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Abstract

Les masses tumorales, en se développant, permettent aux cellules cancéreuses d’acquérir un

phénotype spécifique qui les rendent résistantes aux traitements et leur procure la possibilité

d’envahir les tissus environnants, la circulation sanguine périphérique et diffuser dans l’organisme.

Le traitement des tumeurs primaires par voie chirurgicale est la plupart du temps efficace, par

contrer cibler les cellules tumorales disséminées dans les organes distants restent extrêmement

complexe. En conséquence, ~90 % de la mortalité liée au Cancer est due aux développements

tumoraux sur des sites secondaires: les métastases. Le changement de phénotype de la cellule

nécessaire à la progression métastatique s’accompagne également d’une réduction significative

de sa rigidité qui lui permet de s’insérer dans les tissus environnants. De ce fait, la caractérisation

des propriétés biomécaniques peut s’avérer être une approche originale pour détecter les cellules

cancéreuses dans le réseau sanguin (les cellules tumorales circulantes).

De manière récurrente, les différentes techniques s’exposent à un compromis entre le débit

de caractérisation (nombre de cellules traitées en un temps donné) et son contenu (nombre

et précision des paramètres mesurés). Certaines techniques telle que la microscopie à force

atomique (AFM) permettent des mesures très précises mais souffre d’un débit de caractérisation

extrêmement faible, les méthodes basées sur la micro fluidique s’apparentant à la cytométrie de

déformabilité en flux permettent des débits de mesures intéressants mais souffre d’un déficit de

contenu ne permettant pas d’identifier précisément les différents phénotypes cellulaires.

Les cellules circulantes ont des tailles microniques (10-30 microns de diamètre), les mi-

crotechnologies présentent donc de multiples avantages dimensionnels pour les manipuler, les

stimuler et les caractériser de manière individuelle. De ce fait, les MEMS (Micro Electro

Mechanical Systems) s’avèrent des dispositifs tout à fait adaptés pour mesurer les différents

paramètres biophysiques, propriétés mécaniques et électriques de cellule uniques. Cependant les

dispositifs MEMS sont inopérants dans un environnement liquide conducteur pour y réaliser les

caractérisations électriques et mécaniques. Afin de s’affranchir de cette limitation, cette étude
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propose de séparer la partie qui manipule la cellule dans son environnement biologique et les

actionneurs et capteurs du MEMS réalisant les mesures électriques et mécaniques. De plus, pour

augmenter le débit de caractérisation et permettre une bonne opérabilité, le dispositifs MEMS

intègre directement le canal microfluidique dans lequel les cellules vont circuler.

Cette thèse propose un dispositif original qui permet la mesure simultanée des caractéristiques

électriques et mécaniques de cellules circulantes uniques. Dans un premier temps, différentes

lignées cellulaires sont comparées sur la base de caractérisations mécaniques réalisées par AFM,

une technique qui, ici, s’est avérée difficile à mettre en œuvre pour ces cellules circulantes.

Ensuite, des nanopincettes en silicium (SNTs, Silicon Nano tweezers) ont été modifiées pour

permettre la manipulation de cellules et ont permis de concevoir et tester les éléments de base du

futur dispositif MEMS, les caractérisations réalisées par les SNT ont permis de distinguer des

cellules connues pour avoir des potentiels métastatiques différents. Finalement, la conception

du nouveau dispositif MEMS intégrant le canal microfluidique est détaillée. Les actionneurs

et les capteurs du dispositif ont ensuite été optimisés pour améliorer la sensibilité des mesures

et le dispositif complet a ensuite été validé par la manipulation et les mesures électriques et

mécaniques de cellules uniques.

Cette étude montre que les SNT sont capables de distinguer différentes lignées cellulaires

par leur propriétés mécaniques. En exploitant la topologie des SNT, un micro dispositif original

intégrant le canal microfluidique pour le transport des cellules a été conçu, optimisé, fabriqué et

testé. Ce dispositif est capable de contrôler les écoulements des solutions dans le micro canal, et

de détecter les effets mécaniques et électriques induits par différents types de solutions ayant

des viscosités (solution avec différentes concentrations de glucose) et des conductivités variées

(solution ayant différentes concentrations de NaCl). Ce dispositif est également capable de

capturer des cellules uniques dans le canal intégré. Les cellules capturées ont été caractérisées

mécaniquement et électriquement pour en extraire les informations relatives à leur taille, leur

rigidité, leurs pertes visqueuses ainsi que leurs propriétés électriques. En conclusion, les analyses

multi-paramètres réalisées par ce nouveau dispositif s’avère être une voie prometteuse pour

examiner le caractère métastatique de cellules tumorales circulantes.



Abstract

Tumour mass, as they develop, allows cancer cells to acquire specific phenotype with high

resistance to treatments and, more importantly, ability to invade surrounded tissues to the extent

that they can reach blood circulation and spread over the body. While targeting primary tumour

with surgery is, most of the time, efficient, getting rid of spread cells in distant organs is

meanwhile extremely challenging. As consequences, ~90 % of cancer deaths are induced by

the development and growth of secondary cancer sites: metastasis. Interestingly, changes in

phenotype during metastasis progression require drastic adaptation in cell morphology, switching

from the rigid structure to a stretch/softer one, allowing deformability of cells to migrate through

tissues. Thus, characterization of cell biomechanical properties could be a game changer by

allowing the detection of spreading cells in blood (circulating tumour cells) and the prediction of

metastatic potential or response to treatments.

There have been various techniques used for single cell biophysical (mainly mechanical) char-

acterization. As a common issue, there is a trade-off between throughput and information content.

Certain techniques such as Atomic Force Microscopy (AFM) allow very sensitive measurements

but suffer from low-throughput while microfluidics-based methods like deformability cytometry

provide rapid measurements but with limited information content. Due to the heterogeneity of

cancer cells, a preferred characterization method should provide multi-parameter analysis for

high performance without compromising neither the sensitivity nor the practicality.

Considering the dimensions of cells, using microtechnologies has numerous advantages to

handle single cells for stimulation and detection. Biophysical properties, such as mechanical and

electrical, can be targeted by the MEMS technology. However, MEMS devices perform poorly

in conductive liquids for both mechanical and electrical detection. Therefore, this study proposes

to separate the biological sample handling from mechanical actuation and electrical detection

regions of a MEMS device. Moreover, to improve the throughput and provide higher practicality,

the MEMS device is designed to have an integrated microfluidic channel.
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In this thesis, a novel device has been introduced to perform simultaneous mechanical and

electrical characterization of single circulating cells. Initially, different cell lines are compared

based on mechanical properties obtained by AFM which perform poorly on circulating cells.

As the next step, Silicon NanoTweezers (SNTs), modified to perform measurements on single

cells, are used to test the MEMS elements of the proposed device as well as to distinguish

cell lines with different metastatic potential. Finally, the proposed device is designed to have

a microchannel integrated with the MEMS elements. The stimulating and detecting MEMS

elements are optimized for better performance and the device is tested to perform single cell

measurements.

Although the AFM measurements suffer from serious shortcomings when applied on cir-

culating cells, this study shows that SNT can be used to distinguish different cell lines based

on their mechanical properties. Using the SNT geometry, the proposed device with integrated

microchannel is designed, optimized, fabricated and tested. The optimized device is capable of

handling solutions inside the channel, and also detecting the mechanical and electrical alterations

among various solutions having different viscosity and ionic strength. The device is also tested

on capturing a single cell. The captured cells are used for performing mechanical and electrical

measurements simultaneously to provide information on the size, stiffness and viscous losses

together with electrical properties. To conclude, the practical multi-parameter analysis provided

with the proposed device is a promising way to investigate the metastatic potentials of circulating

tumour cells.
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Chapter 1

Introduction to BioMEMS

1.1 Introduction

The purpose of this study is to develop and realize a MEMS device with integrated microfluidic

channel for the measurement of various biophysical parameters of single cells in suspended state.

With this device, the biophysical characteristics of a cell can be used to identify cancer cells

from other populations in a sample solution.

1.1.1 Cancer and cell biomechanics

Taking globally, cancers cause the greatest number of deaths in the world. The total mortality

rate of cancer has increased all over the world [1],[2]. It was estimated that the number of cancer

deaths in 2012 had reached 8.2 million [1]. In 2018, total number of cancer deaths in the EU alone

are predicted to reach approximately 1.4 million [2]. However, behind the word "Cancer" are

hidden an increasing number of sub-diseases and not a single one. Interesringly, early diagnosis

and treatment, he prognosis for cancer patients can be significantly improved independently of

cancer subtype. When cancer remains localised at the point of tumorigenesis, without invaded

the original organ, so called "in situ tumors", patient have higher chance of survival using surgery

and other complementary techniques such as chemotherapy or radiotherapy. The main cause

of cancer death is due to primary tumor undergoing tissue invasion and in fine "metastasis"

wherein cancer cells spread through the organism and found niches to grow into distant tissues

and organs beyond where the tumor originated. The formation of these new tumors (secondary

and tertiary foci) results in the death of 90 % of patients with cancer. So, understanding metastatic

development from circulating tumor cells is a critical area of cancer research.
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Cancers are complex diseases. Most of them rise from abnormal disequilibrium between cell

growth and cell death. Nowadays, cancers are know to develop from DNA mutations and/or

epigenetic modifications happening through the life of the cells. DNA carries gene information

unbending code from nucleotides sequences (A: Adenosine, T: Thymine, G: Guanine, C: Cyto-

sine) which trough transcription and translation allow the production of functional elements of

the cells: the proteins. Some of these proteins are enzymes (ATPase, Pyruvate Deshydrogenase),

cell signalling proteins (ERK, AKT, PTEN), structural proteins (Actin, Tubulin) or growth factors

(EGF, HGF). Interestingly, most of DNA mutation involved in cancer development have been

identified to be involved in cell growth control, as p53, PTEN, RAS... etc... The modifications

of cell signalling induce a global disequilibrium pushing forward to an intensive cell growth.

Accumulation of these mutations could come from random errors induced by miss function of

DNA replicative machinery or extrinsic factors as tobacco, ultraviolet rays, radiation or other

carcinogens. It is usually a combination of these abnormalities that leads to a cancerous cell.

There are many differences between cancer cells and their normal counterpart cells. Some

of the differences are well know, whereas others are less understood and have been discovered

only recently. Such distinction could lay the foundation for the development of treatments

designed to rid the body of cancer cells with little if not damages to normal tissues. As an

example, some breast cancer sub-type overexpress the membrane receptor HER. Interestingly,

this overexpression have been used as an opportunities to target specifically cancer cells. For

this research was developed an humanised antibody which is know prescribed routinely in clinic:

Herceptin.

To our concern, the major factor shaping the metastatic character of cancer cells lies in their

motility. The development and progression of cell motility is orchestrated by a sequence of

specific biophysical, interdependent processes involving cytoskeletal modifications, changes in

cell-substrate adhesive properties and alterations in the extracellular matrix. Loss of epithelial

characteristics and gain of a migratory phenotype such as mesenchymal phenotype provides one

of the major characteristics of disease step. As mesenchymal-like cells which has morphology of

elongated migrating cells, epithelial cancer cells can acquire mesenchymal traits with increased

motility/migration and invasive capacity which makes them more likely to generate Circulating

Tumour Cells (CTC) which defined as the cell that has shed from a primary tumour or metastatic

tumour into the blood vasculature or lymphatics, to cause cancer spreading and grow distant

metastasis. This phenomenon in which epithelial cells acquire mesenchymal traits is so called
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the Epithelial-to-Mesenchymal Transition (EMT) [3]. Interestingly the process of EMT can be

reverted through MET (Mesenchymal-to-Epithelial (re-)Transition) [4], which could be involved

in metastasis take-off. Specific pathway involved in this transition have been identified, as SNAIL

and SLUG, and associated with metastasis development and poor patient outcome [5],[6].

Amount these genes, genes coding proteins building the cytoskeleton are crucial to acquire

migration features. The cytoskeleton forms the structural framework of the cell. It is a complex

structure, highly ordered intricate polymers network. It is composed of filamentous structures

such as actin fibers, microtubules and intermediate filaments. The cytoskeleton mainly determines

the shape of the cell by providing mechanical rigidity (reversible deformability of the cell), but it

is also involved in many cell processes and functions as vesicle translocations. More importantly,

cytoskeleton is required for cell adhesion and cell motility involving the movement of cells

from one location to another during embryonic development, inflammation or metastasis, as

well as separation of a cell into two daughter cells during cell division. Also, the specific

characteristics of the cytoskeleton serve to enable various functionalities in differentiated cell

types, as long vesicle transportation along neural axon or tight junction in intestinal epithelium.

As consequently, diseases affecting cellular processes as carcinogenesis and more specifically

EMT induce intracellular network changes and are reflected in the cytoskeleton.

When cancer cells escape the primary tumor, three primary routes are possible: - locally

(regionally), - through the bloodstream, - through the lymphatic system. cancer cells can pass

through narrow spaces like the endothelial walls of blood vessel which can be as small as 1 µm

[7]. EMT leads to a change in intracellular structures that allow cells to adapt to acquire this

potential. In other words, the deformability of the cell can reveal important information due to

the change in the cell network and this can be used as an important biomarker of its metastatic

potential. Deformability of the cell which is the stiffness of the cell can be also indicate the cell

type. This offers new predictive opportunities for the metastatic potential of the cell and can

serve as a new target for diagnosis. Understanding cell behaviour during metastasis would be a

major breakthrough to identify and prevent metastasis development.

1.1.2 Previous research on cells characterisation

Given that diseased and healthy cells often exhibit differences in their cellular structures, it has

been proposed that an analysis of that structure could be used to identify and differentiate those
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cell types [8],[9]. In other words, testing the deformability of cells can potentially be used to

diagnose the presence of diseased cells within a population.

There are various techniques that have been used to characterise cancer cells. Some examples

of single cell measurement techniques are shown in Fig. 1.1 [10] and also briefly described

below.

Fig. 1.1 Schematic images of the biomechanics techniques used to probe subcellular regions are
given in (a)-(c). Techniques used to probe the deformation of single cells are given in (d)-(g).
Techniques used to infer cytoadherence, deformation and mobility characteristics of populations
of cells are schematically sketched in (h) and (i). [10]

(1) Micropipette Aspiration

Micropipette Aspiration (MA) is a widely applied method for studying cortical tension and

deformability. Based on simple hydrostatic principles, this assay allows the application

of a specific magnitude of mechanical stress to the cell surface. A small diameter glass

pipette is brought into contact with cells and a known suction pressure is then applied

within the pipette. This causes the aspiration of cells into the glass pipette while tracking



1.1 Introduction 5

the leading edge of its surface. This method have revealed insights about cell mechanics

and mechanosensing and compared many types of cells.

The elasticity of malignantly transformed fibroblasts was reduced about 50 % compared

with the normal counterpart [11]–[16].

(2) Atomic Force Microscopy

Atomic Force Microscopy (AFM) [17], a commercially available scanning probe mi-

croscopy technique, is the most established method with a super high resolution in the

order of nanometer scale and can measure a force spectroscopy and a topography of a

sample surface. It does not suffer from a limitation in spatial resolution because the

AFM bases on measurements of a laser deflection from a micron scale probe fixed to the

cantilever. The prove is made of silicon or silicon nitride, with a tip radius of curvature on

the order of nanometers. AFM can measure living cells without special staining steps or

fixation but samples have to adhere to a substrate. The AFM cantilever moves at constant

velocity and senses forces acting between the cantilever tip and the sample surface. For the

measurements of the mechanical properties (cell rigidity) [18]-[40], the cantilever indents

the sample surface at a given position. The force produced by the AFM, which is in the

order of piconewtons (pN) to micronewtons (µN), is applied to the sample surface and the

recorded cantilever deflection contains the information on the sample stiffness.

Normal human bladder endothelial cell lines and complimentary cancerous cell lines were

compared and found that they were different by an order of magnitude in rigidity[29].

Also, within the same sample, the stiffness of metastatic cancer cells from breast cancer

patients was shown to be more than 70 % softer (deformable) than the benign cells that

line the body cavity [23].

(3) Deformability Cytometry

Deformability Cytometry (DC) is one of the important hydrodynamic approaches and

it uses the technique of the cell deformation by deceleration at the stagnation point of

fast extensional flow [41]. A cell is brought to the point by flow and its deformation is

recorded with a high-speed camera. DC enables rapid mechanical phenotyping of single

suspended cells at sampling rates of ~1,000 cells/sec with throughput that is comparable

to conventional fluorescence-based flow cytometry [42]. Please note that other general
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techniques including AFM have throughput rates of 10-100 cells/h is far too low for

biology applications.

However, owing to the massive amount of data generated, the total number of cells analyzed

is limited to a few thousand.

Over 3,000 single cell biophysical measurements per specimen were obtained from benign

or malignant pleural effusions in 119 patients. Metastatic cancer cells showed to exhibit

lower resistance to deformation [43].

Additionally, techniques include Magnetic Twisting Cytometry (MTC) [44], microneedle probe

[45], mechanical Microplate Stretch (MS) [46], and manipulation of beads attached to cells

using laser/Optical Tweezers (OT) [47]-[49], and so on. In addition to the above methods, a wide

variety of methods have been used to assess mechanical deformability of biological cells.

However, there are some restrictions of those method. For example: (1) The requirements of

samples attachment techniques in each method are different, especially, DC requires to detach

cells for making suspension state, (2) Many of them are time-dependent and operate in different

systems of spatial resolution, (3) They also involve diverse levels of complexity requiring high

operation skills to use the instrument, and (4) The cell sampling rates (throughput) are too low to

screen relevant populations compared with biological or medical fields (over 10,000 cells). Ideal

techniques should match to this requirements of a target biological sample.

However, from these studies, it was found that metastatic cancer cells are either flexible or

less viscous (less resistant to flow) to applied stress in the experiment, reflecting the request

for metastatic cancer cells to squeeze through the degraded matrix of the surrounding tissues

and enter the circulating system to establish a distant tumor site [50]-[55]. Based on these

observations, we made the hypothesis that cell mechanical characteristics has a potential to be

used as a biomarker to identify cancer cell with high metastatic potential, without using any

special staining steps (label-free biomarker) . Thus, measuring mechanical properties of single

cancer cells without a high throughput device is crucial.

Micro Electro Mechanical Systems has been introduced as a new technique to study the

biomechanics of the cell. Using the benefits of microtechnologies, a MEMS-based method can

lead to early diagnosis and also to understand the underlying mechanism of metastasis.
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1.1.3 Advancement of MEMS

In recent years, micromechatronics has attracted a lot of attention [56]. It is a field which

has been existing for more than 50 years, with several applications achieving commercial

and/or scientific success. Microsystems with sub-micrometer dimensions can perform minute

movements and operations on the order of nanometers to micrometers and can handle small

or similarly-sized objects. Microsystems fabrication methods include conventional machining

techniques and specialised micro-machining techniques, however, it is difficult to mass-produce,

fabricate and assemble complicated structures with conventional machining techniques [57].

Since a few years, fabricating microsystems with a size of tens of micrometers on a silicon

substrate became more efficient using micromachining techniques based-on semiconductor

microfabrication technology, and so Micro Electro Mechanical Systems (MEMS) have been

rapidly developed [58]. Furthermore, MEMS can combine multiple distinct functionalities into

a single device. Examples of these more advanced microsystems include digital-micromirror-

devices which are commonly used in projectors as well as biological micro-total-analysis systems

(micro-TAS) devices incorporating the various capabilities of a laboratory onto a single chip (lab-

on-a-chip). Using semiconductor microfabrication technology, microstructures can be fabricated

with submicron accuracy and in massive numbers.

MEMS techniques were originally developed in the micoelectronics industry. Traditionally,

MEMS have been used to produce functional devices at the micrometer scale such as sensors,

actuators, switches, filters, accelerometers, and gears. Such devices are primarily made from

silicon, the dominant material used throughout the integrated circuit (IC) industry. MEMS are

currently used in automobiles, aerospace technology, biomedical applications, ink jet printers,

wireless and optical communications in our daily lives. New applications are emerging every

day and improving the performance of individual MEMS devices makes dramatic progress every

year.

1.1.4 Bio-medical applications of MEMS

MEMS market will experience a 17.5 % growth in value at Compound Annual Growth Rate

(CAGR) between 2018 and 2023, to reach US$ 31 billion at the end of the period [59]. The

Radio Frequency (RF) industry plays a key role in the MEMS industry development, as shown

in Fig. 1.2. RF filters in 4G/5G are making RF MEMS (mainly Bulk Acoustic Wave filters)
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the largest-growing MEMS segment. Bio-medical MEMS (BioMEMS) refers to MEMS in bio

related fields including MEMS devices for applications in medical micro devices and biomedical

research such as an inspection kit for body fluid/ odour sensors for diagnostic and preventive

medical treatment at home. Similarly, development of inspection and evaluation techniques using

MEMS for physical manipulation of small objects such as cell or biomolecules is accelerating

of the bionanotechnology research. It offers various benefits such as improvements in medical

device performance for patients. Based on these factors, the market size of BioMEMS has been

increased. In 2014, a value of US$ 2.5 billion was estimated and a growth at CAGR of over 25

% is anticipated from 2016 to 2023 [60].

