive DEP forces and
tends to migrate to the electric field maximum; for a particle less polarizable than the medium, it
experiences negative DEP and migrates to the field minimum. In regular physiological buffers
with high conductivity (>1S/m), dielectric particles and mammalian cells show negative DEP
responses at the frequency ranging from kHz to MHz and the DEP forces are weak. Generally it’s
more challenging to manipulate or focus particles in high conductivity media using DEP than in
low conductivity buffers, in which most DEP manipulations are performed, mainly due to the small
CM factor value. However for our device due to the extremely long (4 cm) interaction distance,
microparticles/cells experience negative DEP forces continuously and can be focused into a single

stream in high-speed flows[29]. 10 um polystyrene spheres suspended in phosphate buffer solution

14



(PBS) with a conductivity of 1S/m can be focused into a single stream at a particle flow speed up

to 16 cm/s when a 20 V,, a.c. signal is applied to the quadro-electrodes as shown in Figure 2.6(b).

2.1.2.3 Pulsed laser activated cell sorting

During cell sorting experiments focused particles are initially biased into the waste channel
at the Y-junction by either adjusting the flow ratio between the main channel and dye channel, or
changing the voltages applied to electrodes. A 50mW, 488nm CW laser (CrytaLaser, DL-499-50)
is focused through a 25x/N.A. 0.4 objective lens into the microchannel before the bifurcation to
excite fluorescence. The emission fluorescence is collected through the same objective lens and
detected by a photomultiplier tube (PMT, Sens-Tech P30OCWADS01) connected to a DAQ card
(National Instrument, PCI 7831R) for signal acquisition and processing. Upon the detection of
fluorescence a cavitation bubble is generated in the parallel dye channel induced by a 532nm ns
laser pulse (Q-switched Nd;YVO4, EKSPLA, Jazz 20) focused by a 100X objective lens (N.A.
0.9). The bubble expands rapidly through the connection nozzle between the main and the dye
channels (Figure 2.10), forming a high-speed liquid jet which pushes the target particle over the
Y-junction into the collection channel to achieve successful switching (Figure 2.11). The
cavitation bubble collapses within 30us after triggering, which ensures fast and precise particle

sorting.
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Figure 2.9 Schematic of the formation of a laser-induced cavitation bubble[30)].

(b)

cavitation
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Figure 2.10 Time resolved images of a laser induced cavitation bubble. A micro
cavitation bubble induced by a ns laser pulse (a) expands to its maximum at 5 us
and (b) collapses at 30 us. A liquid jet through the connection nozzle is formed
during the rapid expansion process.

16



(b)

switching

no switching ::
triggered

y

21

---------
-~

Ty e—

L L L L L T —

waste collection

Figure 2.11 Fluorescent particle traces showing (a) focused particles are initially
biased into the waste channel without laser triggering and (b) particles successfully
sorted into the collection channel. This switching is achieved by triggering a
cavitation bubble in the dye channel with a ns laser pulse upon fluorescence

detection.

2.1.2.4 Sorting results

Sorting of microparticles was performed to characterize the performance of DEP-PLACS
system. 10um green fluorescent polystyrene beads (Fluoro-Max G1000) and 9um non-fluorescent
polystyrene beads (Duke Standards 4209A) were mixed at a ratio of 1:100 and the total
concentration of 5.6x10° beads/ml. The beads were suspended in an isotonic buffer with a
conductivity of 0.1S/m. The sample solution was sent into the main channel by a syringe pump
(Harvard Apparatus, PHD 2000) at the flow rate of 1ml/h, which corresponds to a throughput of
1,500 particles sec'. Allura Red dye (67 mg/ml, Sigma-Aldrich) was pumped into the dye channel
to reduce the laser energy threshold for bubble generation. A 20V,,, IMHz a.c. signal was applied

symmetrically to the quadro-electrodes to focus particles into a single stream at the center of the
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channel. With synchronized fluorescence detection and pulsed laser triggering, fluorescent beads
can be successfully switched into the collection. Initial mixture sample and sorted sample were
analyzed by a commercial flow cytometer (BD, FACSCantoll). With the precise single stream
focusing and fast particle switching, DEP-PLACS has achieved a sorting purity of 91% for
polystyrene beads at a throughput of 1,500 particle/sec (Figure 2.12). The fluorescent beads were

enriched from an initial mix ratio of 0.01 to a final ratio of 10.36, corresponding to a 1,036-fold

enrichment.
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Figure 2.12 Particle sorting purity is verified by a commercial flow cytometer. (a)
10um green fluorescent and 9um non-fluorescence polystyrene beads are mixed
before sorting at a ratio of 0.01 with a particle concentration of 5.6x 10r beads/mL,
sample flow rate Iml/h, particle moving speed 10cm/s. (b) After sorting sample
collected has a 91% purity, providing 1,036-fold enrichment.
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2.1.3 Conclusion

We demonstrated a new dielectrophoretic focusing integrated pulsed laser activated cell
sorter (DEP-PLACS) featuring continuous, sheathless, size-independent, real-time tunable, 3D
dielectrophoretic single stream focusing at high speed flows for high throughput and high purity
sorting. By utilizing the extremely long (4 cm) DEP interaction channel and the rapid (~30 ps)
fluid perturbation, 91% sorting purity has been achieved at a throughput of 1,500 particles/sec with

polystyrene beads.

2.2 Heavily doped silicon electrode for dielectrophoresis in high conductivity media

2.2.1 Introduction

Dielectrophoresis (DEP) has been widely applied for manipulating, patterning, and sorting
of biological cells[8], [31], bacteria[32], microparticles[7], [33], nanowires[34], [35] and liquid
droplets[36]. Typically DEP manipulation of biological samples is conducted in low ionic buffers
to enable cells to exhibit more distinctive dielectric properties and to minimize electrochemical
reactions and Joule heating[37]. However, cells in low ionic media do not maintain normal
metabolism functions as in regular physiological buffers, and cell viability can be significantly
compromised over time[38], [39]. As a result, DEP manipulation of biological samples is
considered less biocompatible than other mechanisms such as acoustic[40], [41] and magnetic[42],
[43] manipulation.

There are several major challenges of performing dielectrophoresis in high conductivity
buffers. First, electrochemical reactions such as electrolysis can be easily triggered at the edge of
electrodes[44], [45]. Second, excessive heat generated due to high conductivity can be detrimental

to biological sample as Joule heating is linearly proportional to the electrical conductivity of media
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(~ oB»)[39]. In essence, both factors limit the maximum voltage that can be applied to electrodes
for creating non-uniform electric fields for DEP manipulation. Additionally, most biological
samples such as mammalian cells do not experience sufficient DEP force to be manipulable,
stronger electric field strength is needed to enhance the force (F ~ VE:). Therefore, an approach
allowing the increase of maximum voltage that can be applied to a DEP platform without triggering
electrochemical reactions and reducing the heat generated can effectively increase DEP forces.

In conventional DEP devices, the creation of non-uniform electric field is realized by
planar metal electrodes[38], [46]. At the edges of metal electrodes are regions of strongest electric
fields due to the field crowding effect (Figure 2.13(a)). In high conductivity media, the electric
double layer (EDL) at the edge could be quickly charged up (charging time ~ RC). This results in
significant voltage drop at the liquid and electrode interface that leads to electrochemical reactions.
Not only could the electrodes and samples be damaged but also could bubbles be induced to perturb
or even block DEP operations[44], [45].

One way to minimize the EDL charging effect in high conductivity buffers is to operate at
high a.c. frequencies, usually above MHz[8], [29]. However, even at such high frequencies, the
threshold voltage for triggering electrochemical reactions at electrode edges is still not sufficiently
high. Insulator DEP (iDEP) approaches have been proposed to suppress the electrochemical
reactions by confining electric current pathways with patterned dielectric structures to generate
non-uniform electric fields[47]-[49]. The strongest electric field regions in iDEP are near the
patterned insulator structures instead of the electrode surface. One drawback is that most iDEP
devices have electrodes separated by a long distance in order to prevent electrochemical reactions.

This results in the need of using high voltage to provide adequate electric field strength to create
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DEP force for effective manipulation. Voltages higher than 1 kV in iDEP devices are common[50],
[51].

