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Abstract

Integrated micro-system for real time cell bio-chemical assessment

Dacian Emilian Roman

Miniaturized lab-on-a-chips and micro Total Analysis Systems (LWTAS) have already
penetrated the area of molecular diagnostics and brought the promise of a shift of paradigm in
the way that medical professions will be conducted. Large spectrums of applications have been
reported in the area of diagnosis and prognostics, regarding both qualitative and quantitative
identification of targeted bio-entities. The advance of Micro Electro Mechanical Systems
(MEMS) and microfluidic technologies opened a major challenge for a large number of
researchers, industrial health and bio companies to invest their time and budget into the avenue
of Point of Care (POC) health instruments or devices that help in the early detection of cancer

cells within the human blood, via circulating malignant cells.

A large project that addresses the design of a point of care (POC) prototype in the area of
bio-MEMS is presently ongoing in our laboratories. This device will enable the early detection
of specific malignant species from a blood sample and integrates subprojects regarding the
separation of malignant species from the blood sample, the characterization of these particles and
the precise identification of the detected species. The detection method is based on the
interaction between a microstructure, in this case a cantilever beam, and the reacting large

organic molecules.

The aim of the present work is the detection part and represents the effort of the candidate

to confirm theoretically and experimentally a series of pre-existing experimental results
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performed within the research group. The detection experiments take in consideration both the
specific deflection obtained by means of direct measuring and the optical variation of the
capillary angle during the interaction at micro-level between a pair antibody-antigen. The option
of performing the assessment on an in-plane configuration rather than the out-of-plane method is

also taken in consideration.

The results of this work can help benefiting both care-givers and patients if implemented
in a clinical diagnostic device, contributing to an early detection of a malignant condition and the

follow-up during the specialized treatment, implicitly reduced costs and improved quality of life.
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Chapter 1: Introduction

1.1 Introduction

Malignant conditions, along with the cardiovascular diseases, are the main responsible for
premature death in today’s world. Cancer associated costs from both traumatic and economic
perspective, exceed tens of billions of dollars while the prognosis regarding the number of deaths
and debilitating effects is gloom. The causes of these conditions are multiple and not always well
understood. The aging of population, the increase of pollutants, the levels of psychological
stress, viruses or genetic mutations are just few of the complex sources of this devastating

ailment.

Early diagnostics of the malignant condition has been proved as an effective method of
saving patients life, of increase in post-treatment quality of life and, in general, of decrease in the
cost associated with the management of the disease. Circulating tumor cells are signaling entities
in the after treatment prognostics for several oncological conditions, especially in prostate,
melanoma, breast and colorectal cancers [1]. Consequently, the demand for accurate, portable
and affordable diagnostics units increases and the emergent technologies in the area of micro
fabrication represent a hope in satisfying this need in the near future. The goal is to manufacture
medical devices for the generalist office, capable of early diagnostics and personalized treatment

for a large array of medical condition.

The main qualities of these devices are their precision, safety, affordability and

manoeuvrability. The success of several commercial products in the area of pathogen detection

1



and early diagnostics build hope for future optimization in the desired direction with a more
affordable financial cost. The main challenge for these instruments is the fact that they involve
highly interdisciplinary research teams and also the existence of a strong pressure from a legal
perspective in terms of erroneous medical diagnostics, the false positive or false negative
verdicts. In order to minimize the influence of the erroneous data, usually multiple measurements
of the same parameter are performed. However, the low costs of minute quantities of analytes
and the mature technologies in the area of micro-fabrication tend to act in the direction of

reduction of the cost associated with the essay and the exploitation of the instruments.

1.2 Objectives

At the present moment, it is known that primary tumors release circulating cancer tumor
cells (CTCs) which travel through the blood stream and install on other organs on which they
metastases, making the condition to progress. Separation and characterization of such cells
represents the aim of the program. This entire project addresses the design of a BioMEMS
prototype that will enable to perform early detection of specific malignant cells from a blood
sample. The present project, as part of the program, deals with the characterization of the cells

through the interaction between a mini-structure and a bio-molecular reaction.

The entire program consists of three subprojects. The first two subprojects involve the
development of non-destructive devices used to separate and differentiate rare cells from the
blood of the patient. During these two stages, the cells manipulated and studied in a non-

destructive manner are not affected from a biological point of view. In this project, however the



membrane of the cells is disrupted because of the biochemical reaction between an antigen and
its specific antibody. An artistic representation of the desired virtual device is presented Figure
1.1. The upper and lower blue layers represent the microfluidic parts where the specimens are
processed, with all the necessary intermediate steps: preprocessing, lysing, and mixing with the
desired reagents and droplet generation. The green layer represents the detection subcomponent

and it is related to the present work.

Reagent 3

Laser

. source

~

Figure 1.1 Virtual view of the biochip.

The present project deals with characterization of the cells during on the interaction
between a mini-structure with the phenomena generated by bio-molecular reaction between an
antigen and its complementary antibody [2]. It refers to the detection part only and it illustrates

the theoretical and experimental procedures necessary to be performed in order to detect certain
3



type of circulating tumor cells from a blood sample. The detection sensor consists of a cantilever
beam that signals thorough the optical lever method the specific deflection sequence of the

structure, that will be called signature.

The deflection of the beam is due to the complexes phenomena that take place on its
surface during the interaction of the investigated sample with a specific antibody. The complex
biochemical reaction generates a variation in the surface stress due to the droplet mixture placed
on its surface. Further, the overlapped effects of evaporation, surface tension, surface stress,
weight of the droplet and of the structure itself, plus the thermal phenomena associated both with
the evaporation and the reaction will generate a signature of the deflections of the cantilever
beam that is very specific for each antigen-antibody pair. The deflection of the beam is sensed
using the optical lever method where a laser beam is reflected from the cantilever surface on an
optical charge-coupled device (CCD) sensor. The data generated by the measurements is
subsequently compared to known deflection pattern of the specific antigen-antibody pair. Figure

1.2 shows all these steps and their interdependencies in a flowchart format.

The objective of the thesis is to investigate the intricate physical, chemical and biological
phenomena taking place on the surface of the beam from both the qualitative and quantitative
point of view. The mechanical structure is optimized to enhance the sensitivity of the sensor.
The evaporation is studied through the variation of the contact angle during a biochemical
reaction. The study of the centering of the cells is performed numerically, analytically and

experimentally to insure the quality of the sample analysed on the sensor.
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Figure 1.2 Block diagram representing the cantilever-based diagnostics system.

1.3 Originality of the work

There are already applications that detect the presence of oncological species from blood
samples through the deflection of a cantilever based sensor, both in prototype stage or
commercially available products [3-6]. The novelty of the method studied in this work consists
in examining the manner in which the binding of the antibody to its matching antigen occurs.
The projects described in the open literature have used a beam coated either with the antigen or
the antibody [7-10]. The sensors are inserted in a fluid medium and the mechanical structures

interacts with the complementary chemical component, i.e. if the beam is coated with the
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antigen, it will interact with antibody from the sample or vice versa and the added mass is

quantified [11-13].

In the author’s knowledge the work of Stiharu and all [2] is the first reported application
where the two components are mixed prior to the deposition of the cantilever beam. This
approach takes advantage of the fact that the desired biochemical reaction is very slow from a
kinetically point of view. Another gain consists in the fact that the deflection takes place in a
gaseous environment, so it is not influenced by the viscosity of the surrounding medium, detail
that conduce to an increase in the sensitivity of the measurement due to the absence of the drag
forces. The drawback is the evaporation phenomena that can influence the signature through the

mass loss of the droplet.

1.4 Thesis outline

Chapter 1 presents a short introduction in the subject associated with the focus of the

present thesis, its objectives and the originality of the work.

Chapter 2 presents the literature review related to the lab-on-a-chip devices and biosensors.
It illustrates the main research direction for the lab-on-a-chip devices available today both in the
prototyping stage of or as final products. Their main principle of operation is briefly explained

and their characteristics compared and analysed.

Chapter 3 is an introduction in the medical theory behind the cancer diagnostics techniques

used in the BIOMEMS systems, insisting on the aspects regarding the circulating tumor cells and



the antigen-antibody reactions. It presents both the standard methods followed by physicians
when dealing with the disease and reviews the main literature concerning the circulating tumor

cells and the antibody-antigen reaction.

Chapter 4 addresses the theoretical aspects regarding to the deflection of the cantilever-
based sensor, and a parametric study of its most important feature is discussed. The behaviour of
the cantilever beam under the action of various loads is investigated analytically and the results
are validated numerically. A novel in-plane sensor is suggested. The process of topological

optimization of the proposed in-plane structure is performed and its results discussed.

Chapter 5 presents all the representative tests performed during the experimental phase of
the present work. The initial experiments together with their validation through direct measuring
were performed and a novel method of assessment of the biochemical reactions is proposed. The
evaporation process is also analysed in an attempt to identify and control its most important

parameters.

Chapter 6 discusses a method of centering of the droplets containing the cancer cells. The
variation of electric potential, electric field and dielectrophoretic force in the cross section of the
channel are examined both numerically and analytically. An experiment on polyester beads is

performed in order to validate the theoretical findings.

Chapter 7 presents the conclusions that arose from the present work and several direction
of future studies than could be considered in order to improve the quality of the measurements

and optimize the final proposed micro device.



Chapter 2: Literature review

2.1 Introduction

Miniaturized lab-on-a-chips and micro Total Analysis Systems (WTAS) have already
penetrated the area of molecular diagnostics and brought the promise of a shift of paradigm in
the way that medical professions is expected to evolve and be conducted. Large varieties of
application have been reported in the area of diagnosis and prognostics, regarding both
qualitative and quantitative identification of targeted bio-entities [6, 14-17]. There have also been
notable adaptation of these technologies in the areas of pharmacology (drug discovery [18, 19],
synthesis , inoculation [20]) and patient follow-up[5, 9, 21, 22]. All the above applications
converge towards the implementation of point of care devices for the everyday medical
procedures performed in the generalist office, instruments that will open new avenues in terms
of precision, personalization, prevention and treatment of specific diseases, with a much lower

cost compared to the traditional laboratory methods [23].

The golden standard of identification of specific bio-molecules signalled by living cells is
still the interaction between antibodies and their complementary antigens. In this work a number
of cell lines of UVEAL melanoma, breast, prostate and colorectal cancer were closely observed
by taking in consideration both the bio-chemical reactions and the mechanical interaction at
micro-level generated by the mixture antibody-antigen. The generated phenomena are optically

examined through their effect on the miniaturized polyvinylidene fluoride (PVDF) cantilever
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beams using a focused laser beam and an optical position sensor. The signatures are obtained as
time dependent for specific volumes and concentrations of the targeted cell lines and compared
with the ones generated in the presence of their specific antibodies. A detection system for
specific malignant species is experimentally validated and further steps in miniaturization

proposed.

2.2 Biochips

Biological Micro Electro Mechanical Systems (BioMEMS) are part of an area of study
where engineering and biology intersects. The main applications of such devices are in the
manipulation, processing and analysis of biological and chemical specimens, diagnostics of
medical conditions and in the discovery of new drugs and/or their methods of delivery. In order
to attain the fore mentioned goals a vast array of materials, manufacturing technologies and
biological protocols are employed. These approaches have already matured for the individual
specific medical or engineering niches but they still present challenges when scaling down or on
chip integration is attempted. Nevertheless, the emphasis placed on this kind of devices leads to
larger integration of methods and tasks, and already commercial available products are emerging

on the market [23, 24] .

The integration of the BioMEMS chip level generated the development of complex
devices known as Lab-on-a-chip. Manz and his coworkers introduced in 1990 the term of Micro
Total Analysis System (LTAS) but this concept can designate also units that target a multitude of

chemical species, not always biological, for example the environmental detection of harmful



chemical compounds [25]. Micro Total Analysis System (uWTAS) can address tasks concerning
analysis (micro total analysis system), medical screening (point of care systems) and chemical

synthesis (microreactions).

From the point of view of the diagnostics applications the advances in micro fabrication
lead towards two distinct directions of development [26]. The first tendency is to multiply the
amount of testing that can be done in parallel, allowing the identification of a large range of
variables in the same time (multiplexing) [27]. The multi-array DNA diagnosis chips are just
one examples of such procedures [11]. Array of cantilevers can determine the presence of the
absence of several biomarkers, reducing considerably the diagnostics time and diminishing the
errors associated with the specific tests [28]. The use of high density arrays of micro-reaction
wells in drug discovery evolved from the standard 96-well format to micro-plates counting up to
20 000 wells [29]. With volumes starting at 125 microliters and ending at 50 nanoliters [30], the
increasing number of testing points allows more assays to take place in concomitantly. For

example, a 1536-well plate can assays up to 1500 different compounds [31].

From the point of view of the biological component tested, there are many applications
involving microarrays such as protein or peptide microarrays, DNA and pRNA microarrays,
tissue microarrays, cellular or transfection microarray and anti-bodies microarrays [32, 33]. The
use of multiplexing technologies is very important in profiling entire genomes of different
species or between individual [34]. However, the large amount of data generated by the
multiplexed procedures requires a lot of calculating resources both from the hardware and

software point of view [35].
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Figure 2.1 Miniaturization of microplates: a) standard 96-well plate, b) CELLSTAR® 1536W

Microplate, HiBase.

A second direction of development of the lab-on-a-chip devices looks into the
miniaturization of specific laboratory tasks with the intent of the sample analysis optimization.
This type of research brought to the development of micro and nano units on which, due to
miniaturization, complete analysis can be performed with results similar or superior to the ones
from the traditional laboratory facilities. Several examples of commercial available microchips

with applications in the area of pathogen detection emerged on the market [23, 36, 37].

When referring to the term Lab-on-a-chip the following explanation is beneficial in
clarifying its functions. Initially the trend was to integrate components that will improve the
performance of the investigative instruments [25] but the advantages introduced by

miniaturisation dictated the tendency to scale down the components [33]. Consequently, the lab-
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on-a-chip systems started to integrate several miniaturized components able to perform a number

of laboratory procedures such as [38]:

- acquisition of the sample, generally using microfluidics and electronics components,

- preparation of the sample: separation of undesired species, pre-concentration and dilution. It is
made possible by using microfluidic mixers, electro kinetic and dielectrophoretic separation

schemes,

- processing: mixing with specific reagents, and if necessary, a period of incubation for the

initialisation of the biochemical reaction.

Figure 4. A comparison between the laboratory tasks performed at macro and micro scale: 1)
acquisition of the sample, 2) preparation, 3) processing, 4)post-processing, 5)analysis, 6)

interconnections. (Reproduced with permission from [38])
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- post-processing preparation: may include separation of the undesired components/ precipitation

products . microfluidics and separation schemes.

- analysis: recording and processing of the signal generated by the transducer

- interconnections:

The above tasks are implemented and integrated on the biochips by using micro devices
and micro-constituents especially from the field of microfluidics. The most used components are
represented by microfluidic channels, micromixers, pumps (peristaltic, electro osmotic or
electrokinetics), microfluidic and dielectrophoretic separators, sensorics for monitoring and

electronics for control and analysis [39, 40].