Fig. 1.2 MEMS and sensors market revenue from 2018 to 2023 (y-axis is USB$) [59].

MEMS in bionanotechnology fields have various benefits:

(1) Integration

Integration of devices with various functions can be realized. Complex structures such as

electrical circuits, sensors, microfluidic channels and reaction vessels can be integrated on

one substrate. It is possible to obtain multiple functions and high-level performances that

cannot be attained on a single device suing conventional approach. This leads to faster

interaction with biological samples providing various characterization functions in a much

smaller space.
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(2) Miniaturization

Systems with micron scale dimensions can be realized. The miniaturization is a key feature

for cellular biology to provide devices matching the seize of a cell. When measuring

physical or chemical quantities, smaller dimensions provide information with higher

accuracy and sensitivity. Moreover, only a small amount of sample is required in a

chemical reaction.

(3) Mass production

Using the semiconductor process, a large number of devices can be fabricated at once. A

small amount of force/energy are used compared to macro scale.

For the above reasons, MEMS is suitable for the biotechnology field. Complex MEMS tools

become easily accessible by many researchers and enable them to obtain multiple parameters

simultaneously from individual cells.

The ability of MEMS to design and control experiments at the micrometer scale has attracted

the interest of biologists, who have started devising fundamental studies using this technology

[61]. MEMS technology has been applied to the successful development of a variety of health

care related products and has enabled the development of miniaturized diagnostic tools and

high throughput screening assays for drug discovery and tissue engineering [62],[63]. Moreover,

research on BioMEMS, particularly in diagnostics, has rapidly expanded in recent years, such as

the fields of oral drug delivery systems [64], microneedle systems [65], organ-on-a-chip [66],[67]

and body-on-a-chip [68] for physiologically relevant three-dimensional (3D) in vitro modeling.

1.2 Purpose and significance of this study

It is crucial to characterise cells at the single cell level and MEMS technology allows getting

important information about conditions of cells such as being benign/malignant with their

metastatic potential and identify/sort a type of the single living cell population. The commonly

used methods described in Subsubsection 1.1.2 all suffer from various restrictions. For example,

AFM can be applied to study adherent cells but not suitable for analysing non-adherent cells

(cells in suspension, e.g., CTC) because cells must be immobilized during measurements. Also,

AFM enables measurements with high spatial resolution at nanometers scale but it suffers from

low throughput due to the necessary time for force measurements, calibration steps, and sample

preparation/handling. The measurement speed is the key factor as more parameters have to
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be characterised for a massive number of cells. In contrast to AFM, the microfluidic-based

method, such as DC, suits better for characterising the mechanical properties of suspended cells

and provides rapid measurements over 1,000 cells/sec similar to the conventional fluorescence-

assisted cell sorting. However, the information contents obtained with DC measurements is

limited to only one parameter, (e.g., deformability) due to the resolution of the optical detection

[41]-[43],[69]-[72]. Thus, there is a trade-off between throughput and obtained information

content, as shown in Fig. 1.3 [73].

Fig. 1.3 Measuring cell mechanics [73]. (A) An apparently exponential increase in cell mechanics
publications over the past two decades, sorted by measurement technique. DC falls under the
category of hydrodynamic deformation, or HD. (B) Image of the HD technique applied by Tse
et al. [43]. (C) Schematic image of the trade-off between cell-sampling rate and information
content of the different techniques. (D) Schematic image of the trade-off between cells measured
and information content of the different techniques.

Using biophysical properties to identify cells in a sample solution for practical routine tests

require high performance in both aspects: high-throughput (sampling rates) and high informa-

tion content (multi-parameter measurements with high detection sensitivity). BioMEMS
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technology is the key to measure and characterize multiple-parameters of cells. In order to

increase the throughput combining MEMS technology with microfluidics may pave the way to

the development the technique to characterise biophysical properties of cells by overcoming the

challenging trade-off.

Silicon NanoTweezer (SNT) [74]-[75], developed in Prof. Hiroyuki Fujita’s laboratory,

Institute of Industrial Science (IIS), The University of Tokyo [78], is an example of MEMS

devices integrated with a microfluidic chip. It can perform continuous measurements of a

cell’s response in real-time. Owing to a flow in the microfluidic chip, suspended single cells

are brought to the characterisation area of the SNT. The SNT can handle and/or characterise

biological samples such as microtubules [76], DNA [77]-[79], and cells [82]-[84], even for

clinical purposes [85],[86]. However, single cell characterisation with the SNT requires alignment

of the MEMS device with the microfluidic chip; tips of the tweezers are positioned at the sub-

mm-size opening in a microfluidic channel and inserted in the water meniscus for a few tens of

micrometers. Therefore, demonstrated lateral direction approach of an SNT to the microfluidic

channel side-entrance [76],[77] does not provide a very high cell trapping efficiency.

A similar system for cell characterization based on microfluidics integrated with a single

cell detection device has been demonstrated recently (Fig. 1.4) [88]-[92]. Even though this

system successfully implemented the phase detection of moiré fringe as a high resolution

displacement sensing which has a resolution of tens nanometers scale while acquiring the

benefit of microfluidics, it requires an external actuation unit (a piezoelectric actuator) and the

optical detection (CCD camera attached to the microscopy) that may prevent it from routine

tests. According to this proposed measurement method, the mechanical properties of cells in

suspended state could be measured. However, the throughput and measurement performance still

need to be improved. The way to transport the cell is not reached enough with required levels to

obtain statistically significant amount of data in a short time. They used the liquid flow [88] or

an external optical tweezers [92] for bringing the cell to the characterization area. It is necessary

to develop an automated system, including accurate flow control.

Due to the aforementioned points, the purpose of the study is to develop and realise a novel

MEMS device with integrated microfluidics for multi-parameter measurements of single cells

in suspended state. The aims to develop a novel MEMS deice for single cell characterization
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Fig. 1.4 Overview of the on-chip measurement system for cellular mechanical characteristics
[88].

and MEMS can integrate various functions on chip to measure multiple parameters. This thesis

investigate possible parameters suitable for distinguishing cells for a label-free detection method.

According to the proposed method, suspended cells will be flowing in the microfluidic

channel embedded in the MEMS device to reach the characterization area. Two tips, inserted

in to the channel from both sides of the channel, will be used for capturing and characterizing

single cells. One of the tips will be compressing a cell while the other one performs mechanical

and electrical measurements in real-time.

To sum up, the main goal of this study is to develop a practical high-throughput method

for single cell biophysical characterisation to distinguish circulating cancer cells in a label-free

format.

1.3 Organization of thesis

This thesis is divided into 5 chapters. After a brief introduction of Chapter 1: Introduction
to BioMEMS, presented here, each chapter follows as summarized below:
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Chapter 2: A proof of concept for MEMS based single cell biophysical
characterization

In order to identify the cell state such as cancerous or healthy by cell mechanical properties,

the gold standard (reference standard) is using AFM as a well established and commonly used

method. Since AFM corresponds to adherent cells spread on the substrate, the AFM measuring

system has to be modified to measure the floating cells targeted in this study. PDMS microwells

were used to hold floating cells during the AFM cantilever indentation. Also, similar mechanical

measurements were performed by the SNT combined with microfluidic devices. To find possible

parameters that can be used as a biomarker for identifying cells and also to test the required

detection sensitivity, mechanical measurements of single suspended cells was first done with

SNT. The results were used for the developed device described in the following chapter.

Chapter 3: Development of a built-in channel device for single cell biophys-
ical characterisation

A novel MEMS device with integrated microfluidic channel was proposed for the high-throughput

measurement of various parameters of single suspended cells.All necessary components such as

electrostatic combs actuators, differential capacitive sensor, cell handling tips and microfluidic

channel were integrated in one unit. The built-in channel device applied optimal parameters

obtained by SNT in previous chapter. A PDMS layer on top was used for covering the entire

device. The device was tested for several tasks: liquid replacement test for confirming the flow

inside the microfluidic channel, glucose solution titration text to investigate mechanical viscosity

detection and NaCl solution titration test to examine the electrical conductivity detection.

Chapter 4: Cell biophysical characterisation with a built-in channel device

In this chapter, actual suspended single cells experiments were carried out using the proposed

device. Two different breast cancer cell lines, SUM159PT and MCF7, were prepared for the

experiment. They were fixed by Paraformaldehyde (PFA) to keep stable conditions for long

time. Each cell line has different characteristics based on their metastatic properties. A capturing

protocol for handling and characterising single suspended cells at the cell characterisation area

was established. Stiffness and viscous losses of the captured cell were compared between two
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cell lines. The electrical characterization of a cell line was also demonstrated by comparing the

conditions of in the air and in the PBS solution.

The last Chapter 5: Conclusions and future work gives the conclusions and draws

some recommendations of future work with especially the device chracterization.

Moreover, Appendices of this work include some supplementations about the microfabrication

of the MEMS device (Silicon NanoTweezers and a built-in channel MEMS).



Chapter 2

A proof of concept for MEMS based single
cell biophysical characterization

2.1 Introduction

As previously described, cell heterogeneity could be distinguished based on their physical

characteristics. The main goal of this chapter is to find appropriate properties of cancer cells for

distinguishing non cancer stem cells (non-CSC) from cancer stem cells (CSC), or circulating

tumour cells (CTC) from healthy blood cells. Distinguishing the last population will be the

highest challenge due to their frequency, as low as a few cells per millions of blood cells. At first,

AFM measurements will be used as the gold standard (reference standard) of the field to analysis

non-CSC and CSC physical properties (In Section 2.2). AFM is a well-established technology

to measure physical properties of cells (elasticity of the sample and topography imaging). From

this point of view, it is used to validate the concept of using physical characteristics to classify

cancer cells. However, using AFM protocol requires extensive adaptation to fit with circulating

cell conditions. The main limitation of the AFM technology is it’s laborious and time-consuming

process. In order to increase analysis efficiency, another approach is taken: applying MEMS

device for mechanical characterization of cells and ultimately combining such MEMS with a

microfluidic device. In Section 2.3, the application of a Silicon NanoTweezers (SNT) to measure

mechanical and electrical properties of cells in suspension is described.
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2.2 Applied AFM as the conventional method to floating cells
measurements

2.2.1 Background of AFM measurements

It is known that the physical properties of cells change in common human diseases such as

cancer, asthma, malaria, and cardiovascular disorders [9],[96],[97]. Alternations of physical

(mechanical and/or electrical) properties of cells can be effectively utilized for early detection,

drug discovery, and drug efficiency tests [98]. To measure the mechanical properties of cells,

many techniques have been developed including micro-pipette aspiration [11]-[16], magnetic

bead rheometry [44], optical tweezers [47]-[49] and atomic force microscopy (AFM) [18]-[40].

Many of these techniques require the direct contact between cells and probes, and/or adhesion of

cells to a substrate. Also, these measurement operations are manually performed, and artificial

factors lead to an increase in variation of measurement and a decrease in reproducibility.

AFM is widely used to measure physical properties of cells for studying single cell biome-

chanics. It has been established as a general tool for imaging and measuring elastic properties of

living cells. The mechanical properties of adherent cells can be tested in different geometries

by following cell adhesion using AFM. The previous AFM studies investigated the mechanical

properties of cancer cells obtained from cancer patients. The comparison was performed between

the elasticity of normal human cells and cancerous ones by applying AFM indentation to the cell.

From these results, normal cells were found to be much stiffer than cancer cells. However, these

traditional techniques suffer from low measurement throughput of 10 ~100 cells/day.

2.2.2 Adapting AFM experiments to non-adherent cells

2.2.2.1 Concept of PDMS wells

For this part of the project, CSC and non-CSC has to be distinguished through their biomechanical

properties. This requires analyzing them separately. To do so, a possible option is to sort them

based on cancer stem cell marker. In the case of breast cancer cells, it has been shown that

CSC could be distinguished with CD44high/CD24−/low phenotype or through their high aldehyde

dehydrogenase (ALDH) activity [93]-[95]. Unfortunately, sorted CSC go through a rapid

differentiation when isolated and put back in culture (50 % of differentiation after 24 h). Thus,

the analysis of cell properties had to be performed just after sorting them when cells were still in
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suspension. As mentioned above, conventional AFM protocols require the adhesion of cells to a

substrate (Fig. 2.1 (a)). Thus, AFM is not suitable for the measurement of non-adherent cells in

suspension (Fig. 2.1 (b)). To investigate the physical properties of the sorted cells in suspension

by AFM, cells must stay in position during cantilever indentation test. Therefore, I prepared a

microwell device to individually isolate cells and to keep them in defined position (Fig. 2.1 (c),

(d)). This device was designed based on the dimension of targeted cells.

(a)
Cantilever

Petri dish

Cell

(b)

Cell

Cantilever
Compression

Escape

(c)

Cantilever
Compression

Petri dish

PDMS wells

(d)

Petri dish

Cell

Petri dish

PDMS wells

Compression

Fig. 2.1 Using AFM for single cell analysis. (a) The conventional AFM indentation test with the
adherent cell. (b) AFM faces certain difficulties when applied on floating cells. (c) Using PDMS
wells for cell capturing during AFM indentation test. (d) PDMS wells installed inside a petri
dish prior to AFM measurements.

2.2.2.2 Cell size measurement

To design an appropriate microwell device, a preliminary test was performed using different

cell lines. Cells used in this experiment, SUM159PT, MCF7 and MDA-MB-231, are human

breast cancer cell lines, and 4T1 is malignant neoplasms of the mouse mammary gland. Cells

were first detached from the flask with 1 mL of trypsin and put on a glass plate (Malassez slide).
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On an inverted microscope stage, one hundred cells have been measured to obtain their average

diameter using a calibrated NIS software (Nikon). As a result, the size of cancer cells were

ranging between 13 µm and 22 µm, as shown in Fig. 2.2. To maximize the number of cells

captured in a microwell device, devices were designed to have wells with 10 µm, 15 µm, 20 µm,

22 µm, 25 µm and 30 µm in diameter.

Microwells were molded in Polydimethylsiloxane (PDMS, Dow Corning) by performing simple

microfabrication techniques. A negative photo resist, SU-8 3010 (Negative Epoxy Resists,

MicroChem), was patterned to obtain microwells for repeated molding process, as shown in

Fig. A.1 in Appendix A and Fig. 2.3. Since PDMS is a bio-compatible and transparent material,

it is suitable for cell AFM measurements.
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Fig. 2.2 Measurement of cancer cells size on different cell lines. Prepared cell lines were as
follow: (a) SUM159PT, (b) 4T1, (c) MCF7 and (d) MDA-MB-231.
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(a) (b)

200μm 50μm

Fig. 2.3 Microscope images of the fabricated PDMS microwells. (a) The aligned PDMS holes
(at low magnification). (b) Tilted image of PDMS holes.

2.2.2.3 Preparation of cells

Triple negative human breast cancer cell line, SUM159PT (BioIVT, Westbury, USA), was used

for AFM measurements. This cell line has been selected for its high stem cell frequency with 2

to 4 % of total population. Aldehyde dehydrogenase (ALDH)’s have been identified as possible

biomarkers for numerous CSC. Breast cancer stem cells have a high activity of ALDH [93]-

[95]. An inhibitor of ALDH activity, N,N-diethylaminobenzaldehyde (DEAB), is supplied as

a negative control for this assay. The negative control DEAB was used for identifying ALDH

positive of CSC.

A commonly used method to identify and isolate stem cells was via the ALDEFLUOR

Assay (StemCell Technology, Inc., Durham, NC) that measures ALDH activity in live cells. At

subconfluence of monolayer culture, SUM159PT was labeled using that kit, see Appendix B for

details.

Then, non-CSC and CSC were separated using Cell Sorter (BD FACSAria III, BD Bio-

sciences) at Cytometry facility BICEL (Bio Imaging Center Lille) in IRCL (Institut pour la

Recherche Contre le Cancer). The 30 % of more negative cells were isolated as non-CSC and

CSC were collected into tubes containing the F12 culture medium. The procedure for placing

the collected cells on the petri dish for AFM measurement is shown below.

1. 24 h before plating the cells, an AFM petri dish on which PDMS microwells were placed

and filled with 2.5 mL of culture medium or phosphate-buffered saline (PBS, 8.475 g NaCl,
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1.093 g Na2HPO4, and 0.276 g NaH2PO4 in 1 L DI water; pH 7.4) beforehand, was kept

overnight at 4 ◦C, allowing the air contained in the microwell to dissolved in the media.

2. After cell sorting, cell solutions were centrifuged at 1000 rpm for 5 min and the supernatant

was discarded.

3. Cell pellet was homogenized with 2 mL of the culture medium.

4. The AFM dish was rinsed with media and filled with 1 mL of F12 completed media and 1

mL of cells solution.

5. Cells were then centrifuged at 1000 rpm for 3 min to allow cells to enter microwells.

Visual verification of cells in wells were done under a microscope.

6. The culture liquid in the AFM dish was changed twice for 1 mL each time.

The culture medium was exchanged again before setting the petri dish to AFM. The frequency

of well occupation was about 10 % to avoid accumulation of several cells in a well, especially, in

a larger one.

2.2.3 Cell biomechanical properties measurements by AFM

For this measurement, we selected a cantilever with a 10-µm (± 10 % range) diameter spherical

ball (CP-PNPL-BSG-B-5, sQube) made of borosilicate glass and with an average force constant

k ~0.08 N/m. AFM was calibrated to compress approximately 10 % of the cell height. A z-stage

movement (Tip-sample separation) was 5 µm and an indentation depth of 0.5 µm with 1.0 µm/s

constant extend speed and with 0.5 s extend time. With this spherically tipped cantilever, 3 force

curves were taken from each of the studied cells near its center. All tests were done using a 37
◦C heater to keep the temperature uniform throughout the measurement time.

Using the above AFM setting, the indentation test with SUM159PT floating cancer cells

was performed. The AFM indentation test took about 1 hour for staining cells, ~2.5 hours for

sorting cells with a cell sorter, 0.5 hours for the preparation of AFM dish and cells, 1~2 hours for

calibrating AFM itself, then several hours for performing the actual measurements. This long

procedure allows measurements on either CSC or non-CSC in a whole day.
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First, cells were sorted into two groups presumed to be CSC or non-CSC from SUM159PT

by the cell sorter, and then, were seeded in the AFM dish. Using the protocol explained above,

the indentation test was performed once (1 day) on non-CSC and three times (on 3 different

days) on CSC.

An image of a petri dish with PDMS microwells is shown in Fig. 2.4. The black object

is the shadow of the cantilever with a 10-µm sphere tip at the end (illustrated with a dashed

circle in Fig. 2.4). A captured single cell can be seen inside a well. This is a typical view of the

petri dish during an experiment monitored with an inverted microscope integrated with an AFM.

During this experiment, only one of the wells in the observation area was occupied with a cell. A

combination of 10- to 30-µm wells were used to pick the appropriate cell-to-well correspondence

as the cell size of SUM159PT was varying from 9 µm to 29 µm (Fig. 2.2 (a)). A small cell

in a large well can lead to a double-occupancy or suffer from position shift of the cell during

indentation. Only cells having single occupancy were selected and analyzed.

20μm

Cantilever

Sphere tipPDMS 
microwells

Captured cell

Fig. 2.4 PDMS microwells, the cantilever with a sphere tip and the captured floating cell seen
under the microscope of AFM.

The measurements were performed by aligning the sphere tip with the center of the cell

manually under the microscope, and then compressing the cell about 10 % of its size. Force

curves were obtained by performing cell indentation tests. An example result of the force curve

from a non-CSC analysis is shown in Fig. 2.5. The curve includes the data on indentation

(pushing) in black, withdraw (pulling) in red, deformation and adhesion force. A typical day of

AFM experiments results in few tens of single cell measurements. Moreover, the data analysis

has to be carried out in the following days using the obtained experimental results.
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Fig. 2.5 Typical force-distance curve of the cell by sphere tip. This curve was taken from
non-CSC group. The extend curve is black and the retract curve is red.

2.2.4 Data analysis

Data analysis was performed applying the Hertz’s model on the indentation curves using the

JPK Data Processing Software. The Hertz model is the standard model used to analyze AFM

force-distance curves and calculate the apparent Young’s modulus (elastic modulus, E) [18]-[40].