Here, we present a hemispherically shaped, heavily doped (N++) silicon electrode for DEP
manipulation in high conductivity media (~ 1S/m). The media is 10~100 times more conductive
than low ionic buffers commonly used in DEP. The structure of the proposed N++ silicon electrode
is illustrated in Figure 2.13(b). On top of the hemispherical and heavily doped silicon, 1xm thick
Si0, dielectric film confines the electric current pathways through a narrow opening to create non-
uniform electric field maximized at the edges of the opening. As the equivalent circuit models
show, on a conventional metal electrode, electrical currents from a broad range converge to the
edge of the metal electrode, and the EDL at the edge is quickly charged up. Once the voltage drop
at the interface exceeds a threshold value, electrochemical reactions occur. On a N++ electrode in
comparison, the strongest electric field region is near the dielectric opening, similar to that in iDEP.
The hemispherically shaped electrode provides a larger interface capacitance and a longer RC
charging time, which effectively suppresses electrochemical reactions and allows a higher
threshold voltage. N++ electrode does not require high voltage at the interface to provide enough
electric field strength, as in the case of iDEP, because it does not rely on long electrode separation
distance to prevent electrochemical reactions. In addition, single crystalline silicon is an excellent
heat conductor for thermal dissipation during DEP manipulation in high conductivity media. The
3D bulk silicon electrode also provides low electrical resistance for massively parallel
manipulation across a large area without losing voltage and power along long transmission lines.
The use of N++ electrodes for DEP manipulation is similar to that of conventional metal electrodes

but with higher threshold voltage.
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Figure 2.13 Schematics of the equivalent circuit models. (a) conventional metal
electrode, and (b) hemispherical shape N++ silicon electrode for DEP
manipulation.

2.2.2 Results

The fabrication process of N++ electrodes (Figure 2.14(a-d)) is simple. A commercially
available heavily doped n-type silicon wafer with 1xm thermal dioxide grown on both sides was
used. The first step involves removing the backside oxide by reactive ion etching (STS Advanced
Oxide Etcher) to allow electrical connection to the back surface. Next, the frontside oxide was
patterned to form desired shapes of openings. Finally, XeF. gas was introduced for isotropic
undercut etching to create the hemispherically shaped N++ silicon electrodes. An example of a 2D

array N++ electrodes with 3 ym oxide openings are shown in Figure 2.14(e).
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(c) pattern front oxide ‘

(d) XeF, isotropic etch

Figure 2.14 Process flow for fabricating N++ silicon electrodes. (a) A
commercially available heavily doped n-type silicon wafer with 1um thermal oxide
films grown on both sides. (b) Back side oxide was removed by reactive ion etching
to provide electric contact. (c) Front side oxide was patterned and etched to create
openings. (d) XeF, gas was introduced to etch out the hemispherical shape N++ Si
electrodes. (e) A 2D array of N++ electrodes with 3um oxide openings.

Figure 2.15 shows the comparison of numerically simulated electric field distributions in
three types of electrodes: conventional metal electrode, N++ electrode without undercut, and N++
electrode with hemispherically shaped undercut. A 10V,,, IMHz a.c. signal is applied between the
top and bottom electrodes in all cases. Electric field strength distribution is extracted at 1xm above
the surface of dielectric layer (white dashed lines). As shown in Figure 2.15(d), N++ electrode
with undercut has comparable electric field strength to that of the metal line electrode. Since DEP
force 1s proportional to the gradient of electric field intensity (E?), the locations where maximum

DEP forces occur for all three cases are near the edge of electrodes.
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Figure 2.15 Numerically simulated electric field distributions of (a) 3um wide
metal line electrode, (b) N++ Si electrode with a 3um circular oxide opening but
no silicon undercut and (c¢) N++ Si electrode with a 3um circular oxide opening
and 25um in radius hemispherical silicon undercut. (d) E field strength distribution
at lum above the dielectric surface.

To compare the performance of N++ silicon electrodes and metal electrodes, we
experimentally determined the highest voltage that each type of electrode can sustain in a high
conductivity buffer (1x Phosphate-Buffered Saline, electrical conductivity = 1S/m) without
triggering electrolysis. The liquid layer is sandwiched between an ITO electrode and the test

electrode with a 50um thick spacer (double sided tape) in all cases. An a.c. signal is sent from a
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function generator (Agilent, 33220A) through a power amplifier (ENI, Model 2100L) to the
electrodes. During testing, voltages were gradually increased until the generation of bubbles was
observed, which remarked the onset of electrolysis (Figure 2.16(a-f)). The corresponding threshold
voltages at different frequencies were recorded and are compared in Figure 2.16(g). As illustrated,
N++ silicon electrode with undercut can tolerate 3 times higher voltages than regular metal
electrode. This corresponds to a 9-fold enhancement of DEP force, which is proportional to the
square of electric field strength (E»)[52], [53]. Note that the N++ electrode without undercut shows
a threshold voltage similar to that of metal electrode. This proves that it is the large area effect
from the hemispherically shaped undercut that primarily contributes to the increase of threshold

voltage.
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Figure 2.16 Onset of electrolysis. Microscopic images of a gold line electrode (3
um wide and 100 nm thick) (a,b), a N++ silicon electrode without undercut (c,d)
and a N++ silicon electrode with undercut (e.f) before and after electrolysis. (g)
Recorded threshold voltages for three devices at different frequencies. The
threshold voltage for N++ electrode with undercut is 3 times higher than metal
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electrode. N++ electrode without undercut shows a slightly higher threshold than
metal electrode.

To further demonstrate the capability of using N++ electrodes for DEP operation in high
conductivity buffers, an array of line-shaped opening was patterned and etched, which created an
elliptical shape silicon undercut. We tested DEP focusing of 10xm green fluorescent polystyrene
beads (Fluoro-Max G1000) and GFP HeLa cells in 1x PBS. Buffer solutions containing beads/cells
were introduced into a microfluidic chamber by a syringe pump (KD Scientific, 780100) at a flow
rate of 0.08ml/hr. Without voltage application, beads/cells flew randomly through the chamber as
shown by the stacked fluorescent traces. When an a.c. signal of 35V,,, IMHz was applied between
the top ITO electrode and bottom N++ silicon electrodes, these particles experienced negative DEP

forces and focused into narrow traces.
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Figure 2.17 DEP manipulation. (a) Schematic of DEP manipulation experiments,
and captured fluorescent traces of particles by stacking multiple exposures of (b)
10um polystyrene beads, no voltage; (c) 10um polystyrene beads 35V,,, IMHz; (d)
GFP-HelLa cells, no voltage, (e) GFP-HelLa cells, 35V,,, IMHz.

In addition to the advantage of higher threshold voltages for DEP manipulation in high
conductivity media, N++ silicon has several other advantageous features. First, the silicon
substrate has excellent thermal conduction property. Heat generated from Joule heating in high
conductivity media can be dissipated quickly. This feature has been confirmed by other prior works
that utilize silicon substrates with patterned metal electrodes for DEP manipulation in high

conductivity media[8], [54], [S5].
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Second, N++ electrode is a bulk electrode. The electrical current supplied to power the
DEP operation is through the whole back side surface and flow in the direction normal to the wafer
surface. The electrical impedance of a N++ electrode is extremely low, which is ideal for parallel
DEP manipulation across the entire chip area, especially in high conductivity media. In
conventional thin film metal electrode, the electrode impedance issue becomes severe for DEP
operation in high conductivity media across a large area. For reference, a 100nm thick gold
electrode layer (0=2.44x10+Q2-m) has a sheet resistance of 0.244€/sq, while a 50y m tall, 1cme area
liquid chamber filled with a high conductivity medium (1S/m) has a resistance of 0.5€2 from top
to bottom. The comparable value between the gold electrode’s sheet resistance and the liquid
medium’s resistance implies that a significant portion of the applied voltage drops across the
electrode and not in the liquid layer for DEP operation. This situation worsens for cases using long
and narrow strip electrodes, common in most DEP devices. On the contrary, a 500 m thick bulk
N++ electrode (0=0.003Q2-cm) with a device area of lcm has a through-wafer resistance of only
1.5x10~ €2, making it ideal for powering devices in high conductivity media across a large area.

In addition, the thermal oxide interface of the N++ electrode offers good bonding properties
with other commonly used materials in electronics and microfluidics, thus broadening its
applications through integration with other modules[56], [57]. The fabrication of N++ electrode is
also simple, and requires only one photolithographic patterning and two etching steps from a
commercially available heavily doped substrate. This eliminates the step of metal deposition

needed for fabricating the conventional metal electrode[45].
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2.2.3 Conclusion

To conclude, we have demonstrated a novel N++ silicon electrode for DEP manipulation
in media with high electrical conductivity and high ionic strength. Comparing to the conventional
metal electrode, it increases the operational threshold voltage in high conductivity buffers by 3
times and results in a 9-fold enhancement of maximum DEP force without inducing electrolysis.
In addition, it provides several advantageous features such as excellent heat transfer property, low
electrical input impedance, easy manufacturing process, and friendly interface for integration with

other electronics and microfluidics components for broad applications.