As illustrated in the definition, one has to understand the term of lab on a chip not as an
attempt to design a complete miniaturized laboratory having all its components scaled down and
the entire task solved under the microscope. Many of the core processes are still performed with
the help of some laboratory instruments. The major highlight of a lab-on-a-chip device is the fact
that the main part of the analysis is performed in a miniaturized manner with micro components
[38]. This concept can be illustrated by the cancer detection techniques using a cantilever-type
senor where the presence of the malignant species is signaled by the change in deflection or a
shift in natural frequency [41]. The semiautomatic procedure presents a significant advantage
compared with the approach that uses the skills of qualified laboratory personnel, a methodology
that is both expensive and prone to inherent errors. However, in order to notice the change in the
desired parameters of the micro-sensors, there are still laboratory components involved, doing
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adjacent signal processing and analysis. In other words, the core components of the measuring
technique are the one miniaturized but the miniaturization does not refer necessarily all its

constituents.

The total error free miniaturization of laboratory diagnostics tasks is still a vision for the
moment. However several commercial applications are able to minimize the erroneous verdicts
and perform precise diagnosis with great sensitivity and sensibility. In the following paragraphs

the main parameters of two such applications are presented for illustrative purposes.

The test device that was built by IBM and Coris Bio Concept is able to identify a number
of 16 bacterial and viral infections and also a number of cancer markers [42, 43]. All the
mentioned tasks require a sample of only seven picoliters. The core of this point of care (POC)
device is a silicon based cantilever beam coated with a layer of polymers that helps with the
attachment of a layer of proteins used to signal the presence of the condition. The external sensor
of the beam displacement is a CCD type of optical sensors. To maintain the low cost of the
device, the electronics is separated by the portion of the chip where the biochemical reaction
takes place. This separation allows the use of different necessary reagents for the preparation of
the sample prior the specific biochemical reaction and also to change the demanded biomarker

capable to signal the presence of the specific condition.

In 2007 Nature published the work of a research group from the Massachusetts General
Hospital Cancer Center that reported the detection of circulating tumor cells (CTCs) with a

sensitivity of 99,1% [44]. What is more remarkable was the fact that from a group of healthy
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volunteers, using the same chip no cancer cells were detected, i.e. the chip has a specificity of

100%.

2.2.1 Advantages and challenges

The miniaturized systems have many advantages from the point of view of integration,
speed, safety, and the cost of the process. The main benefit of the lab on a chip technology is the
reduced amount of reagents implied both from the sample and reagent point of view and also the
scaling up of the number of samples included in the same amount of space. While the traditional
plate miniaturization methodology requires additional instrumentation to monitor or to control
the parameters of the sample, the lab-on-a-chip approach tries to integrate all these components

into a much smaller, portable instrument.

The cost of the components involved is reduced by the use of the miniaturization
techniques. These manufacturing methods matured in the last two decades so the generated
products can be used with confidence. The low cost of materials used in these processes
combined with the cost of batch silicon micromachining or plastic microfluidic structures and the
well-known theory regarding the cantilever beams is considered to be the main reason of the

extensive use of this type of sensing in the laboratory and industrial monitoring applications.

Another important advantage is in the evolution of parameters because of the
miniaturization. The flow in the micro channels at this scale is laminar. This characteristic allows
the use of the same microchannel for the transport of several layers of liquid in parallel. Because

of the small dimensions both mixing and separation of suspensions can be done through
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diffusion methods easily achievable at this small scale by controlling the length of the micro
channel. A complete mixing can be achieved in less than one minute over a length of micro
channel of 100 micrometers [45]. Separation of blood components from plasma can be achieved
due to the laminar flow and difference in the particle density [18]. Low power consumption of

these devices compared to their macro counterparts is also a non-negligible advantage.

While the miniaturization has many advantages, it brings also new challenges regarding
the transport, mixing and evaporation of the small amounts of samples. New methods of
manipulation involving electro wetting on dielectric techniques proved that manipulation of

minutes volumes can be performed successfully [46].
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Chapter 3: Overview on cancer research
3.1 Introduction

Cancer research is one of the main areas in which the development of biosensors is
focused, mainly because an early diagnostic of such illness improves drastically the patient’s
prognostics of survival. Another rationale is attributable to the fact that currently the oncologic
diagnosis is totally dependent on the human operator, a factor that both raises the cost of the
existing procedures and pays its toll through the inevitable errors involved [47]. In both
developing and developed countries, cancer represents the second main cause of premature death
[48], the first cause being associated with cardiovascular conditions. However, the costs involved
in the oncological area are higher than the one associated with the heart diseases [4]. In 2010 the
number of cancer related deaths in United States exceeded half of million people [49] .
Excluding the unquantifiable human tragedy involved, the global cost of cancer associated with
diagnosis, treatment, post-treatment follow-up and premature death was evaluated in 2008 at 895
billion USD, figure that represent about 1.5% of the Gross Domestic Product (GDP) of the entire
world [48]. The promise of pTAS devices in being extremely precise, versatile and low cost (as a
result of the batch fabrication technologies and the small quantities of analytes involved) brings a
perspective where the micro fabricated devices combined with genomic, proteomic, epigenetic
profiling, and predictive biomarkers will be accountable for a revolutionary breakthrough in the
oncologic field [4, 5, 47, 50].The literature [47, 51-54] in oncology emphasizes the importance
of early detection of the disease as the primordial factor in the survival of the patient and an

important component of the quality of life following the treatment.
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At the present time a patient most often discovers the existence of cancer either after the
symptoms are already present, this is when tumors are already grown or accidentally, during the
annual check-up or during other investigation with the purpose of discovering/monitoring of
another medical condition. The classic approach in the cancer diagnosis involves invasive
techniques where bio-samples collected from tumors - biopsies - are prepared using staining
techniques and subsequently morphologically analyzed under the microscope [47]. Similar
optical inspection methods are used when biological fluids are investigated in search for
malignant markers. All these aforementioned procedures are expensive (involve high-cost
analytes and highly qualified personnel), time consuming and, last but not least, prone to errors

[51].

The normal sequence of clinic events, that most likely will take place in the detection and
treatment sequence are: collection of tissue specimen, pathology followed by the treatment for
the present stage of the disease (chemotherapy, radiation therapy and/or surgery) and an
evaluation of the effects and side effects of the treatment (Figure 3.1) [47]. If the results do not
have the accepted degree of success (the tumour is still present, a metastasis appears) another
round of therapeutic measures will be performed. The degree of success is presently measured
not by considering the total elimination of the disease but by the rate of survival within a period
of five years following the initial treatment. The foreseen improved approach involves the
existence of a pharmaco-genomic profile of the patient and inexpensive real-time, point-of-care,
specialized monitoring of the desired biological parameters combined with a permanent

adjustments of the treatment.
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Figure 3.1 Present and future in the diagnostics, treatment and monitoring of the oncological patients. (adapted after [47])
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3.2 Circulating tumor cells

In a nutshell cancer can be defined as “abnormal and uncontrolled cell growth due to
an accumulation of specific genetic and epigenetic defects” provoked by environmentally
and hereditary causes [53]. The cells start a growth that is no longer regulated by the
normal mechanisms existent in a healthy organism and accumulating as tumor masses. The
tumors are no longer regulated by homeostatic procedures that are present in healthy cells
and become resistant to the defense mechanisms of the body. In time, these types of cells
continue to migrate within the body and metastasize in other organs. In this stage the

condition not more treatable [55].

Two types of mechanism are known as responsible for the formation of tumors[56]

[57]:

-the activation of the oncogenes, caused by mutation in normal genes due to the external or
internal factors, lead to abnormal growth levels and deregulation of cell growth. The most

investigated oncogenes as cancer biomarkers are the growth factor receptors [53].

-the inactivation of the tumor suppressor genes (TSGs) is responsible for obstruction or
even cancelation of the cell division mechanism. The most examined TSGs for cancer are
retinoblastoma proteins (Rb) [58] that is an important regulator of cell division and BRCA1

which is a repair enzyme [59].
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The circulating tumor cells originate in both primary and metastatic tumors but only
a small subset of them have stem cells like characteristics and can initiate tumor nuclei in
healthy tissues. The investigation of the number and the molecular composition of these
type of cells is a research area that promises to generate “clinical information on prognosis,
therapy choice, and effectiveness* of drugs, and generates attention from both development

of cancer biomarker point of view and new drugs discovery [60].

From the BioMEMS point of view this field of study well established. United States
Food and Drug Administration (FDA) approved CellSearch device as an instrument of
monitoring the stage of metastatic advance for the patients affected by breast, prostate, lung
and colorectal cancers. In this specific instrument the CTCs are separated from blood, fixed
on magnetic beads and counted. The number of CTCs gives valuable information regarding

the effectiveness of the treatment or the advance of the disease [61].

From the CellSearch point of view, a “true” CTC is defined as “a nucleated
circulating cell larger than 4 um, expressing epithelial proteins EpCAM and cytokeratins 8§,
18, and/or 19, while being negative for the leukocyte-specific antigen CD45”. The number
of such cells is, however, reduced in blood (hundreds per milliliter). On the other hand
various investigations proved that CTCs are heterogeneous in composition for different
types of cancers and not always obey the restrictive definition given above. There are
variations from the molecular point of view even between different patients [53].
Nevertheless, the complete characterization of the CTCs can give important information to

specialists regarding their source as the primary or metastatic lesion, the impact of the
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therapeutic strategy involved and hold promises to replace the existing traumatizing cancer

investigation methods involving the biopsy of the scrutinized organ [62].

3.3 Antigen-antibody biochemical reaction

In order to attempt an explanation of the intricate mechanism of the antigen-antibody
biochemical reaction, one should define what an antigen and an antibody is. From a
biochemical point of view, structurally the antigens are proteins, polysaccharides or even
entire cells [63]. An antigen can be exogenous, endogenouos or an autoantigen and it is
identified by a set of specialised cells (lymphocytes) as threatening for the organism and
generates a response from the immune system. Exogenous refers to an antigen that was
inoculated in the body from exterior, endogenous to an antigen created from normal cells
that suffered mutations either because of bacterial and viral infection or because of a
metabolic transformations, and autoantigen refers to proteins that are targeted by the
immune system due to abnormalities in the immune tolerance of the organism. From a
structural point of view the antigens are biological polymers, each of them possessing
surface features called epitopes that are used potentially by antibodies to establish

interactions.

Figure 3.2 illustrates schematically the components of an antibody unit. An antibody
unit consists of four polypeptidic chains: two identical heavy chains (the five-segment
component in Figure 3.2) that are linked together by at least one sulphidic bonds and two

light chains (two-segment component) [64]. The illustrated dark components are variable in
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sequence and represent the antigen-biding sites or the paratopes (corresponding to the
antigen's epitope). The heavy chains number varies for each animal species and for humans
have been detected a number of five, i.e. v, a, 0, € and p. The light chains, two in number, A
and k, are composed of two regions: one variable in sequence (the dark region) and one
constant for each type of light chain (the light region). These five types of heavy chains
,2together with the two types of light chains, will determine the major classes of antibodies
(immunoglobulins). The IgG immunoglobulin, for example, consists of two light chains
and two v heavy chains. Minor differences in the constant regions of the y components will
generate a subsequent classification as IgG1, IgG2, 1gG3 and IgG4[65]. These units further

can form polymer-like structures with intricate shapes.

Structurally, an antibody is an Y-shaped protein and exists either as a soluble
component secreted by plasma cells or attached on the surface of a B cell (a component of

white blood cells).

Light
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1 site)
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Figure 3.2 The antibody unit [65].
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The general antigen-antibody reaction takes place when an antigen (4g), through its
epitope, attaches to an antibody (4b) paratope, and it is symbolically represented by the

following reversible chemical reaction:

Ag+ Ab ¥==AgAb (1.1)
Further we can calculate from the law of mass action:

x - LAgab] (1.2)
[4g][Ab]

where K represents the equilibrium constant, [AgAb] is the concentration of the complex
antigen-antibody, [Ag] and [Ab] are the concentration of the two reactants in mol per

volume.

The reversibility of the reaction is generated by the nature of the weak non-covalent

forces that are involved in the process. These forces are [65]:
a) weak electrostatic interactions;

b) van der Waals forces;

¢) hydrophobic interactions;

d) hydrogen bondings.

In an antibody-antigen interaction, it is impossible to predict which of the
aforementioned interaction will be dominant. However, the chemical configuration of the
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components can greatly influence the condition of the reaction (for example, pH influences
the electrostatic interactions, while the presence of a large number of hydrogen bondings

will demand lower temperatures).

Antigens

VR IR TR

Antibodies

Figure 3.3 Antigen-antibody reaction.

3.4 Cancer diagnostics

The immunoassays and the immunosensors [3, 47, 54, 62, 66-69] use the selectivity
of an antibody to specifically bind to the specific antigen from a mixture of complex

biological substances (Figure 3.3).

The existing techniques, such as the enzyme-linked immunosorbent assay (ELISA)
and all its variants (sandwiched, reverse, indirect, etc.). are very accurate in the detection of
the targeted biomarkers [70]. Still, there are drawbacks coming from the fact that for low

cytokine concentrations, the ELISA procedure cost increases exponentially and many
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biological species cannot be detected under a specific threshold,(1:1 000 000), situation
specific to the early stages of the disease [53]. Few such threshold values are given in Table

3-1.

Table 3-1 Normal level for basic tumour markers (adapted after [47])

Tumour marker Thresholds
NSE 12.5 mg/l
PSA 4 pg/l

hCG 51U/

CEA 3 g/l
CA125 35 kU/
CA50 14-~20 kU/1
CA242 20 kU

The antibody detection generally employs either a sandwich or a competitive
method [67]. In a sandwich scheme, an initial antibody adheres to the surface of the sensor
(generally a cantilever beam) and interacts with the targeted antigen. The interaction can be
sensed in the presence of an additional labelled antibody. These labels can be different
enzymes, specific radioisotopes or fluorescence generating molecules (fluorophores) [12].
In the case of the competitive method the same principle of immobilising the antibody is
used, but compared to the previous technique the labelled antigen that will "compete" in

occupying the paratopes of the immoglobulin. The advantages of the sandwich method are
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its high specificity and sensitivity, due to the employment of two specific antibodies.
However, because of the same reason, the incubation time increases compared with the

competitive method [3].

Genomics and proteomics (PCR, RT-PCR, DNA sequencing, Western and Southern
blotting) constitute an improvement of the previous diagnostics protocols and are able to
generate multi-markers profiles with the additional advantage of eliminating the need for
invasive procedures. The use of these methods improved the understanding of the genetic
and environmental factors causing the malignant condition. The drawback comes from the
increased cost derived from the complexity of the generated information and the demand of

complex databases and equipment for its storage and manipulation.

The precise determination of the existence or the absence of a specific tumour and
its stage of development requires, in general, the qualitative and quantitative determination
not of a single but of several markers. In Table 3-2, few of the associated tumour markers

of the most frequently encountered types of cancer are presented.