The Hertz model was several assumptions:

(i) the material is homogeneous, isotropic, and semi infinite,

(ii) the material is a linear-elastic solid, and

(iii) the material undergoes infinitesimally small strains.

The original Hertz model is generally valid for a circular paraboloid, and as an approximation

for very shallow contact between two spheres. The key parameter that is usually adapted is the

radius of the contact region. For a sphere tip, indentation δ is related to tip load F by

F =
E

1−ν2

[
a2 +R2

s
2

ln
Rs +a
Rs −a

−aRs

]
(2.1)

δ =
a
2

ln
Rs +a
Rs −a

(2.2)
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where ν is the Poisson’s ratio which was assumed to be 0.5, a is the radius of the contact circle,

Rs is the radius of the sphere, E is the apparent Young’s modulus (Fig. 2.6). Using this Hertz’s

model, the Young’s modulus of the cell can be obtained. As already mentioned, the indentation

test was performed once (1 day) on non-CSC and three times (on 3 different days) on CSC.

From these experiments, 30 non-CSC data and 29 CSC data was obtained. Each cell has 3 force

curves.

Rs
F

a

δ

Fig. 2.6 Geometric interaction between sphere tip and surface of the object.

Histograms of the measured Young’s modulus for non-CSC data and CSC data (sorted

on different days) are shown in Fig. 2.7. Before sorting cells, the amount of CSC originally

presented in the cell population was very small. Also, only 3 % of CSC were collected by the

sorting. Accordingly, the number of CSC and condition of CSC itself changed depending on the

day. It was expected non-CSC to have higher Young’s modulus because of its lower metastatic

potential, however there was no significant difference.

Fig. 2.8 illustrates dot plots of the measured Young’s modulus on different sorting days. The

average cell stiffness values (mean ± SD) obtained were 650 ± 145 Pa for non-CSC, and 850

± 145 Pa, 1100 ± 370 Pa and 240 ± 110 Pa for CSC on different sorting days, CSC1, CSC2

and CSC3, respectively. The calculated probability between non-CSC and CSC was p = 0.012.

Even within the same CSC population, the average Young’s modulus varied depending on the

sorting day. In CSC2, the Young’s modulus was greatly varied and the maximum was 2300 Pa.

CSC3 showed the lowest Young’s modulus compared to all other data. If only compared between

non-CSC and CSC3, the calculated probability was p = 6.44×10−17. From these results, it is

doubtful to use AFM for floating cells.
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Fig. 2.7 Histogram of analyzed Young’s modulus between non-CSC and CSC1, CSC2, and
CSC3.
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Fig. 2.8 Yount’s modulus per day.
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2.2.5 Conclusions

This part suggests that there may be some difference between the stiffness values of CSC and

non-CSC. However, AFM technology appears not to be compatible with non-adherent cell

analysis even with an adapted protocol. Indeed, low throughput screening of AFM forces the

analysis of non-CSC and CSC in separated days although they were sorted on the same day.

This adds high variability within measurements. Also, additional problems could lead to miss

interpretation of the AFM data:

1. The ratio between the well size and captured cell size

No matter how well designed, cells are always smaller than wells to enter. As a result,

they may move inside the well during AFM measurements. Although this approach works

much better than the conventional AFM measurements, it still results in some variability.

Moreover, depending on the cell size to well size, the effect of the walls can be different,

causing another source of variability.

2. Cells in suspension

Even if cells appear to be captured in the well, it is not guaranteed to have them at the

bottom of the PDMS well, leaving liquid solution in between them and the PDMS surface.

Centrifuging the plate at 500 rpm for 5 min might reduce this effect. However, observations

clearly showed cells going down few micrometers during the indentation. Since the 10 %

compression starts automatically when the cantilever senses the cells, the measurements

often ends before the cell reaches to the bottom of the PDMS microwell. So, in some cases,

it was impossible to quantify the compression, making cells difficult to be compared.

3. Unstable position of cells in the well

AFM has been developed for adherent cells. In our conditions, we tried to adapt the

conventional protocol by isolating cells in the individual well corresponding to their size.

However, for some cells, the position of cell moved slightly after indentation test, adding

bias to our analysis as Fig. 2.9 shows the position of cells before and after the indentation

test. Also, sometimes a cell can have stuck on the cantilever sphere and move out from the

well. So, we could not validate the uniformity of the compression through the indentation

even if cantilevers with the sphere tip were used.
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Fig. 2.9 AFM images of cantilever, PDMS microwells and the captured cell. (a), (c), (e), (g), (i),
and (k) are images of before pushing by the AFM cantilever and (b), (d), (f), (h), (j), and (l) are
images of after pushing.

Due to these problems, quantitative measurement by AFM is difficult even when PDMS

wells are used to capture the floating cell during the cantilever indentation.

For these reasons and already mentioned others (low throughput, compatibility difficulties

with non-adherent cells, and issues on the microwell approach), the adapted protocol for AFM to

analysis stiffness of cells might still not be sensitive enough to distinguish different populations of

cells. Also, single mechanical property as stiffness might not be sufficient to segregate different

population.
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2.3 Using Silicon NanoTweezers technology to examine non-
adherent cells

2.3.1 Background of SNT

Dynamic manipulation at the single cell level has become possible with the development of

micro/ nano technology and has contributed to the measurement of the mechanical properties

of cells. In the system using the atomic force microscopy (AFM), it is possible to dynamically

map the inside of a single cell since it has high sensitivity and high spatial resolution. It is

difficult, however, to measure cells in a floating state with high throughput due to the scanning

speed requiring time. In recent years, high throughput cell characteristics measurement using

chips based on microfluidics has been proposed [88]-[92]. In this method, cell characteristics are

measured by continuously introducing cells using a microchannel as a conveyance system. In

addition to this, a method combining the microchannel with MEMS device as characteristics

measurement system maintains high sensitivity like AFM and takes advantage of the features of

a microchannel [79].

Microelectromechanical system (MEMS) are miniature devices comprised of integrated

mechanical (levers, springs, deformable membranes, vibrating structures, etc.) and electrical

(electrodes, wiring, resistors, capacitors, inductors, etc.) components designed to work in concert

to sense and report on the physical properties of their immediate or local environment. This

kind of MEMS application has become one of the major biological experimental tools, recently

[74],[88]-[92]. Many MEMS devices are designed for investigating mechanical properties of

cancer cells, such as a MEMS based piezoresistive microcantilever.

Silicon NanoTweezer (SNT), developed in Fujita laboratory, Institute of Industrial Science

(IIS), The University of Tokyo [75],[77], is one of the MEMS devices that can perform continuous

measurements while monitoring response in real-time. A 3D schematic image of the simplest

model of the SNT with the single arm operation is shown in Fig. 2.10 [77]. An SNT can directly

manipulate and characterize biosamples, e.g., λ -DNA, microtubules, and single cells. The SNT

consists of three main parts as follows:

(i) a pair of opposing tips to handle biosamples,

(ii) an electrostatic microactuator to drive the SNT for static or harmonic measurements, and

(iii) an integrated differential capacitive sensor to detect displacement of the tip; combined
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analysis of displacement and applied force by the actuator allows to know biophysical changes

in real-time.

Capacitance current sensing 
C1 C2 

Tweezers tip contacts 
VDEP 

 
Actuation voltage 

Vact 

Differential capacitive 
sensor

 

Ratio-control lever
  

Comb drive 
actuator 

Tips for 
sample manipulation  

 
Motion Δx 

Fig. 2.10 Illustration of 3D schematic image of the simplest model of the SNT with single arm
actuation. [74]

In the previous studies, SNT was used to perform static and dynamic mechanical characteri-

zations on biosamples for different purposes:

1. Concerning radiotherapy, SNTs were used to examine the effect of irradiation on DNA

structure for optimizing the treatment. To investigate DNA degradation mechanisms

under ionizing radiation to improve treatment efficiency on tumour, the SNT captured a

λ -DNA bundle in between the opposing tips and was used for real-time biomechanical

characterization of λ -DNA degradation during irradiation. The SNT was placed under

the radiation machine (Cyber Knife, Accuray), endured the harsh environment of the

therapeutic radiation beams, and still retained molecular-level detection accuracy during

exposure to radiation beams. The real-time λ -DNA degradation was observed in terms of

biomechanical stiffness and viscosity reduction, both in air and in liquid [85],[86].
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2. The captured λ -DNA was exposed to different types of solutions. Real-time observations

allow investigating chemical reactions between the captured DNA and molecules in the

solution [80][81].

Cells can regulate their mechanical properties in order to adapt their shape to perform partic-

ular tasks like migrating through tiny junctions. Therefore, cells’ mechanical properties reflects

the pathological behaviour. The SNT design optimization has to be validated for efficiently and

quantitatively characterizing mechanical properties of cells. This section explains the operation

principle and validates the characterization by performing cell deformation experiment.

As mentioned above, SNT could handle biosamples and perform measurements on them.

Design parameters of an SNT, such as a mechanical spring shape, a spring constant, and

electrostatic actuators, can be adjusted easily to change the characteristics of the device, e.g.,

measurement sensitivity and actuation force. In section 2.3.2, I explain how to adapt SNT for

floating cancer cell measurements and show actual experiments with a separated microfluidic

channel device. Moreover, optimizing the parameters of non-adherent cancer cell measurements

by SNT serves as a base to the new device described in the following chapter.

2.3.2 Adapting the SNT design for single cancer cell measurements

An adapted SNT is shown in Fig. 2.11. It consists of two probes with flat tips at their ends

that can be actuated separately (double arm actuation) to handle biosamples between two tips

during measurements. One side of tips moves toward an opposing tip by electrostatic force

and is used for compressing biosamples. The other one is used for sensing the displacement

(x-direction) using an integrated capacitive sensor. As mentioned above, an SNT consists of

three main parts and these parts have to be adapted for single cell measurements.

An appropriate DC or AC voltage signal is applied at the compression side to perform a com-

pression assay on a cell captured between the tips. During the assay, mechanical response of a

cell is monitored in real-time using harmonic measurement by driving the electrostatic actuator

of the sensing tip at resonance [74],[102]. The sensor, consists of a tri-plate configuration with

transverse combs, is used to measure the displacement of the sensing tip during compression

[99],[100]. A centre electrode C0, mechanically connected to the sensing tip, moves between

two fixed electrodes C1 and C2. The differences between two capacitance, C0-C1 and C0-C2,

are related to the displacement ∆ x of C0, the sensing tip and thus the cell under compression

[74],[87]. A detailed description of the operational principle is available in Appendix C.
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Fig. 2.11 Illustration of 3D schematic image of SNT.

To achieve sensitive detection, the SNT parameters have to be optimized for measuring

cancer cells having softer characteristics compared to their benign counterparts. The optimization

parameters corresponding to the 3 main parts of the SNT structure, such as gap distance between

tips to handle cells with the targeted size, the mechanical suspension stiffness of the sensing side

to tune the detection sensitivity for a cancer cell, and the compression side to drive the comb

drive actuator far enough to squeeze the cell at suitable voltage levels (Fig. 2.12).

2.3.2.1 Gap distances

As shown in Fig. 2.2, the measured cell size was not uniform even in the same cell line. The

distance of the actuation (gap-closing) was depending on the mechanical design. In order

to capture various size of cells with the same mechanical design, the gap between tips were

designed as 10 µm, 14 µm, 18 µm, 22 µm to 26 µm (see in Fig. 2.12). This allowed performing

measurements on cells with different dimensions to make a better compression among the variety

of cell types.
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Fig. 2.12 Adjusted designs for cell measurement.
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2.3.2.2 Mechanical suspensions

The movable parts are suspended by flexible beams. Previously used in SNT, folded beam

springs were adopted to reduce spaces in the system and enhance the displacement. In this

double side actuation cell measuring SNT, six sets of mechanical suspensions are used in both

compression and sensing sides to support movable structures as shown in Fig. 2.12. Also,

electrical connections of device are provided through these suspensions.

Ideally, the SNT system is suitable for sensing whole cell mechanical response under com-

pression. There are 3 factors limiting the stiffness characteristics of the system:

(i) to survive during the fabrication,

(ii) to be able to support the weight of movable part, and

(iii) to prevent an attractive sticking between to comb fingers.

A mechanical stiffness of one spring k is given by the equation below:

k =
1
2
×E × t ×

(
w
L

)3

(2.3)

where E is the Young’s modulus of material (Si = 131 GPa) and L, w, and t are length, width and

thickness of the suspension beam, respectively. The thickness is 30 µm which is the thickness of

the frontside silicon layer of the SOI wafer.

Some dimensions of SNT, however, are very sensitive to variations in etching step such as

undercutting and difficult exactly to fabricate as designed in the mask. Therefore, L and w have

to be adjusted that can survive during the etching process. Assuming the suspension width as w

= 7 µm, and the length as L = 500 µm and adopting 6 springs designed in both the compression

side of spring kl and the sensing side of spring kr, the total stiffness of compression side kL and

sensing side kR are defined by

kL = 6 × kl (2.4)

kR = 6 × kr (2.5)
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The total stiffness of compression side is assumed kL = 30 N/m, the stiffness of one spring is

calculated as below:

kl =
1
2
×131 ×109 ×30 ×10−6 ×

(
7 × 10−6

500 × 10−6

)3

= 5.39... [N/m]

From above, the total stiffness of compression side is:

kL = 5.4 × 6

= 32.4 ≈ 30 [N/m]

Also, a softer stiffness of total spring in compression side was designed. The total spring constant

was kL = 15 N/m for a larger displacement with lower voltage.

The stiffness of one spring in the sensing side, kr, was also defined by Equation (2.3). Two

types of total stiffness in the sensing side, kR, were designed, as 25 N/m and 5 N/m. The total

stiffness of kR = 25 N/m was used previous SNT experiments [86]. The sensor was already

demonstrated to measure differences in mechanical properties of biological samples in real-time.

The total spring constant stiffness in the sensing side of kR = 5 N/m was designed to have higher

sensitivity than kR = 25 N/m. However, since the beam width of the spring is narrower than other

spring designed, the stability may be impaired by disturbance. In particular, the liquid flow may

increase the noise during sensing. Details of dimensions and calculated values of SNT spring

stiffness are shown in Table. 2.1.

Table 2.1 Design of mechanical suspensions

Total stiffness Dimensions Stiffness kl,kr

(N/m) L × w × t (µm) (N/m)

kL
30 500 × 7 × 30 5.4
15 900 × 9.8 × 30 2.5

kR
25 850 × 11 × 30 4.2
5 900 × 6.7 × 30 0.8
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2.3.2.3 Electrostatic force

The local electrostatic force in x-direction, Fx, acting on the movable electrode of the capacitance

Ctotal composed by comb drive fingers is given as below:

Fx =
∂U
∂x

=
1
2

∂ Ctotal

∂x
V 2

=
1
2

ε0 t
V 2

g
×n (2.6)

where the ε0 = 8.854 × 10−12 F/m is the vacuum permittivity, t is the thickness of the wafer

(teeth height), V is the potential difference between the electrodes as the actuation voltage, g is

the gap between the opposite teeth, and n is the total number of teeth. The schematic image of

the comb drive teeth is shown in Fig. 2.13.

Fixed comb

Movable comb

y

x

g

t

V

Fig. 2.13 Schematic image of the comb teeth.

The actuation force (driving force) is proportional to the square of the applied potential

difference (applied voltage) V 2 and the thickness of the wafer t. On the other hand, it is inversely

proportional to the gap width of g. The total number of teeth in compression side is n = 1000

(125 teeth-pairs in 4 groups). According to these parameters, the actuation force Fx is calculated

as:
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Fx =
1
2
×8.854 × 10−12 × 30 × 10−6 × V 2

2 × 10−6 × 1000

= 6.65405 × 10−8 × V 2

= 66.4 × 10−9 × V 2 (2.7)

if the actuation voltage V is 50 V,

Fx = 66.4 × 10−9 × 502

= 1.66125 × 10−4 [N]

= 166 [µN] (2.8)

Applying the actuation force Fx shown above at the compression side, the displacement on the

compression side when 50 V is applied as the actuation voltage is:

Fx = k · x (2.9)

x =
16.6 × 10−5

30

≒ 5.5 × 10−6 = 5.5 [µm] (2.10)

This shows that the compression tip can be displaced about 5.5 µm by applying 50 V.

2.3.2.4 Instability of comb drive

In the gap-closing-type-parallel-plate actuator, the attracting force has a strong gap dependence.

When the gap distance decreases to 1/3 from the initial gap, the occurrence of pull-in effect is

inevitable. The comb drive actuator has no gap dependence and instability due to the pull-in

effect can be avoided. In the comb drive electrode, the forces generated in ± y-direction of the

comb cancel each other, as shown in Fig. 2.14. Net force is only the force actuating at teeth

edges in + x-direction. Suppose the movable tooth displaces to + y-direction slightly. The upper

gap shortens and field strength increases, and vise versa. Consequently, the tooth is attracted
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more to + y-direction. If the applied voltage is high enough, the force exceeds the restoring

force of the suspension in y-direction and both teeth stick together. Therefore, the suspension

stiffness in y-direction must be designed high enough to avoid this instability.
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Fig. 2.14 Distribution of the force at comb teeth.

2.3.3 Fabrication process

SNTs

The SNT fabrication was based on a deep reactive ion etching (DRIE) process with two masks

process. The substrate was an SOI wafer having 30 µm-thick silicon device layer, 2 µm-thick

buried oxide (BOX: SiO2) insulator, and 350 µm-thick silicon handling layer. Details of SNT

fabrication was described in Appendix D. The SNT fabrication steps were summarized as

follows.

1. A positive photoresist was spun on and patterned to form main components of device. The

frontside Si layer is etched by DRIE.

2. Three protection layers (SiO2/Al/photoresist) protected etched structures during the back-

side fabrication steps.

3. The Al and positive photoresist layers were coated on the backside Si layer and formed as

the etching mask. Then, the backside supporting structures were etched by DRIE.

4. The BOX layer was removed by HF.
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A fabricated device was shown in Fig. 2.15.
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Fig. 2.15 SEM images of fabricated device.
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Microfluidic channel

A microfluidic device for SNT was consisted of a microfluidic channel with a side opening and a

glass cover slip. The microfluidic channel made of polydimethylsiloxane (PDMS, Dow Corning)

slab was placed on a glass cover slip. For fabricating PDMS slab including the channel with the

side opening, an SU-8 resist was formed and used as a mold for PDMS to transfer the channel

with the side opening. The size of channel height and that opening area was about 80 µm and the

side opening of channel for inserting SNT tips was 100~200 µm in width. That defined by the

height of SU-8 structure in the mold fabrication process. In the PDMS slab, an inlet hole and an

outlet hole were opened by a biopsy punch. The size of holes were 2 mm and 0.5 mm for inlet

and outlet, respectively. The fabricated microfluidic device for SNT is shown in Fig. 2.16.
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pump

Cell
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Microfluidic
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Cell

Compress.
tip

Sensing
tip

Inlet

Outlet

Channel

SNT

(a) (b)

1 mm

Side
opening

Fig. 2.16 Microfluidic device. (a) SNT tips are inserted to the channel from side opening. (b)
Top view of fabricated microfluidic device.

2.3.4 Experimental process

2.3.4.1 Device preparation

SNTs

SNTs were produced in 1/4 size of a 4-inch wafer. A total of 25 SNT devices could be fabricated

in a single run. A chosen SNT was mounted on a printed circuit board (PCB) using a glue. Then,

electrical connections between SNT and PCB were established by a bonding thin Al wires with

25 µmφ .
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Microfluidic device

After opening the inlet and outlet holes, the fabricated PDMS slab was placed on a glass cover

slip. The sidewall of the PDMS microfluidic channel with side opening area was aligned with

the edge of the glass cover slip manually. The presence of the side opening area at the edge of

the glass cover slip allowed SNT tips to reach cells within the channel from there. The outlet

hole was connected to a pressure controlled pump for applying a negative pressure to create a

liquid flow in the channel.

2.3.4.2 Setup

Both SNT and the microfluidic device were installed on a non-inverted microscope stage (VH-

S30B, Keyence Corporation, Osaka, Japan) to monitor experiments in real-time. The microscope

was place on an anti-vibration stage (THORLABS, Inc., Newton, NJ, USA) to minimize possible

ambient noise. SNT-mounted PCB was screwed to a fixed stage. Due to spring pins already

installed and connected to peripheral electronics, screwing to the fixed stage not only positioned

the SNT but also established the required electrical connections instantaneously. The microfluidic

device was placed on an XYZ stage with the side opening facing to SNT tips. The outlet of

microfluidic device was connected to the pressure-controlled pump (AF1, Elveflow, Paris,

France).