2.3 Lift-off cell lithography for cell patterning with clean background

2.3.1 Introduction

High-throughput cell patterning is an important technique for many cytobiological studies
and for tissue engineering[58]-[60]. Much effort has been expended developing efficient and
reproducible strategies for cell patterning[61], [62]. Prior studies include active methods that
utilize physical phenomena such as dielectrophoresis (DEP)[63]—[65], optoelectronic tweezers
(OET)[7],[8],[66], [67], and magnetic[68], [69] or acoustical forces[70], [71]. Passive approaches
include cell trapping in a microwell[72], [73] and surface chemical modifications via selective
plasma treatment[74], [75], UV light[76], [77], micro-contact printing (#CP)[78]—[80] and
photolithography-based techniques[81]—[83]. These passive approaches require less specialized
equipment and are therefore more practical and user-friendly for typical biology laboratories.
However, it still remains challenging to achieve well-defined cell patterning with good pattern
filling efficiencies at desired locations and with few cells at unwanted locations across a large

surface area[84]—[86].
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Advances in microfabrication technique applications beyond microelectronics have
generated opportunities for studies in biology[87], [88]. Lift-off lithography is a traditional wafer-
level microfabrication method that can rapidly generate massive array patterns at high resolution
for a target material, such as metals[89]. Previously reported micro-stencil methods employed a
similar lift-off lithography concept for creating cell patterns[79], [90]. However, micro-stencils
are usually fragile freestanding thin membranes that require delicate handling; therefore, they have
not been widely used[91]. Here, we demonstrate a novel and simple cell patterning method called
Lift-off Cell Lithography (LCL) that utilizes a fully biocompatible process to achieve high
efficiency patterning with nearly zero background defects in masked or blocked areas of a surface.
A thin film stacked with SU-8 photoresist and water-soluble polyvinyl alcohol (PVA) was used as
a sacrificial layer to lift-off un-patterned cells deposited on the substrate. The substrate was
precoated with poly-L-lysine (PLL) to anchor cells at the desired locations. Using LCL, we have
achieved over 70% cell patterning efficiency for both adherent and non-adherent cells in the target

patterned area, with < 1% defect rate in the blocked area.

2.3.2 Results

The major steps of the fabrication process and experimental protocol for patterning cells
using LCL are shown in Figure 2.18. First, a glass coverslip (2.2 x 2.2 cnv) is cleaned with 70%
ethanol for surface sterilization followed by coating with a poly-L-lysine-FITC labelled solution
(Sigma; 0.1 mg mL") for 30 minutes at room temperature. PLL is a positively charged cationic
polymer that promotes cell adhesion through electrostatic attraction since the plasma cell
membrane is negatively charged. Then, an aqueous solution containing 4% (w/w) PVA (Sigma) is

spin-coated at 1,000 rpm onto the surface as a sacrificial layer. Next, SU-8 3005 photoresist
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(MicroChem) is spun onto surface at 3,000 rpm to produce a 5 ym thin film that is then micro-
patterned via standard photolithography. Afterwards, an oxygen plasma treatment (Technics Micro
RIE 800, 200 W, 300 mTorr) is performed for 2 minutes to etch the exposed PVA. The final
fabrication step involves coating the chip with PLL for a second time for another 10 minutes at

room temperature in case the first layer PLL is partially etched away by the oxygen plasma in the

SuU-8 ! Second PLL
Photolithography Etching Coating

previous step.

(@)

\ PLL & PVA

Coating

Cell Seedung Cell Monolayer Cell Lift-off

Cell Patterns on Chip

fomoisd faMomT 3B ST

Figure 2.18 Illustration of the process flow for the Lift-off Cell Lithography
(LCL) patterning method. (a) Multilayers (including PLL and PVA) are coated in
sequence on a glass coverslip. (b) SU-8 3005 photoresist is patterned on top of the
surface via photolithography. (c) PVA layer is further patterned by O, plasma
etching. (d) PLL is coated for the second time. (e) Cell suspension medium is loaded
on the chip for 10 min at room temperature. (f) A monolayer of cells eventually
forms. (g) Cells are further cultured for another 30 min in incubator while PVA
gradually dissolves and allows cells adhering on the SU-8 film to be peeled off. (h)
The patterned array of cells.

After rinsing and drying the glass substrate, non-adherent Ramos cells suspended in tissue

culture medium at a high density of 3.0 x 10 cells mL" are dispensed onto the substrate for 10

32



minutes at room temperature where a cell monolayer eventually forms. Ramos suspension cells
are free floating in culture media containing RPMI-1640 supplemented with 10% fetal bovine
serum and are difficult to attach to the bottom substrate. Serum-free RPMI 1640 medium is found
to improve cell adhesion to the glass substrate, possibly due to charged interactions between the
hydroxyl groups on the substrate and integrins expressed on the surface of cells[92]-[94]. Our
testing also confirms that we can increase the number of surface-attached Ramos cells by about
ten-fold with the serum-free culture medium (Figure 2.19). PVA is a water-soluble material with
good biocompatibility. The dissolution rate increases with temperature and usually cells do not
adhere well to PVA[95], [96]. After cell seeding, the substrate is kept in an incubator at 37°C under
a 5% CO, humidified atmosphere for another 30 minutes, resulting in the partial removal of the
PVA layer underneath the SU-8 film. The continuous SU-8 membrane is thin but rigid enough to
be peeled-off together with all the cells adhering to it (Figure 2.20). This leaves only cells at the
desired exposed pattern locations. Since a high concentration of cells can be used in the patterning
process of LCL without concerns for background defects, high cell fill-up efficiency and clean
background patterning can be achieved at the same time without any trade-off. By contrast, this

trade-off often needs to be made in other patterning approaches.
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Figure 2.19 Suspension cell attachment. Attachment of Ramos cells per mm2 on
coverslips in the culture media containing different serum (FBS) concentrations at
10% (regular), 5%, 0.1% and 0, respectively, after 30 minutes. Error bars denote
standard deviation of the average value.

Figure 2.20 SU-8 lift-off. Pictures of (a) fabricated substrate with cells seeding
across a large patterning area, and (b) intact peeled SU-8 thin membrane with cells
after cell lift-off.
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An array of circular holes, each with a diameter of 20 zm and a center-to-center spacing of
50 um, repeated over a large 1.2 x 1.2 cnr area (Figure 2.23a) was used to pattern a Ramos B cell
array through LCL (Figure 2.23b). Calcein AM/propidium iodide (Invitrogen) staining is used for
live versus dead cell recognition at 1h after cell patterning. LCL shows minimal impact on cell

viability (Figure 2.21).
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Figure 2.21 Patterning efficiency. (a) Microscopic images of fabricated SU-8
microwells before experiment; (b) a representative fluorescent microscopic image
of Ramos cells stained by Calcein AM/PI after lift-off under 10x objective; (c)
recorded data from 10 random selected locations on the chip after lift-off to
estimate the patterning performance.
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Patterning experiments were repeated multiple times. The number of total spots, spots
occupied by cells, cells in the masked background, and the total number of cells were recorded
from randomly selected locations on each chip and this data was used to estimate the average
values of patterning efficiency and background defect rate. The patterning efficiency is defined as
the percentage of spots occupied by cells, and the background defect rate is defined as the number
of cells in undesired positions divided by the total number of cells. Figure 2.23c shows that LCL
can achieve a peak 71% patterning efficiency with a background defect rate as low as 0.31%. For
comparison, two other widely used surface chemical treatment approaches, namely micro-contact
printing (#CP) and lift-off PLL (LPLL), have also been tested to pattern Ramos cells under the

same conditions (Figure 2.22).
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Figure 2.22 Comparison of Ramos cell array patterning produced by (a) uCP and
(b) LPLL; (c) the process of LPLL.
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uCP shows no significant effect on non-adherent cell patterning with a low efficiency and
high defect rate, and LPLL results in an improved patterning efficiency, however, with the
background defect rate an order of magnitude higher than our LCL method (Figure 2.23c). With
LCL, optimized single-cell array patterning is also possible by reducing the hole diameter further,
making it wide enough for one individual cell but not wide enough for multiple cells[84]. The
tradeoff is a slightly lower patterning efficiency. In addition, the LCL technique is also effective
for patterning cells to form arbitrary shapes. As demonstrated in Figure 2.23d, cells can be arranged

into alphanumeric shapes from “1” to “9” with a clean background.
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Figure 2.23 Non-adherent Ramos cell patterning through LCL. (a) Image of a
SU-8 microwell array with 20 ym diameter holes. (b) Fluorescence image of
patterned cells stained with calcein AM. (c) Results of cell patterning efficiency and
background defect rate via uCP, LPLL and LCL. (d) Fluorescence image of cells
patterned to form number characters from “1” to “9”.
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LCL also works well with adherent cells (Figure 2.24a and b). In order to pattern HeLa
cervical carcinoma cells whose average size is larger than Ramos B cells, the circular hole size on
LCL is increased to 30 ym. The second PLL coating step is also skipped to prevent HeLa cells
from adhering tightly to the PLL-coated SU-8 sidewall, which can result in unexpected removal

of cells from desired locations during peel-off.
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Figure 2.24 Adherent HeLa cell patterning through LCL. (a) Image of SU-8
microwell array with a diameter of 30 ym on the chip. (b) Fluorescence image of
cell array patterning stained with calcein AM. (c¢) & (d) Results of cell patterning
efficiency and background defect rate via LCL and LPLL, respectively, with
different cell seeding densities. (e) & (f) Fluorescence images of large-scale cell
patterns arranged in the letters of “UCLA” by LPLL and LCL, respectively. (g)

Fluorescence images of patterned cells marked in the white dashed boxes in (e),
after culturing for 1h and 24h.
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In LCL, high cell patterning efficiencies can be achieved with higher cell seeding densities
and no significant increases in background defect rates (Figure 2.24c¢). This is a unique feature of
LCL that differs from traditional surface chemical modification approaches, in which a higher cell
seeding density usually adversely results in a corresponding higher background defect rate (Figure
2.24d).