The most promising method is the protocol that uses protein based biomarkers
instead of the genetic sequencing. Lab-on-a-chip systems were built with the idea to
simplify the entire diagnostics procedure applying a real-time multi-marker testing device.
A lab-on-a-chip device, or more general, a pTAS, consists of a number of subsystems in
which the sample containing the markers is deposited on the sensing element(s) that usually

contains a predetermined concentration and volume of antibodies, mono- or polyclonal.
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Table 3-2 Cancer and tumour associated markers (adapted after [47])

Type of cancer Marker
Prostate cancer F-PSA, PSA, PAP
Breast cancer CA15-3, CA125, CEA
Lung cancer CEA, CA19-9, SCC, CYFRA21-1, NSE
Colorectal and pancreatic cancer CEA, CA19-9, CA24-2
Gastric carcinoma CA72-4, CEA, CA19-9
Epithelial ovarian tumours CA125,AFP, hCG, CEA

Polyclonal antibodies are the most common molecular species used in the cancer
detecting MEMS devices. [9, 21] Using molecular techniques, they can be precisely
manufactured for all the investigated biological species, having the advantage of being
more affordable from a financial point of view, compared to the monoclonal antibodies. On
the other hand, a drawback of the polyclonal antibodies is the fact that they present a lower
specificity compared to the monoclonal ones. The antigen-antibody pair is also used as an
interactive unit capable of generating the deflection of a micro cantilever and, implicitly,

causing a qualitative reaction in a biological sensor. [12]

The biochemical reaction antigen-antibody by itself has specific exo/endothermic
effects and is affected by the antigen-antibody ratio, the physical form of the antigen (if the

antigen has particulate characteristics or it is a soluble one), the avidity (the overall strength
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of binding of an antigen with its multiple antigenic determinants to multiple antibodies
sites) and the affinity of the reaction (the strength of the reaction between a single

antigenic determinant and a single combining site of the antibody) [71].

There are also several physical factors influencing the quality of the reaction, such
as the thermal optimum (when the mixture antigen-antibody will generate the strongest
reaction, usually between 4-37° C depending on the reacting pair), the level of pH
(generally between 5.5 and 8.5 with an optimum between 6.5-7.5), the ionic strength of the
medium (the incubation period is between 30-60 minutes but when the ionic strength has

been decreased the time is reduced to 5-15 minutes) and mixing efficiency [63, 64, 69].

From the chemical point of view a strong influence comes from the binding kinetics
[72], the reaction order, the limitations in diffusion [73] and the highly non-specific

bindings events [74].

The exact phenomena taking place on the surface of sensing element are the subject
of some polemic discussion [7, 12, 75-77]. The complex equilibrium between the antigen
containing solution and the adherent layer of antibody, the ions present, the conformational
changes of the organic molecules plus the additional physical phenomena (temperature, pH,
ionic strength and mixing efficiency) concur to make the factors and incidences responsible
for these changes not fully elucidated [78-81]. Nonetheless, the effects of these complex
interactions are extremely specific and their sensitivity and specificity were extensively

used in tumor detection in laboratories in the last 40 years.
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Chapter 4: Cantilever beam sensing: theoretical aspects

Cantilever beams are the most common mechanical structures used as miniaturized
sensing devices. In cancer detection they are mainly employed as transducers. Their
deflection is sensed by events of mechanical, electrical, electrochemical, optical,
calorimetrical and magnetic [7, 9, 82-88] nature. When the cantilever beams are used to
detect a change in mass as a result of the binding between an antigen and its
complementary antibody often an optical device is employed in order to record the

generated effect. [2, 89-91]

The present work investigates the way in which the signature of the deflection of the
cantilever sensor takes place due to the specific antigen-antibody biochemical reaction on
its surface. This study builds upon the experience generated by previous experiments that
investigated the signature of several peptides and enzymes [2, 85, 86]. The sensing of the
cantilever deflection for several types of cancer using optical lever method is compared to
the signature generated in the absence of the specific antigen and the physical phenomena

responsible for the deflection pattern are segregated.

In the following subchapters, a review of the present state-of-art in the area of the
cantilever biosensor, followed by an in-depth look at the various theoretical aspects
regarding the deflection of the cantilever due to the various aspects related to the deposition

of a droplet containing the complex antigen-antibody on its surface. It has to be mentioned
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that, for the moment, not all these aspects are fully understood and future theoretical and

experimental developments may change the way these complex phenomena are regarded.

4.1 State of the art in cantilever sensing

Micro cantilevers are widely used as sensors in the lab-on-a-chip applications due to
their simplicity and versatility. They can operate submerged in fluids, in vacuum or in gases
and their deflection can sense changes manifested either in the surrounding environment or
on their surface [12]. In our work, the experimental setup was isolated by the air turbulence
with lateral panels and the deflection of the aluminum-coated PVDF (Polyvinylidene
Fluoride) cantilevers was sensed through optical means by recording the signal generated

by the deflected laser beam on the surface of a CCD optical sensor.

Generally speaking, a cantilever beam “senses” the biological target by extracting it
from a sample on its surface while it signals this capture by specific changes in its
mechanical properties. In order to identify the biological component mainly two methods
of sensing are applied: labeled sensing and label-free sensing. The first procedure uses
biochemical and chemical species such as fluorescent markers, particular enzymes,
nanoparticle and selected radioactive species to label the desired proteins from the
specimen.[92, 93]. On the surface of the cantilever a class of receptors that have specific

binding affinities for the labeled components are deposited.

This labeled detection scheme has strong signals for the detected molecules, in other

words, the detection limit is improved, but also brings a set of challenges. The presence of
31



the unattached labels in the sample disturbs the recognition process. The label can affect
the chemical activity of the protein and can decrease the detection lower limit. Moreover,

the detection technique that uses labels increases the time and the cost of the process.

These disadvantages stimulated the search for systems capable to increase the limit of
detection by using label-free schemes. In a label-free process the biological receptors are
also fixed on the surface of the beam but the targeted molecules from the sample are not
chemical altered as in the previous case. Using a micro- or nano- cantilever-type sensor the
sensitivity of methods using labeling techniques can be reached and even overcome.
Masses of attograms were being able to be detected and the sensitivity reached

concentration of few nM [93].

The coating with a particular layer of biomolecules on the beam surface is the most
important component of a biosensor, granting it the capability of sensing. These types of
biosensors derive from the assay methods used in the biochemical laboratories. If an
antibody 1s the detection target, the beam will be coated with its specific antigen or the
other way around if a particular antigen is the object of the investigation. The layer on the
surface of beam can be composed of specific oligonucleotides that chemically complement
the investigated ones [94]. In the case of the nucleic acids, single-stranded DNA is coated
on the beam and takes advantage of the hybridization process that will occur when its

complementary strand of DNA is present in the investigated specimen [10, 93].
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The layer of the receptor biomolecule should be anchored on the surface of the beam
in such a way that should not be easily removed and, in the same time, allowing it to
preserve its targeted function, i.e. the ability to interact with the aimed molecular species.
The deposited film should be uniform and thin in order not alter too much the mechanical
characteristics of the beam and to enable its regeneration [28]. The robustness in the

presence of temperature changes or pH variation is another quality of an ideal layer.

These goals are achieved by improving the characteristics of the beam surface. For
this purpose, the most used method is to evaporate or sputter noble metals on the substrate.
Alkane chains molecules in conjunctions with thiols (Figure 4.1) generate well-arranged
monolayers on a gold substrate [28, 95]. On silicon, the silanes molecules are used for the
same purpose [28, 96]. For particular materials the functionalization is not necessary if the
desired antibody adsorbs naturally on it, like in the case of SiO2 that covers naturally the

surface of the Si fabricated cantilevers [93].

Other techniques of linking specific receptors on a substrate are polymer grafting [97]
by spin coating or dip coating, and sol-gel method [98] when a porous surface is aimed.
Inkjet micro-nozzles can also be used. For example, the Nano eNabler device[37], deposits

small droplets on the entire area of the cantilever until the entire surface is covered .
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Figure 4.1 a) Si3Ny cantilever beam coated with a combination of two types of thiols
(represented as rectangular fins perpendicular on the beam surface) and b) The chemical
structures of the short molecule of Thiol I and the long molecule of Thiol II. (Reproduced

with permission from[28])

The regular cantilever sensors are fabricated from semiconductors, polymers,
piezoelectric materials and metal oxides in a large range of dimensions and shapes. The
semiconductor materials generally used are silicons (both crystalline and poly). They take
advantage of the microelectronic fabrication processes and can be batch manufactured,
therefore lowering the fabrication cost. SU-8’s lower modulus of elasticity qualifies it as a
good candidate for static measurement methods of detection [7]. The small Young’s
modulus however makes it impractical for the dynamic methods of detection where stiff
and small structures are desired for a better sensitivity. This reason generally disqualifies
polymers as materials for dynamic detectors but makes them suitable for static

quantification. Piezoelectric materials are used in the dynamic methods: the large
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length/thickness values cantilevers are employed mostly when the load acts close to the free

end of the cantilever, while the small values for surface stress biochemical sensing [99].

The bending of the cantilever beam is detected through several methods that use
mainly optical and electrical principles. They can be implemented locally in the structure of
the biosensor or, for prototyping, specialised measurement instruments available in the

laboratories can be used.

The most used method of optical detection is the optical lever technique (Figure
4.2). In this scheme, the spot generated by a laser diode is reflected from the moving tip of
the beam on the surface of a position sensitive photodetector (PSD), such as a CMOS/CCD
sensor. The reflective properties of the beam are enhanced by coating a metal, usually gold,
on its surface. The recorded signal is proportional with the slope of the beam and the
distance between the reflective surface and the sensor. For calibration, the laser spot has to
be precisely aligned and the dimensions between the composing elements completely

characterized.

. laser diode
two/four segment 4

photodetector
4 focusing optics

v 4

cantilever —7

Figure 4.2 Optical lever method of detection. (Reproduced with permission from [28])
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The main disadvantage of this method that makes it difficult to use in liquid
environments is related to the analytes adhering on the surface of the beam a phenomenon

that generates changes its optical properties.

The interferometry principle of detection uses the interference between a laser beam
reflected by the surface of the cantilever and a reference spot. This method yields exact

values for the deflection with sensitivities in the range of an angstrom [28] [100].

The electric detection schemes consider the beam as a plate of a locally built
capacitor. Any change in the position of the beam modifies the capacitance and through
signal processing, measures indirectly the displacement of the cantilever. This technique

cannot be performed however in a conductive liquid environment.

The most promising measurement method lays in the use of piezoelectrical
materials for cantilever beams type sensors. A cantilever built from piezoresistive materials
changes its electrical conductivity when strained. The displacement is measured by
quantifying this resistivity change through the use of a Wheatstone bridge. To avoid the

limited use in liquids, passive resistors can be built within the structure of the sensor [101] .

4.1.1 Principles of operation

There are three main principle of operation that uses cantilever structures to identify

the adsorption of the biomolecule of interest on the surface of the deposited receptor:
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- dynamic methods use the shift in frequency or the modification of the force contact due to

the absorbed molecules;

-calorimetric methods benefit from the deflection generated by the different coefficients of
thermal expansion of a bimetallic beam that appears when the adsorption is accompanied

by exothermic or endothermic processes;

-static methods take advantage of the variation of surface stress on the side of the beam

where the biological species are linked.

In the following subchapters, the theory behind the dynamic, calorimetric and static
methods will be shortly introduces to create a better understanding of the motivation behind

the thesis work.

4.1.1.1 Dynamic methods

In this mode of operation, the beam is excited at a frequency that is close to its
resonance one. For the geometry and the materials of the sensors used in this type of
detection, the resonance frequency of the structure can be in the kilo or Megahertz range.
By affecting the mechanical properties of the beam, the resonance frequency shifts, and this

change can be related to the mass change by using the theory of mechanical vibrations.
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Considering an Euler-Bernoulli cantilever, the governing equation of motion can be

described as:

yﬂ 0,

+(pA+y) +&

o Ot y(x,t) y(x,1) _ _
El————= e Py =q(x,1) (4-1)

where E* represents the apparent Young's modulus (£~ = 7 ), I - the second moment of
-V

w t/2

area of the rectangular cantilever beam,(/ = I I Z*dzdy _EWh3 ), p - the specific mass
—t/2

density of the beam material, 4 - the cross-section area (4=wt, w is the width of the beam

while 4 is its thickness, y - mass of the cantilever beam, ¢ - the damping coefficient and ¢

is the driving load (in our case g=0).

q Response Read-Out
System

Figure 4.3. The resonant mode principle. (Reproduced with permission[102])

For a rectangular cantilever beam the spring constant can be calculated using the

3

Ewh 1 |[K
formula K = :;3 and its resonance frequency f is approximated by f = 2—«/ -, where
x\'m

0
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m* is the effective mass of the cantilever beam that is related to the mass of the beam m,, by
the relation m*= n- my, = m; + 0.243m; (n depends on the geometry of the beam and m;
represents the mass of the droplet before its impact with the beam). According to the above
theory, a cantilever sensor with reduce spring constant but large aspect ratio is preferred
when surface stress modifications are addressed while for mass detection a thick and short

beam is more suitable.

Both the spring constant of the beam and the effective mass are altered during the
chemical reaction that takes place in droplet containing the mixture of cells and their
corresponding marker further complicating the attempt to generate an analytical model of
the process. The concomitant evaporation reduces m* with a quantity proportional to the

evaporation rate a.

Another important parameter for the dynamic behaviour is the quality factor Q

defined by the relation:
o(pA+y
0= % (4-2)

Then resonance frequency of a cantilever beam @ can be expressed as a function of

its resonance frequency in the undamped case ®,,and its quality factor O :
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n=0,1,2,...

According to the equation (4-1) and (4-2), the viscosity of the surrounding
environment has significant influence reducing both the resonance frequency and the
quality factor. For this reason the cantilevers operating in a gaseous environment are more
sensitive. In order to overcome this challenge and increase the sensitivity of the sensor an
interesting solution is to manufacture a microfluidic channel inside the beam and to

circulate the liquid sample through it[103] .

In terms of sensitivity, these type of sensors are reported to be able to detect
quantities as small as the mass of a single cell (=10™°g) [28, 104]. For biological detection
have applications ranging from single cell detection [105] to carcino-embryonic antigens
[106] and viruses [107] . An important review of this mode of operation presenting a large

range of application and their sensitivities is presented by Johnson et al [102].

4.1.1.2 Static deflection methods

Due to the difference between the surface stresses generated on the top and the
bottom surfaces, a cantilever bends. The bending magnitude depends on the intensity of the

chemical or physical alteration of the surfaces. If both the surfaces of the beam are exposed
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to the same agents the difference in surface stress will be the same and the deflection will
be zero. However if the one side of the beam is functionalized with a receptor layer a

differential surface stress change will be produced.