Capacitive sensors electrodes (C1 and C2) of SNT were connected to a lock-in amplifier

(Model 7230, AMETEK, Inc., Berwyn, PA, USA) via low noise preamplifiers (Model 5182,

Signal Recovery, AMETEK, Inc., Berwyn, PA, USA). C0 was connected to a voltage source of a

function generator for DC polarization (33500B, Keysight Technologies Inc., Santa Rosa, CA,

USA). The lock-in amplifier output drove the sensing side actuator at the resonance frequency.

The compression tip was connected to a second function generator (33500B, Keysight Technolo-

gies Inc., Santa Rosa, CA, USA) and a high voltage amplifier (WMA-100, Falco Systems BV,

Katwijk aan Zee, The Netherlands) for applying compression cycles (AC or DC voltage).

All equipment including the SNT, the microfluidic device stage, the pressure-controlled

pump, the lock-in amplifier and the function generator were connected to the computer and

controlled with a modified LabVIEW program (version 16, National Instruments Corporation,

Austin, TX, USA).
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2.3.4.3 Cell preparation

Two breast cancer cell lines with different characteristics were prepared. T47D is a luminal

breast cancer subtype with epithelial characteristics, estrogen receptor and progesterone receptor

positive, while SUM159-PT is triple negative subtype with mesenchymal characteristics. Com-

pared to non-metastatic T47D, SUM159-PT had very aggressive and highly metastatic properties.

Subconfluent cells were detached from the flask by 0.05 % Trypsin. The tube that cells were

gathered kept in the ice before injecting cells to the microfluidic channel.

2.3.4.4 SNT experiment protocol

After device and cell preparation, and equipment setup, the following experimental protocol was

performed (Fig. 2.17).

1. Microfluidic device (including the connection tubes) was filled with PBS or culture liquid.

2. The first SNT calibration was done in the air.

3. SNT tips were inserted from the side opening of the microfluidic channel.

4. Second SNT calibration was done in the liquid.

5. Cells were injected via the inlet and a flow was created inside the channel by the pump to

move cells towards the characterization area.

6. When cells reached the characterization area, the flow was stopped by controlling the

pump.

7. A single cell was captured and cell compression cycles were applied to perform cell

characterization.

8. After the characterization, the pump was used to create a flow and the measured cell was

flash away while a new cell was brought to the characterization area.
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(a)

(b)

(c)

Fig. 2.17 (a) The channel was filled with a solution, e.g., PBS. (b) Then, tips were inserted via
side opening. (c) After injection, a cell was captured and analyzed.
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2.3.5 Single cell characterization

Capturing and handling single cells

Applying the described experimental procedure, single cells were captured between two tips that

were accessing the channel via the side opening of the microfluidic device (Fig. 2.18). Both tips

were penetrated through the air-liquid interface which separated the handling region of the SNT

from the MEMS regions that should stay in air for optimal performance. Small dimensions, in

the order of 100 µm, of the side-opening prohibited any leakage of the liquid due to the surface

tension of the liquid.

Cell
solution

PDMS
wall

Air

T47D

20 µm

Compression
tip

Sensing
tip

Liquid/air interface

Fig. 2.18 Microscope image of the captured cell by two SNT tips during the experiment.

The compression tip was actuated to capture a cell and applied compression cycles for

mechanical characterization while the sensing tip was performing continuous real-time measure-

ments. To provide linear compression, a square root volatge signal was required as a potential

difference applied on the compression side. The compression tip can be displaced about 5.5 µm

by applying 50 V at the compression side actuator electrodes (Fig. 2.19). When the potential

difference between those electrodes exceeded 60 V, the movable electrode of the electrostatic

actuator stuck at the counter electrode.
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10 µm

Compression
tip

Sensing
tip

Compression

SUM159PT
(a)

(b)

Fig. 2.19 The captured cancer cell. (a) The initial gap before compressing the cell and (b) the
compressed state of the cell.

An example of the linear compression cycles applied to a captured cell is shown in Fig. 2.20

(a). One period (compression-relaxation) was 100 seconds and the signal was applied for five

times. For performing single cell characterization, first, the stability of the system without any

cells captured in between the tips was tested (control experiment: results are shown in blue line

in Fig. 2.20 (b) and (c)). Neither the resonance frequency nor the sensor signal amplitude was

affected by compression cycles even tips were inserted in the solution. Moreover, these control

experiments show stable characteristics throughout the experiment.

In the same experiment with the fixed SUM159PT cell captured between the tips, the reso-

nance characteristics (frequency and amplitude) clearly detected the effect of cell compression

in real-time (red line in Fig. 2.20 (b) and (c)). The resonance frequency was increasing while

the tips were compressing the captured cell (until 50 seconds of each period). In contrast, the

sensor amplitude was decreasing with the cell compression. Consecutive five cell compression

cycles resulted in similar responses for each time.
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Mechanical characterization of single cells could be carried out in a few seconds to a few tens

of seconds. To test the long-term stability of the detection method, the microfluidic device kept

measuring mechanical properties of a cell up to 10 minutes without compromising the stability.

(a)

(b)
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Fig. 2.20 Given signal and responses during compression. (a) A linear displacement applied to
the captured cell repeatedly (100 seconds periods). SNT were capable of detecting (b) resonance
frequency and (c) sensor amplitude in real-time.



2.3 Using Silicon NanoTweezers technology to examine non-adherent cells 45

Comparison between fixed and live SUM159PT cells

Mechanical responses of fixed and live SUM159PT cells were compared by applying linear

compression cycles of 100 seconds period (Fig. 2.21). The control experiment (no-cell case)

showed no increase in the resonance frequency even when a compression cycle was applied.

Measured frequency shift of ~5.5 Hz for a fixed cell (in red colour) and ~1.5 Hz for a live cell

(in green colour) show the effect of compression on cells in different states. A camera was used

throughout experiments to monitor the real-time changes of a cell’s shape due to the compression.

The resonance frequency of the sensing tip stayed constant (Fig. 2.21 1⃝– 2⃝) until the cell started

to be compressed. The point where the resonance frequency began to increase was the detection

point of the size of the captured cell (Fig. 2.21 2⃝). Then, the captured cell was squeezed up to a

predetermined level by the compressing tip (Fig. 2.21 2⃝– 3⃝).
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Fig. 2.21 Applied compression cycle resulted in smaller response frequency changes for live
SUM159PT cells (red) compared to fixed SUM159PT cells (green). A cell response deviated
from no cell (blue) control result when the cells started to be compressed.

Size detection of captured cells

Performing cell characterization several times, the differences could be observed between live

and fixed SUM159PT cells as expected (Fig. 2.22). Fixed cells showed much higher resonance
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frequency shift (in red lines) when compared to the live cells (in green lines). Compared to no-

cell control experiments (in blue lines), the effect of cell response can be seen clearly. Knowing

the initial gap between the SNT tips and the displacement due to the comb drives actuator, the

gap, when the resonance frequency was shifted from initial value, was equal to the diameter of

the cell in compression. It was confirmed that the sensor output was enough to detect the cell

diameter by optical verification with a camera monitoring the experiments all the time.
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Fig. 2.22 Detection of the diameter of the analyzed cell.

Comparison between SUM159PT and T47D cells in live state

The resonance characteristics (frequency and sensor signal amplitude) of different cell lines,

such as SUM159PT and T47D in live state, were compared to distinguish them (Fig. 2.23). The

compression distance is normalized by the initial cell diameter and shown as a relative value in

%. No-cell control (nothing captured in between the tips) and two different human breast cancer

cell lines: SUM159PT (in reddish colours) and T47D (in bluish colours) are shown. Compared

with highly malignant cells of SUM159PT, T47D had a higher resonance frequency shift of

about 1.5 kHz change and normalized amplitude decrease of about 6 %.
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Fig. 2.23 The difference of resonance frequency shift and normalized amplitude by changing the
compression level.

2.3.6 Data analysis

The characterization by SNT, essential to monitor the cell characteristics during compression,

is based on the equivalent mass-spring-damper system, as shown in Fig. 2.24 [79]. Response

of a cell is obtained by the change of the resonance frequency and quality factor of the system

(SNT + Cell). The resonance frequency, fR, and the quality factor Q of the SNT + Cell damped

oscillator are represented as follows:

fR
(
t
)

=
1

2π

√(
k+ kcell(t)

)
M

(2.11)

Q
(
t
)

=

√(
k+ kcell(t)

)
× M(

η +ηcell(t)
) (2.12)

where M is the mass of the movable part, k is total stiffness of springs, and η is the viscous

losses. kcell and ηcell are the time varying stiffness of the cell and viscosity of the cell due to

losses. Total mass of movable part M was calculated based on the area calculation results using

CleWin 4.0 software and theoretical results were shows in Table. 2.2. The density of silicon is

2.329 g/cm3. The back-side silicon parts for mechanical connection (while maintaining electrical

isolation) of the sensing, actuating and handling elements of the front side have tapered shapes
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due to the DRIE process. Decreased mass due to this issue was not considered in Table. 2.2.

However, the mass of movable part has high importance to determine the resonance frequency

and the Q-factor, as shown in Equation (2.11) and (2.12).

Captured
cell

Compressing
tip

kcell

ηcell

       

M
Tweezers Actuation

k

η

Sensing
tip

Fig. 2.24 Equivalent dynamic model of the SNT with the cell.

Table 2.2 Mass calculation of SNT movable part

Characteristics Frontside Backside Total

Area (µm2) 4.78 × 106 0.166 × 106 4.946 × 106

Volume (µm3) 143 × 106 58.0 × 106 201 × 106

Mass (g) 3.33 × 10−4 1.35 × 10−4 468 (µg)
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2.3.6.1 Comparison between fixed and live SUM159PT cells

Based on the results shown in Fig. 2.22, fixed and live SUM159PT cells were analyzed to obtain

their stiffness N/m. Live (in green) and fixed SUM15PT cells (in red) at 10 % of the cell diameter

had significant differences (p < 0.001), as shown in Fig. 2.25. As a result, SNT was demonstrated

to have enough sensitivity to distinguish live and fixed cancer cells.
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Fig. 2.25 Measured stiffness at 10% compression was significantly different (p < 0.001) between
live (green) and fixed cells (red). No-cell condition as control experiments are also shown in
same graph (blue).

2.3.6.2 Comparison between live SUM159PT and T47D cells

Similar to the previous section, stiffness and viscous losses analysis of live cells were carried

out using experiments results shown in Fig. 2.23 to distinguish two different cell lines. The

extracted stiffness and viscous losses in two different cell lines at 3 % compression, were shown

in Fig. 2.26 (SUM159PT in red and T47D in blue). SNT used in this experiment had a large gap

distance of 26 µm which was much larger than an average cell dimension. Therefore, the cell

could not be compressed up to 10 % as in the case of previous experiments due to the limit of

the actuator. The stiffness value of T47D cells was detected as 2-3 times higher than SUM159PT

cells in live state (p < 0.03). SUM159PT has higher malignancy potential therefore it is not

surprising for such cells to have softer characteristics that allow their migration in other tissues.

Comparison of viscous losses in two different cell lines (Fig. 2.26 (b)) shows SUM159PT cells
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demonstrating lower losses compared with T47D cells (p < 0.01) at 3 % of cell compression

level. These results indicate that T47D has higher rigidity and viscosity. To conclude, SNT could

identify two different cancer cell lines in live state.
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Fig. 2.26 Extracted (a) stiffness and (b) viscous losses from resonance characteristics in two
different human breast cancer cell lines.

2.3.7 Conclusions

Silicon Nano-Tweezers (SNT) were fabricated using the MEMS micromachining facilities in

Fujita laboratory, IIS, University of Tokyo. The design of the SNT, such as the gap distance be-

tween tips, the stiffness of springs and the actuation force were adapted to perform measurements

on single cancer cells.

Using SNT, fixed and live SUM159PT cells (human breast cancer cell line cells) were

compared. Fixing cells protected the sample from extrinsic damage and altered cells at a

molecular level to increase mechanical stability. Due to the increased strength and rigidity, the

morphology (shape and structure) of cells were preserved and showed higher stiffness compared

with live cells (Fig. 2.25).

Adapted SNT was used to compare mechanical properties of two different human cancer

cell lines: T47D and SUM159PT in live state. SUM159PT has higher metastatic potential than

T47D. The difference in stiffness (Fig. 2.26 (a)) and viscous losses (Fig. 2.26 (b)) of those cell
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lines were shown using adapted SNTs. These differences in cell responses are expected to be

linked to cells’ metastatic potential.

The throughput of SNT was higher than AFM. However, the time needed to capture a cell

was still much longer than the required levels to obtain statistically significant amount of data in

a short time. Therefore, a new device providing much higher throughput is required.
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2.4 Conclusions

AFM, as generally used to measure the local cell properties at the adhered state, is a time-

consuming process to measure an entire cell which depends on the proficiency of the AFM

operator. More importantly, AFM shows significant shortcomings for measurements on floating

cells. SNT, combined with a microfluidic device, shows improved throughput and allows direct

capturing and analysis of a single cell between two tips. In this chapter, the use of AFM and

SNT was introduced for single cell analysis and their performance for characterizing mechanical

properties of floating cells was examined.

AFM approach was modified with the use of PDMS microwells to keep floating cells steady

during indentation tests. Live cancer cells were captured in these wells to perform single cell

indentation tests. Beforehand, cancer cells were stained and sorted in two as CSC and non-CSC

by a cell sorter. The number of measured cells varied for each sorting process. The Young’s

modulus (used as mechanical stiffness of cells) also showed variations even with in the same

population of CSC. Possible causes include: (1) variations in dimensions of both cells and

microwells. (2) cells not reaching (contact) the bottom surface of the well and the constant

compression not given to cells even if the AFM indentation test was performed for a constant

distance compression. (3) cells beginning to deform as the measurement time was long. Due to

the installation conditions of the AFM, it took time to find a cell suitable for the indentation test

via the small measurement field of view.

Several design parameters of SNT were optimized (gap distance, actuation force, spring

constant, etc.) to use for cancer cell measurement. Firstly, fixed and live SUM159PT cells were

prepared to examine the resolution of detection in real-time. Due to the increased strength and

rigidity by fixation process, mechanical properties of cells showed higher stiffness compared with

live cells. Next, two types of cell lines with different metastatic characteristics (SUM59PT and

T47D) were prepared to measure their mechanical properties. As a result, SNT could distinguish

two different cell lines based on their mechanical properties. Some parameters such as spring

constants on both compression and sensing side, the actuation force, and the resolution of cell

detection were optimized by SNT that can be applied to the proposed new device. However, the

throughput obtained with SNT approach was still far from providing the statistically significant

amount of information. Although the measurement capabilities were adequate, a new approach

for cell handling to achieve high-throughput was essential.



Chapter 3

Development of a built-in channel device
for single cell biophysical characterization

3.1 Introduction

Chapter 3 explains the development of a novel device based on combining the MEMS device

and the microfluidic device proposed in the previous chapter for measuring physical properties of

cells in suspension. The design principles, fabrication steps, and performance evaluation of this

new MEMS device to improve the throughput (measurement speed) will be examined. In the new

device, MEMS elements and a microfluidic channel which is embedded in the device layer are

all integrated in the silicon device. A flow controls the cell motion inside a microfluidic channel

and brings the cell to a characterization area where tips are positioned to capture and compress

the cell. Mechanical measurements (as in the case of SNT) and electrical measurements can be

performed simultaneously on the captured cell. Improved efficiency in measurements increases

the throughput.

Section 3.2 explains the basic concept and the design parameters of the proposed device.

The basic MEMS structure is based on the same working principle as the SNT examined in

Chapter 2. In addition to this, the main difference and difficulty is to integrate the microfluidic

channel in the MEMS device to provide a stand-alone device with fully-integrated MEMS

and microfluidic elements. Various design parameters are examined to obtain a better fit for

cancer cell measurements, e.g., the spring constant, the suspension shape, and the comb tooth

design. Section 3.3 describes the details of device fabrication. Although both MEMS and

microfluidics elements are fabricated on a single device, a PDMS cover is also used to complete

the channel and provide fluidic inlets and outlets. The silicon device was fabricated at the
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University of Tokyo, Japan, and brought back to France. In Section 3.4, the working principle of

the fabricated device and the setup of the experiment are explained to show the capacity of high-

throughput measurements and different means of characterization (mechanical and electrical)

of non-adherent cells. Before carrying out cell experiments (to be described in Chapter 4),

the performance of the fabricated device is evaluated, in Section 3.5, in solutions of different

properties for frequency response, and real-time mechanical and electrical measurement.

3.2 Working principle and design

3.2.1 Principle

(1) Compressing part

(2) Sensing part

Backside
silicon

(4) Channel

Anchors
Flow 

direction

Comb drive actuators
in compressing side

Differential capacitor

(3) Characterization part

Comb drive actuators
in sensing side

Mechanical
suspension

Fig. 3.1 Schematic image of the proposed device with embedded microfluidic channel.

As detailed in Chapter 1, numerous methods have been used to examine the biophysical

properties of single cells. However, the majority of these methods, such as AFM, can be applied

solely for the study of adherent cells. Techniques to analyze non-adherent cells, such as CTC

and CSC, are limited. Moreover, there is a trade-off between throughput and information content.
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Using biophysical properties for practical routine tests to distinguish cells in a sample solution

requires both high-throughput and multi-parameter analysis. Three main features necessary

for the targeted practical system are (i) the high-throughput handling of non-adherent cells, (ii)

high-sensitivity detection and (iii) simultanuous multi-parameter analysis. Although the main

principle is similar to the SNT, the throughput of the proposed device would be much higher

than that of SNT due to the integrated built-in channel. Thus, the proposed device can achieve a

much more efficient use of MEMS and microfluidics.

The proposed device allows low-noise electrical detection while providing mechanical and

electrical stimulation of cells, similar to the SNT. However, by directing the cell to the character-

ization area, the initial setup and the capturing protocol of a cell is significantly simplified.

The proposed single cell characterization device consists of four main components as shown

in Fig. 3.1 and details of each part are as follows:

1. Compression part, a series of electrostatic comb drive actuators to perform compression of

the cell (show in red),

2. Sensing part, a differential capacitive sensor for displacement measurements. This sensor

is connected to a second electrostatic comb drive actuator for harmonic measurements

(show in blue),

3. Characterization part, two opposing tips integrated in a microfluidic channel to compress

and characterize the single cell (show in surrounded light green dotted line),

4. Microfluidic channel, a flow is created in the channel (show in gray) to handle the cell

solution by a vacuum pump connected to the outlet.

Adjusting the vacuum pump pressure enables control of the flow rate, which allows for single

cell positioning at the characterization area between tips as shown in Fig. 3.2. One tip, connected

to an electrostatic actuator for quasi-staticdisplacement (shown in red), is used for compressing

cells, whereas the other (shown in blue) is used for harmonic sensing of the mechanical properties

of cells under various compressive strain values with a displacement sensor based on differential

capacitors Microfluidic channel, a flow is created in the channel (show in gray) as detailed in the

folloving sections. After being introduced via the inlet, a cell is positioned at the characterization

area for opposing tips to perform single cell mechanical/electrical characterization. By controlling

the flow rate, the captured cell can then be washed away to receive the next cell to characterize.
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These key features allow the proposed device to perform high throughput measurement and

multi-parameter analysis on cells in suspension.

Compression
probe

Sensing
probe

Compression

(a) Place the cell by flow control

Sensing

(b) Compress by tips 

Δx

Fig. 3.2 Schematic view of a close-up view of the tips at the characterization part. (a) Placing
a cell between tips by flow control. (b) Applying compression cycles to the captured cell by
moving the tip.

3.2.2 Design description

This device is composed of a silicon (MEMS/microfluidics) layer and a polydimethylsiloxane

(PDMS) layer, as shown in Fig. 3.3. The MEMS layer is fabricated on a silicon-on-insulator

(SOI) wafer. The top silicon of the wafer forms the functional parts of the proposed device

(Fig. 3.1). In addition to serving as the handling layer of the device, the bottom silicon (backside

silicon) has two other functions:

(i) providing mechanical connection between electrically isolated elements of the sensing part,

(ii) completing the microfluidic channel together with the PDMS layer.

The functionality of the device is achieved through the combination of four distinct areas as

follows.
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Fig. 3.3 Schematic view of the channel integrated MEMS device and polydimethylsiloxane
(PDMS) cover alignment.

1. Compression part

The compressing side consists of a series of electrostatic comb drive actuator, which provides

the necessary motion of the compressing tip. Depending on the dimension of the targeted cells,

the displacement requirement for the actuator varies. Therefore, various designs with different

spring geometries, spring constants, and actuator teeth dimensions were tested. In design (1),

folded beam springs, as in the case of SNT, is used [74]. In (2) and (3) double folded beam

(DFB) springs are implemented to allow longer displacement in x-direction with higher stability

in y-direction as was disscused in Subsubsection 2.3.2.4 [105],[106]. Especially in design (3),

long comb teeth are introduced (DFB-L) to achieve longer displacement. Details are summarized

in Table. 3.1.