Using LCL, large-scale custom arrays of HeLa cells can also be patterned. As demonstrated
in Figure 2.24e, cells can be patterned into the letters of “UCLA” with nearly zero defects in the
background. By comparison, Figure 2.24f shows the result of cell patterning via the LPLL method
with many cells outside of the desired patterning areas. In Figure 2.24¢g, the magnified regions
exhibit normal cell attachment and proliferation at 1 hour and 24 hours, respectively, after LCL.
Since there is undissolved PV A residue in the background, its anti-adhesion property helps to form
sharp and well-defined pattern edges as well as clean un-patterned surroundings. The cells can
keep growing for days within the defined areas until the PVA dissolves completely, after which

patterned cells gradually spread out of the pattern boundaries (Figure 2.25).

Figure 2.25 Fluorescent images of HeLa cell patterned into letters of “UCLA”
via LCL after culturing for three days. Cells can grow beyond boundaries and
different regions start to merge after the surrounding PVA residue completely
dissolves in culture medium. This image is created by stitching four images of each
letter taken under 4 x objective lens to present images over a large area.
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2.3.3 Conclusion

In conclusion, our LCL technique can produce high-throughput and high-efficiency cell
patterning across a 1.2 x 1.2 cnr area. A bilayer stack of SU-8 and PVA is used as a sacrificial
layer to remove cells deposited at un-patterned locations to realize cell patterning with a low
background defect rate. The whole process is biocompatible and easy-to-fabricate. Using LCL,
over 70% cell patterning efficiency with a nearly zero background defect rate has been achieved
for both adherent and non-adherent cells. This approach can also be applied for patterning cells
into arbitrary shapes with clean surroundings on large scales. Therefore, the LCL technique has

potential for wide use in cell biology and related fields.
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Chapter 3 Optofluidic Platforms for Nanomechanical

Measurement

3.1 Parallel nanomechanical indentation platform using quantitative phase imaging

3.1.1 Introduction

Mechanobiology has been an emerging cross-disciplinary field that studies the mechanical
properties of cells and tissues and how physical forces can contribute to the changes in biological
events such as cell differentiation and disease development. Over the past years several tools and
approaches have been developed for quantifying mechanical properties of biological samples.
Atomic force microscopy (AFM) provides highly sensitive and accurate cell deformation
measurements at sub-cellular level. However, the throughput is low and obtaining statistically
significant data can be difficult[11]. Traction force microscopy (TFM) quantifies forces exerted
by cells on top of a gel substrate through tracking movements of embedded nanoparticles[97].
Elastic pillars (EP) measure traction forces by optically quantifying the deflections of pillar
tips[98]. Yet, both TFM and EP platforms reveal mechanical responses mostly in the lateral
direction. It remains difficult with current technologies to capture comprehensive cellular
mechanical responses.

Here, we demonstrate a parallel nanomechanical indentation platform using quantitative
phase imaging to accurately track the vertical and lateral displacements of a large array of flat and
rigid silicon micro-mirrors transfer-printed onto the surface of a transparent elastic polymer film
(Figure 3.1). Local deformation in the polymer substrate is detected by the change of optical path

length in reflected light from individual micro-mirrors. With known elastic modulus of the soft
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polymer substrate, local indentation forces, traction forces and rotational torques applied on these

mirrors can be quantified at the same time.

lens
4 Quantitative
N Pha§e
Imaging
Light Source

Figure 3.1 Schematic of a parallel nanomechanical indentation platform using
quantitative phase imaging.

3.1.2 Design and fabrication

The fabrication process flow is shown in Figure 3.2a-g. A silicon-on-oxide (SOI) wafer
with device thickness of 10 pm is patterned by reactive ion etching (RIE) into the device layer to
create individual silicon disks. A thin protective SiO. layer on the sidewall is deposited by plasma
enhanced chemical vapor deposition (PECVD). Timed anisotropic RIE etching is used to remove

SiO. in the trench and expose the bottom silicon substrate for following isotropic undercut. After
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carefully timed isotropic RIE undercut, silicon micro-mirrors are supported by tiny silicon posts
underneath (Figure 3.2h). The chip goes through oxygen plasma surface treatment and then flipped
to permanently bond with a PDMS substrate. Tiny silicon supports can be easily broken in
ultrasound bath to release the silicon mirrors with good yield across a large area. Finally, the
heterogeneously integrated device goes through a brief XeF. etching to clean out the silicon residue
on top of mirrors. Figure 3.2i shows the bottom view through the glass and PDMS substrate of a
fabricated device with a large array of highly reflective silicon micro-mirrors. The size of each

micro-mirror is 20um in diameter, and can be tailored for specific applications.

Figure 3.2 Process flow of transferring a micro-mirror array onto a PDMS
substrate. (a) SOI wafer, (b) pattern device silicon layer, (c) PECVD SiO, sidewall,
(d) timed RIE etch to expose substrate silicon, (e) timed isotropic silicon undercut,
(f) bonding with PDMS and ultrasound bath to break silicon supports, (g) XeF.,
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cleaning silicon residue. (h) SEM image of a single silicon mirror with isotropic
undercut support. (i) Microscopic bottom view of large micro-mirror array.

3.1.3 Results

A blue LED is used as a light source to illuminate the micro-mirrors, with reflected light
being imaged by a quantitative phase imaging sensor (Phasics SID 4 GE) mounted on an inverted
microscope. A droplet of highly diluted 100pum polystyrene bead solution is dispensed on the
device surface and air-dried to have a few beads sitting on the device. Then the device is covered
with a thin glass slide. Raw image files are processed to extract optical path length reading from
pixels corresponding to micro-mirrors located under the spherical micro-bead.

When imaging locations without beads under a 20x objective lens, uniform displacement
reading confirms that the micro-mirrors are extremely flat (Figure 3.3a). When the bead is pressed
against the PDMS layer by the loading weight of 1 gram on top, micro-mirrors under the bead
move in the vertical and lateral direction and also tilt, revealing the deformation in the PDMS
substrate (Figure 3.3b). With the increase of loading weight to 3 grams, PDMS deforms more and
these micro-mirrors move even lower (Figure 3.3c). Every tilted micro-mirror shows only one
linear slope through the entire mirror surface, confirming that all mirrors remain rigid and flat even
when the surrounding PDMS material is severely deformed. With the knowledge of elastic
properties of the PDMS substrate, the lateral displacement and average vertical displacement
indicate respectively the shear force and total normal force applied to a micro-mirror. And the tilt

angle of a mirror denotes the total mechanical torque applied on it.
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Figure 3.3 Raw and processed images from quantitative phase imaging reveal the
small vertical displacements and tilt angles of silicon mirrors when a bead is
pressed by loading weight on top.

3.1.4 Discussion

We demonstrated a parallel nanomechanical indentation platform using quantitative phase
imaging to detect changes in optical path length of reflected light from rigid and flat silicon micro-
mirrors. Accurate three-dimensional deformation in the polymer substrate can be obtained with
each micro-mirror imaged by a few pixels. Local indentation forces, traction forces and rotational
torques can be quantified at the same time.

Although the nano-scale displacement detection utilizing quantitative phase imaging
sensor is a promising approach to realize nanomechanical indentation, apart from the micro-
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fabricated device, the phase imaging sensor itself is an expensive and specialized equipment which
may not be available to broader audience. Also because the phase imaging sensor is optimized for
accurately sensing phase difference, it compromises in other aspects of imaging capability such as
limited spatial resolution and sampling points, small sensor format, low acquisition and output
frame rate. These limitations in imaging performance would be a road-blocker for future
development of nanomechanical pressure/force sensing platforms for mechanobiology studies. On
the other hand, the advancement of modern CMOS grayscale/RGB sensors has come a long way
and excel in every aspect of imaging performance compared to the phase imaging sensor. It would
be much more beneficial to integrate the nano displacement sensing capability into the micro-
fabricated device, decouple and fully utilize the advancement of imaging performance from the
development of modern CMOS/CCD image sensors, which are also more widely available to
general users. In the next section, we present a micro-fabricated pressure sensing substrate by using
colorimetric reflection from an array of optical micro-cavities, and demonstrate one of its potential
applications to map the pressure distribution inside a complex microfluidic network. By proving
this concept, we achieved a milestone in constructing a more capable platform for mechanobiology
studies through the development of this large-scale parallel pressure/force sensing substrate. The
remaining parts of the complete system would include a manipulation/pressing setup and a

microscopic imaging system.