Ao,

t '34 m
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Figure 4.4 The principle of detecting surface stress variations.(Reproduced with permission

from [28])

The bending of the cantilever beam due to surface stress is proportional to the
difference between the value of surface stress Ag; on the upper side of the cantilever and
value of surface stress Ao _ acting on the lower face of the beam. When dealing with a
tensile compressive surface stress the bending of the beam will be toward the stressed
surface. According to Stoney’s formula, the beam will bend generating a radius of

curvature R that equals to:

1 1-
1 gl
R Et

c

(A0, ~Ac,) (4-4)
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Here E. represents the complex Young’s modulus of elasticity of the beam, v is the
Poisson’s ratio and ¢ denotes the thickness of the structure. The deflection Z due to this
magnitude of surface stress in the case of a cantilever beam with rectangular cross-section

and length L will be [108]:

, 3E(1-v)
tE

c

(Ao, —Ao,) (4-5)

For biochemical reaction the generated surface stress is in the range of only few
mN/m [28]. For example when an antigen-antibody binding takes place on one side of the
beam the magnitude of the surface stress is 1-6 mN/m [109]. A special attention should be
paid to the pH of the sample and the concentration of the analyte because both these factors
are found to influence the magnitude of the surface stress [82, 110]. The change in surface
stress that occurs during an antigen-antibody reaction was studied by Wu et al [68]. There
are numerous applications using the static deflection to detect DNA sequences [11],
prostate specific antigen from purified blood[68] or changes in conformation of proteins
[28, 111]. The sensitivity of the static sensing varies depending on the targeted property
and varies from 100 pM [81] when DNA oligonucleotide are investigated to 10 pg/ml when

the targeted biomolecules are proteins [8].
4.1.1.3 Bimetallic deflection based detectors

The thermal effects are very significant when the material of the beam consists of

two or more layers of different materials. The bending of a bimetallic beam actuator or
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thermostat under uniform heating was studied by many authors [112, 113] and the
analytical model is well established. Different coefficients of expansions of the materials
yield linear expansion with different ratios in the presence of temperature variations. This
unequal deformation of different materials induces the bending of a cantilever beam,
upwards (when the layer of material having a lower coefficient of expansion is on top) or

downwards such as illustrated in the figure 4.4:

I¥iL

M1
PT\@”“M P1
Mz

h
Pﬁh

Figure 4.5 Bi-layered cantilever uniformly heated illustrating the thickness of each layer
(al, a2; al+a2=h), the efforts involved (the axial loads P1, P2 and the bending moments
M1,M2), the coefficients of thermal expansion for each layer(al,02) and the Young

modulus of each material (E1,E2). (adapted after [44])

In the following calculations the bellow hypotheses are assumed:

-the differences between the coefficients of expansions of the two metallic layers remains

constant during the heating phase;

-the width of the beam is very small compared to its length;
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-there is no friction in the supports;

Let us consider a beam consisting of two strips of different metals welded, joined or
bonded together. The coefficients of thermal expansion of the two materials are designated
by a; and a,. Uniformly heating the beam from the initial temperature 7; to the final
temperature 7, the beam will deflect due a difference in the linear expansion of the metals.
If the above layer has a larger coefficient of thermal expansion the beam will deflect
downwards. The above layer undertakes a tensile force F; and a bending moment M;. At
the same time, the inferior layer experiences the compressive load F» and bending moment

M.

Assuming that the cross-section of the beam, initially plane and perpendicular on its
own axis, preserves its geometric properties during bending, and no external forces act on

the beam we can consider that the following equalities take place [113]:

_ oW E,Eylyhy (hy +hy)(@t, — oy )T, = T7)
(WE ) +(WE, 1)’ + 2w E, E, b, (21 +3hh, +212)

1
=— (4-6)
r

) ) ) 1
where £ is the inverse of the radius of curvature k= .

The tip deflection of a bimetallic cantilever can be now calculated, for small

deflections using the following formula [113, 114]:
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d=~" (4-7)

The tip deflection of a bimetallic cantilever can be now calculated, for small

deflections using the following formula [113, 114]:

The above solution is valid only when heating is homogenous. If the heating occurs
only locally, i.e. on the portion of the beam where the chemical reaction occurs this solution
is not valid because the above equations lose their continuous characteristics. Moreover, an
analytical solution may be difficult to achieve and numerical methods are the preferred

choice for the evaluation of the deflection of the beam.

A bimetallic cantilever beam is sensitive to temperature changes of up to 10° K
[115]. There are applications involving a bimorph structure varying from the monitoring of
thermal gradients during chemical reaction in the presence of catalyst to photo-thermal

spectroscopy with a time resolution lower than a millisecond [28].

4.2 Theoretical aspects

The quasi-static deflection of the cantilever beam, in contact with the droplet of liquid
containing the precise mixture of cancer cells and their specific markers, is generated by
intricate physical and biochemical phenomena. The most important biochemical and

physical factors influencing the bending of the cantilever sensor are:

- the biochemical reaction between the cancer cells and their markers,
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- the evaporation of the droplet,

- the influence of the thermal gradient: due to the chemical reaction, the laser spot
and the endothermic effects taking place due to evaporation,

- the change in surface stress,

- the normal and transversal components of the surface tension of the mixture,

- the pressure (Laplace) inside the droplet,

the weight of the droplets and the own weight of the cantilever.

When the biochemical reaction initiates, some of the aforementioned specific
parameters of the liquid mixture become time dependent and the evaporation of the liquid
initiates. Consequently, the variation of the above quantities becomes even more evident.
The evaporation is an endothermic process while the chemical reaction can be either
endothermic or exothermic. From this point of view, the thermal effects are also of
influencing significantly the accurate characterization of the deformation of the beam. A
droplet with a diameter less than 40 pm has a weight is considered to be insignificant
compared to the ones generated by the capillary phenomena i.e. a deflection of few nano
meters and forces of nano Newtons. [116, 117]. The deflection of the microstructure owing
to the weight of the containing drop of liquid, gains importance because, in this case, the

droplet has a diameter larger than 200 um.

In the following subchapters the influence on the deflection of the cantilever beam of

each of the fore mentioned loads will be analysed.
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4.2.1 Dynamic loading

When the free falling droplet of liquid reaches the surface of the cantilever beam,
part of its mass is lost due to the splashing, and the remaining part spreads on the surface of

the beam. Obeying the principle of minimal energy, the droplet assumes a spherical shape

2

[118]. The energy generates a very short (75 = pTVB ~ 1ms for 8ul H,O droplets[116])

damped vibration of the drop having the characteristic frequency f; = W ~ 50kHz
where V represents the volume of the droplet while p are the density, y the surface tension
and 7 the viscosity of the liquid mixture [116]. Immediately after the droplet is added on
the surface of the beam, the transferred momentum generates a short vibration of the
cantilever. The damping of the cantilever element generated by both internal (material and
geometrical features) and external causes (due to the beam support and air drag) brings fast

the mechanical structure at rest[118, 119] .

Even if the droplet vibration can generate in cantilever other mode shapes, its
general influence on the signature of the malignant species is considered to be negligible
due to the length of the biochemical reaction (1200 seconds). However, to avoid the
aforementioned splashing, the droplets were deposited on the surface with a pipette. For the
foreseen miniaturization of the device other methods of droplet detection are suggested
such as capillary absorption or electro-wetting on dielectric droplet manipulators (EWOD)

[46].
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4.2.2 Bending of the cantilever beam due to thermal effects

Figure 4.6 PVDF cantilever beam coated with Cr-Al-thin film alloy (max. 2% Cr).

The difference of temperature between the upper and lower layers is due to the

following factors:

-biochemical reaction: the temperature can increase or decrease, depending of the

exothermic or endothermic character of the chemical combination;

-evaporation: the process is endothermic, and it takes place during the entire interval of
observation. According to Chandra et all [120] the cooling of the substrate is enhanced
when the contact angle decreases. At the same time, a decrease of the contact angle from
90° to 20° produces an increase of 50% in their evaporation time. These observations have
a direct application in the amplification of the extinguishing capabilities of water by

dissolving in it a wetting agents that reduce its surface tension [120, 121].
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-laser heating: the power of the laser excites locally the upper metallic layer of the beam
increasing the temperature. However the load exerted during measurements where a laser
diode is involved is small. As an example, a 7mW laser generates an equivalent load in the
range of 1.6 10" N [122] so it will be considered negligible due to the comparatively
reduced time of our experiments (10-20 minutes) and the presence of radiative dissipation
(the laser diode used in SFM heats with 3-4 K per hour the small closed sample chamber in

the absence of cooling) [123].

In our case, the cantilever beams are made of polyvinylidene difluoride (PVDF), a
thermoplastic fluorpolymer, and are coated on both sides with a layer of Cr-Al alloy with a
thicknes of about 150 nanometers. The Cr-Al coating enhances the stiffness of the beam but
its main purposes are to minimize the deflection due to the variation in the temperature and

to improve the reflective properties of the surface.

The presence of a three-layer beam represents a factor of safety for bending only
when both sides are heated uniformly. The evaporative cooling will have small effects on
the bending of the beam because it determines variations of temperatures of less than a

degree Kelvin[124].

The other aforementioned thermal effects will produce however, a temperature
gradient that may cause variations in surface tension if the heat transfer process is
considered from a transient point of view. A variable surface tension causes stress

modification, buoyancy flow and weak Marangoni effects inside the droplet [124]. The
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Marangoni effects generate flow inside a droplet and are responsible for the ring-like
deposits created by the droplets of impure water. This flow (Figure 4.7) moves the fluid
from the extremity of the droplet towards the center and the other way around and it is
characterized by the Marangoni number Ma. Marangoni flow is significant in alkanes but is

weak on pure or contaminated water [125].

Figure 4.7. Marangoni effects in a a) drying octane droplet Ma= 45 800 and b) water Ma=8

(Reprinted with permission after [125]).

The above effects can influence both the biochemical reaction and its signature by
altering the physical mixing of the two species of analytes, the diffusion effects and the

thermal optimum of the reaction.
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The characterization of a specific biochemical reaction lasts in average 600 seconds
and the transient regime follows a very intricate pattern where heat is generated by the
reaction whose kinetics in the case of the Ag-Ab is not completely understood, adsorbed
because of the evaporation(Tengo ~0.56 K) [124] and dissipated through radiative and
conductive mechanisms. The effects of this pattern are non-quantifiable from a theoretical
point of view but they are experimentally measurable through the recorded signature of the

beam.

In order to evaluate the thermal effects due to the above factors a steady state
analysis of the beam is performed using the Hyperworks commercial software. The
geometry and the materials of the structure chosen for the simulation are similar to the
parameters of the cantilever used in the experiments. A cantilever beam with the length of
L = 2500 microns, the width of w = 800 microns and the thickness of 25 microns is
considered in a three-layered configuration. The materials of the layers are aluminum and
PVDF sandwiched in the sequence Al-PVDF-AL. The thickness of the aluminum layers is
150 nanometers while the PVDF layer is 24.7 microns. The droplet with a diameter of 0.6
mm is deposited at a distance of 1500 microns of the fixed end of the cantilever as shown in

the Figure 4.8.

The numerical simulation is performed under hypothesis that the the gradient of
temperature is constant (steady-state conditions). The ambient temperature is taken 20°C
and the temperature under the droplet 30°C (a value that combines the effects of the

exothermic reaction, laser heating and evaporation cooling between 5 and 10 °C larger than
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the room temperature ). The mesh of the model consists of 48 246 nodes and 40 711

elements.

a) Droplet placement;

b) Configuration of the layers;

Figure 4.8 The model used in the simulation of the thermal effects on the displacement of
the cantilever: a) droplet placement and b) configuration of the layers (in blue the PVDF

layer and in green the Aluminum layer).
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The deflection of the cantilever reaches a maximum of 13.8 nanometres at the free
end of the beam as illustrated in the Figure 4.9. The numerical analysis confirms the fact
that the temperature gradient is not responsible for the magnitude of the deflection of the
beam recorded in the experiments (tenths of microns) and other factors should be taken in
consideration i.e. the loads applied on the beam : Laplace pressure, surface tension, surface

stress, line tension and the weight of the droplet.
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Figure 4.9 The displacement of the three-layered cantilever beam due to the thermal effects.

4.2.3 Calculation of the stiffness of a multilayer cantilever beam

Most of the cantilever beams used in biosensing applications have multilayered

material. The main reason for this is the need to support layer for the surface
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functionalization with the different bio-recognition agents mentioned above. These kinds of
composite structures also provide, from the mechanical point of view, improved stiffness

and thermal stability.

The purpose of this subchapter is to calculate the equivalent stiffness of the
multilayered beam used for experiments in the present work. In a first step the position of
the neutral axis is investigated. Subsequently the equivalent stiffness for both bending and
axial loading is determined. The formula presented can be adapted for beams having n

layers of different thicknesses.

hi=0.2 pm Cr-Al

h:=24.6 pm PVDF

_]_

z

Figure 4.10 A sandwiched composite beam.
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The main assumptions used in calculating the properties of a sandwiched beam are

the following [126]:

- the strained beam will maintain the cross sections of each composing layer plane and

perpendicular to the neutral axis of the beam;

-between the neighboring layers there is no slip;

-Poisson’s ratio of the layers has the same value;

-the normal stresses and strains acting in the plane of each layer are negligible;

-the longitudinal strains are distributed linearly along the length of the beam;

4.2.3.1 Position of the neutral axis for a symmetric three layered beam

Given a sandwiched cantilever beam (Figure 4.10), having the thickness of the three
layers hj, h, respectively hs, and the Young’s modulus E;, E,, and Ej3, it is required to
calculate the position of the neutral axis, i.e. the layer of the beam that remains neither
stressed nor compressed during the bending of the structure. According to Bareisis [126,
127] , for a beam having i layers of thickness 4; , and presenting symmetry about y axis,

the position of the neutral axis can be calculated using the formula:
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(4-8)

Here B,=FE;A; represents the axial stiffness of the layer i for tension and

compression.

The total equivalent axial stiffness of the beam will be calculated by adding the

individual components:
B=) B =) EA (4-9)
i=1 i=1

In the above formula A; - wh; represents the aria of the cross-section of each

individual layer, w being the width of the cantilever.

For a three layered beam the position of the neutral axis is given by the following

equation is:

3 3 i—1
;th" " ZZ[B"Z_;}’J B+ By + B +2[ B+ B (h+ 1)

= i=2 j

- (4-10)
238 2(B +B,+B)
i=1

yAx:
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Substituting Ec;ar = 69 GPa and Epypr=3.1 MPa into the equation (4-10), as
expected for a symmetrical beam , it is found that the neutral axes passes through the

center of the cross section, at y4=12.5 um . The calculated equivalent axial stiffness is

B=22.12 N.

4.2.3.2 Bending stiffness calculation for a three layered beam

The total bending stiffness of the beam D is calculated by adding the bending

stiffness contribution of each layer [128]:

D=3 El @11)
i=1

Here I; represents the second moment of inertia of the i-th layer and, for a

rectangular cross section, has the following expression [126]:

3
I = V:z +wh,y? (4-12)

where y, represents the distance between the middle of the i-th layer and the neutral axis

vn. Its expression is:

h. i—1
Vi =y, == 2 h, (4-13)

m=1

Substituting the parameters of the beam used in our experiments in equations (4.15.)

- (4.17) we find the equivalent stiffness D =3.42 *10° Nm.
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4.2.3.3 Normal stresses

For each layer the following relation holds[126, 128]:

E (4-14)

Here represents the strain of the i-layer, y the distance to the neutral axis and E; is the
yo,

modulus of elasticity.

The normal stresses o; in a multiple layers beam will be, at any point, given by the

formula:
M
Gzi:_yEzi (4_15)
D

Calculating the normal stress of the i+/ layer and dividing by the normal stress of
the i layer proves that the stress changes abruptly (Figure 4.11 ) from one layer to the other

and this step change is proportional with the ratio between the Young’s modulus of

elasticity of neighboring layers:

Ezi+l
0., =0, (4-16)

A temperature variation can modify theoretically the value of the modulus of
elasticity in such a way that the situation presented in the Figure 4.1 ¢) can occur even in
the case of E;>E, for materials of the layers with the Young modulus strongly varying with

the temperature. If only one surface is heated or cooled, the normal stress distribution is
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illustrated in d) to f). The extreme case g) requires a uniform temperature increase or
decrease of the surrounding medium and it is noticeable the fact that the distribution of the

normal stresses is identical to a beam manufactured from a single material.