3.2 Working principle and design 58

Table 3.1 Main parameters of device designs

U-shaped DFB DFB-L

Dimension (L× w), µm 877 × 12 580 × 10 580 × 10
Thickness, µm 30 30 30
Spring constant kl , N/m 5 10 10
Total spring constant kL, N/m 30 40 40
Number of springs 6 4 4
Number of pairs per comb 125 125 125
Total comb teeth 1000 1000 1000
Comb tooth length, µm 20 20 30
Overlap, µm 6 4 4
Gap distance between opposite teeth, µm 2 2 2

Two different spring designs such as the folded beam (U-shaped) spring and the double folded

beam (DFB) spring are adopted here (Fig. 3.4). Also, in order to obtain a long displacement in

x-direction, different dimensions of comb teeth are designed (Fig. 3.5). Four groups of comb

drives with 250 teeth per group (total number of comb teeth is 1000) provide actuation. Each

tooth is designed to have a width of 4 µm. A pitch of 8 µm between each tooth results in a gap of

2 µm between two complimentary opposing teeth.

(a) (b)

Line of symmetry

L

L

W

W

Fig. 3.4 Schematic image of two different spring geometry. (a) U-shaped spring. (b) Double
folded beam (DFB) spring.
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Fig. 3.5 Design of comb drive teeth. (a) Design for an U-shaped spring device. (b) Design for
DFB (with long displacement) device.

(I) Folded beam (U-shaped) springs (same as SNT)

The spring constant value (kL = 30 N/m) of SNTs for folded beam (U-shaped) springs is used

in the design of the proposed device (Fig. 3.4 (a)). As this mechanical suspension has already

supported actuation well in the SNT, and larger displacement can be obtained at lower actuation

voltages (Fig. 3.6), adopting the same design guarantees successful actuation in the new device.

Therefore, the fabrication processes and design parameters can easily be adopted.
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Fig. 3.6 Characteristics of actuation on various spring designs.
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The dimensions of U-shape springs were redesigned in order to improve the yield of device

during the fabrication process. Six sets of mechanical suspensions with the total spring constant

value of kL = 30 N/m were used in the design of SNT. The required ratio between the beam width

of spring (w = 12 µm) and the length of the beam (L = 877 µm) is derived using Equation (2.3).

From these values, the spring constant becomes:

kl = 5.04 ≈ 5 N/m,

The electrostatic actuator was designed to have a comb tooth dimension of 20 µm long teeth

with 6 µm of overlap between opposing teeth (Fig. 3.5 (a)). The gap between parallel plate is 8

µm and the tooth width is 4 µm. Thus, distance from counter electrode teeth is 2 µm.

The actuation force in x-direction Fx with U-shaped springs is obtained from Equation (2.6)

as follows:

Fx = 66.4 × 10−9 × V 2

Theoretically, this U-shaped spring can reach 5.5 µm at 50 V. The actual SNT experiment

explained in Section 2.3 showed that the electrostatic comb drive actuator stuck to the counter

comb teeth due to the instability of the actuator when applied voltage exceeded 60 V. This

phenomenon occurred when the force exceeded the restoring force of the mechanical suspension.

However, some applications require larger displacement in direction depending on the dimension

of target cells. Thus, an alternative spring shape, that has the feature of both larger displacement

in x-direction and stronger in y-direction, was needed.

(II) Double folded beam (DFB) springs

A wider displacement range is essential for cells with highly variable diameters. Four sets of

double folded beam (DFB) spring design with the total spring constant of kL = 40 N/m provides

highly stable characteristics in terms of y-direction displacement Fig. 3.4 (b). Obtaining an

overall spring constant of kL = 40 = 4 × kl N/m, dimensions of DFB is designed as w = 10 µm in

width and L = 580 µm in length. From this, spring constant of one spring is calculated as follows:

kl = 10.07 ≈ 10 N/m

Therefore, the spring dimension of 20 µm in teeth length, 4 µm in overlap and 16 µm in the initial

gap distance are adopted to achieve a displacement ≥ 10 µm.
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Obtained actuation force Fx is calculated with Equation (2.6). The equation is derived from

the vacuum permittivity, the Young’s modulus of Si, the thickness of device, total number of

teeth, and gap distance between counter electrodes. This value is the same in all compression

part designs. Therefore, the actuation force is calculated as:

Fx = 66.4 × 10−9 × V 2

If the actuation voltage is applied at V = 50 V, since then the displacement of ∆x can be calculated

at around 4.2 µm by using the following equations: Fx = 16.6 × 10−4 N and F = kx. From this,

the comparison between U-shaped and DFB at the same applied voltage of 50 V shows that the

microactuator with U-shaped springs has a larger displacement (around 5.5 µm) at lower voltage.

However, if the voltage applied at 80 V, the actuation force is derived as Fx = 4.25 × 10−4 N

and the displacement of ∆ x is 10.6 µm. The actual actuation characteristics are shown in Fig. 3.6.

(III) Double folded beam springs with long teeth (DFB-L)

Dimensions of comb drive teeth are revised to obtain a much longer displacement, such as 15 µm.

The length of a comb tooth is designed as 30 µm with an overlap length between opposing teeth

as 4 µm, and the initial gap distance between teeth as 26 µm (Fig. 3.5 (b). Other parameters,

such as the spring constant and the arrangement of mechanical suspensions are adopted from

the design described above (2). In theory, applying 110 V between the electrodes results in a

displacement ∆x of 16.6 µm.

2. Sensing part

The sensing part, which is shown in Fig. 3.1, consists of three elements as follows:

(1) a series of comb drive actuator providing the necessary vibrating motion of the sensing tip,

(2) a capacitive sensor for displacement sensing,

(3) a sensing tip to access the characterization area.

These elements are mechanically connected while kept isolated electrically to provide optimal

simultaneous mechanical and electrical sensing.



3.2 Working principle and design 62

The comb-drive actuators are driven by a lock-in amplifier while the phase is locked based on

the output of the displacement sensor for resonance mode. The movable elements of the sensing

part are suspended with 6 folded beam (U-shaped) springs. Two different U-shaped springs

are designed to provide different stiffness: 5 N/m and 25 N/m. Table. 3.2 shows the details of

designed springs. The stiffer design of 25 N/m provides enough sensitivity for measurements

with harmonic oscillations while static measurements would benefit from the higher sensitivity

of the softer design in 5 N/m.

Table 3.2 Details of folded beam spring in sensing part

U-shaped: kR 25 U-shaped: kR 5

Dimension (L × w), µm 850 × 11 900 × 6.7
Thickness, µm 30 30
Spring constant kl , N/m 4.2 0.8
Total spring constant kL, N/m 25 5
Number of springs 6 6
Total comb teeth 567 567
Comb tooth length, µm 20 20
Overlap, µm 4 4
Gap distance between opposite teeth, µm 2 2

Similar to the electrostatic actuator in the compression part, 567 teeth of the comb drive actu-

ator provide motion for harmonic detection. Each tooth is designed to have the same dimensions

as the compressing side: a tooth width of 4 µm, a tooth length of 20 µm, a gap of 2 µm and an

overlap of 4 µm between two consequent opposing teeth.

The actuation force Fx is obtained from Equation (2.6),

Fx =
1
2
×8.854×10−12 ×567× 30×10−6

2×10−6 ×V 2

= 37.7×10−9 ×V 2

with the vacuum permittivity of ε0 = 8.854 × 10−12 F/m, the thickness t, the actuation voltage V ,

the gap between two opposing tips g, and the total number of comb teeth n. The sensing tip is

actuated with amplitude of only 0.2 µm during normal use (3 Vp-p actuation voltage).
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Forty pairs of teeth at one side form parallel plate capacitors. A tooth of the capacitive sensor

has a length of 575 µm and a width of 10 µm. The movable electrode is designed to have a gap

of 5 µm between both fixed electrodes with an overlap of 550 µm [74],[87]. The dimensions of

the capacitor are summarized in Table. 3.3.

Table 3.3 Dimension of the capacitive sensor

Parameters Dimensions

Parallel plate (L × w), µm 575 × 10
Thickness, µm 30
Overlap, µm 550
Initial gap, µm 40
d0, µm 5
d1, µm 25
Number of combs pairs 40

Working in differential mode, the gap between one of the electrode pair increases (C1),

while the gap between the other electrode pair decreases (C2) during measurements, as shown in

Fig. 3.7. Differential capacitances C1 and C2, that difference of ∆C, is related to the displacement

of ∆x. The capacitance differences ∆C is calculated as following functions:

∆C = C2 −C1 (3.1)

∆C = ε0 n L t

[(
1

d0 −∆x
+

1
d1 +∆x

)
−

(
1

d0 +∆x
+

1
d1 −∆x

)]
(3.2)

where ε0 is the vacuum permittivity, n is the number of pairs of comb electrodes, L is the length

of electrode, t is the device thickness, d0 is the initial gap between electrodes, and d1 the initial

distances between repeating combs. The equation finally becomes:

∆C ≃ 2 ε0 n L t

(
1
d2

0
+

1
d2

1

)
∆x (3.3)

= 2×8.854×10−12 ×40×575×10−6 ×30×10−6

×

(
1

(5×10−6)2 −
1

(40×10−6)2

)
∆x

= 481×10−9 ×∆x
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Fig. 3.7 Differential capacitive sensor. The schematic image illustrates displacement sensing
through C1 and C2 variation.

Being initially identical, the difference between C1 and C2 is 0 until the sensing tip moves. The

differential capacitances are connected to the lock-in amplifier via two current-to-voltage (A/V)

preamplifiers (Model 5182, Signal Recovery, AMETEK, Inc., Berwyn, PA, USA).

3. Microfluidic channel

The characterization area consists of a channel formed by the frontside silicon (30 µm) of the

SOI wafer as sidewalls, the backside silicon of the SOI wafer as the bottom surface, and the

PDMS slab as the top surface. The width of the channel is 100 µm with a narrower portion of 20

µm between the actuation and sensing tips, as shown in Fig. 3.8. The PDMS is covered entire

device except around the characterization part and movable parts. The contact area between the

PDMS and the MEMS surface is shown in green colour in Fig. 3.9.

The microfluidic channel is accessed by four openings: an inlet and an outlet in the PDMS

slab to handle the liquid in the channel (Fig. 3.3) and two side openings at the sidewalls for

inserting the compression and sensing tips. The inlet and outlet openings in the PDMS are

formed using biopsy punchers (1 mm for the inlet and 0.5 mm for the outlet) and thus, do not

require any specific designs. Injection to the inlet is performed using a micropipette, while the

outlet is connected to the pump with a tube.
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Fig. 3.8 Scanning electron microscope (SEM) image of the (a) microfluidic channel around
characterization part, and (b) embedded compression and sensing tips.

4. Characterization part

The side openings for the actuating and sensing tips, on the other hand, are fabricated on the

SOI wafer and require careful design consideration (Fig. 3.8). Excessively wide openings may

compromise detection sensitivity, while a very narrow opening will cause fabrication difficulties.

The objective is to prevent liquid within the channel from leaking out of the backside silicon

layer border forming the channel. Ultimately a gap of 5 µm between the sidewalls and the tips

was chosen (Fig. 3.8 (b)). This value is similar to some previous studies using actuation at an

air-liquid interface [104]. Another trade-off for a design parameter is related to the width of

the tips themselves. The width was chosen as 20 µm to be comparable with the targeted cell

dimensions. Larger tip width could improve cell-capturing efficiency, however, etching the SiO2

layer under the tips would be more difficult.

As both compression and sensing tips need to be movable, the PDMS surface above the

characterization area is 10 µm above the top of the sidewalls, preventing any contact with the

actuating elements (Fig. 3.9 (a)). The tips are free to move after the oxide layer between the

frontside and backside silicon of the SOI wafer is removed (Fig. 3.9 (b-ii)). The width of the

elevated PDMS area is designed as 500 µm to allow for simple alignment of the two layers.
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Fig. 3.9 A close-up view of the microfluidic channel schematic image around characterization
area. (a) Top view shows the attachment area between the PDMS cover and the MEMS device
surface (in green). (b) The side view shows two different cross-sections: (i) Formed channel
between the MEMS device and the PDMS cover is completely closed apart from (ii) the
characterization area where removal of SiO2 layer and the higher PDMS bottom surface allow
movable parts of MEMS device to move freely.

3.3 Fabrication

The details of fabrication process are described in Appendix E. By using the detailed fabrication

process, the silicon based MEMS device was also fabricated in Fujita Laboratory’s clean room

at IIS, the University of Tokyo. The fabrication process is based on Silicon-on-insulator (SOI)

technology. The SOI wafer used in the fabrication process had the following characteristics:

(100) oriented either N type or P type of 30 µm Si frontside (top layer)/ 2 µm buried oxide (BOX)

insulator/ and 350 µm Si backside (handle layer) (UltraSil Corporation, CA, USA). Fig. 3.10

shows SEM images of a fabricated device.
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Fig. 3.10 SEM images of the fabricated device. (a) An overview of the device. (b) Displacement
sensor based on differential capacitors. (c) Opposing tips accessing the characterization part. (d)
Electrostatic comb drive actuators. (e) A close-up view of combs.
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3.4 Experimental setup

3.4.1 Setup

Here, the experimental setup used for evaluating the mechanical and electrical detection of

the developed device is explained (Fig. 3.11). Experiments were performed on an upright

microscope stage (VH-S30B, Keyence Corporation, Osaka, Japan). A long-working distance

objective (VH-Z50L, Keyence Corporation) and a camera (Infinity 3, Lumenera Corporation,

Ottawa, ON, Canada) were used to monitor the experiments. The fabricated devices were

connected to peripheral electronics and the fluidic equipment, which were controlled and driven

by a LabVIEW (version 16, National Instruments Corporation, Austin, TX, USA) program. Prior

to positioning on the microscope stage, the assembled device was mounted on a printed circuit

board (PCB) and connected with aluminum wires (Fig. 3.12).

Lens

CameraLabVIEW
program

Pump

Lock-in amp.Function
generator

High vol. amp.

A/V preamp.

Microscope
stage

Fig. 3.11 Photograph of experimental setup.

Fig. 3.13 illustrates a schematic view of electrical connections of the device. Actuating the

compressing tip requires applying a potential difference between the combs of the electrostatic

actuator. This potential difference was provided with a function generator (33500B, Keysight

Technologies Inc., Santa Rosa, CA, USA) and a high voltage amplifier (WMA-100, Falco

Systems BV, Katwijk aan Zee, The Netherlands) to maintain higher voltages. As one of the

actuation electrodes was also used for electrical sensing, this electrode was grounded virtually

by the transimpedance amplifier needed for electrical measurements and the actuation signal is

applied on the other electrode.
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Fig. 3.12 A close-up photograph of the channel integrated MEMS device and PDMS cover
assembled on a printed circuit board (PCB) and installed in the setup.
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Fig. 3.13 Schematic view illustrating electrical connections of the device.
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The sensing part had a more complex structure to provide mechanical oscillations for

harmonic analysis while simultaneously performing electrical measurements [87],[74]. Phase-

lock loops (PLL) were essential to maintain harmonic oscillations for mechanical measurements.

A lock-in amplifier (Model 7230, AMETEK, Inc., Berwyn, PA, USA) drove the comb-drive

actuations at a constant phase according to the differential capacitive sensor readings. Two

stationary electrodes (C1 and C2), forming two identical capacitors with the movable electrode

(C0), were connected to the inputs of the lock-in amplifier after passing through low-noise current-

to-voltage (A/V) preamplifiers (Model 5182, Signal Recovery, AMETEK, Inc., Berwyn, PA,

USA). C0, on the other hand, was connected to a power source (provided by the lock-in amplifier)

to be polarized with a constant voltage. The lock-in amplifier used sensor measurements to

drive the actuators at the resonance frequency. The tip of the sensing area was connected to

another lock-in amplifier (HF2LI, Zurich Instruments Ltd., Zurich, Switzerland) for electrical

measurements. An electrical signal was applied on the sensing tip, while the compressing tip

was connected to a transimpedance preamplifier (Zurich Instruments HF2TA) that fed the input

of the lock-in amplifier.

The channel outlet on the microfluidic PDMS cover was connected to a flow sensor with

tubing before reaching the vacuum pump (AF1, Elveflow, Paris, France) (Fig. 3.12). This

equipment was monitored and controlled by the LabVIEW program.

3.4.1.1 Liquid Handling

As cell characterization can only be performed in a dedicated area, targeted cells inserted via

the channel inlet have to be transported and positioned between the tips. Applying a negative

pressure at the outlet of the channel creates a flow and adjusting the pressure level changes the

flow speed to control the motion of cells in the channel.

After assembling the PDMS cover and the MEMS device, the outlet of the channel was

connected to the pump with tubes (Fig. 3.12). Then, the channel filling protocol was started. At

first, half of the channel was filled with liquid by capillary action (Fig. 3.14 (a)-(d)). Then, the

pressure created by the pump was applied to the channel and the channel was filled up to the

characterization area (Fig. 3.14 (e)). Then, the pressure in the channel was adjusted in order to

break the air-liquid interface. The downstream of channel was filled with the liquid, as shown in

Fig. 3.15, which was followed by filling the connection tube (no image).
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Fig. 3.14 The channel filling protocol with liquid until tips part. (a) After assembling the PDMS
cover on the MEMS device, the channel is formed. (b) and (c) The liquid is injected from the
inlet and (d) adjusted the pressure with the pump, the liquid filled the channel. (e) The liquid
reaches the opposing tips.

Fig. 3.15 The channel filling protocol. (a) The liquid reaching the opposing tips and (b) going
through the characterization part. (c) The channel completely filled with liquid. (d)-(f) Focus on
tips.

Due to the small dimensions (5 µm gap between tips and the sidewalls), high surface tension

at the characterization area maintained the stability of the air-liquid interface [104]. As a result,

the liquid inside the channel did not leak out (Fig. 3.15 (c) and (f)). Moreover, by injecting

another solution into the inlet, the liquid in the channel could be exchanged within seconds

[79],[103]. This property is important for a variety of purposes, such as washing, surface

treatment, and drug testing. Fig. 3.16 demonstrates replacing water inside the channel with a

blue-dye solution.
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Fig. 3.16 The liquid exchange capability of the silicon device with water and a blue dye solution.
(a) While the channel is filled with water, (b) and (c) a blue dye solution is injected from the
inlet and within seconds (d) the liquid in the channel is completely replaced.

3.4.1.2 Mechanical detection method

By avoiding the usage of the MEMS elements in liquid, a higher system quality factor could be

achieved when performing sensitive harmonic analyses [102],[74]. In short, the sensing part of

the device oscillated harmonically with a series of comb-drive actuators (0.2 µm of actuation

at 3 Vrms). These actuators were driven at the resonance frequency of the system by a lock-in

amplifier (Signal Recovery, AMETEK 7270 DSP). Due to the mechanical connection (between

the sensor, the actuator and the sensing tip), actuators oscillated the central electrode (C0) of

the differential capacitive sensor. Detecting the capacitance between the movable common

electrode (C0) and the other two fixed electrodes of the differential capacitive sensor (C1 and

C2), a LabVIEW-controlled PLL kept the sensing arm at resonance throughput the experiment.

Capturing a biological sample between the tips changed the spring constant of the system, which

could be detected as a change in the resonance frequency by the PLL driven by the lock-in

amplifier.

To improve the detection performance of the displacement sensor, C0 was polarised with

a constant voltage V0 (3 V) and the fixed electrodes were kept grounded [87],[74]. During

harmonic oscillations, the change in the gap between the mobile and fixed parallel plate electrodes

created dynamic currents that were collected from C1 and C2. Amplified with low-noise current-

to-voltage (A/V) preamplifiers (with a gain of 108), the sensor outputs were fed into the lock-in

amplifier for real-time measurements.
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3.4.1.3 Electrical detection method

Electrical insulation of the various elements of the sensing area was crucial for simultaneous

mechanical and electrical detection. By connecting through the backside silicon, the SiO2

layer kept the sensing elements mechanically attached while providing electrical access to each

individual element. This allowed applying a sinusoidal signal at the actuator (3 Vp-p at the

resonance frequency of the system) and to read the sensor outputs in parallel with the electrical

measurements performed at the tip of the sensing arm.

The electrical detection was performed between the sensing and the compressing tips. A

1 Vp-p signal was applied on the sensing tip, while the compressing tip was connected to the

virtual ground of a transimpedance amplifier. The dynamic current passing through the amplifier

was converted to voltage and measured in real-time. Moreover, by sweeping the frequency at the

sensing tip, the frequency response of the system could be analyzed.