3.2 Microfluidic pressure distribution mapping using colorimetric interferometry

3.2.1 Introduction
Microfluidics has gained much attention since its emergence in the early 1980s and been

widely used in both academic research studies and biotechnology industrial applications. The idea
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of lab-on-a-chip technology is introduced to develop devices that integrate one or several
laboratory functions, such as sample treatment and chemical detection, on a single chip to achieve
automation and high-throughput processing[16], [99]. Key applications include DNA sequence
analysis [100], [101], biomolecule synthesis [102], drug discovery [10], [103], [104], biological
cellular studies [64], [105]-[110] and point-of-care disease diagnosis [111], [112]. With
microfluidic manufacturing becoming more mature in the past years, highly integrated devices can
be produced at low-cost [113], [114]. When the microfluidic network is scaled up, especially for
systems involving pumps [115] and valves [116], [117], it’s important to have a localized
monitoring system to check the working condition. For large-scale continuous-flow systems it’s
crucial to monitor the flow condition in real time, because anomalies such as clogging [118], [119]
and leakage [120] can be hard to track down but needed to be addressed promptly to ensure smooth
operation. Hydraulic pressure, as one of the most essential parameters in fluid mechanics, is the
driving force of fluid flow with an analogy to voltage driving an electric circuit [117]. Mapping of
pressure distribution inside a continuously flowing microfluidic network is a good approach to
monitor its operation status.

Traditional external pressure transducers are not very compatible with microfluidic
systems since they are bulky and cannot provide localized pressure measurement [121]. The
number of measurement spots, where we can connect the transducers to extract the local pressure
information, is also limited [122], [123]. Several approaches have been proposed to develop more
suitable microfluidic pressure sensors [124]-[129]. Electro-fluidic circuits [124], [126] and
microflotronic films [125] measure local pressure by monitoring the electrical property change of
ionic fluid resulted from pressure-induced channel geometric deformation. Their spatial resolution,

however, is low due to the large footprint of a single sensing units. Optical imaging techniques are
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also commonly used for flow observations. Monitoring the liquid-air [127] or liquid-liquid [128]
interface locations provide a way of measuring pressure. However, these approaches require the
modification of channel design and not are not always compatible with the operation of fluid
network. Optofluidic membrane interferometer [129] is a novel image-based method that can
measure the on-chip microfluidic pressure and flow rate simultaneously through monitoring the
interference fringe patterns in an optical cavity. This approach, however, requires an image to have
sufficient resolution in order to have enough quality to be matched with reference images, thus not
easy for further miniaturization and limiting its spatial resolution.

Most of the optical imaging approaches, including the above-mentioned works, utilize the
intensity profile of an image for measurement and hence often grayscale images are sufficient
[130]. Yet, spectral or color profiles from optical measurements can also contain rich information
but are rarely exploited. Here we present a pressure-sensing system using colorimetric
interferometry that provides convenient and highly-customizable pressure mapping across a large
area with high spatial resolution (Figure 3.4A). It can be easily integrated with arbitrarily-shaped
microfluidic network with no modification to the original design and only requires only a simple
optical microscope for measurement. Different levels of pressure are recognized by difference
colors of reflection (Figure 3.4, B and C). Each pressure sensing unit is an optical cavity consisting
of a thin air gap sandwiched between a rigid and transparent silicon dioxide disk suspended under
a thin layer of poly(dimethylsiloxane) (PDMS) membrane and a silicon substrate. When the air
gap thickness is changed due to the pressure applied on the PDMS membrane, the reflection color
changes due to optical interference in the air cavity (Figure 3.4, D and E), which gives us the

correlation relationship between pressure and reflection color. We demonstrate a potential utility
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of this device by mapping the pressure inside a complex microfluidic network to monitor the flow

condition at any location in this network.
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Figure 3.4 Pressure sensing using colorimetric interferometry. (A) Schematic of
a pressure sensing substrate using colorimetric interferometry. Microfluidic
pressure gradually decreases along the path of flow from upstream to downstream,
corresponding to color transitions from green to yellow and to orange. (B) Cross-
sectional schematic of the sensor unit under higher level of fluidic pressure at the
upstream. The thin PDMS membrane is deformed, resulting in a smaller air gap
between the SiO. disk and the Si substrate. Certain wavelengths of light (red) mostly
transmit into the cavity due to interference at SiO./air interface and get partially
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absorbed by silicon substrate, other wavelengths of light are mostly reflected from
the SiO./air interface and form a complementary color (green) as shown in the
microscopic image in (C). (D) At the downstream, on the contrary, the air gap
remains almost the same due to much lower fluidic pressure. The wavelengths that
enter the cavity and get absorbed by silicon (green) change, and the complementary
color (red) that we observe under microscope also changes (E).

3.2.2 Results
3.2.2.1 Working principle

Numerical finite-difference time-domain (FDTD) simulation study is carried out for a
single optical micro-cavity to show the reflectance spectra for visible light wavelength at different
air gap thickness (Figure 3.6A). For light reflected at the SiO./air interface, no phase shift occurs
because Si0, has a higher refractive index than air. At the air/Si interface, the reflected light needs

to include an additional 7t phase shift.

reflect
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Figure 3.5 Design concept of the vertically interferometric optical cavity.

Consider these two reflected light waves at the SiO./air interface, the condition to form
destructive interference is the following

2t=nAi,n=1,23,..



where t is the thickness of air gap and A is the wavelength of light. In order to shift the two reflected
light waves by a phase m difference, the round-trip optical path length in the air gap needs to be
integer multiples of wavelength. Majority light at these wavelengths has low reflection at the
glass/air interface and enters the cavity. They bounce back and forth for multiple times and
gradually get absorbed by the silicon substrate.

On the other hand, the condition for these two reflected light waves to form constructive

interference is

1
2t = <n+§>/1,n =0,12,..

/1—4t4t4t
- 13 15 PRLL]

At these wavelengths the light gets reflected more and constitutes the final color captured
by the camera. The colors of reflected light and absorbed light are complementary to each other.
On our device, we design the initial air gap thickness t,to be slightly smaller than 600 nm, and
limit the operation range to have the air gap no smaller than 300nm. Within the 600nm~300nm
range, only one absorption peak shows up within the visible light spectrum from 380nm to 740nm.
This design contributes to clear color transitions with good contrast when the air gap thickness
changes. To maintain this operation range for good optical performance but accommodate for a
larger or smaller pressure measurement range, we can change the thickness or elastic modulus
[131],[132] of the thin PDMS layer. We selectively plotted the reflectance spectrum for three gaps
at 500nm, 420nm and 360nm based on the FDTD simulation results (Figure 3.6B). Their
absorption peaks are close to 500nm, 420nm and 720nm respectively, which agree well with our

analysis.
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Figure 3.6 Working principal. (A) Numerical simulation of reflectance spectra
within visible light wavelength range as a function of different air gap thickness.
(B) Numerical calculation of reflectance spectra at several selected air gap
thickness. For each air gap we can clearly see an absorption peak at wavelength
equal to or twice the thickness. Each spectrum line is plotted in the color we expect
to see from reflection, which is complementary to the absorbed color. (C) Cone plot
of HSV (Hue, Saturation and Value) color model. Different perceived colors (red,
blue, green, etc.) are represented by different degrees of hue. Different levels of
colorfulness are represented by saturation on a scale from 0 to 1. Value describes
the brightness of a color relative to the brightness of a similarly illuminated white.
(D) Plot of reflected colors in terms of their saturation and hue at different air gap
thickness. Colors are calculated by integrating the product of light source intensity,
device reflectance and camera pixel sensitivity over the range of visible light
wavelength.

The spectrum of reflective light can be affected by multiple factors inside an imaging

system. We simplified the modeling by only considering the main factors to be illumination from
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light source, reflection from our device and reception by the color image sensor. While the
spectrum of reflected light is an objective physical property, the perception of color is subjective
to the characteristics of the end observer [133], namely the color image sensor in our case. To
compute the colors perceived by the color sensor from spectral data, we first adopt the RGB color

model by calculating each component with the following set of equations

R = f CIs@r(da
G = f 001(,1)5(,1)g(,1)d,1

B = .fool(/l)S(/l)b(/l)dxl

where I(4) is the illumination spectrum of light source obtained by spectrometer measurement
(Figure 3.13), and S(A) is the spectral reflectance of our device from numerical simulation.
r(1),g(1),b(A) are the spectral sensitivities of red, green and blue pixels on the color image
sensor as provided by the manufacturer (Figure 3.13). Due to the cut-off of light source intensity
and color pixel spectral sensitivity outside of visible light wavelength, the integration over
wavelength is effectively from 380nm to 720nm. As an approximation we sampled spectral data
points at an interval of 20nm over wavelength for the three main factors of imaging system and
calculated RGB intensities for colors perceived by image sensor at different air gap thickness. We
observed that the transitions of red(R) and green(G) closely follow each other with a periodic
pattern, which may require some technique similar to phase unwrapping to establish a relation
between color and air gap thickness. Also noticed is the fact that even without spectral shift of
these three main factors during imaging, the readings of RGB channels are subjected to scale

simultaneously when the exposure conditions such as time and intensities fluctuate. Therefore, we
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further resort to an alternative HSV (hue, saturation and value) color model that can decouple the
brightness (value) attribute and retain the other color (hue and saturation) attributes (Figure 3.6C).
In the HSV color model hue is the attribute of a visual sensation according to which an area appears
to be similar to one of the perceived colors: red, yellow, green, and blue, or to a combination of
two of them. Saturation is the colorfulness of a stimulus relative to its own brightness. Value is the
brightness relative to the brightness of a similarly illuminated white [134]. As long as the exposure
is within the range that no pixel reading is over-saturated, the color attributes provide a more robust
measurement that are insensitive to exposure variation. The conversion from RGB color model to