These distributions of normal stresses are purely theoretical, however they can
appear in cases when the Young’s modulus of elasticity of the multilayered beam are close

in magnitude and their variation with the temperature is unequal.

(4]

z12

Tz

Figure 4.11 a)Cross-section view a three-layer beam, b) Normal stresses distribution for
E>E,, ¢) Normal stresses distribution for E;<E,, d)-g) The variation of normal stresses

with the temperature.(adapted with permission after[126]).
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The coordinate system considered for the following calculations has its origin at the
fixed edge of the beam as shown in Figure 4.12. For the cantilever beam, all the mechanical
constrains will be considered, in different way than the ideal state provided in the literature
[116, 129, 130] where the reaction and the moment at the free end of the cantilever where
neglected. However the following theoretical approach brings some simplifications in
calculating the deflection of the beam mainly by considering the shape of the droplet as a

hemisphere and neglecting loads that generate an insignificant deflection.

Figure 4.12 The cantilever beam with its coordinate system.

4.2.4 The effect of the surface stress

When crystal growth or surface reconstruction are the monitored parameters the
value of surface stresses for macroscopic cantilever beams has an order of several N/m

[28]. For biochemical reaction the generated surface stress has an order of magnitude from
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only few mN/m [28, 131] to 0.9N/m in the case of formation of a layer of thiol-modified

DNA on a gold coated cantilever [131].

Stoney’s formula is valid in the case of a layer of liquid that covers the entire
surface of the beam. If only the contact area is taken in consideration, the bending moment

at the position x (for L, <x <L, +2a) has the expression:

2

M, =-Ac A g =—Ach % [2a —sin(2ar)] (4-17)

where:

2
A = %[205 — sin(2a)] represents the area of the circular segment for [, <x<L +2a ;

Qo = arccos (%j and 4 represents the total thickness of the beam.

The minus sign appears in the right-hand side because the surface stress decreases
in liquid phase [28] . For this reason the moment induced by the surface stress is tensile and

the beam bends away from the droplet [116].

The deflection equation of the cantilever beam is:

&’ 4>
M(x):EI?);':DKJ;' (4-18)

61



The above calculated moment is compensated by the elastic response of the beam,
so the following equation holds for L, <x <L, +2a:
d 2)’ i

2
D=t =—Aoh %[205 —sin(2a)] (4-19)

An analytical solution for the slope and the deflection of the cantilever beam is
given by Bonaccurso et all [116]. Bonaccurso shows that in the case of a water droplet
evaporating on a cantilever beam the deflection due to the surface stress is insignificant
compared to the case when the entire surface of the beam is immersed in the liquid [132].
The existing theoretical models dealing with the action of the surface stress do not take in
consideration the presence of different biochemical species in the droplet nor the variation
the surface stress during the biochemical reaction. For the duration of the biochemical
reaction the chemical components interact with each other. The existing chemical bonds are
broken and new intermolecular bonds are created. This is not a simple phenomenon of
adsorption, like the one exploited in the most of the BIOMEMS applications presented in
the subchapter 4.1.1. The value of Ao can become highly variable and cannot be direct

measured but evaluated through the response of the structure they are acting on.

The main forces responsible for the deflection of the cantilever beam are the surface
tension (mainly its vertical component), the Laplace pressure and the weight of the droplet

[133]. The bending moment determined by these components is calculated in the following
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subchapters and, using the principle of superposition, their effect is evaluated and compared
to the results obtained numerically. The surface stress does not have a major influence of

the total deflection however it influences the value of the slope of the tip of the beam [116].

4.2.5 Deflection of the beam due to the surface tension

Solid

Figure 4.13 Surface tension components.

When the drop of mixture is in equilibrium (no evaporation) on a "perfectly smooth,

homogenous and rigid solid surface"[134, 135] of a rigid cantilever beam and the weight of
the droplet is neglected, Young's equations holds (YL , Ys and Yst are the surface tensions

that act on the three phase contact line, 6 being the contact angle) [136]:

Vs — Vs =, €0sO (4-20)

Surface tension y, (will be denoted from now on » for simplification) acting at

liquid-gas contact line has two components: one vertical y, and one horizontal 7.
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Consequently these two components will generate two different loads: a vertical upward
force y, =ysin® and an horizontal force y, =ycos® that can be tensile or compressive,

depending on the magnitude of contact angle of the droplet placed on the surface. In other
words, the direction of the in plane force depends on the hydrophilic or hydrophobic
properties of the surface. In our case the contact angle 0 is smaller than 90° so we will

consider a compressing effect of the horizontal surface tension.

4.2.5.1 The effect of the horizontal component of the surface tension

The horizontal component of the surface tension is parallel with the surface of the
beam. On the upper layer its effect can be compressive if the contact angle is acute
(hydrophilic surface) or tensile for an obtuse contact angle (hydrophobic surface). The
moment generated by this component of the surface tension will be then positive for a

contact angle smaller than #<90° and negative for 6>90°.

The horizontal component of the surface tension is expressed as :

7, =ycosO (4-21)

Similar to the effect of the surface stress, the moment M, generated by the
horizontal component of the surface tension at the position x (for L, <x <L, +2a) has the

expression:
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2

M, =y, A g =yh % cos @[ 2a —sin(2ar) ] (4-22)

In this case the moment is compressive due to the orientation of the horizontal
component of the surface stress. Its effect increases when the contact angle reaches small
values due to the presence of cos@ in its expression. The analytical expression is similar to

the relation of the surface stress if - Ac is replaced by ycos6.

Surface stress Ao and surface tension p are related by the Suttleworth formula

[28, 137]:

Aoc=y+ % (4-23)
o€

where ¢ is the elastic surface strain.

For liquids the second term becomes zero [28]. As a result of this observation the
influence of the surface stress can be considered canceled by the horizontal component of
the surface tension due to axial symmetry [116]. However, when dealing with suspensions
of proteins like antibodies and antigens, complex mechanisms can be involved related to
the interactions between the proteins, changes in the hydrophobic or hydrophilic character
of the substrate, building of precipitates and liquid ion adsorption. These factors can
influence both surface stress and surface tension magnitudes but their mechanisms and the
magnitude of their effect is still not elucidated. As mentioned before, these phenomena

cannot be assessed theoretically but the experiments prove the presence of these non-
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elucidated phenomena and their atypical influence on the slope of the beam in a clockwise

or counter clockwise direction.

4.2.5.2 The effect of the vertical component of the surface tension

The surface tension acts as a force per unit length along the contact line between the

sessile droplet. The magnitude of its vertical component y, is given by the equation:

Y, =ysind (4-24)

\\ _
\/

Figure 4.14 The effect of the vertical component of the surface tension: a) Three

b)

dimensional view of the droplet on the cantilever. b) Top respectively side view of the

droplet on the cantilever.
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Three regions of interest can be identified along the length of the beam: the first
region where x<L, . the second one where L <x<L +2a and the third, where

x<L +2a+L,

Along the first region, the bending moment is due to only the presence of the

reactive force and moment generated in the console by the action of the vertical component

of the surface tension.

v

&41 X
L,
L+a

ot
e

Figure 4.15 The effect of the vertical component of the surface tension: reactions and

bending moment in region 1.

The reaction and the moment at the fixed end are:
R, , =2ray
M ’ (4-25)
M,,=—(L +a)2nay,
The bending moment generated when x < L, is :

M, = —(L1 +a)27z'a7,, +R; ,x

(4-26)
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Along the second region L, <x <L, +2a illustrated in Figure 4.14 b) we have the
moment:
My, =My, + Ry ;x =Ly (Ll ta—cgy ) (4-27)

where:

L+a-x). . . .
Lwc =2aa and o = arccos( ! is given in radians;

asina

¢y =L +a— is the position of the center of the arc with respect to the origin of the

(24

coordinate system.

Along the third region L, +2a <x <L, +2a+L, , as illustrated in Figure 4.14 a) the
moment M., =0.

The analytical expression of the total slope and total deflection for both vertical
component of the surface tension and Laplace pressure are found in literature [138]. For a
contact angle varying between 90° — 0° (theoretically, for an initial hemispherical droplet),
the vertical component of the surface tension can decrease from 0.069 N/m to 0 N/m (for
RPMI). For a hemispherical droplet with the radius of 0.3 mm the length of circumference
of the droplet is 1.88 mm and the resultant of the vertical component of the surface tension

can reach a value as high as 0.129° 10™ N.

4.2.6 Laplace pressure effects

In a study published in 1805, Laplace identified the existence of a significant

pressure in the interior of the bubbles and droplets [136]. This important discovery allows
68



explaining capillary adhesion and the large forces present in the capillary bridges. The
Laplace pressure is larger if the diameter decreases, as illustrated in Table 4.1. For a sessile

droplet on the surface of a cantilever beam, the influence of this pressure generated on the

substrate will be evaluated as follows.

Table 4-1 Laplace pressure for RPMI -1640.

Radius of the RPMI Pressure (N/mz) Pressure (atm)

droplet (m)

500 x 10° 288 284 x 107
10x 10° 1.44x 10 142 x 10™
1x10° 14.4x 10 1.42
0.3x10° 48 x 10" 4.73

In the performed experiments the droplets has a diameter of about one millimeter. If
we consider the surface tension of the RPMI-1640 solution to be very close to the surface
tension of the water ()=69 mN/m) [139] the value of the Laplace pressure inside the
droplet reaches 458 Pa. We consider that adding the cells as a suspension in the RPMI
medium does not modify significantly the value of its surface tension, however further

investigations should be considered from this point of view.

The Laplace pressure can be calculated with the following relation:
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p=2r (4-28)

where a is the radius of the curvature of the droplet [116, 124, 133].

The Young- Laplace pressure determines a moment onto the cantilever beam that
will generate the bending of the structure. The magnitude of this bending will be evaluated
in the following paragraphs. The same regions of interest as in the case of the vertical
component of the surface tension are chosen. These regions are illustrated in the Figure

4.16 and Figure 4.17.

L+a -

Figure 4.16 The effect of the Laplace pressure a) Three dimensional view of the droplet on

the cantilever. b) Top view of the droplet on the cantilever.
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Q= >
2 x v
L,
L.+a

Figure 4.17 The effect of the Laplace pressure: reactions and bending moment in the first

region of interest.

Along the first region, the bending moment is due to only the presence of the
reactive force and moment generated in the console by the action of the Laplace pressure.

The reaction and the moment at the fixed end are in this case Figure 4.17:

R, =ra’P
5 (4-29)
M,, :(L1 +a)7ra P
The bending moment for the domainx < L, is :
M, =-M,, +R, x=—(L +a)2ray, +ra’Px (4-30)

Along the second region L, <x <L, +2a illustrated in Figure 4.14 b) the bending moment
1s:
My, =-M,,+R, x— A P(L +a—c,,) (4-31)

where:

2
A = %(20{ —sin 2a) and ¢« = arccos (%j in radians;
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4asin’ o

=L —
Cip=hTd 3(2a—sin2a)

is the position of the center of the area with respect to the

origin of the coordinate system.

Along the third region of interest with L, +2a <x <L, +2a+L, , the moment M, =0.

4.2.7 Deflection of the beam owing to the action of gravitation

The cantilever beam deflects under the action of the gravity under the influence of
the weight of the droplet that can no longer be ignored at the macroscopic scale and due to

the weight of the structure itself. As follows each of these actions will be detailed.

4.2.7.1 The weight of the droplet

In literature when dealing AFM cantilevers the droplet weight is not taken in
consideration because the effect of a droplet with a diameter inferior to 40 pm is
represented by a deflection of only few nanometres [140]. However the present
experiments deal with a droplet having a diameter of 800 um so the influence of the weight
is taken in consideration. At these dimensions the droplet can still be represented by a

hemisphere, since the diameter of the liquid droplet is three times smaller than the capillary

1 /2
length of water (k" =(y/pg) = 2.7 mm).
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In order to determine the deflection of the beam the same regions of the cantilever
are studied as in the previous cases. These intervals of interest together with the loads on

the cantilever are shown in Figure 4.18 and Figure 4.19.

2a
I
e
~L | - /

L+a

Figure 4.18 The effect of the weight of the droplet: a) Three dimensional view of the

droplet on the cantilever. b) Top view of the droplet on the cantilever.

by
S
P v

L,
L,+a

Figure 4.19 The effect of the weight of the droplet: reactions and bending moment in the

first region of interest.
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Along the first region, the bending moment is due to only the presence of the
reactive force and moment generated in the console by the action of the weight of the

droplet. The reaction and the moment at the fixed end are in this case:

dra’
R, = 6 PE
o (4-32)
wa
MSA:(L1+a) pg

where p represents the density of the antigen-antibody mixture and g is the standard
gravity.
The bending moment for the domainx < L, is :

3 3
dra dra

+
PrE 6

M =-M;, +R5Ax:_(Ll +a) PEX (4-33)

Taking in consideration the second region L, < x < L, +2a, the bending moment is:
Mg, =-M;, +R5Ax_VCSpg(L1 +a—ccs) (4-34)
where:

1
Veg 2872'(x—Ll )2 (3a2 +L, —x);

3(2a+L,-x) . :
Ces =L +a— is the position of the centroid of the volume of the cap of a
4(3a+L —x)

sphere with respect to the origin of the coordinate system.
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Along the third region of interest with L, +2a <x <L, +2a+ L, again the moment is

M, =0. The above expressions are similar to the ones of the Laplace pressure if we

replace the product PA by G [138].

4.2.7.2 The deflection due to the own weight of the cantilever

The own weight of the cantilever beam generally is taken in consideration in the
case of large macroscopic structures and it is a well-documented and well-studied
phenomenon. The structure of buildings or the designs of machines are just two of the

evident domains that consider the phenomenon.

In the case in discussion, if we maintain the assumptions of linear elasticity,
inextensible cross section and negligible Poisson’s ratio and shear deformation, the

following observations can be made:

-the uniformly distributed force representing the gravity will be denoted with g = pgtw,

where p represents the density of the beam, g the gravitational acceleration, ¢, the thickness

of the cantilever beam and w its width;
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Figure 4.20 Cantilever beam deflection under the influence of its own weight.