3.5 Device evaluation

Hereafter, some results are shown to investigate the performance of the proposed device. Starting

with the frequency response of the device, mechanical and electrical measurements performed

on different sample solutions are shown. Finally, the biomaterial-handling capabilities of the

proposed device are demonstrated to confirm the capability of single cell analysis.

3.5.1 Frequency response and real time analysis

To characterize the behavior of the device during harmonic analysis, the frequency response

of the system was monitored with the lock-in amplifier as a network analyze. Fig. 3.17 and

Fig. 3.18 depict the frequency response of the device in different conditions: the air, the air with

the PDMS slab and the water with the PDMS slab. Compared to the initial device characteristics

(resonance frequency of 1195 Hz with a quality factor (Q-factor) of 8.9), the assembled device

(with a PDMS cover) showed a slight increase in the resonance frequency (1200 Hz) and a

decrease in the Q-factor (6.9) due to the increased damping as a result of the PDMS slab. Filling

the channel with liquid also changed the frequency response. Although the effect of the liquid in

terms of mass was negligible compared to the total mass of the mobile part of the sensing arm,

the surface tension at the air-liquid interface in the handling region affected the spring constant
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of the system. As a result, the resonance frequency was increased to 1220 Hz with a similar

Q-factor (6.8).
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Fig. 3.17 Frequency response of the device in different conditions showing the amplitude shift
of the sensor readouts.
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Fig. 3.18 Frequency response of the device in different conditions showing the phase shift of the
sensor readouts.

Observing the changes in the mechanical properties of biological samples requires real-time

monitoring of the system response. To achieve this, repeated PLLs were performed while

controlled by a LabVIEW program. Before comparing different samples and solutions, stability

of the detection method was tested. The stability of the system was monitored for over 5 min
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although the mechanical characterization of cells requires less than 30 seconds, as shown in

Fig. 3.19 and Fig. 3.20. Confirmation of the system stability allowed performing mechanical

measurements in various sample media.
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Fig. 3.19 Real-time measurement of the device to examine the detection stability. Resonance
frequency of the sensor readouts in 5 min.
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Fig. 3.20 Real-time measurement of the device to examine the detection stability. Amplitude
shift of the sensor readouts in 5 min.

3.5.2 Mechanical measurements

Mechanical detection performance of the system was tested by measuring the change in the

resonance frequency in solutions with different viscosities and surface properties. The mechanical
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response of the device was compared in glucose solutions of various concentrations ranging

from 0.1 % to 10 % (w/v). Using the vacuum pump, these solutions were consecutively injected

after filling the channel with water. The PLL measurements allowed real-time observation of the

changes in the solution between the tips.

Increasing glucose concentration resulted in an increase of the resonance frequency (Fig. 3.21

and Fig. 3.22). Taking the water measurements as the base value, resonance frequency shifts of

1.4 Hz, 2.4 Hz, and 8.3 Hz were obtained for glucose concentrations of 0.1 %, 1 % and 10 %,

respectively (Fig. 3.21) with stable characteristics (Fig. 3.23). Similarly, a decrease in amplitude

was observed with increasing glucose concentration (Fig. 3.22, Fig. 3.24). Compared to the

initial water measurements, a decrease of 5 mV, 7 mV, and 10 mV in the amplitude was observed

due to higher damping. These measurements show that the proposed device was capable of

observing changes in the mechanical characteristics at the characterization area.
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Fig. 3.21 Resonance frequency of the system increased with increasing glucose concentration.
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Fig. 3.22 The amplitude of the system decreased with increasing glucose concentration.
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Fig. 3.23 Mechanical characteristics of glucose solutions with different concentrations in real-
time. Resonance frequency increased with increasing glucose concentration.
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Fig. 3.24 Mechanical characteristics of glucose solutions with different concentrations in real-
time. The amplitude decreased with increasing glucose concentration.

3.5.3 Electrical measurement

An important feature of the proposed device was the ability to perform electrical measurements

together with mechanical characterization. To demonstrate this capability, solutions with different

ionic strengths were injected in the channel and examined according to their electrical properties.

Similar to the glucose measurements, the channel was first filled with water and then different

molar concentrations of NaCl (0.1 mM ~10 mM) were consecutively injected. Using a lock-in

amplifier, 1 Vp-p was applied on the sensing tip and the signal obtained from the compressing

tip was amplified with a transimpedance amplifier (with a gain of 105). Measurements resulted

in increasing voltage waveform amplitudes for increasing ion concentration when the potential

difference was applied at 4 kHz (Fig. 3.25) indicating an increase in the current passing through

the tips. In addition to these real-time measurements (Fig. 3.27 and Fig. 3.28), we could also

obtain the frequency response of the system by sweeping the frequency from 100 Hz to 100 kHz

(Fig. 3.26 and Fig. 3.29).
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Fig. 3.25 The amplitude of the signal at 4 kHz in different conditions.
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Fig. 3.26 The amplitude of the signal during sweeping the frequency in different conditions.
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Fig. 3.27 The real-time measurements were performed at 1 kHz. Higher NaCl concentration
resulted in a higher current which is detected as higher amplitude.
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Fig. 3.28 Average value of the real-time measurements show the relation between the NaCl
concentration and the amplitude.
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Fig. 3.29 Sweeping the frequency provided the frequency response of the system. Note that the
electrical measurements detected a small noise due to the mechanical measurements at around
600 Hz. The target frequency for the electrical measurements and the mechanical resonance
frequency of the MEMS device should be designed carefully.

3.6 Conclusions

Separating handling and sensing elements of a microfabricated device is the key to handle

and analyze biological samples without compromising optimal MEMS performance. Chapter

3 demonstrated a MEMS device with a built-in microfluidic channel to perform single cell

biophysical characterization. The built-in channel, requiring no assembly actions between the

MEMS and microfluidics elements, not only provides higher-throughput for analysis but also

improves sensitivity by allowing integration of microfluidic and MEMS elements at a much

finer assembly resolution. Moreover, simultaneous electrical and mechanical measurements

allow various parameters to be targeted, such as size, stiffness, viscous losses, membrane fluidity,

membrane capacitance, and cytoplasm resistivity. The device is sensitive enough to distinguish

differences between liquids according to their mechanical and electrical properties. Applying

this device on biological samples is demonstrated in Chapter 4.



Chapter 4

Cell biophysical characterization with a
built-in channel device

4.1 Introduction

The key features of the developed channel integrated MEMS device were described in Chapter

3: the liquid inside channel could be replaced within seconds, mechanical detection was sensitive

enough to distinguish solutions with different viscosity and solutions with different ionic strength

could be discriminated. In Chapter 4, the developed device was used for biophysical analysis of

cancer cells. In Section 4.2, a single cell capturing protocol is explained. Initial tests used fixed

cancer cells, although distinguishing live cancer cells have already been demonstrated using

SNTs [84]. Single cells in suspension were flown inside the channel using the pressure controlled

pump and stopped at the characterization area. Two different cell lines were characterized, as

described in Section 4.3. Similar to the protocol described in Section 2.3, continuously com-

pression cycles were applied on the cell and resonance frequency and amplitude measurements

were obtained. The stiffness and the viscous losses were calculated from experiment results. To

demonstrate electrical characterization, electrical measurements were obtained using SUM159PT

cells. In Section 4.4, the measured SUM159PT data was compared with another cell line, MCF7.

Also, the SNT measurements and the new channel integrated MEMS device measurements were

compared.
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4.2 Single cell capturing procedure

Actual cell characterization, such as mechanical property measurements, was performed with

a single cancer cells. Here, the experimental setup used for this experiment was not repeated

as the applied method was the same as the one detailed in the previous chapter in Subsection

3.4.1. Fixed human breast cancer cell lines, SUM159PT cells and MCF7 cells, were used in

this experiment. The cell fixation protocol is explained in Subsection 4.3.2 and 4.3.3. Due to

fixation, cells can maintain a stable state for a long time. After injecting the fixed cell suspension

via the inlet hole the following capturing protocol was performed:

1. First, the microfluidic channel was filled with a biological buffer such as phosphate-

buffered saline solution (PBS, 8.475 g NaCl, 1.093 g Na2HPO4, and 0.276 g NaH2PO4 in

1 L DI water; pH 7.4) for fixed cells or culture medium for live cells (Fig. 4.1 (a)). The

liquid had to reach the PDMS cover. Especially at the characterization area, the space

between the frontside Si surface and the PDMS cover had to be filled with liquid to obtain

a stable air-liquid interface.

2. To decrease the distance between the tips, the compression tip was driven closer to the

opposing tip (sensing tip) by applying a potential difference between the electrodes of the

electrostatic actuator in the compression side. This facilitated the cell trapping (Fig. 4.1

(b)).

3. A cell solution was injected from the inlet hole and flown by controlling the vacuum pump.

A cell, moving with the flow, was stopped at the characterization area (Fig. 4.1 (c)). Then,

the flow rate was reduced.

4. The potential difference at the compression side was reduced to open the tip and after the

cell moving between the tips with the slow flow, the tips were quickly closed again. As a

result, the cell was captured between the two tips (Fig. 4.1 (d)).

5. Finally, the flow was stopped completely and measurements from the sensing tip were

recorded to detect the cell response while the cell compression cycles were applied on the

captured cell (Fig. 4.1 (e)).

This is the procedure used for capturing single cells characterizing their mechanical properties.
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Fig. 4.1 Low magnification image of the channel and the characterization area (a), and sequential
photos demonstrate single cell capturing (b)-(e). (a) The channel and the characterization area.
Only the channel part except around tips is closed with the PDMS cover. (b) Applying a potential
difference between the compressing actuator electrodes narrows the gap between the tips. (c)
The solution is kept flowing until a cell arrives at the handling area. (d) Then, the flow rate and
the potential difference between the compressing actuator electrodes are decreased until the cell
is positioned between the tips. (e) Finally, the flow is completely stopped and cell compression
is performed.
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4.3 Results

4.3.1 SUM159PT (fixed)

The human SUM159PT breast cancer cell line was purchased from Asterand (Detroit, MI,

USA). The cells were cultured in F12 medium (Invitrogen Corporation, Carlsbad, CA, USA)

supplemented with 5 % fetal bovine serum (Lonza Group, Basel, Switzerland), streptomycin (100

µg/mL), penicillin (100 units/mL), insulin (5 µg/mL) and hydrocortisone (1 µg/mL) (Invitrogen).

Prior to the experiment, the fixation of cells were performed. Subconfluent cultured cells

were trypsinized and resuspended in single cell solution. Then, cells were fixed with 4 %

Paraformaldehyde in 10 min at the room temperature and were rinsed with PBS. After cell

fixation, cells were kept in PBS.

A fixed cell suspension was injected to the channel from the inlet hole and the cell-capturing

protocol was applied (see Section 4.2). Then, the compression tip performed cell compression

cycles ( Fig. 4.2 (a)). Six consecutive compression-relaxation cycles (10 s of compression

followed by 10 s of relaxation) were applied on each captured cell. For linear compression, a

square root signal was used (Fig. 4.2 (b)). Applying a potential difference of 85 V between the

comb-drive electrodes in the compression side provided a decrease of about 7 µm in the gap

between the tips (since the initial gap length was 20 µm, the gap closed down to 13 µm).
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Fig. 4.2 The cell compression cycles. (a) Voltage cycles applies to electrostatic combs in the
compression side for compressing the captured cell, and (b) Displacement of the compression
tip. The tip moves over 7 µm with applied voltage of 85 V.
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Fig. 4.3 (a) and Fig. 4.3 (b) show an example of real-time responses (changes) of resonance

frequency shift and amplitude shift during cell compression (in red line). In the same graph, the

response before capturing the cell was shown as a control case (in blue line). The differences

between resonance frequency and amplitude signals, and the control experiments correspond to

the effect of the compressed cell. The resonance frequency was increased while the vibration

amplitude was decreased with the increasing compression level.
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Fig. 4.3 Frequency response in real-time. (a) Applied compression cycles resulted in resonance
frequency changes (in red). No cell control (in blue) was also shown in same graph, and (b)
Applied compression cycles resulted in amplitude shift (in red).

Using Equation (2.11) and Equation (2.12), the stiffness (in N/m) and the viscous losses

(in N · s/m) of the captured cell were calculated from these real-time responses (Fig. 4.4). Both

the stiffness and the viscous losses were increased during cell compression.
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Size of cells in a solution varies even within the same cell line, as shown in Fig. 2.2. Therefore,

the compression level of the cell was obtained by normalization based on the original diameter

for better comparison. For example, a captured cell was compressed 7 µm by applying a potential

difference of 85 V on the compression comb actuator reaching to about 30 % of compression

(Fig. 4.5).
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Fig. 4.5 Presented compression cycles using the cell compression level. (a) Resonance frequency
shift, and (b) Signal amplitude shift.

Seven different SUM159PT cells (which were named as SUM-1 to SUM-7) were char-

acterized. As described above, these cells were compared in the resonance frequency shift,

the amplitude shift, the stiffness and the viscous losses using the cell compression level in

% (Fig. 4.6). Each graph has similar tendency. When the compression level increased, the

resonance frequency shift, the stiffness and the viscous losses were increased. In contrast, the

signal amplitude shift was decreased. Conditions of cell compression cycles applied to seven

different fixed SUM159PT cells are summarized in the Table. 4.1. Two different voltages at 75

V and 85 V were applied to the electrostatic combs actuator in the compression side. Also, there

were different compression cycles as 3 periods or 6 periods in one compression cycle.



4.3 Results 88

0

10

20

30

40

0 5 10 15 20 25 30
Compression level (%)

-30

-20

-10

0

10

0 5 10 15 20 25 30

Si
gn

al
 a

m
p.

sh
ift

 (m
V)

Compression level (%)

-0.5

0

0.5

1

1.5

0 5 10 15 20 25 30
Compression level (%)

-5

0

5

10

15

20

0 5 10 15 20 25 30
Compression level (%)

SUM-1
SUM-5

SUM-2
SUM-6

SUM-3
SUM-7

SUM-4

Vi
sc

ou
s 

lo
ss

es
 (1

0-5
 N

. s
/m

)

R
es

. f
re

q.
 s

hi
ft 

(H
z)

St
iff

ne
ss

 (N
/m

)

(a) (b)

(c) (d)

Fig. 4.6 Mechanical properties of seven different SUM159PT cells during the compression. (a)
Resonance frequency, (b) Signal amplitude shift, (c) Stiffness, and (d) Viscous losses.

Table 4.1 Cell compression conditions applied to seven different SUM159PT cells

Cell number Applied voltage Periods Time/ 1 period

SUM-1 85 V 6 10 s
SUM-2 85 V 6 10 s
SUM-3 85 V 6 10 s
SUM-4 75 V 3 10 s
SUM-5 75 V 3 10 s
SUM-6 85 V 6 10 s
SUM-7 75 V 6 10 s
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The cell size was detected by the gap between the tips at the starting point of cell detection

by capacitive sensor (Fig. 4.2 (b) and Fig. 4.3 (a)). Hence, by subtracting the compresing arm

displacement (at the applied potential difference) from the initial gap distance of 20 µm, the

cell dimension can be calculated. The analyzed cell sizes are summarized in Table. 4.2. For

given experiments, the cell size was detected based on the resonance frequency measurements.

However, as seen clearly on Fig. 4.5, the starting point of the change differs between the reso-

nance frequency and the amplitude measurements. The optical images suggested the resonance

frequency measurements to be more accurate for size detection. Yet, further analysis with higher

resolution and slower compression would be beneficial to provide a better selection of the size

detection protocol.

Table 4.2 Measured cell size of SUM159PT

Cell number Cell size

SUM-1 18.6 µm
SUM-2 17.8 µm
SUM-3 17.2 µm
SUM-4 18.6 µm
SUM-5 19.0 µm
SUM-6 17.2 µm
SUM-7 18.6 µm

According to applied voltage, the maximum displacement of the compression tip presented

in the examples was different. For cells SUM-1, SUM-2, SUM-3 and SUM-6, 85 V of a potential

difference was applied on the actuator of the compression side to compress the cells up to 7

µm. However, as shown in Fig. 4.6 and Table. 4.2, the maximum cell compression level was

different due to the cell size. For example, SUM-1 cell reached to about 30 % of compression as

its size was 18.6 µm. Other cells such as SUM-2, SUM-3 and SUM-6 could only reach around

22-25 % of compression even though the applied voltage was the same. SUM-4 and SUM-7,

both having similar size as SUM-1, were compressed at the maximum applied voltage of 75 V

resulted in a compression level reaching only to 20 % compression.
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The compression-relaxation (retract) part exhibited hysteresis as shown by the arrows in

the Fig. 4.5. This demonstrates the limitation of the resolution of the system detection with the

current condition. The resonance characteristics (the frequency and the amplitude) of the system

were examined using PLL algorithm with every 20 ms-time resolution. Also, the phase of PLL

was read with 100 ms-time resolution and provides the feedback to keep the lock value of PLL.

There was a delay of data acquisition time and the system cannot follow the cell response, as

shown in Fig. 4.7. From this, these hysteresis loops were caused by the measurement system but

did not represent a response of the cell itself.
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Fig. 4.7 Delay in the data acquisition. Resonance frequency shift (in red) and displacement of
compression tip (in black) were shown.

4.3.2 Correction of data acquisition time lagging

As shown in Fig. 4.6, there were hysteresis loops due to a lag in data acquisition. As the most-

likely reason of this lag was the response of the cell being much faster than the measurement

speed, the data acquisition of the measurements was changed from 20 ms to 1 ms-time resolution.

To cope with the faster response, the feedback was also changed from 100 ms to 20 ms loops.

With the new system setting, compression cycles were applied on another SUM159PT cell

between the tips (Fig. 4.8). The cell started to be sensed after applying a potential difference of

about 40 V. Then, compression cycles (compression-relaxation periods) were repeated six times.

The first three cycle were applied with a period of 30 seconds and the following three cycles

were applied with 10 seconds periods.
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Fig. 4.8 (a) Square root voltage cycles applies to comb drive actuator on compression side, and
(b) Displacement of the compression tip.

The result of faster response time for the given compression cycles fit better with applied

potential difference (Fig. 4.9). Both shifts were set to zero at the starting point of the cell

compression cycle. The resonance frequency increased while the amplitude decreased during

the cell compression. There was no delay of data acquisition time with the new system setting.

(Fig. 4.10) For better comparison of the compression, each compression cycle is analysed as the

change in the resonance frequency and signal amplitude with respect to the compression level.

This provides better information on the cell behaviour under repeated compression cycles.
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The captured cell was compressed until 20 % of the cell initial size even though the compres-

sion duration was different (Fig. 4.11). The resonance frequency shift and the signal amplitude

shift showed the similar change of around 2.2 Hz and -2.0 mV, respectively, regardless of the

cell compression duration. Also, no hysteresis was observed in these graphs. It was confirmed

that the hysteresis was not due to the cell itself but due to the delay of data acquisition time.
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Fig. 4.11 Compared two different duration time (10s: in purple, 30s: in pink) by the compression
level. (a) Resonance frequency shift, and (b) Signal amplitude shift.

Similar to the previous experiments, the stiffness and the viscous losses of the captured

cell were calculated using Equation (2.11) and Equation (2.12). The stiffness and the viscous

losses changed with increasing compression levels regardless of the compression duration such

as 30 seconds or 10 seconds (Fig. 4.12). The viscous losses showed a more complex result when

compared to the stiffness result which had a more linear characteristics. This suggests that these

different parameters can be helpful to distinguish cells based on different properties. Moreover,
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obtaining similar responses during repeated compression cycles suggested that the cell was not

damaged during the compression.
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Fig. 4.12 Mechanical properties of the captured cell compared two different duration time (10
seconds: in purple, 30 seconds: in pink). (a) Stiffness, and (b) Viscous losses.

4.3.3 MCF7 (fixed)

The same protocol was applied to carry out measurements on a different cancer cell line, i.e.

MCF7. MCF7, human breast cancer cell line, was obtained from ATCC. The cells were cultured

in DMEM medium (Invitrogen Corporation, France) supplemented with 10 % fetal bovine serum

(Lonza, France), streptomycin (100 µg/mL), penicillin (100 units/mL). Before measurements in

the developed channel integrated MEMS device, cells were trypsinized (0.1 % Trypsin/EDTA)

to detach them from the culture flask and washed with PBS. Fixation of cells were done with 4

% Paraformaldehyde in 10 min at the room temperature. After that, they were kept in PBS. Cells

assumed to have a spherical shape in suspension without any further manipulation.