HSYV color model can be done as follows

: Jif max =
MmaXchannet — MMNchannel
_ : ;ifmax =
maXchannet — MMNchannel
R—-G

- +4)/6;ifmax =B
\ MaXchannet — MMNchannel

*if H' is less than 0 then add 1 to H'

H = H' x 360°

_ MAaXchannet — MNchannel

MaXcpannel

V =max pannet

After conversion to the HSV color model, we observed that the relative change of the value
channel is much smaller than the hue or saturation channels. It corroborates our choice to only
look at the hue and saturation attributes because the value attribute or the brightness is not as
sensitive to the change of the air gap thickness. Then we visualize the numerical calculation results
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by plotting out the air gap thickness with respect to saturation and hue values (Figure 3.6D). A
clear trend of clockwise progression in hue and saturation readings is observed when the air gap

thickness decreases from 560nm down to 380nm.

3.2.2.2 Pressure calibration

To validate the results from theoretical analysis and numerical calculations, we performed
calibration experiments with a fabricated device under a typical microscopic setup (Figure 3.7A).
A microfluidic channel is bonded on top of the device and is filled with water as the pressure-
transmitting media. Pressure is supplied by a commercial precision pressure regulator with built-
in digital readings as calibration source. The regulator is able to provide a stable pressure output
with fluctuations less than 0.1 psi with feedback control. We sampled the pressure levels from O
to 5 psi at an interval of 0.2 psi, and repeated measurements at each pressure level for 45 times.
Images were captured using a color CMOS sensor at different pressure levels to demonstrate the
color transition (Figure 3.7, BCD). We performed image processing to extract the hue and
saturation readings from pixels corresponding to the silicon dioxide disk areas and averaged
readings for each disk. The results of pressure levels up to Spsi are compiled into one plot (Figure
3.7E). The trend of hue and saturation transition with increasing pressure level resembles the one
with decreasing gap spacing from numerical calculations (Figure 3.6D), where the difference can
come from over simplification during modeling and analysis. With the experimental calibration
data at our disposal, we now have a more consolidated and quantitative view of the color response

of our device when subjected to externally applied pressure.
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Figure 3.7 Pressure calibration. (A) Schematic of experimental setup for
calibrating color response. A microfluidic channel is bonded on top of our substrate
to form a test device. The device is placed under a standard upright microscope
with a 10 x objective lens attached for imaging. Tubing connects the device with
pressure-controlled or flow-rate-controlled source. For pressure calibration the
exhaust outlet is sealed to form a closed chamber. (BCD) Microscopic images
showing different colors captured by the camera at different pressure levels. (E)
Experimentally measured colors at different pressure levels are plotted in terms of
their saturation and hue. Each data point is plotted as an average of 45 individual
measurements at each pressure level with error bars representing the standard
deviation among 45 measurements.
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When a new measurement comes in during some future application, hue and saturation
readings from the pixels can be extracted through image processing, and we are interested in
knowing what pressure level these readings correspond to. In order to establish the correlation
between hue and saturation readings and the actual pressure level, we can formulate the problem
as multivariate nonlinear sensor calibration using the experimental calibration data (Figure 3.8A).
A few statistical learning methods have been previously applied to such nonlinear sensor
calibration problems [135]-[138]. Here we explore the applications of two models, polynomial
regression and k-nearest neighbors (kNN) regression, to fit the experimental data and build a model
that can reliably give the pressure level based on measured hue and saturation readings. Polynomial
regression, as a commonly used parametric curve fitting method, fits a nonlinear relationship
between independent variables X and dependent variable y by statistically estimating y to be a
linear combination of X and its higher-degree terms. The goodness of fitting largely depends on
the wise choice of X and proper order of the highest degree. Seeing the clear clockwise progression
from visualizing data points in a 2D plot with respect to hue and saturation readings, we first
calculated the mean for all hue and saturation readings and used that center point as a new origin.
Then the vector of a data point is defined as the one connecting the new origin and the data point
itself. The vector of very first calibration data with lowest pressure level was taken as a reference
vector, and we chose X to be the clockwise directional angle between any data vector and the
reference vector. With a proper choice of the highest degree, we can fit relatively well on the whole

set of calibration data (Figure 3.8B).
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Figure 3.8 Nonlinear sensor calibration with experimental data. (A) Plot of
saturation and hue readings corresponding to pressure levels between 0 to 5 psi.
(B) The goodness of fitting by applying polynomial regression on the dataset. The
fitted value is given by the model based on saturation and hue readings as input
and plotted against the actual value as reference. (C) The goodness of fitting by
applying kNN regression on the dataset. (D) Generalized model performance by
using leave-one-out cross-validation. Each point is the difference between the
actual pressure of one test and predicted pressure with saturation and hue readings
based on a model fitting on data from all other tests

K-nearest neighbors regression, on the other hand as a non-parametric technique [139],
predict the value of y based on a similarity measure between a new measurement and all the
existing calibration data. Accuracy is usually affected by the choice of distance function as a
measure of similarity, and the choice of how many neighbors to look at. We chose the Euclidean

distance between data points as the similarity measurement and achieved an even better fitting on
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the whole calibration data (Figure 3.8C). To further evaluate the generalized model performance
when encountering new measurements in the future and prevent overfitting, leave-one-out cross-
validation (LOOCYV) is performed using the calibration dataset when choosing parameters and the
error distribution with the optimal parameters is visualized with a boxplot (Figure 3.8D). kNN
shows a better performance with lower median error, narrower error variation and fewer outliers.
The absolute error is less than 0.2 psi as demonstrated by the outlier with the largest error. The
intuition is that our calibration data are essentially clusters of data at different pressure levels with
variations due to noises. As long as our calibration well covers the measurement range with a dense
enough setting of pressure intervals, it’s safe to map any new measurement to be an average of a
few most similar data points from calibration. By setting even denser pressure calibration intervals,
the error from kNN regression can be ultimately reduced down to the precision of the pressure
regulator used for calibration, which is not necessarily true the case for using polynomial
regression. Certainly, some compromise needs to be made here between prediction accuracy and

the convenience of calibration.

3.2.2.3 Pressure mapping inside a complex microfluidic network

Using the model built by kNN regression with calibration performed beforehand, we are
able to map color measurement to the actual pressure level that is applied to a specific location.
There are several potential applications of this system that involves multi-spot pressure monitoring
using an imaging system. Here we demonstrate one of them by mapping the pressure distribution
inside a complex microfluidic network (Figure 3.9A). We made the microfluidic channel with
standard soft lithography and then bonded it on top of our device. The microfluidic network spans

across an area of 8mm x 5mm and is fully covered by more than a hundred thousand pressure
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sensing spots with S0um center-to-center distance apart from each other. A flow-rate-controlled
syringe pump is used to pump water through the network at different flow rates. After the flow
gets stabilized, color images are captured at inlet, middle and outlet areas of the network in order
to map the pressure. Due to the pressure drop between upstream and downstream of a continuous
flow, each area naturally exhibits a different color which can be interpreted as a different pressure
level (Figure 3.9A). At each location we repeat the measurements by taking multiple image frames
at steady state flow condition. Each frame of image actually contains more than a hundred spot
measurements and high spatial resolution pressure mapping across a large area is feasible. As a
demonstration we crop the images and look at the same spot consistently for each area at different
flow rate conditions. After image-processing, hue and saturation readings from the spot are
extracted and plotted as data points with labeled flow rates (Figure 3.9, BCD). Then with the
previous calibration data and kNN regression modeling, these data points labeled with flow rates
are mapped to corresponding pressure levels applied at that spot when flow condition has been
stabilized (Figure 3.9E). It serves as a characterization of the expected flow behavior for this
specific channel design. Pressure drop between any two spots can be simply calculated and used
to monitor the flow condition, similar to voltage monitoring in electric circuits. If the change is
due to overall flow rate adjustment we should expect the pressure drop for different regions to
change simultaneously. However, if the change is due to anomalies such as clogging or leakage
at some location, we will see the pressure drop changes dramatically in the affected region while

not so much for other unaffected regions.
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Figure 3.9 Pressure distribution mapping of a complex microfluidic network. (A)
Design of a complex microfluidic network spanning across 7mm by 4mm area. The



images of steady-state conditions for 0.25 ml/h flow rate are captured at (i) inlet,
(ii) middle and (iii) outlet of the microfluidic network and show different colors
representing different pressure levels. (BCD) Saturation and hue readings when
the system reaches steady state for a flow rate between 0.25 and 2 ml/h at inlet,
middle and outlet locations. (E) Plot of close-to-linear relationship between
pressure and flow rate for inlet, middle and outlet locations.