- the deflection function at any section in terms of x will be [141] :

2

2= (x*+61’ - 4Lx) (4-35)
24D

According to formula (4-35) the maximum deflection z,,x will be:

_aL'

Zoax = 4-36
o =25 (4-36)

For the beam used in the presented experiments, having the aforementioned parameters the
maximum deflection due to its own weight will be around 0.5 microns which is almost
seven times lower than the deflection due to the weight of the droplet.. Compared to the
deflection caused by the other parameters, the influence own weight of the beam will be

neglected in the following calculations.
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Figure 4.21 Deflection of the beam due to the gravity

In order to find the displacement over the entire span of the beam due to vertical
component of the surface tension, Laplace pressure and the weight of the droplet the

method of superposition is used.
The moments corresponding to the three regions of interest are the following:

- on the first interval, when x <Z, the total moment is according to the equations (4-26),

(4-30) and (4-33):

M =-M, +R, x-M, +R, x—M,,+R, x=

4-37
:x(R3A+R4A+R5A)_(M3A+M4A+M5A) ( )
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-on the second interval, with L, <x <L, +2a, according to the equations (4-27), (4-31) and

(4-34) the total bending moment is:

M,=-M;,+ R, x— L7y (Ll +a—cSV)_
-M,, +R4AX—ASCP(L1 +a—cLP)—
—M;,+ R x—Vespg (Ll "’a_ccs)

(4-38)
= X(R3A +R4A +R5A)_(M3A +M4A +M5A)_
=L ype?y (Ll +a _CSV)_ ASCP(Ll +a _CLP)_
—VesPE (Ll +a _CCS)
-on the second interval the bending moment is M, =0
According to the equation (4-18), the following equation holds:
2
M, (x)=D? =
X
d’z,
M,(x)=D—; (4-39)
dx
d’z
M. (x)=D—2
5( ) dxz

Integrating the equation (4-39) twice and using the boundary conditions (4-40) the

deflection function is determined and it is illustrated in :
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x=0 zz=0 —=0
dx
dz, dz
_)C:L1 Z,=2, 3 T4 (4-40)
dx  dx
dz, dz
x=L+2a z,=z;, —t=—2
dx dx
Analytical 8.E-05
9.E-05 ~
- - E 8.E-05 -
8.E-05 Ansys = 8.E-05 -7
y - -
7.E-05 g g8E0s | -~
—=6.E-05 = 8.E-05
g o
=5.E-05 A 7.E-05
24.E-05 7.E-05
3 2.E-03 2.E-03 2.E-03 3.E-03 3.E-03
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Figure 4.22 Deflection of the beam: analytical and numerical solution.

Ansys numerical simulation of a beam with parameters similar to those used for the
study of the influence of the thermal effects on the displacement of the beam (same
materials, three layers AI-PVDF-Al, L=2.5 mm, w=0.8 mm, h=25 pm, the droplet
positioned at the distance of 1.5 mm from the fixed end of the beam and having a diameter
of d=0.6 mm) shows a difference between of deflection calculated analytically and the one
generated numerically (Figure 4.22) of only 12 microns (75.6 microns determined

analytically versus 77.9 microns numerically with a ratio of 0.97).
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Figure 4.23 Deflection of the beam under the action of a droplet: major loads.

An evaluation of all the major loads acting on the cantilever beam confirm the fact
that the Laplace pressure and the vertical component of the surface tension are the most
important vertical acting forces that manifest due to the presence of a droplet on a
cantilever beam. They hold the main responsibility for the total deflection of the beam. To
illustrate this fact, a sandwiched beam consisting of three layers Al-PVDF-Al beam with
the dimensions L x w x ¢ of 2.5 x 0.8 x 0.025 mm is studied and a droplet having a radius
of 0.3 mm is placed at 1.5 mm from the fixed end. A contact angle of 86° was considered in
the calculation of the fore mentioned components. The results illustrated in Figure 4.23
show that, from the all vertical acting forces, the Laplace pressure has the major influence

on the downward deflection of the beam (82 microns), while the upward deflection is
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determined by the vertical component of the surface tension (10 microns). The action of the

gravity is the lowest (3.5 microns)..

The numerical analysis of the combined effects of the surface stress and the
horizontal component of the surface tension is performed using the same beam parameters,

but this time the load consists of the difference Ao —ycos@=0.05N/m (considered large)

at a contact angle of 86° (Figure 4.24). The result obtained (z=40 nm) confirms the
hypothesis that the deflection due to these combined effects is much smaller compared to
the other effects presented above and can be neglected in the calculation of the total
deflection. However, the same figures demonstrate their influence on the slope of the tip of

the beam.

From the numerical simulation it is noticeable the fact that the beam presents a
concave upward deflection in the x-y plane. The upward deflection of the tip of the beam
explains the upward part of the signature of the biochemical reaction that was found
experimentally. This displacement is very important to be determined analytically but
unfortunately, the variation of the surface stress is not quantifiable theoretically and the
variation of the horizontal component of the surface tension decreases in a known manner
when pure liquids evaporate, but during a biochemical reaction can also vary in an
unknown fashion. This behaviour can influence also drastically the optical detection system
especially in the case of the miniaturisation. If the laser spot is not positioned precisely on
the axis of symmetry of the cantilever, the beam twists and the reflected beam might not

reach the detection sensor.
81



4E-08
3.5E-08
3E-08
2.5E-08
2E-08
1.5E-08
1E-08
5E-09

Deflection (m)

-5-09 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Length of the beam (m)

Figure 4.24 a) Deflection on z direction;
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Figure 4.24 Displacement of the beam due to the combined influences of the horizontal
component of the surface tension and the surface stress of 0.05 N/m: a) the deflection on z

direction, b) total deformation.

Another observation can be made regarding the steep upward deflection of the beam

in the x-z plane of the tip of the cantilever. The sudden increase or decrease of the
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combined surface stress and horizontal surface tension can amplify this behaviour and

deflect the laser spot upward even if the beam presents a descending trend.

4.3 Parametric study

In order to optimize the sensitivity of the cantilever sensor a parametric study on the
geometrical characteristics of the beam is performed and the optimal position of the droplet

on the surface of the beam is analysed.

In the first numerical investigation, the length of the cantilever beam is varied as
follows: 2500 mm, 3000 mm, 3500 mm, 4000 mm. 5000 mm, 6000 mm and 7000 mm,
while all the other parameters of the beam are maintained constant (a sandwiched beam
consisting of three layers AI-PVDF-Al beam with the dimensions w x ¢ of 2.5 x 0.8 x
0.025 mm is considered and a droplet having a radius of 0.3 mm placed at 1 mm from the

free end).

As expected, the increase in the length of the beam gives a larger deflection at the
free end of the cantilever. A length of 7 mm or more will lead to an unwanted phenomenon,
1.e. the beam i1s no longer in the domain of small deflection. The domain of large
deflections is prone to instabilities and should be avoidable especially in a sensor where a

robust behaviour 1s needed.
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Figure 4.25 Parametric study of the length of the beam.

The second parametric study investigates the variation of the ratio length over

thickness (L/t) for the beam. As expected, a decrease in thickness will generate a larger

deflection of the cantilever beam. Maintaining a length of 2500 microns, the large

deflection domain is reached for a thickness of 1.5 microns (when the ratio L/t = 1667).
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Figure 4.26 Parametric study: L/t ratio.

The ratio length over width is the subject of the third parametrical study of the
beam. The length of the beam is maintained constant at 2500 microns while the width is
varied between 625 and 1250 microns. As expected, a larger ratio gives a better sensitivity
for the cantilever sensor (Figure 4.27). However, a special attention should be given in this
case in order to avoid the reach of the edge of the beam by the droplet. In this case new
capillary phenomena can occur and the signature of the deflection is altered. This fact will

be illustrated in the chapter dealing with the experimental work.
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Figure 4.27 Parametric study: length / width ratio.

The maximum deflection of the beam is obtained when the droplet is placed as close
as possible to the tip of the cantilever. There is a constrain imposed by the optical detection
system (Figure 4.2) that requires a free space in the same position, because of the necessity

of the laser beam to reach the beam and further to be reflected towards the position sensing

device (PSD).

If the droplet 1s placed eccentrically from the horizontal axis of symmetry of the

beam ce, a rotation about this axis can occur, fact that influence negatively the accuracy of

the signature of the biochemical reaction.

In the following study the same finite element model is used as in the previous

calculation : a sandwiched beam consisting of three layers Al-PVDF-Al beam with the
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dimensions L x w x ¢ of 2.5 x 0.8 x 0.025 mm, and a droplet having a radius of 0.3 mm
placed at 1 mm from the free end. The off-center distance between of the center of the
droplet and the middle of the beam Figure 4.28 takes the following values: 0 mm (the

reference), 0.02 mm, 0.04 mm, 0.06 mm and 0.08 mm.

Off-Center Distance

Figure 4.28 Off-center droplet study: schematics of the problem.

As expected, the angle of rotation of the beam increases is direct proportional with
the increase of the off-center distance. To build the plots shown in Figure 4.28, at the cross
section of the tip of the beam, the displacement of three nodes was observed: one at the

lower corner of the cross section, one in the center and one in the upper left corner.
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Figure 4.29. Beam rotation due to eccentric loading.

4.4 In-plane motion sensor

In general a micro fabricated product is considered to have 2.5 dimensions. Its main
features and components are in a two-dimensional plane while its aspect ratio (width/depth)
high values. The term out-of plane cantilever sensor refers here to a cantilever beam type
of sensors whose direction of displacement does not take place in the principal plane but in
the direction of the depth of the structure as opposed to an in-plane cantilever type of
sensor. In general, a sensor operating out of plane has more sensitive parameters that
makes it difficult to exploit and more susceptible to malfunctions. An artistic representation

of the fore mentioned type of sensors is illustrated bellow.
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a) b)

Figure 4.30 Out of plane a) and in-plane and types of deflection.

A very challenging task for the optimum performance of the cantilever sensor is
represented by the deposition of the droplet on the surface of the cantilever beam. In
general this task is executed using a droplet generator system that quantifies the volume of
the liquid using different types of mechanical, acoustical, microfluidics or electrics
techniques [142-145]. The generated droplet is released from a certain height [116, 133]
and collapses on the desired surface. Even if this impact is minimized, several undesired
effects accompany the process. The most important one is represented by the fact that part
of the liquid is lost during the impact liquid solid. In a biological sensor this situation can
have devastating effects especially when the concentration of cells in the sample is reduced.
The vibration generated by the dynamic load can also disturb for short time the equilibrium

of the structure [116]. The integration of such a system is a sensible process due to tasks of
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alignment and fine tuning needed when its macro and micro components are combined. In
general, a sensor operating out of plane has more sensitive parameters that makes it

difficult to exploit and more susceptible to malfunctions.

An in-plane micro sensor can be implemented in the structure of the microsystem
during the same step of fabrication of other subcomponents of the microsystem. As an
example, the deep reactive ion etching technique (DRIE) [146] used in micro fabrication
can create both microfluidic and micromechanical structures in the same step, with depths
of more than 400 microns [147] . Due to this fact the integration of microsystem is easier

achieved.

The main advantage of the proposed in-plane sensor comes from the fact that the
quantity of the biological sample is not altered. The droplet reaches its designated area not
by dynamical impact but through capillary action. The in-plane sensor can be placed in the
vicinity of a microchannel that will deliver the desired amount through a microfluidics

valve [148, 149].

The study of capillary phenomena represents a subject of attention and continuous
improvement during the last two centuries [150]. The main areas of interests are
represented by the analytical formulation of the capillary forces [151, 152] generated
between various surfaces, the mathematical expression of the shape of the capillary

surfaces and the application of the capillarity in biology, medicine, industry, etc.
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A simplified version of the capillary force of attraction generated by a fixed volume
of the liquid between two plates manufactured from the same material and with the same

surface quality (identical capillary angle 0) is given by the following expression:

capillary —

F —ﬂ-RZM (4_41)
H

where R represents the area of the curvature of the capillary bridge between the plates and ,

v is the surface tension of the liquid and H represents the distance between the plates.

Figure 4.31 Attractive force in capillary bridges.

The attractive capillary forces are responsible, in an in-plane sensor, for its deflection. They
will create in the supporting beam a couple that will generate a proportional deflection. As
an illustrative example [136], the magnitude of the capillary attractive force exerted
between two plates at a distance of H= 5 micrometers of one another by a volume of 40

microliters of water, that creates a radius of curvature of 0.05 m, with a surface tension
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v=0.072 N/m and a theoretical capillary angle of 6 = 0 has a value of about 10 N. The effect
of the attractive force is also complemented by a Laplace pressure in thee drop of 0.3
atmospheres. The scale of these forces cancels the influence of the weight of the droplet in
an in-plane sensor and makes it a good candidate as a bio detecting device. In calculations
the volume of liquid in a liquid bridge is approximated by the expression V= nR*H

however more detailed formulas are presented in the literature [151-153].

The proposed biosensor will be able to deal with exact volumes of liquids through a
precise design of the length, height and the distance between the two fins illustrated in
Figure 4.30 b). A reduced volume of the biological sample demanded by the sensor will
allow an increasing number of assays but, in the same time, will reduce the magnitude of
the attractive force F. In order to overcome this challenge, one can choose to modify the
hydrophobicity of the surface or to topologically optimize the structure. In general the
DRIE method generates a rough surface [146] that is by default hydrophobic. A further
alteration of the quality of the surface is not, however a viable option because the
deposition techniques are hindered, in general, by the presence of deep feature in micro

fabricated structures [154].

44.1 Topology optimization of the in-plane sensor

The optimization process is considered to be one of the most difficult tasks
encountered in mechanical engineering due to the complexity and the large volume of
calculations involved [155]. Topology optimization helps a designer to implement
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concepts that allow the best use of material within the given design space in such a way that
the such that the objectives demanded from the mechanical structure (stiffness, natural
frequency) are maximized or minimized, as a function of the constraints given by the
considered set of boundary conditions and loads. The following paragraphs will present
briefly several techniques that were created during the past decades in order to achieve this

task.

The most applied method of topology optimisation is the density method. In this
approach to the density p of the material is assigned a value between zero and one. A
density of zero suggests the absence of the material while a density of one implies its
presence. A value of 0.7 for example can be understood as 30% of the material from the
given volume is subtracted. With this assumption the objective function is minimized using
a gradient based algorithm [156] (the objective function depends of the demands of the
problem, for example a certain load acts on the structure that should not bend more than a
certain value). Applying this principle to a finite element approach, the initial structure is
divided in a certain number of elements and to each of them is assigned an initial constant
density. With this assumption, the optimization algorithm will have to consider only one
variable per element, its density. The result will have elements with either the value zero or
the value one, eliminating all the intermediate values for manufacturing reasons. This
process of elimination is known as introduction of penalties. The density method that uses
penalties in solving the topology optimization problem is called the Solid Isotropic

Microstructure with Penalization (SIMP) method.
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Before eliminating the intermediate elements, the following relation holds:
E = pE° (4-42)
where E represents the elasticity tensor.

After the introduction of the penalty p, the relation (4-42) is no longer linear and,

and, over a given domain Q, it transforms into the following expression:

E=p"E’ (4-43)
which is equivalent to the following relation:

K = p’K° (4-44)
where K is the stiffness tensor ( the compliance is the inverse of the stiffness).

The objective of the optimization process is reduced to the problem of constraining

the mass while the compliance is minimized [156]:

min C(p) = F'u(p)

o pla=V (4-45)
- pmin Spe SIomax’ezl"n

where p is the density vector, a is the element areas vector, V' is the working volume, u(p)
are the displacement and F is the function that describes the physical and geometrical

characteristics of the particular optimized structure.
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Another approach is represented by the method of homogenization [155, 157-159]
that uses a material model in which voids are implemented artificially and the topology
optimization algorithm uses an optimal criteria to detect the optimal porosity of the
material, and, depending on the constrains, produces improved structures from both
topological and structural point of view. The drawback of this technique is the fact that the
results are difficult to implement due to the existence of voids with small features that
cannot or are very hard to be reproduced. A variant of this method that tries to overcome
the disadvantages of the original one introduces the idea of solid isotropic material with
penalization (SIMP) in which to each element of the discretized domain is assigned as a
design variable an intermediate density that is equal to the density of the original material
raised at a certain power [155, 160, 161] . The main challenge of this approach is

represented by the complexity and instabilities generated by its computational algorithm.