The floating single cell suspension introduced in the channel to be characterized between

two tips. The data acquisition time of measurement response of the system was the same as

Subsection 4.3.2, i.e. 1 ms of data acquisition for 20 ms loops. As shown in Fig. 4.13, seven

different MCF7 cells were characterized. Similar to the corrected SUM159PT examples, MCF7

results did not show any significant hysteresis.
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Fig. 4.13 Mechanical properties of seven different MCF7 cells during the compression in real-
time. (a) Resonance frequency shift, (b) Amplitude shift, (c) Stiffness, and (d) Viscous losses.

The characterized cells were allocated to names from MCF-1 to MCF-7. To apply the linear

compression to the captured cell, the square root signal was provided to the comb drive actuator

on the compression side (see an example in Fig. 4.2). Conditions of the cell compression which

applies to seven different cells were summarized in Table. 4.3. The MCF-1 to MCF-3 were

provided the applied voltage at 85 V on the compression side and MCF-4 to MCF-7 were

provided at 115 V. There were three different cell compression cycles from 1, 3, until 5 periods

(one period included the compression-relaxation). Also, three different compression periods

were tested: 10 s, 15 s, and 30 s.
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Table 4.3 Conditions of the cell compression for providing seven different MCF7 cells

Cell number Applied voltage Periods Time/1 period

MCF-1 85 V 3 10 s
MCF-2 85 V 3 10 s
MCF-3 85 V 1 30 s
MCF-4 115 V 1 30 s
MCF-5 115 V 1 30 s
MCF-6 115 V 5 15 s
MCF-7 115 V 5 15 s

The resonance frequency shift, the signal amplitude shift, the stiffness, and the viscous losses

of the cell showed expected results during compression (Fig. 4.13). Once more, no significant

differences were detected based on the number of compression cycles. Applied higher voltage

resulted in the higher compression level of the captured cell. Cells MCF-4 to MCF-7 were

exposed to a compression obtained by applying 115 V on the compression side of comb drive

actuator. Obtained compression was about 40 % of the initial cell size. In the case of applying 85

V, on cells MCF-1 to MCF-3, the cell compression level were reached around 20-30 %. These

variations were due to the different size of captured cells. MCF-2 and MCF-3 have almost the

same cell size with very similar mechanical properties.

The size of MCF7 cells, summarized in Table. 4.4, were obtained using the same method

as SUM159PT. The analyzed cell size, arying from around 14 µm to 18 µm, was smaller than

SUM159PT cells.

Table 4.4 Measured cell size of MCF7

Cell number Cell size

MCF-1 16.0 µm
MCF-2 17.6 µm
MCF-3 17.5 µm
MCF-4 15.1 µm
MCF-5 14.6 µm
MCF-6 14.1 µm
MCF-7 14.6 µm
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4.3.4 Electrical measurement

Simultaneously with the mechanical detection, electrical property of the cell was characterized

by impedance spectroscopy, as shown in Fig. 4.14. A fixed SUM159PT was used in this

experiment. 1 Vp-p was applied to the sensing tip by the lock-in amplifier. While sweeping

the excitation frequency, the obtained signal such as the dynamic current passing through the

opposing compression tips was recorded for three different conditions at in air (grey line), in PBS

(No cell, blue line) and in PBS with a fixed SUM159PT cell captured between tips (with cell,

red line). The signal obtained from the compression tip was amplified with the transimpedance

amplifier with the setting gain of 105 V/A and converted to voltage. The electrical measurements

were performed in real-time with the mechanical measurements. The spikes in the electrical

measurement results were due to the influence of measuring mechanical properties of the captured

cell.
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Fig. 4.14 Electrical measurements performed on a cell in PBS solution (red line) and control (no
cell in PBS, blue line). Electrical characteristics of the setup (in air) are shown in grey line.

4.4 Discussions

4.4.1 Comparison between fixed SUM159PT and MCF7

In this chapter, two different human derived breast cancer cell lines, SUM159PT and MCF7,

were used in fixed state. SUM159PT has high metastatic potential but MCF7 does not. SNTs

were already used to test the possibility of distinguishing different type of the cell based on their
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mechanical properties. SNT was able to identify fixed and live SUM159PT cells (Fig. 2.25),

and also two different cell lines in live state (Fig. 2.26). Mechanical properties of a cell, such

as the stiffness and the viscous losses, obtained by SNT are potentially used as biomarkers to

distinguish cell types without any staining procedures. With the benefit of MEMS, the channel

integrated device adopted the same detecting sensitivity as SNT. Thus, the developed device

can also be applied to distinguish the type of cells. Here, using the channel integrated device,

different fixed cell lines are compared.

From the results of Fig. 4.12 and Fig. 4.13 (c),(d), the stiffness and the viscous losses of two

different cancer cells in fixed state were compared. Since cells were fixed for keeping the stable

condition, direct biological implications were not relevant. The extracted data, SUM159PT (in

red) and MCF7 (see legends) at 20 % of cell compression, are shown in Fig. 4.15.
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Fig. 4.15 Comparison between fixed SUM159PT and MCF7 cells extracted at 10 % of the cell
compression level. (a) Stiffness, and (b) Viscous losses of the analyzed cell.

Fixed MCF7 cells which included all MCF7 results (MCF-1 ~ MCF-7) was stiffer than

fixed SUM159PT cells. A comparison between these two cells showed significant differences

to indicate p < 0.002. SUM159PT, which had softer characteristics and was more flexible than

MCF7 due to higher malignancy potential, may possibly show higher success going through a

narrow spaces such as the gap between cells in a blood vessel wall, leading to cancer metastasis.

Furthermore, SUM159PT cells were demonstrating lower viscous losses compared with MCF7
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cells. It showed p < 0.004 to conclude statistical significance of difference on two cell lines.

These results indicate that the channel integrated device has enough sensitivity to distinguish

two different fixed cancer cells.

4.4.2 Comparison between SNT and the developed MEMS device

All cells measured in the channel integrated device were fixed with 4 % Paraformaldehyde to

keep stable condition during measurements as in the case of Silicon Nano Tweezers (SNT). As

the main detection and stimulation designs are similar to each other, the obtained results when

analysing the same cell line can be expected to have similar values. To compare SNT and the

channel integrated device using fixed SUM159PT cells, cells were compressed to be analysed

based on their mechanical properties. From both sets of experiments, the 10 % compression level

of fixed SUM159PT cells were chosen to be compared based on their stiffness obtained by SNT

and by the channel integrated device. The stiffness value of fixed SUM159PT cells obtained by

SNT was higher than the stiffness value obtained using the channel integrated device (Fig. 4.16)

although these values were expected to be similar.
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Fig. 4.16 Comparison the extracted stiffness of fixed SUM159PT cells from 10 % of the cell
compression level between (a) SNT, and (b) the channel integrated MEMS device.

The difference in the stiffness values of the same cell line obtained using different devices

might be caused by a combination of reasons. One important cause of uncertainty in the stiffness

(and viscous losses) calculation was due to the approximated values of the spring constant of
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the suspensions and the mass of the moving part of the device. The mass value, M, used in the

equation was derived from the ideal case, which was based on the mask area and the thickness

of the wafer. However, there were significant differences among devices especially due to the

350-µm height backside silicon etching process. The mass changed significantly due to the

condition of the plasma during the DRIE etching process (side walls being etched obliquely).

Another important issue based on fabrication was related to the etching process of the spring

structures. Slight differences in the etching process changes the spring constant of the devices

(significantly due to the scaling law) which altered the sensitivity of the device. As a result of this,

the dimension of a cell could be detected differently from an SNT device to a channel-integrated

device. The difference in cell detection was reflected on the compressed values resulting in

comparing cells under different compression levels between the SNT device and the channel

integrated device. These two reasons were caused by the effect of plasma on the differences in the

designs. A third issue was related to the size detection algorithm used in the experiments. There

was over 1 year between the experiments performed by SNT and the channel integrated device.

This time was used to improve the size-detection algorithm. As a result, the SNT experiments did

not have the same sensitivity as the channel integrated device experiments. Similar to the second

issue, guaranteeing the results being obtained at the same compression level is not possible. One

last point to note is that the objective used for these two experimental setup was different. As a

result, although experiments on different cells were performed under the same conditions and

protocols for each device type, there were slight differences between different types. Therefore,

result comparison among each type of device was performed successfully but each device should

be better characterized according to differences in the fabrication process if reliable quantitative

results are desired.

4.5 Conclusions

The real-time bio sample analysis was performed using a MEMS device with a built-in microflu-

idic channel. This device could simultaneously characterize bio samples, such as cancer cells,

electrically and mechanically. Fixed single cancer cells, SUM159PT and MCF7 from human

breast cancer cell lines, were flown in the integrated channel. First, capturing procedure of

circulating cells was established. Next, captured fixed single cancer cells were characterized.

The repeated compression cycles were applied to the captured cells and their responses were
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measured during cell compression in real-time. Using the measurement results, mechanical

properties of cells, such as the stiffness and the viscous losses, were calculated, and compared

between two different cell lines. SUM159PT cells having higher metastatic potential than MCF7

could be seen in the results as having softer stiffness and lower viscous losses. On the other hand,

the results obtained by two different types of devices, that are SNT and the channel integrated

device, for the same type of cells were very different. The channel integrated MEMS device and

SNT were compared at 10 % compression level of the fixed cell from the same cell line. Although

the fixed cells were expected to obtain almost the same value, the cell stiffness measured by SNT

was higher than the channel integrated device results. This was possibly due to the differences

of the device design which affecting during fabrication processes. As well as, it was due to the

effect of developments in the protocols and setup on the detection sensitivity throughout the

study. This clearly shows the need to develop protocols to characterize each type of devices

more precisely.



Chapter 5

Conclusions and future work

5.1 Conclusions

In this chapter, the main findings regarding the research questions are summarised. Furthermore,

the strengths and limitations of the proposed method and suggestions for further research are

presented.

MEMS technology based on Silicon microfabrication for realising devices integrated mechan-

ical elements, sensors, actuators, and electrical circuits provided various application possibilities

at the scale of micro/ nano order. Nowadays, devices manufactured by MEMS technology have

already been a part of daily life due to a wide range of application fields such as in cars and

mobile phones. Moreover, applying MEMS technologies on biological studies has been attracting

increasing attention. MEMS, an advanced technology, allows designing and fabricating intricate

structures for different biological target samples, such as cells, DNA, proteins, and so on. In

this thesis, the development of a new device with integrated built-in microfluidic channel for

multi-parameter characterisation of individual cells in suspension, with circulating cancer cells

as target, is addressed. Below are the main conclusions emerging from this work.

Results of this work

1. As a proof of concept to distinguish individual cancer cells based on physical properties,

Atomic Force Microscopy (AFM) and Silicon Nano Tweezers (SNT) were used. AFM is a

well established and widely used technique to characterise adherent cells. As a proof of

concept to distinguish individual cancer cells based on physical properties, Atomic Force

Microscopy (AFM) and Silicon Nano Tweezers (SNT) were used. AFM is a well estab-
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lished and widely used technique to characterise adherent cells. Because of this sample

preparation characteristics, the different sizes of wells array were applied for capturing and

for stopping individual cells in suspension during the cantilever indentation test. However,

it was impossible to get the stable measurements. Moreover, it is a time-consuming process

to measure an entire cell and also depends on the proficiency of the AFM operator. To

provide higher throughput than AFM, the techniques combining microfluidic technologies

were applied, such as SNT with a separated microfluidic device. Fundamental microfabri-

cation techniques allow optimising the MEMS device by redesigning and testing several

SNT parameters (spring constant, actuation voltage, etc.). SNT could distinguish the

following types of cells: (1) fixed and live cancer cells (of the same cell line), and (2) two

different cancer cell lines having different cancer metastatic properties. The throughput

obtained with SNT approach was far low from providing the statistically significant amount

of information. The measurement capabilities were adequate, however, it was crucial to

develop a new cell handling approach for higher throughput.

2. A novel built-in microfluidic channel MEMS device was proposed to achieve higher

throughput. Similar to SNT, this device was capable of measuring cancer cells physical

properties using multi-parameter measurements of single cells in non-adherent/suspension

state. Thus, the optimal parameters that were found by SNT to be suitable for distinguishing

cells for the label-free detection method could be measured by the new device. The main

advantages compared to the SNT system was the positioning of single cells directly at the

characterisation area without any assembly and positioning actions between the SNT and

the microfluidics device, and also between the SNT tips and the cells. This advantage is the

key point improving the throughput without compromising the sensitivity. Moreover, the

device provides simultaneous electrical and mechanical measurements targeting various

parameters, such as cell size, stiffness, viscous losses, and cytoplasm resistivity.

3. The main structures of the channel integrated MEMS device, such as the compression part,

the sensor part, two tips for handling the bio sample, and sidewalls of microfluidic channel,

were fabricated in the frontside Si of an SOI wafer. The bottom of the channel consisted

of the backside Si. All movable parts could actuate freely as the backside was completely

etched, except the channel part (movable parts were connected to the frontside Si through

anchors). However, two tips which inserted into the channel from the both side direction
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of the channel overlapped with the channel bottom in the design. To allow the actuating

elements move freely, the 2-µm BOX layer of SOI under the two tips was removed by HF.

The integrated channel was approximately 100 µm in width. The width of channel became

narrower by the tips reaching down to 20 µm at the tips part (the gap distance between tips

was 20 µm).

4. To complete the channel, a PDMS cover was placed on the top part of the channel.

Although the PDMS cover was designed to cover up the entire device except electrical

pads to connect with PCB, the cover maintained a space about 10 µm above the moving

part not to disturb the movement of the movable parts, including the compression part, the

sensor part, and two tips that formed with the frontside Si of the SOI wafer. Despite the

10-µm height difference, the air-liquid interface did not leak owing to the surface tension

of the liquid flowing in the channel. Note that using a liquid with lower surface tension,

such as ethanol, made it difficult to keep the air-liquid interface.

5. The preliminary tests of the developed device for mechanical and electrical measurements

were done with different concentration of glucose solutions and NaCl solutions. The

channel integrated device could successfully detect differences among these solutions.

6. The mechanical and electrical properties of cancer cells were evaluated with the proposed

device. During a cell compression cycle, the size of a cell could be detected at the

initial moment the cell was sensed. The cell size was calculated by subtracting the the

displacement obtained at the applied potential difference from the initial gap between the

two tips, that is 20 µm.

7. The channel-integrated MEMS device was used to compare two types of human breast

cancer cell lines, SUM159PT and MCF7, that were fixed with 4 % Paraformaldehyde.

Mechanical properties of cells, including the stiffness and the viscous losses, derived from

the experimental results. SUM159PT cells, known to have higher metastatic potentials

than MCF7 cells, were softer with lower viscous losses.

As a result, this research shows that MEMS technology, with a 1 × 1.5-cm MEMS device, can

be used to handle single cells for simultaneous electrical and mechanical characterisation to

detect differences among cell lines.
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5.2 Recommendations for further research

This study successfully build up the design, fabrication and application trials to develop a

high-throughput device for single cell characterization. However, there are still many points

to improve in the future. Future work concerns deeper analysis of single cancer cells and new

proposals to optimise the device for specific targets. There are some ideas that I would have

liked to try during the development of the channel integrated device described in Chapter 3.

The following points to be improved are described below:

1. Device

(a) The long distance actuation of the compression tip was designed and realised. It

was achieved 16.6 µm of movement when applied 110 V on the compression side of

comb drive actuator. However, it is better to use the low voltage to actuate the tip

because the electrical breakage of BOX layer may happen if the applied voltage is

too high. With a softer spring constant, the same actuation distance can be possible

with a lower actuation voltage.

(b) The contact area of the Si device with the PDMS cover requires certain area to attach

well. This is because there is no permanent bonding. An optimised attachment (and

alignment) process can miniaturise the device even further to improve the fabrication

yield.

(c) The narrowest part of the channel is designed to be 20 µm as the gap between two

tips. A filter can be used near the channel inlet (e.g., pillar arrays) to trap cells larger

than 20 µm. As a result, larger cells can be prohibited to enter the channel, which

minimises possible clogging of the channel.

(d) By creating branches downstream of the microfluidic channel, characterized cells

can then be sorted later. Sorted cells can be tested with other analyse methods to

derive new parameters other than the physical properties of the single cell.

(e) Since a lipid bilayer membrane on the surface of living cell tends to adhere to silicon

surface, this problem can be solved by carrying out the surface treatment of the

channel and the tips (e.g., Pluronic F68) before performing experiments using cells

similar to the case of tweezers.
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(f) In the future, it will be necessary to do a calibration of the fabricated device one by

one. At present, the spring constant of the device is set using an ideal value estimated

from the design. With this estimated spring constant, information of the cell (e.g.,

stiffness and viscous losses) are calculated. However, each device has dispersion

(difference) due to the fabrication. There are differences in the etching rate of Si

between the outer and inner positions of the wafer. Accordingly, each device has a

slight difference in the beam width used for calculating the spring constant. Also,

the mass of backside Si that mechanically supports of the movable structures have

difference due to the taper shape of etching wall. By measuring them, it will be

possible to perform correct calibration on each device.

(g) By performing the above calibration, quantitative information of the cell can be

obtained more accurately. The cell information such as the cell stiffness and the

viscous losses largely depend on the calibration of the each device because it will be

obtained by subtracting the control experiment (results of device only) measured in

advance.

(h) The calibrated device is used to acquire enough information on various physical

parameters of the cell such as membrane capacitance, cytoplasm resistivity, shape

recovery time in addition to the demonstrated parameters. By measuring various

parameters based on mechanical and electrical properties and collecting the cell data,

it should be possible to distinguish the cell metastatic potential without staining the

cell.

2. PDMS

(a) The demonstrated PDMS cover had the bottom surface at two different height. The

lowest surface corresponded to the area attaching the silicon device. The second

level of the surface corresponded to the area overlapping with the mobile parts of the

MEMS device. For simplicity, the demonstrated devices had the same gap between

the PDMS cover and the mobile parts of the device and this gap was chosen to

minimise the air-liquid interface around the tips. However, increasing the gap above

the actuating and sensing elements decreases air damping and improves the overall

performance of the proposed device. Thus, a third level of bottom PDMS surface can

be highly beneficial by performing a 2-layer SU8 mould fabrication.
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(b) The metal tube is penetrated to the outlet of PDMS due to the connection to the tube

which goes to the vacuum pump. If it is not straight penetrating, the PDMS shape

will become deformed. Also, the hardness of PDMS sheet is better to use the hard

and thick one. This is because if it is too soft and thin, the PDMS sheet bends during

the alignment with the Si device. At least, it need to keep its flatness during it picked

up by the tweezers.

(c) The tube which connected to the vacuum pump requires to have the long enough

length. If it will be too short of the length, the tension by tube itself breaks the contact

between Si device and the PDMS cover.

3. Flow

(a) It could be interesting to consider the way to stop the single cell in the certain

position such as between the tips. For now, the capturing protocol of the cell uses

the flow in the channel, but it is particularly difficult to arrange the cell. To fabricate

a mechanical stopper, such as an extended bar from the tip, it makes easier to stop

the flowing cell (Fig. 5.1). By solving this cell capturing protocol, the measurement

throughput will be possibly improved.

Compression
tip

Sensing
tipFlow

direction

10 µm

Fig. 5.1 Fabricated the L-shaped compression tip for easier capturing the cell.
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(b) The single suspension cell was injected into the channel inlet, however, there was

no system to send the cell to the channel one by one. Sometimes, two single cells

have come at a time. Also, it was impossible to know when the cell will arrive at the

handling part. Integrating the device with methods transporting cells regularly, such

as flow focusing, can improve the cell handling and thus the throughput.

4. Cell

(a) Further study is still required to collect cells information on different cell lines,

especially to study the metastatic potential of cells.

Improving the developed MEMS device (with a built-in channel) according to the proposed

steps leads to an effective method characterising mechanical and electrical properties that can be

used for cancer diagnosis and drug testing in the future.
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Appendix A

PDMS microwell fabrication

Fabrication

The fabrication process of PDMS mold with SU-8, and PDMS microwells are shown in Fig. A.1.

A photomask for SU-8 lithography was manufactured in VDEC, University of Tokyo and all

fabrication processes of SU-8 mold was done in IIS, The University of Tokyo, Japan.

1. A thoroughly cleaned and dried Si wafer (1 mm of thickness) was prepared as the substrate

of SU-8 mold.

2. SU-8 epoxy photoresist was spun on to the wafer to the desired thickness and soft baked

to remove solvent.

3. A chrome coated glass photomask was used for photolithography. The ultraviolet light

exposed the mask onto the coated wafer and cured SU-8 to make the patterned area.

4. A developer solution removed unexposed resist and left behind the negative image of the

mask pattern; this served as the negative mold for making PDMS structures.

5. PDMS was mixed with a mass ratio of the base to the curing agent of 10:1, a desired

amount was poured onto the mould, and incubated in a vacuum chamber to avoid air

bubbles appeared inside. Then, PDMS was cured on a hotplate at 90 ◦C for 1 hour.