3.2.3 Discussion

The pressure distribution inside a microfluidic network provides vital information about its
operating condition. There have been efforts in developing microfluidic pressure sensors but high
spatial resolution pressure mapping on a large scale has not been demonstrated yet. We applied
facile microfabrication techniques to make this pressure-sensitive substrate with more than a
hundred thousand sensing spots in 1cme area with a S0um spatial resolution, and it can be further
scaled up if necessary. Due to the solid anchoring of silicon between two sensing spots, their
mechanical deformation responses are well decoupled when separated by 50um apart. As a
transducer our interferometric device converts mechanical pressure to optical spectral information
and utilized the high-resolution, both spatially and temporally, imaging capabilities from modern
color image sensors. For our demonstration we used 10x objective in the imaging system, and
every spot measurement consists of more than 40 pixels in the image. Due to the fact that the
silicon dioxide disk of the optical micro-cavity is rigid and stays flat during operation, these many
pixels are actually redundant in terms of measurement as they are expected to and in fact give
almost same readings. Ideally, we only need a few pixels for each spot measurement. If we opt for
a larger format image sensor and a lower magnification objective lens, as long as the sensor pixel
size 1s not limiting the overall imaging resolution, each frame of image can cover an even larger
area and will be more suitable for simultaneous large-scale activity monitoring. As for temporal

resolution, latest CMOS sensor from major manufacturers can easily capture images at more than
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100 frames per second (fps), and specialized high-speed cameras can provide frame rates up to a
million fps. Transient processes that involve rapid pressure transition or propagation can be well
monitored.

We choose to operate the device by limiting the air gap thickness within the range of
roughly 300-600 nm because it has the best color performance and transition contrast. For the
specific mechanical design in our demonstration, the pressure can be measured up to 5psi. Because
the optical design and mechanical design are relatively decoupled, this dynamic range can be easily
customized by tuning the thickness or elastic modulus of the PDMS thin film depending on the
specific application. We achieved 0.2 psi measurement precision, which can be further improved
by obtaining more data points for the nonlinear sensor calibration using a calibrated pressure
source with better feedback control for higher accuracy and stability.

An offline framework of sensor calibration, image processing and finally pressure
calculation has been demonstrated in this work. With an optimized and well-implemented
computation framework, flow conditions inside a complex microfluidic network can be monitored
in real-time with fully mapped pressure distribution to detect anomalies such as clogging or
leakage promptly. As a pressure-sensitive device, our system can also find potential applications

in other fields such as biomechanical studies of cells and tissues [140]-[143].

3.2.4 Methods

3.24.1 Device fabrication
Based on the design concept we initially tried to adopt the fabrication technique used in
making the phase-spot device and transfer oxide disks directly onto an array of soft PDMS micro

O-rings to construct micro optical cavities. However, the difference here is that the disk is not fully
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in contact with soft PDMS. During the step of ultrasonication to break the silicon anchors, due to
the lack of mechanical support and damping to absorb the vibration, the thin silicon dioxide disk

would break and leave a hole in the middle of it, resulting in the failure of device fabrication.

(A)

(C)

silicon

(E)

Figure 3.10 Initial fabrication of micro optical cavity array. (A) Massive micro
O-ring array made of soft PDMS on glass. (B) Higher magnification microscopic
images of PDMS micro O-ring on glass. (C) Initial fabrication process design. (D)
Device assembly right after contact between two parts in aligner showing beautiful
colors due to interferometric reflection. (E) Oxide disks break after ultrasonication.
The remaining oxide still forms an optical cavity with air and glass substrate, while
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the hole without oxide shows no color (F) Higher magnification microscopic
images showing damage of oxide disk.

After realizing the oxide disks need to have good contact and support during transfer, the
final device is fabricated using a combination of standard silicon-based microfabrication and
PDMS-based heterogeneous integration processes [13]. It can be summarized into three major
steps: (1) A thin PDMS film is prepared by spin coating (4000rpm, 5Smin) and baking inside an
oven at 65C until cure to achieve a final thickness of 6 wm. This PDMS film is later peeled and
attached temporarily onto a hybrid glass-PDMS buffer. (2) A 1.56 um thick thermally grown
silicon dioxide layer is patterned into a disk array and the silicon substrate underneath is
isotropically etched to form thin needle-shaped anchors. The silicon dioxide disks are then
permanently bonded to the thin PDMS film with oxygen plasma treatment (80 W, 500 mT, 30 s)
and oven baking (65°C, 2 hours). After that the whole piece is immersed into a mixed water/acetone
(1:1 v/v ratio) ultrasonic bath to break the silicon anchors and transfer the disk array. (3) A same
silicon substrate with thermally-grown oxide goes through oxide deposition using plasma-
enhanced chemical vapor deposition (PECVD) to add extra height (~550 nm) and define the initial
air gap spacing. An array of holes is etched out to accommodate the oxide disk array and form
optical cavities. Finally, this substrate is align-bonded to the thin PDMS film with oxide disk array
and the hybrid buffer is peeled off. The device can go through an optional prolonged oxygen
plasma treatment (80 W, 500 mT, 7 mins) which creates a thin silica-like layer on top of the PDMS
to help block the penetration of water vapor and greatly extend its working life span under high

hydraulic pressure [144], [145]. More detailed fabrication processes are illustrated in Figure 3.11.
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Figure 3.11 Fabrication process of optical cavity array.
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Figure 3.12 Circular oxide disks transferred onto flat PDMS film.

3.2.4.2 Imaging setup
An upright microscope (Zeiss Axio Scope Al) is used to image the device with a 10x
objective lens (N.A. 0.25). The broadband white illumination is from a halogen lamp (HAL 100)

attached to the microscope and set to a fixed driving voltage during every experiment to ensure
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consistency. A color CMOS camera sensor (Grasshopper GS3-U3-41C6C-C) is attached to the
microscope to capture images for analysis. The camera is set to a fixed 0.35 ms exposure time with

all image preprocessing turned off and export images as raw files to prevent information loss.

3.24.3 FDTD simulation and numerical calculation

The numerical simulation is conducted using a commercial FDTD software (RSoft) for a
single unit of optical cavity. The model is simplified to a 2D cross-sectional study with periodic
boundary conditions on two sides. Material properties are set accordingly with the built-in
refractive index library. An emitter sends optical waves vertically into the cavity and a receiver
behind the emitter measures the reflected power. We run parametric sweep on the wavelength of
light and air gap thickness to generate the reflectance spectra in Figure 3.6A. To compute the color
transition in Figure 3.6D, we adopted the illumination spectrum of the halogen lamp (Figure 3.13a)
measured by a commercial spectrometer (Ocean Optics HL-2000-HP), and the camera sensor color

sensitivity spectra (Figure 3.13b) in the specification manual provided by the manufacturer.
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Figure 3.13 Spectrum data of (a) halogen lamp and (b) camera RGB sensitivity.
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3.2.4.4 Pressure and flow rate control

A precision pressure regulator (Marsh Bellofram 510PIOGO15P0100 Digital Pressure
Regulator) is used to control the pressure output during calibration experiments. The regulator
takes a 20psi compressed air as input and regulates the pressure output within the range of O to 15
psi based on the voltage control signal from O to 10V using a DC power supply (Gw Instek GPS-
3303), and has a built-in digital display for pressure readout. It can maintain a stable pressure
output with < 0.1psi fluctuations using feedback control. Pressure levels from 0.2 psi to 5 psi with
a step of 0.2 psi are tested. At each pressure level calibration is repeated multiple times by taking

45 consecutive images with 100 ms interval and fixed 0.35 ms exposure.
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Figure 3.14 Liner response of output pressure from precision regulator with voltage control

A syringe pump (Harvard PHD 2000 Infusion) is used to control the flow rate during
pressure mapping demonstrations. A syringe (BD 10 ml, Luer-Lok) filled with DI water is

mounted onto the pump and supply a continuous flow to the microfluidic network through tubing
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connection. Various flow rates from 0.25 ml/h to 2 ml/h with a step of 0.25 ml/h are tested. After
each flow rate adjustment, we wait for at least 10 mins in order to let the flow stabilize and reach
steady state condition [122]. Then images are captured at several locations inside the microfluidic
network to map out the pressure distribution. For each condition the measurement is repeated

multiple times by taking 45 consecutive images with 100 ms time gap and fixed 0.35 ms exposure.