Another approach to topological optimization is represented by the evolutionary
structural optimization (ESO) and is dedicated to the shape optimization in mechanical
structures mainly for constrains based on the stress, stiffness and frequencies [155, 162]. In
principle, this algorithm assesses the contribution of the interrogated element to the general
loads applied on the structure and decides if its existence is justified or not in the optimal
design domain. A review in detail of the presented methods can be found in Wang and all

[155].
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In a case of the in-plane cantilever beam sensor, the main constrain is considered to
be the function that models the displacement of the beam: this function is to be maximized

but in the same time the integrity of the structure has to be maintained.

The material distribution technique for topology design consists in reformulating the
problem as a sizing problem for the density variable p on a fixed domain. Practically this

means that the following steps are performed, in an iterative scheme:

a) Build the initial design having the material homogenous distributed;

b) Calculate the resulting displacement and constrains (using the FEM);

¢) Compute the compliance of the given design and compare it to previous results: if
only insignificant improvement is observed then stop if the optimum condition is
satisfied; otherwise continue;

d) Update the calculation of the density variable;

e) Continue with step a) or stop [163]

The presented steps are exemplified by taking in consideration the topological
optimization of the in-plane detection sensor using the commercial available solver

OptiStruct that uses SIMP method for the topology optimisation problems.

The parameters of the beam are the following: length of the beam is 5000 microns,
its width (height) is 75 microns, and its thickness 30 microns. Other parameters are the
length of the fins 200 microns, the thickness of the fins is 25 microns and the gap between

them 50 microns. The distance between the position of the center of the gap and the fixed
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end is 100 microns. The material of the structure is considered to be silicon. A force of one
Newton was applied in the center of the gap that generated a deflection of the free end of

1.73 microns.

The first step of the optimization process consisted in the assignment to the
structure of a global domain of existence with the width of 500 microns and the length of
5000 microns in which the initial structure is completed included. The interval of variation

is automatically assigned when a reduction of volume of the design space is desired.

Model Info: D:/Chivelnc/Mitacs/mitecs/Cantilevers SW/organized,/try06/try06.hm

Figure 4.32 The design space assigned to the model.

This domain was discretized with 4000 shell elements, having the height of
maximum 0.7 microns. The model of the sensor included the boundary conditions at the
fixed end and a standard couple of one Nm placed at a distance of 100 microns of the fixed

end. This distance was chosen in order to allow space for the foreseen coupling with droplet
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generating microfluidics subcomponents. The initial displacement of the beam under the
action of the chosen load onto the structure was given by in the finite element (FEM) solver

as 1.73 microns.

The thickness of the shell elements was set at 700 microns. The variable of the
algorithm, the density of the element, is initially assigned to 0.6 and can take values
between 0 and 1. The constraint chosen was the displacement of a nod at the tip of the
cantilever that determines the objective function. Further, a supplementary constraint is set,
constraint given by the manufacturing process. For example, in our case, the
microfabrication technology demanded that no geometric feature should go less than five

micrometers.

In each optimization step, the algorithm implemented by the software reads the

displacement given by the FEM solver. The responses of the FEM solver are:

- the displacement of the node placed at the tip of the beam in the x direction;

- the compliance of the structure determined by the result of the multiplication between the

density variable and the thickness of the shell element .

The algorithm choses one of these two responses to be a further constraint for the
general objective of maximization of the deflection and when the displacement reaches a

maximum, the final density of each element is recorded.
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Model Info: D/Ohivelnc/Mitac:

Figure 4.34 Constrains of the optimization process: fixed end.
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Madel Info: D:/Ohivelne/Mitacs/mitecs/Final 1/optcantcase2 hm*

ORCE = 1.00e+00
FORCE = 1.00e+00

Figure 4.35 The initial design of the in-plane sensor.

The optimization algorithm choses the presence or the absence of each element by
evaluating its density. Illustrations of these steps are presented in the figures Figure 4.36-

Figure 4.43. In these figures the lower densities are illustrated with darker colors.
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Figure 4.36 Optimization steps 1 and 2.
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Figure 4.37 Optimization steps 3 and 4.
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Figure 4.38 Optimization steps 5 and 6.
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Figure 4.39 Optimization steps 7 and 8.

Figure 4.40 Optimization steps 9 and 10.
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Figure 4.41 Optimization steps 11 and 12.

Figure 4.42 Optimization steps 13 and 14.
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Figure 4.43 Optimization steps 15 and 16.

The suggestion given by the optimization process is a structure with the minimum
thickness possible and the existence of a gap in the structure of the analysed element.
According to this recommendation, a cantilever beam is designed like in Figure 4.45. Its
deflection is analysed with the FEM solver and compared to the deflection of the beam
before the optimization (Figure 4.44). The deflection of the optimized structure is 57.16

micrometers, which is 30 times larger than the initial one.

The process of optimization allowed a great improvement of the sensitivity of the
structure that makes an in-plane sensor with a similar design a good competitor for the

classical out of plane cantilever beam.
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Figure 4.45 The optimized design of the in-plane sensor.
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4.5 Conclusions and summary

A literature review of the cantilever as biosensor was performed and the principles of
operation that uses the beam as biosensors were identified and compared with the
biosensors of the present work. Each of these principles was analysed, underlying its
advantages and disadvantages. The loads responsible for the pattern recorded during the

biochemical reaction on the cantilever beam were identified and their effect quantified.

The theoretical and numerical studies prove that the present cantilever sensor,
moving either in-plane or out of plane, can be used successfully to identify the biochemical

reaction between an antigen and its complementary antibody.

The most important parameters influencing the sensitivity of the detection were
demonstrated to be the material and the geometry of the beam. The parametric studies
illustrate that the position of the specimen on the beam, the ratios length/width and the ratio
length/thickness are all influencing the sensitivity of the sensor. The exo/endo thermal
effects proved to not influence in a decisive manner the deflection of the sensor due to the

three layered symmetrical configuration.

The decisive loads in determining the magnitude of the deflection of the beam are the
Laplace pressure, the vertical component of surface tension and the weight of the droplet.
However, considering the orientation of the region between the droplet and the free end of
the beam (the slope of the beam), the influence of the surface stress and horizontal
component of the surface tension cannot be neglected.
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Chapter 5:  Experimental work

5.1 Introduction

The experimental effort was concentrated on finding a fast method for the molecular
diagnostics of several malignant species that can be performed automatically in a point-of-
care device that does not require the presence of qualified operators to manipulated the
samples and evaluate the results. All the ayatems existent on the market highlighted in the
state-of-the-art chapter are based on the biological protocols already existent in the
diagnosis laboratories. These methods, in general, scale down the volume of reactant and,
following the biological protocols for oncological detection, signal the antigen-antibody

binding by sensing modifications either in surface stress or in the added mass.

In a first phase of the experimental work the bending of a cantilever beam generated
by a droplet of a mixture of antibody antigens was analyzed. Several types of cancer and
their representative cell lines were used during these tests. The results were centralized and

the questions that rose were examined during the later set of experiments.

In a second phase the parameters of study were altered in order to establish their
influence on the phenomenon. Different combinations of biomolecules were used in order
to establish what parameters are influencing most the recorded signature. In order to
confirm the result the deflection was observed directly by the means of interferometry

instruments.
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Laszer

l Cantilever Beam

Figure 5.1 Optical lever principle.

In the last stage, an experimental study on the variation of the contact angle during
the evaporation/ biochemical reaction of the droplet was performed in an attempt to identify
the way in which the contact angle is affected by these phenomena. The evolution of the
contact angle was scrutinized for a reduced number of biomolecules and their biochemical

conjugates.

5.2 Detection of the malignant cells

The oncological diagnostic procedures either immuno-cytochemistry, immuno-
histochemistry, immuno-precipitation protocols, or ELISA, and the western blots
techniques have in common the phase of preparation of the reagents. This step consists in
their dilution to a certain required concentration. All the reagents used in the present work
followed the immuno-precipitation preparation protocol for all the types of malignant cells.

The experimental studies were performed in the laboratory of oncological studies at
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Rosalind and Morris Goodman Cancer Research Centre McGill University in Montreal and

in the BIoOMEMS laboratory of Concordia University form Montreal.

In all the experiments the cantilever beams were cut manually from a PVDF-coated
material at the same dimensions. The thickness of the material is 25 micrometers, the length
of the beam 2500 micrometers and the width of 800 micrometers. The presence of small
geometrical variations from the desired size, due to the operator or instrumental errors, it

has to be mentioned

The experimental setup shown in Figure 5.2 consists of the following items:

——— Fiberfocuser

CMCS PSD
4

. lens

XY positioner

Figure 5.2 The experimental setup for the detection tests.

- pigtail style fiber optic laser diode source having a wavelength of 635 nm wavelength and

a power of 2 mW output from OZOptics;
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- non-contact style SM fiber focuser (12mm OD) for 635nm with an FC receptacle from

0OZOptics;

- =18 spheric lens that generates a spot with a diameter of 50 microns at a working

distance of 233millimeters from OZOptics;

- optical aluminum breadboard 12"x12"x12" from Thorlabs. ;

- X-Y (1/2”) and X-Y-Z (17) positioners from Thorlabs..;

- X-Y ( 1/2”) and(1”) positioners from New Port;

- Spot-O 13 PSC CMOS detector having a reading size of 6.47 x 4.83 mm.

The setup was protected from the air flow Plexiglas enclosure. The temperature in
the laboratory room was maintained approximately constant at 22°C. The humidity
variation was not recorded during these experiments. The liquid was deposited on the
surface of the beam with an electronic pipettor able to manipulate volumes in the range 0.2
— 10 pl. For every measurement a fine tuning of the XY and XYZ positioners was
performed in order to have clear reading with the Spot-On Windows software that came
auxiliary to the USB CMOS sensor. These adjustments are a major source of errors when
one tries to translate the absolute deflection of the beam from the total distance travelled by
the reflected laser beam to the sensor. For this reason the term displacement in the
following discussions means the distance traveled by the laser spot on the surface of CMOS

sensor, not the absolute deflection/rotation of the tip of the cantilever beam. It can be
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specified that a positive movement of the spot on the surface of the sensor translates into a

downward deflection of the beam.

A first step in the experimental work was to establish the optimum sampling rate for
the reading of the PSD. The initial reading of 1 sample/s was hindered by a large amount of
parasitic signal, factor that complicated the reading and the interpretation of the data. The
working sampling rate for the signal was establish at 0.05 samples /s (one sample each 20
seconds) that gave virtually the same deflection pattern as the previous, but recorded less
noise due to the environmental perturbations due to the air drafts, thermal and humidity

variations and/or accidental mechanical events.
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Figure 5.3 Laser spot movement (um) on  Figure 5.4 Laser spot movement (um) on the
the PSD for a sample of 0.2 ul of 92.1 with PSD for a sample of 0.2 pl of 92.1 with
a sampling rate of Isample/sec. Anti-Melan A with a sampling rate of

Isample/sec .
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Figure 5.5 Laser spot movement (um) on Figure 5.6 Laser spot movement (um) on

PSD for a sample of 0.2 pul of OCM-1 with ~ PSD for a sample of 0.2 ul of OCM-1 with
a sampling rate of 1sample/sec. Anti Melan A with a sampling rate of

Isample/sec.

The results obtained with the Uveal melanoma 92. 1 cell line, 92.1 and anti-Melan-

A, OCM-1 and OCM-1 + anti-Melan-A , at 1 sample /s are shown in the Figure 5.3 to

Figure 5.6.

A recording of the noise was performed with the cantilever free of loads and with
0.2 pl of distilled water placed on the sensor. In the first scenario, the recorded oscillations
about the reference point were from +500 to —500 microns. For the sample of distilled
water, at the beginning of the evaporating process, the recorded displacement is negative
and at the of the evaporation process the position of the beam returns close to its initial

position but does not reach back the reference line.
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Figure 5.7 Laser spot movement in microns  Figure 5.8 Laser spot movement in microns
PSD for the cantilever without any load PSD for a sample of 0.2 pul of water with a

with a sampling rate of 1 second. sampling rate of 1 second.

Four types of cancer cells were used during the experiments cancer detection: Uveal
melanoma, prostate cancer, breast cancer and colorectal cancer. The cancer cell lines were
cultured in the laboratory at Rosalind and Morris Goodman Cancer Research Centre from
McGill University and in the BioMEMS laboratory from Concordia University, Montreal.
They were grown in a biological incubator in a 5% CO; environment, humidified with
distilled water, at the constant temperature of 37C°. Figure 5.9 shows the matrix of the
experiments performed, illustrating the malignant cell lines and their complementary
antibodies. In the case of the Uveal melanoma cells, the two antibodies, CD45 and Anti
MelanA were used individually on each cell line. The deflection pattern recorded through

the optical lever method for the Uveal melanoma and prostate cancer will be presented in
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the next subchapters, while the experiments on breast and colorectal cancer are illustrated

in the Appendix B.

Optical lever method of detection
for malignant cell lines

h 4

Uveal Melanoma Prostate Cancer Colorectal Cancer Breast Cancer
l l ¥ l L ¥ ¥
Wil OCM1 921 SP6.5 || MKTBR Prostate SW480 HCC1497
Y
¥ Carcino Embryonic
CD45 Anti PSA Antibody Anti BRST-1
Anti MelanA (CEA)

Figure 5.9 The matrix of the experiments performed on Uveal melanoma, prostate,

colorectal and breast type cancer cell lines.

5.2.1 Optical detection of Uveal melanoma cell lines

Uveal melanoma is the most common primary intraocular malignancy and is

localized in the eye in the uvea region. The incidence of the condition reaches six persons

per million per year in the United States [164] and the trend remains constant [165]. 30%-

50% from the patients having the condition develop metastasis

survival rate of 80% [167].
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For the tests performed on Uveal melanoma type of cancer, five cell lines were
selected: OCM 1-1, SP 6.5, 92,.1 MKT-BR, and UW-1 (the last cell line is not in fact a
Uveal melanoma but a Uveal melanocyte type of malignant cell). The medium of culture
was RPMI-1640 with 5 % fetal bovine serum (FBS), 1% Penicillin-Streptomycin, and 1%
fungizone in 25 ml flasks. The cultured cells attaches on the bottom on the flask as a
monolayer. The medium was changed bi-weekly and prior to the experiment were detached
with 2 ml of trypsin at 0.05% concentration. Following the trypsinisation, the cells were
separated gravimetrically from the used medium through centrifugation at 800 RPMI for a
period of 10 minutes. The resulted pellet of cells was subsequently diluted with 1 ml RPMI
and the cells counted with a Coulter counter. The resulted mixture was diluted at the
desired concentration (for the basic tests 1 million cells per milliliter, for the sensitivity
tests at various concentrations), and mixed in a proportion of 1:50 with Anti-Melan A, their
complementary antibody purchased from Nocastra Laboratories Ltd. UK. The volume of
mixture used in each test was 0.6 microliters. If other volumes were employed, it will be

stated in the following discussions.
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Figure 5.10 Monolayer of OCM cells in a Figure 5.11 Monolayer of SP6.5 cells in a

RPML RPML

In the above figures two lines of Uveal melanoma types of cells are illustrated in
their living environment (RPMI solution), before their detachment with trypsine. The
diameter of the cells is approximately equal, in a range between 30 and 40 microns,

however each category of cells have a distinctive shape.