6. The PDMS layer was peeled off from the mould and used as microwells. The PDMS

microwells were treated by O2 plasma for 30-60 s as surface treatments.

The fabricated PDMS micro wells was shown in Fig. 2.3. The height of PDMS microwells

was around 20 µm. PDMS microwells were placed inside a petri dish for AFM measurement.
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(b) SU-8 spin coating

(a) Si wafer

Si wafer

(c) Photo lithography

UV-light

(d) Etched by SU-8 developer

(e) Poured PDMS

Side View Top View

Photomask

(f) Peeld off PDMS

Fig. A.1 Schematic diagram of PDMS microwell fabrication process using SU-8 mold. (a)
Cleaning of Si wafer. (b) Spin coating SU-8 photoresist. (c) UV-light exposure through the
photomask. (d) Developing the SU-8 to make needed patterns. (e) Pouring PDMS and curing on
a hotplate. (f) Peeling off the PDMS from the SU-8 mould.



Appendix B

CSC staining

ALDEFLUORTM is a reagent that identifies stem/ progenitor cells in human bone marrow/

mobilized peripheral blood/ umbilical cord blood by measuring aldehyde dehydrogenase (ALDH)

enzyme activity of cells. It is also used for identification and separation of cancer stem cells and

normal stem cells. ALDEFLUOR assay can detect only live stem cells and it also maintains a

high survival ratio even after staining. Thus, we use it for CSC staining.

The basis for this assay is that uncharged cell ALDH (enzyme) substrate (Bodipy-aminoacetaldehyde,

BAAA) is taken up by living cells via passive diffusion. Once inside the cell, BAAA is converted

into negatively charged Bodipy-aminoacetate (BAA–) by intracellular ALDH. The BAA– is then

retained inside the cell, causing the cell to become highly fluorescent. The protocol of staining

cells is as follows:

1. Cells (1 × 106 cells/ mL) were single cell suspended in ALDEFLUOR assay buffer

containing BAAA.

2. Incubate at 37 ◦C for 30 min (Mix the flask every 10 min to make homogenisation).

3. Measure with a flow cytometer to make sure the CSC staining.

Then, stained cells sort in about 3 % of CSC and 30 % of non-CSC.



Appendix C

Working principle

Electrostatic actuation

The actuation is provided by electrostatic forces between comb structures, which is a commonly

used method in MEMS device [99],[100]. The total displacement in a comb-drive actuator is

shorter than what is possible in a parallel plate structure. However, it provides a simple control

of the actuation.

A comb drive actuator generates electrostatic forces between two electrodes. A simple

parallel plane model is used to explain the electrostatic field between the two electrodes [101].

The local electrostatic force in x -direction Fx were obtained as below:

Fx =
1
2

ε0 t
V 2

g
×n (C.1)

where the ε0 = 8.854 × 10−12 F/m is the vacuum permittivity, t is the thickness of wafer, V is

the potential difference between the electrodes as the actuation voltage, g is the gap between the

opposite teeth, and n is the total number of comb teeth.

Differential capacitive senor

A tri-plate configuration with transverse combs was used for a differential capacitive sensor

[102],[74]. The sensor consists of a series of center plate electrodes C0 that moves to the fixed

plate electrodes, and then, form two variable capacitances C1 and C2. The difference of those
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two ∆ C is related to the displacement, ∆x, by:

∆C = C2 −C1 (C.2)

∆C = ε0 n L t

[(
1

d0 −∆x
+

1
d1 +∆x

)
−

(
1

d0 +∆x
+

1
d1 −∆x

)]
(C.3)

where n is the number of pairs of electrode combs forming capacitance C1 and C2, ε0 is the

vacuum permittivity, L is the length of electrode plate, t is the width of a plate (device thickness),

d0 is the initial gap between plates, and d2 the initial distances between repeating combs (see

Fig. 3.7).

When ∆x ≪ d0 as a small displacement, that gives:

∆C = 2ε0 n L t

[(
1

d0
2 −

1
d1

2 ∆x

)]
(C.4)

To achieve the best resolution of displacement and force, ∆ C is measured before performing

experiments. A signal of sinusoidal excitation Vref is supplied by the internal reference of a

lock-in amplifier and applied to the fixed plate electrode C0. Capacitive sensors that C1 and C2

of MEMS device were connected to a lock-in amplifier (Model 7230, AMETEK, Inc., Berwyn,

PA, USA) via low noise preamplifiers (Model 5182, Signal Recovery, AMETEK, Inc., Berwyn,

PA, USA). The currents flowing C1 and C2 are converted to voltages and the lock-in amplifier

performs the phase detection of that differential inputs at the frequency fref. The amplitude of

the output signal Vout is related to ∆ C (and consequently, to the ∆x) according to the following

transfer equation:

Vout = G ·2π · fref ·Vref ·∆C

where G is the preamplifier gain.



Appendix D

SNT fabrication process

SNT was fabricated in the Fujita laboratory clean room, IIS, the University of Tokyo. Double

side microfabrication process on a (100)-oriented silicon on insulator (SOI) wafer (either type

N or P; UltraSil Corporation, CA, USA) was performed. Table. D.1 to Table. D.4 depicts the

process flow to fabricate the SNT.

Wafer preparation

The SOI wafer thickness were 30 µm, 2 µm and 350 µm for the frontside (top layer) silicon, the

buried oxide (BOX) and the backside (handle layer) silicon, respectively. First, the fabrication

process was carried out by cutting a 4 inch SOI wafer to 1/4 size. As a result, it was possible to

maintain uniformity and could be mass-produced. The cut SOI wafer was cleaned with 10-20

min of the SPM (Sulfuric peroxide mixture) and 20-30 min of the APM (Ammonia peroxide

mixture) to remove any solvent and particle on the wafer. Then, the oxide layer was removed

with 1 % diluted hydrogen fluoride (HF) which formed on the wafer surface during the cleaning

step.

Frontside etching

The wafer was prebaked on a hotplate. A primer and an S1805 photoresist were coated on

frontside Si at 4000 rpm in 30 s and softbaked on the hotplate. The photoresist (S1805 positive

photoresist, SHIPLEY) was patterned with a height of 500 nm by photolithography as a deep

reactive ion etching (DRIE) mask adopted to the frontside. The frontside elements are corre-

sponding to main component structures, such as comb drive actuators, capacitive sensors, and
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tips. The size of photomasks used for lithography in this process were 2.5 inch and were created

in VDEC (The University of Tokyo).

The DRIE ended with oxygen plasma ashing step to remove residues and photoresists. After

applied DRIE, SPM cleaning was carried out in order to remove the rest of photoresist, and the

formed oxide on the silicon surface was removed with diluted HF again.

Protection layer

Since frontside structures are the main components of SNT, they were protected by 3 consecutive

layers before starting the backside process. First, by conformal thermal oxidation at 1050 ◦C

for 30 min in dry, SOI wafer formed a thin oxide film. Then, 100 nm-thick Aluminium film

was deposited thereon by evaporation. Finally, a 2-µm photoresist (S1818 positive photoresist,

SHIPLEY) was spun on the frontside surface and hard baked for 30 min. After protecting the

frontside, the process moved to the backside step.

Backside etching

First, 100 nm of Aluminium was deposited by thermal evaporator on the backside silicon surface,

and then a photoresist (S1818 positive photoresist, SHIPLEY) was spun to have a thickness

of 500 nm. Patterns were formed on Aluminium by photolithography and then Aluminium

was etched to make the etched mask for the backside DRIE. There are no detailed patterns on

backside, it is only the connection part of frontside structures, and the handling part of the device.

The DRIE was applied to the backside Si and it took time to etch 350 µm of Si, e.g., more than 2

hours by an STS DRIE machine but less 1 hour by a Predeus machine. After backside DRIE,

the etched wafer and a glass holder for DRIE were put in acetone together. The wafer gently

detached from the glass holder and rinsed twice with ethanol. Since fabricated devices in the

wafer have already become a fragile structure after the backside DRIE, an oven at 100 ◦C was

used for drying the wafer instead of a nitrogen blower. The rest of Aluminium and the residue

photoresist was cleaned by a final SPM in the vertical direction.
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Releasing BOX layer

The BOX layer was released with 50 % of HF (diluted with water). A vapor HF etching

is suitable for releasing because a wet etching can cause the problem of sticking structures.

However, isotropic wet etching process generates a few µm of under-etched, and it can be

controlled by the time. Thus, wet etching was applied for the releasing step. Finally, all SiO2

layers such as BOX, protection layer and the layer formed during SPM were removed by this

releasing step and dried in the oven at 100 ◦C for 20 min or even more. This final etching induces

an under-etching of SiO2 BOX layer at electrical pads and mechanically connections part.
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Table D.1 Fabrication process of SNT (No.1)

Figure (Left: Cross-sectional, Right: Top) Process Conditions

· Used wafer

· Wafer cut

· Wafer cleaning
(RCA cleaning)

SOI (30/2/350)
4 inch size

Cut 1/4 size

1 % HF: 30 s
SPM: 10-20 min
1 % HF: 30 s
APM: 20-30 min
1 % HF: 30 s

· Formation photoresist
(S1805) mask

Prebake: 110 ◦C,
2-3 min

S1805
500 rpm × 5 s
4000 rpm × 30 s
Softbake: 110 ◦C

2-3 min

Exposure: 2.3 s
Develop: 1 min + α

Rinse: water
Dry: N2 blower

Patterning of frontside
Si layer (DRIE)

Bosch Process

Removal photoresist and
cleaning frontside

SPM: 15 min
1 % HF: 30 s
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Table D.2 Fabrication process of SNT (No.2)

Figure (Left: Cross-sectional, Right: Top) Process Conditions

Formation of frontside
protection layer -1

· Thermal oxidation (Dry)
for SiO2 layer

1050 ◦C × 30 min

Formation of frontside
protection layer -2

· Evaporation Al layer 40 W,
2 × 10−5 Pa,
100 nm

Formation of frontside
protection layer -3

· Formation photoresist
(S1818) layer

S1818
500 rpm × 5 s
3000 rpm × 30 s
Hardbake:

130 ◦C
over 30 min
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Table D.3 Fabrication process of SNT (No.3)

Figure (Left: Cross-sectional, Right: Bottom) Process Conditions

Upside down the SOI Thin oxide layer

Evaporation Al layer 40 W,
2 × 10−5 Pa,
100 nm

Formation photoresist
(S1818) mask

Prebake: 130 ◦C,
2-3 min

with nonwoven cloth
wiper (BEMCOT)

S1818
500 rpm × 5 s
3000 rpm × 30 s
Softbake: 130 ◦C

2-3 min
with nonwoven cloth
wiper (BEMCOT)

Exposure: 6 s
Develop: 1 min + α

Rinse: water
Dry: N2 blower

Removal Al layer
Al etchant
4-7 min

Pattering of backside
Si layer (DRIE)

Bosch Process
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Table D.4 Fabrication process of SNT (No.4)

Figure (Left: Cross-sectional, Right: Bottom) Process Conditions

· Detachment from
DRIE glass holder

· Removal photoresist,
Al layer, and
final cleaning

Acetone: 5 min
Ethanol -1: 1min
Ethanol -2: 1min
Dry: oven at 100 ◦C

SPM: 15-20 min
in vertical direction
Dry: oven at 100 ◦C

Release of BOX layer Wet etching
50 % HF: 5-15 min
Dry: oven at 100 ◦C



Appendix E

A built-in channel MEMS device
fabrication process

A built-in channel MEMS device

Table. E.1 to Table. E.4 depicts the process flow to fabricate the a built-in channel MEMS

device. The built-in channel MEMS device was also fabricated in the same facilities with SNT

where the Fujita lab’s clean room in IIS, the University of Tokyo. The fabrication process was

based on Silicon on insulator (SOI) technology. The SOI having the following characteristics:

(100) oriented either N type or P type of 30 um Si frontside (top layer)/ 2 um buried oxide (BOX)

insulator/ and 350 µm Si backside (handle layer) (UltraSil Corporation, CA, USA). Fig. 3.10

shows SEM images of fabricated device.

Wafer preparation

The fabrication process was carried out by cutting a 4 inch of SOI wafer to 1/4 size. As a result,

it could ensure the uniformity and mass-produced at the university clean room level. The cut

SOI wafer was cleaned with 10-20 min of the SPM (Sulfuric peroxide mixture) and 20-30 min of

the APM (Ammonia peroxide mixture) to remove any solvent and particle remaining the wafer.

Then, the oxide layer was removed with 1 % diluted hydrogen fluoride (HF) which was formed

on the wafer surface during the cleaning step.
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Frontside etching

The wafer was prebaked on a hotplate at 110 ◦C. A primer and an S1805 photoresist (S1805

positive photoresist, SHIPLEY) were spun on frontside Si at 4000 rpm in 30 s and softbaked

it on the hotplate at 110 ◦C. The photoresist, with a height of 500 nm, was patterned by

photolithography as an anisotropic deep reactive ion etching (DRIE: Si plasma etching process)

mask adopted to the frontside. That would include all main component structures, such as comb

drive actuators, capacitive sensors, two tips, and sidewall of microfluidic channel. The size of

photomask used for lithography step in this process was 2.5 inch and the mask was produced in

VDEC (University of Tokyo) by collaborators.

The wafer with the photoresist pattern was attached to a DRIE glass holder (a carrier wafer)

using DP oil to tentatively glue, instead of heat grease. The DRIE formed frontside Si structures

with Bosch process, and ended with oxygen plasma ashing step to remove residues or photoresists.

After applied DRIE process, SPM cleaning was carried out in order to remove the rest of the

photoresist. The formed oxide on the silicon surface during SPM cleaning step was removed

with diluted HF again.

Protecting the front side

Since the structures of front side contains the main component of SNT, it has to be protected

by 3 consecutive layers before starting the backside process. This protection layer stays during

backside etching process.

The first protection layer, an oxide thin film, formed on SOI wafer by conformal thermal

oxidation at 1050 ◦C for 30 min in dry. Then, the second protection layer as a 100 nm-thick

of Aluminium film was deposited thereon by thermal evaporation. Finally, a 2-µm photoresist

(S1818 positive photoresist, SHIPLEY) was spun on the frontside surface and hard baked in 30

min. After protecting the frontside with these three layers, the process moved to the backside

step.

Backside etching

A 100 nm of Aluminium was deposited by thermal evaporator on the backside silicon surface, and

then the photoresist (S1830 positive photoresist, SHIPLEY) was spun on thereon with a thickness
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of 500 nm. All patterns were formed on Aluminium by photolithography, and Aluminium was

etched by an aluminium etchant to make the etched mask for the backside DRIE.

There were no detailed patterns on backside, only the connection part of frontside structures,

the bottom part of the channel, and the handling part of the device. DRIE processes based on

the Bosch process was applied to the backside Si surface. The required time for DRIE was

depending on the equipment.

After backside DRIE process, the etched wafer and the glass holder for DRIE were put

together in acetone. The wafer was gently detached from the glass holder and rinsed twice with

ethanol. Some photoresist mask and DP oil as glue could be removed during this process. Since

devices which fabricated in the wafer became a fragile structure after the backside DRIE, an

oven at 100 ◦C was used for drying the wafer instead of a nitrogen blower.

The rest of Aluminium mask layer and the residue of photoresist were cleaned from both

side of SOI surface by the final SPM process. In this SPM process, the fabricated wafer was put

into a weak SPM solution in a vertical direction to avoid breaking fragile structures.

Releasing BOX layer

The BOX layer was released with 50 % of HF (diluted with water). An isotoropic wet etching

process was easier to control. All SiO2 layers such as BOX, protection layer and the layer formed

during SPM were removed by this releasing step and the wafer was dried in the oven at 100 ◦C

for 20 min or even more.

This final etching induced an under-etch of SiO2 BOX layer. Of particular importance for the

built-in channel MEMS device, the under-etch has to be at least 10 µm in order to release the

compressing and sensing tips. The under-etch occurs not only at the tips part but also elsewhere,

such as around electrical pads and mechanically connections part, however, the backside was

designed as not to be affected from the under-etch.

These steps allow successful fabrication of the new Device with build-in microdluidic

channel.
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Table E.1 Fabrication process of the channel integrated MEMS device (No.1)

Figure (Left: Cross-sectional, Right: Top) Process Conditions

· Used wafer

· Wafer cut

· Wafer cleaning
(RCA cleaning)

SOI (30/2/350)
4 inch size

Cut 1/4 size

1 % HF: 30 s
SPM: 10-20 min
1 % HF: 30 s
APM: 20-30 min
1 % HF: 30 s

· Formation photoresist
(S1805) mask

Prebake: 110 ◦C,
2-3 min

S1805
500 rpm × 5 s
4000 rpm × 30 s
Softbake: 110 ◦C

2-3 min

Exposure: 2.3 s
Develop: 1 min + α

Rinse: water
Dry: N2 blower

Patterning of frontside
Si layer (DRIE)

Bosch Process

Removal photoresist and
cleaning frontside

SPM: 15 min
1 % HF: 30 s
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Table E.2 Fabrication process of the channel integrated MEMS device (No.2)

Figure (Left: Cross-sectional, Right: Top) Process Conditions

Formation of frontside
protection layer -1

· Thermal oxidation (Dry)
for SiO2 layer

1050 ◦C × 30 min

Formation of frontside
protection layer -2

· Evaporation Al layer 40 W,
2 × 10−5 Pa,
100 nm

Formation of frontside
protection layer -3

· Formation photoresist
(S1818) layer

S1818
500 rpm × 5 s
3000 rpm × 30 s
Hardbake:

130 ◦C
over 30 min
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Table E.3 Fabrication process of the channel integrated MEMS device (No.3)

Figure (Left: Cross-sectional, Right: Bottom) Process Conditions

Upside down the SOI Thin oxide layer

Evaporation Al layer 40 W,
2 × 10−5 Pa,
100 nm

Formation photoresist
(S1818) mask

Prebake: 130 ◦C,
2-3 min

with nonwoven cloth
wiper (BEMCOT)

S1818
500 rpm × 5 s
3000 rpm × 30 s
Softbake: 130 ◦C

2-3 min
with nonwoven cloth
wiper (BEMCOT)

Exposure: 6 s
Develop: 1 min + α

Rinse: water
Dry: N2 blower

Removal Al layer
(Formation Al layer mask
under photoresist)

Al etchant
4-7 min

Pattering of backside
Si layer (DRIE)

Bosch Process
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Table E.4 Fabrication process of the channel integrated MEMS device (No.4)

Figure (Left: Cross-sectional, Right: Bottom) Process Conditions

· Detachment from
DRIE glass holder

· Removal photoresist,
Al layer, and
final cleaning

Acetone: 5 min
Ethanol -1: 1min
Ethanol -2: 1min
Dry: oven at 100 ◦C

SPM: 15-20 min
in vertical direction
Dry: oven at 100 ◦C

Release of BOX layer Wet etching
50 % HF: 5-15 min
Dry: oven at 100 ◦C
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PDMS cover

The PDMS top cover was fabricated using a standard soft-lithography process. Table. E.5 shows

the fabrication process flow of PDMS cover.

First, SU-8 epoxy photoresist (with a height of 10 µm, SU8-2015, MicroChem, Westborough,

MA) was patterned on a thoroughly cleaned Si wafer at the desired thickness and soft baked

to remove solvent. The negative image of pattern was left on the Si surface as SU-8 mold for

PDMS. CHF3 plasma was applied to make a surface more hydrophobic as required.

PDMS was mixed with a mass ratio of base to curing agent at 10:1, and poured on the mould.

Then, PDMS was cured on a hotplate at 90 ◦C for 1 hour and peeled off from the SU-8 mould.

The channel top part except the handling area was formed by PDMS. The channel inlet and

outlet were opened using biopsy punchers (1 mm for the inlet and 0.5 mm for the outlet).

Finally, the PDMS cover was aligned and assembled on the MEMS device to form the

channel (Fig. 3.3).
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Table E.5 Fabrication process of PDMS cover

Figure (Left: Cross-sectional, Right: Bottom) Process Conditions

- Used wafer

- Wafer cleaning

Silicon wafer
1 mm <

SPM: 10-20 min

Coat SU-8

SU-8 3010
500 rpm × 5 s
3000 rpm × 30 s
Softbake: 95 ◦C

5-10 min

Pattern SU-8

Exposure: 10 s
Postbake: 65 ◦C

1 min
95 ◦C
5-10 min

Develop: 2-5 min
Rinse: IPA
Dry: blower
Hardbake: 200 ◦C

30 min
Surface treatment: CHF3

50 W
3 min

Pour PDMS

Mix
base: cure agent

= 1: 10
Bake: 90 ◦C

1 h

Peel-off
Cut out unnecessary
parts