3.2.4.5 Image processing

Each measurement consists of 45 still images with minimal relative movement. We take
the first frame from each measurement to find the center coordinates for pressure sensing spots of
interest and assume them to remain the same for following frames. Scikit-image, an open-sourced
image processing library for the Python programming language [146], together with customized
codes are used to extract the hue and saturation readings with high efficiency. Each color spot
actually contains more than 100 pixels in the image. To improve accuracy, we don’t include pixels
close to object edges and image artifacts, and thus limit our calculations to pixels within a ring-
shaped area whose inner circle is 3 pixels away from the spot center and outer circle 3 pixels away
from the spot edge, leaving us about 40 pixels for each spot with plenty of redundancy. The hue
and saturation readings for these pixels are averaged such that each spot ends up having one hue
reading and one saturation reading in a single frame of image. Therefore 45 images provide 45
times of measurements for each pressure level calibration experiment. Since there are 25 pressure
levels sampled between 0.2 psi to 5 psi every 0.2 psi, we append these measurements together to
form a calibration dataset consisting of 1125 data points in total and provide the basis for regression
analysis of one measurement spot. Each calibration data point has the hue and saturation readings,

and is associated/labeled with a pressure level somewhere between 0.2 psi to 5 psi.
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Figure 3.15 Image processing of a single disk.

3.2.4.6 Regression analysis and pressure prediction

For each measurement spot we have 1125 calibration data points based on which we want
to perform a regression analysis between the color attributes and the pressure level as a way of
nonlinear sensor calibration. Fig4a serves as the data visualization and inspires us to try out two
regression models: parametric polynomial regression and non-parametric kNN regression. Scikit-
learn, an open-sourced statistical learning library for the Python programming language [147], is
used for the regression analysis and establish the relationship between color attribute readings and
the pressure level. To select the optimal parameters, namely the highest degree in polynomial
regression and the number of neighbors in kNN regression, we used leave-one-out cross-validation
(LOOCYV) to evaluate the model performance with mean absolute error as the evaluation metric.
After establishing the relationship and saving the model, we are able to make pressure prediction
based on the color of a measurement spot by extracting the hue and saturation readings as inputs

and correlating them to a pressure level.
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Chapter 4 Conclusion

This dissertation focused on the engineering development of optofluidic platform using
heterogeneous integration with potential applications in manipulation and mechanical property
analysis of biological cells. To properly prepare the cell sample for downstream processing and
analysis, we first developed a new pulsed laser activated sorter integrating tunable single stream
DEP focusing which can be more beneficial for fluorescence-based rare cell sorting because of no
dilution. To enhance the DEP manipulation force, potentially improving sorting throughput, we
developed a heavily doped silicon electrode to decouple the strong electric field region from the
electrode interface and provides a large interface capacitance to prevent surface charging in high
conductivity media, thereby effectively suppressing electrochemical reactions. 9-fold
enhancement of maximum DEP force in 1x PBS buffer with an electrical conductivity of 1 S/m,
providing more efficient DEP manipulation.

While MEMS systems also have been widely used for downstream processing and analysis,
we explored the opportunities in developing optofluidic platforms for mechanobiology studies of
cells. To tackle the big problem of high-throughput cell stiffness measuring, we believe the
complete system can be broken down into three components: a method to efficiently pattern cells
into an 2D array, a setup to apply external forces to cells with precise control and a sensor to
accurately measure the small deformation of cells with a high throughput. Following this roadmap,
we set out to develop solutions for each step individually and in the future integrate them together.

We developed a lift-off cell lithography for cell patterning with high-throughput and high-
efficiency. Compared to previous methods our method can pattern cells across a much larger area
(1.2 x 1.2 cnr area) and the result pattern is much cleaner with almost no cell residue in undesired
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areas. The whole process is biocompatible and easy-to-fabricate, and it can work with both
adherent and non-adherent cells.

Finally, we developed a pressure sensing substrate that can map pressure distribution in a
parallel fashion across 1 cm area with spatial resolution of 50 wm. It utilizes colorimetric
interferometry from an array of micro-fabricated optical cavities and the device can be easily
integrated into an optical microscope setup. To prove the concept and demonstrate its capability
we used the substrate to map out the pressure distribution inside a complex microfluidic network
with more than 100,000 sensing spots. The measurement range can be customized by tuning the
design and material properties depending on the specific application. We achieved 0.2 psi
measurement precision, which can be further improved by obtaining more data points for the
nonlinear sensor calibration using a calibrated pressure source with better feedback control for
higher accuracy and stability. At the same time, we fully utilized the advancement of latest CMOS
sensor technologies which offer higher resolution, larger sensor format and higher frame rate,
which all promise a future of large area and high spatial/temporal resolution monitoring of
mechanobiological activities.

While we have worked out some of the engineering issues in developing heterogeneously
integrated optofluidic platforms, one must note that it will take much greater efforts and more
resources to get them work in and contribute to actual cell studies. It requires engineers to closely
collaborate with biologists and doctors to figure out the compatibility issues and optimize the
designs and processes based on specific applications. During my research work I had some
successful collaboration of this kind through trials and errors, but a more systematic approach of
collaboration to effectively identify supply and demand between multiple parties will save a lot of

time and resources.
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Appendix A

DEP-PLACS setup and experimental procedure

Q-switched
CWlLa e
ser Pulsed Laser
cco 488nm  Flash 532 nm
Camera 10mwW Lamp 8 nsec
Lens
ﬁ|ter pinhole
S

PMT | —25xIO.4 100x/0.9
T ““obj. lens obj. lens

Beam Dichroic Beam . Mirror

Spliter Mirror  Spliter Device

Schematic of optical setup for PLACS[5]

(1) Turn on all equipment and warm up 532nm pulsed laser for a few minutes.

(2) Load device onto setup (thinner PDMS connector gives better image quality), adjust device

position to have roughly in-focus image of device onto camera, insert paper between device

and 100x, adjust lens components in front of 488nm laser and dichroic mirror to align 488nm

blue laser with optical axis of 25 objective and have max intensity seen from the paper.

(3) Adjust device channel position to have 488nm blue laser spot close to switching junction.

Take out paper, change 532nm pulsed laser to adj energy mode (low energy) and internal

trigger mode, adjust mirror in front of 532nm and 100% objective to align 532nm laser spot

to triggering position. Adjust camera position to have the switching junction in frame. Adjust

25x% objective to have 532nm spot in best focus observed from camera, then adjust device to

have best focus onto camera.

(4) Adjust flashlamp, lens and beam splitter to have flash lamp spot overlapped with 488/532nm

laser on and beyond flip mirror of beam splitter. Use the right filter in front of camera.
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)

(6)

(7
®)

)

(10)

(1D

Adjust white illumination LED to have overlap with 488/532nm laser on and beyond flip
mirror.

Put a USB camera in the position of PMT tube and adjust to have visible image of switching
junction. Align pinhole to close around detection region. Remove USB camera put PMT
back.

Connect tubings, electrical wiring connections, pump in sample, start DEP focusing.

Fix flow rate with 2ml/h for sample channel and 2.5ml/h for dye channel. Wait until there is
no more gas/air bubble in tubing to make sure flow is stablized. Reduce 532nm pulsed laser
energy by rotating half wave plate (~82degree), start camera trigger laser/flash 1000us master
delay, 3us flash delay, camera 20ms exposure, 2fps, laser max power, ext trigger, adjust
device lateral position to find stable but not max size bubble. Gradually increase 532nm
pulsed laser energy (rotate half wave plate) to ensure not burning device, up to 86 deg. (Too
large energy disrupts flow pattern)

Start PMT trigger laser flash, power on PMT 1V/5V, 400 ticks period, threshold 60 counts,
488 nm laser 20mW.

Tunable focusing to bias particle stream into waste close to junction. Delay to ~300us and
tune resistor (350 Q) and delay time to maximize switching efficiency. Keep switching
window within 200us. Put on a green pass filter in front of camera to have better trace image.
Start collecting sample. Gauge 22 tubing=0.64mm diameter. Collection at 1ml/h, it flushes

Scm tubing per minute. Each 6min collection gives 100uL volume collection sample.
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Appendix B

Summary of DEP response for typical particle types
higher conductivity

more difficult

smaller
particle to trap
Medium conductivity 0.01S/m 0.1S/m
HelLa cells r - r -
10um PS beads - -
E-coli I - I -
<lum PS beads I - I -
proteins, DNA N/A N/A

Note: + for positive DEP, - for negative DEP
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Appendix C
Summary of fabrication processes and parameters
. Fibronectin coating
20ul solution +180ul PBS to dilute. Substrate in air plasma for 1min, put on solution and let sit

for 10min, then rinse.

. Recipe for AZ-4620
7um thickness: 4000rpm, soft bake 100c 1.5min, expose 60s, develop 1:3 2min

15um thickness: 1000rpm, soft bake 100c 6min, expose 160s, develop 1:3 2min

. Image reversal of AZ-5214IR

Soft bake 95¢ 2min, 3s exposure, 2+ bake 125¢ 30s, flood exposure 16s, develop 1:4 Imin

. Tune PDMS adhesion with glass/oxide
Reduce adhesion: silane treatment
Increase temporary adhesion: low power air plasma treatment for 1~2 seconds

Permanent bonding: oxygen plasma treatment for ~30 seconds
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