The reading of the displacement recorded by the PSD during the evaporation of a
0.6 microliter droplet from a sample of 1 million cells for each line of OCM, SP65, 92.1
and Anti-Melan A will be presented in the following four images. Each type of cell gives a
slightly distinctive signature, all having in common an upward movement at the beginning
of the evaporation but different amplitudes. The antibody Anti-Melan A shows the
minimum amplitude of about 420 microns. The sample of antibody was diluted with RPMI-
1640 (the main component of the medium of growth of the cells) and does not contain any

cell at this moment.
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Figure 5.12 Evaporation of 0.6 pl of 92.1. Figure 5.13 Evaporation of 0.6 pl of
antibody (Anti MelanA).
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Figure 5.14 Evaporation of 0.6 ul of OCM.  Figure 5.15 Evaporation of 0.6 pl of SP6.5.

For the reliability of the results, the above signatures were compared with the ones
recorded in the same conditions, but with samples containing either a different
concentration of red blood cells (RBC), or dead cells in RPMI, or RPMI alone. The four

figures bellow presents these findings.
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Figure 5.18 0.6 pl solution containing dead Figure 5.19 0.6 pl of RPMI-1640.
cells.

The small change in the concentration of the RBC generates a different signature,
fact that comes in the defence of the hypothesis that the cantilever sensor is very sensitive
for these variations. The sample containing the mixture of dead cells present the same
trend of upward-downward movement giving a different amplitude to the one generated by
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the sample of RPMI alone . The difference of amplitude may come from the surface stress
created by the adherence of the dead cells on the substrate. The downward movement of

the spot is presumed to be generated by the variation of surface stress or surface tension.

The five Uveal melanoma cell lines were treated with their conjugated antibody
Anti-Melan A and signature generated by each of the biochemical reaction was recorded. In

the two figures bellow we present the signature recorded by a 0.6 microliters of mixture of

SP6.5 and OCM with Anti-Melan A.
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Figure 5.20 0.6 pl of mixture SP6.5 and Figure 5.21 0.6 pl of mixture OCM and
Anti-Melan A Anti-Melan A

From the presence of several distinctive oscillations above the reference, it can be
concluded that Anti-Melan A reacts with both SP6.5 and OCM. The antibody combines
with specific proteins at the surface of the membrane, phenomenon described in the

subchapter 3.3. This reaction generates the formation and the breaking of weak chemical
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bonds, fact that affects the gradient of the surface stress in the substrate. This variation in
surface stress represents the main influence for the slope of the beam in an antibody-antigen

reaction and it is confirmed by Wu and all [168] and Amritsar and all [84] .

The remaining three cell lines give also each a distinctive signature with their

conjugate antibody.
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Figure 5.22 0.6 pl of mixture 92.1 and Figure 5.23 0.6 pl of mixture MKTBR and

Anti-Melan A Anti-Melan A
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Figure 5.24 0.6 ul of mixture SP6.5 and Anti-Melan A

All five combinations of the specific antibody with the Uveal melanoma cells
proved to have a unique signature. In conclusion the detection method was demonstrated to

be both sensitive and specific.

In order to establish if the main reason of the signature is the specific antigen-
antibody reaction and not the non-specific binding on the substrate a new set of
measurements was performed combining the melanoma cells with a non-specific antibody,
1.e. Anti-CD45, a leucocytes common antibody. The results are presented in the Figure 5.25
and the Figure 5.26 and they confirm indeed the specificity of the reactions between the

Uveal melanoma cells and Anti-Melan A .
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5.2.2 Optical detection of prostate type cancer cell lines

An estimated number of 240 000 new cases of prostate cancer will be diagnosed in
men in 2012 in United States only, and 30 000 patients are foreseen to lose their life
because of this condition only [169]. Glandular cell are the main component of the seminal
fluid secreted by the prostate. They are the environment in which 99% of the prostate
malignant conditions occur [47]. The mechanism of proliferation for this type of condition
is controlled by androgens and a high level of testosterone tends to enhance the growth of
prostate malignant cells. The specific antigen secreted by the prostate type of cancers, the
prostate specific antigen (PSA), is an enzyme that has its genesis in the gland ducts and
,through adsorption into blood, can spread in the entire body or attach to other prostate
cells [47]. The attached form of PSA has higher values in patient with cancer, while in the

healthy subject the free form of the antigen is prevalent. Almost half of the men present
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microscopic abnormalities at the level of the prostate cells, when they reach the age of 50,
condition which is called prostatic intraepithelial neoplasia (PIN) [170]. The presence of a
high degree of PIN lesions gives a prognostics of 30% to 40% for the existence of

malignancies at the level of prostate [171]

The prostate cancer cell line PC3 was purchased from the same supplier American
Type Culture Collection as in the case of the breast cancer and colorectal cancer cell lines.
They were grown in Hams F12K medium and the FBS nutrient was added in a proportion
of 10%. Before the experiments the same procedures as in the previews cases regarding the

dilution and detachment of the monolayer were employed.

The optical experiments with the PC3 cell line showed an early adherence on the
surface of the beam. The test performed in the second day indicated that this phenomenon
was encountered also in the case of the Uveal melanoma cell lines. The characteristic

signature was confirmed in the second day of experiments.
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Figure 5.27 First day plots: 0.6 pl of PC3  Figure 5.28 Second day plots: 0.6 pl of PC3

The signature of the PC3 cell line change dramatically when it was combined with
the specific antibody Anti-PSA. The total deflection of the beam presents a sinus like
variation with an up and down displacement occurring sharply after about 650 seconds .The
PSA antigen contains a large number of ions that contribute to their binding to the host cell
[41] . As mentioned in the subchapter 3.3 there are various chemical bonds that break and
rebind during an antibody-antigen reaction [10]. In addition to the explanation given by the
biochemical reactions, the presence of numerous ions generates a bilayer like substrate on
the area covered by the droplet, bilayer that creates an additional surface stress. In the
following pictures, the signature of this reaction is presented for both days of experiments.
The consistency of the signature highlights once again the reliability of the detection

method.
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Figure 5.31 Second day plots: : 0.6 ul of PC3 Figure 5.32 Second day plots: 0.6 ul of
with Anti-PSA PC3 with Anti-PSA —second experiment.

5.2.3 Specificity and sensitivity tests

To establish the specificity of the proposed method, a blind test was performed in
order to establish if it is able to identify properly the unknown component from the
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experiment samples. A number of six samples were prepared with the following
composition: four samples with cultured cancer cell lines, one sample had RPMI-1640
alone and the last one with a “healthy” cell line, fibroblast. The samples were prepared
following the normal procedure at the concentration of one million cells per sample. Each

type of blind specimen was prepared in triplicate.

From each blind sample a volume of 0.6 microliters was extracted and combined
separately with each one of the antibodies used previously in the tests. Figure 5.33 to
Figure 5.36 show the detected signature for each case and the verdict of the test. The most

challenging decision was between the colorectal cancer and the breast cancer.

The results of the tests were analysed and the following conclusions were drawn:

- eleven samples containing cancer cell lines out of the total of twelve were labeled

accurately.

- more tests should be performed with different concentrations of cells; it will also help in

establishing a working database of signatures.
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Figure 5.33 Test 1. Blind test on the unknown sample identified correctly the breast cancer

cell line.
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Figure 5.34 Test 2 Blind test on the unknown sample identified correctly the breast cancer

cell line.
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Figure 5.35 Test 3 Blind test on the unknown sample identified correctly the prostate
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Figure 5.36 Test 4 Blind test on the unknown sample identified with difficulty the uveal

melanoma type of cancer cell line.
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The sensitivity of the method was tested by varying the concentration of the cell
lines from 1 cell/ml to 1 000 000 cells/ml. The selected concentrations of work were: 10
cells/ml, 100 cells/ml, 1000 cells/ml, 10 000 cells/ml, 100 000 cells/ml and 1 000 000
cells/ml. The selected cancer type for the test was the Uveal melanoma. The resulting
reactions had a signature down to a concentration of 10 cells/ml. Lower than this
concentration no reaction was found either because of the precision of the reading

instruments, or because the cell was absent from the sample.

The following six pictures illustrate the signature of the biochemical reaction

recorded during these tests.
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Figure 5.37 Sample with a concentration of 1 000 000 cells/ml, Uveal melanoma + Anti-

Melan A.
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Figure 5.38 Sample with a concentration of 100 000 cells/ml, Uveal melanoma + Anti-

Melan A.
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Figure 5.39 Sample with a concentration of 10 000 cells/ml, Uveal melanoma + Anti-Melan

A.
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Figure 5.40 Sample with a concentration of 1000 cells/ml, Uveal melanoma+Anti-Melan A.
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Figure 5.41 Sample with a concentration of 100 cells/ml, Uveal melanoma + Anti-Melan A.
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Figure 5.42 Sample with a concentration of 10 cells/ml, uveal melanoma + Anti-Melan A.

The signature of the reaction is typical up to a concentration 1000 cells/ml. Bellow
this threshold, the signature becomes atypical and the time of the reaction increases. Both
these remarks may be due to the fact that the covalent, ionic, and van der Waals type of
bonds responsible for the chemical combination between the antigen and the antibody are
more difficult to be established in a scarce environment. A difficulty in establishing the
reaction may affect both the moment of initiation and the magnitude of the surface stress.
More experiments should be done in order to understand the types of factors that can
influence the kinetics of these biochemical combinations, namely the hydrophobicity
quality of the surface and the influence of other background factors like temperature,

humidity.
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5.2.4 Direct measurement of the deflection due to the biochemical

reaction

The images presented until now characterize the signature of the biochemical
reaction recorded on the surface of the photo sensitive device and not the real deflection of
the cantilever sensor. The variation of the parameters of the optical system during each
calibration made the task of translating the recorded movement of the laser spot into a real
deflection of the tip of the beam a very difficult and laborious task, and, in the absence of

the calibration parameters (XY, and XYZ alterations), even impossible.

To establish the real displacement of the cantilever beam an experimental study was
initiated. The measurement instrument, Veeco Wyko Non-contact Profilometer NT3300, is
able to identify features down in the A range (3 A with the Phase Shifting Interferometry

(PSI) method and 3 nm with the Vertical Scanning Interferometry (VSI) method.

The working principle of a profilometer is the interferometry, an optical technique
in which the light is regarded as an electromagnetic wave. The intensity of the combination
of two such waves reflected by the surface of the solid observed is compared to the sum of
the initial individual intensities [172]. The evaluation of these two results gives a phase
difference that is linearly connected the difference in optical path of the two travelling
waves. Generally an individual source of monochromatic or nearly monochromatic light is
involved that, through optical means (beam splitters), is divided in two. All the direct

measurements of cantilever displacement were performed using the VSI method. This
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method is a precise non-contact technique able to quantify with high accuracy the surface
topography in solids and it is based on laser triangulation. In the VSI method, the white-
light source is divided in two separate beams: the test beam and the reference beam [173].
The test beam scans the surface of the sample and, with the help of the same beam splitter,
is recombined with the reference one. The resultant wave is analysed in the CCD detector
and the characteristics of the sample identified. A schematic of the VSI principle is shown

in Figure 5.43. A picture of the working station is presented in the Figure 5.44.
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Figure 5.43 VSI principle
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Figure 5.44 Profilometer with the sample fixed on the platen.

The biological tests were performed on the reactions of Uveal melanoma (92.1) and
prostate antigen (PSA) with their respective conjugates: Anti-Melan A and Anti-PSA. The
cantilever beams were cut at a length of 5 millimetres and a width of 0.8 millimeters
manually, therefore small variations of length may occur. The material was the same:
PVDF coated with 100 nanometers CrAl alloy. A volume of one microliter droplets was

placed on the surface of the cantilever by using a manual pipettor and adequate tips.

The working sample was one millilitre and the concentration of one million cells/ml
,in the case of Uveal melanoma, and 100 ng/ml in the case of prostate antigen. The
antibodies and the antigens were purchased from Sigma Aldrich Canada. The antibodies
Anti-Melan and Anti-PSA were both diluted at a concentration of 1:50. The Uveal

melanoma cells used in the experiments (92.1) were cultured in the Concordia University’s
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laboratory and the samples prepared according to the standard biological protocols. These

procedures were described in detail in the subchapter 5.2.

The signature recorded the deflection of the beam in a point situated at a distance of
about 50 microns from the tip of the beam to avoid the loss of data in the case of larger
deflections occurrences. The sampling rate of one measurement per minute was maintained
during the profilometer experiment. This was the duration of a full scanning of the surface
of the beam in the VSI mode. The scanning depth was 250 micrometers and the back scan

50 micrometers.

The following signature was obtained for the biochemical reaction between the 92.1

cell line and Anti-Melan A:
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Figure 5.45 Deflection of the beam for 1 ul of 92.1 + Anti-Melan A mixture.
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The recorded signature respected the pattern from Figure 5.22 with a downward
deflection at the beginning of the reaction followed by an upward movement with several
oscillations. However the amplitude of the deflection is different, fact that was expected

due to variations in the dimensions of the beam and the volume of sample.

The deflection of the same point on the beam was recorded during the reaction of
one millilitre mixture of prostate antigen PSA and its complementary antibody Anti-PSA.

The recorded signature is presented in the figure below:
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Figure 5.46 Deflection of the beam during for 1 ul of PSA + Anti-PSA mixture.

In this case the pattern recorded in the previous experiments Figure 5.27 is also
confirmed. The fact that they are not perfect identical can be justified by the modification

of some important parameters compared to the first experiment. A first modification come
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from the fact that the PC3 cell line contains the PSA receptors in a much smaller
concentration than in the case of the prepared solution of PSA antigen (normal level 4-9
ng/ml[174]). Another modification comes from the absence of original PC3 cell line. The
presence of the cells generates a gradient of compressive surface stress of a larger
magnitude than in the current situation when no cells are present to adhere at the surface of

the beam.

A new reaction was generated by combining the two specific antibodies Anti-PSA
and Anti- Melan A. The dilution was similar to the one used in the previous reactions, 1:50,

dilution recommended by the producer. The signature of this reaction is presented below:
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Figure 5.47 Deflection of the beam for 1 pl mixture of Anti-PSA+ Anti-Melan A.
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We can conclude that a reaction occurs between the two antibodies but with a low
intensity. The initial downward deflection may be initiated by the weight of the droplet,
however the presence of the small oscillations indicates a variation of the contact angle
and/or the surface stress. This result gives the suggestion that we cannot use a mixture of
antibodies to identify an antigen because this secondary reaction may hinder the primary

one. More experiments on this area are needed to fully confirm and elucidate this theory.

We verify this hypothesis by treating the Uveal melanoma cell line with the mixture

of the antibodies the alteration of the reaction is evident. The deflection pattern changed.
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Figure 5.48 Deflection of the beam for 1 pl mixture of Anti-PSA+ Anti-Melan A.
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The observation on the reaction PSA + Anti-PSA initiated a new study concerning
the influence of humidity on the biochemical reaction. For this purpose a commercial
Sunbeam ultrasonic humidifier was used and the resulting variation of humidity was
recorded with a Fluke hygro-thermometer capable of measuring the humidity with a
precision of 0.1 RH and the temperature with a precision of 0.01 C°. The deflection of the
beam was obtained by placing one millilitre of mixture 92.1+ PSA on the surface of the
beam. In the first case the environmental parameters at the beginning of the reaction were
22.5 C° and 27.4% RH. The temperature and humidity during the test oscillated between
these values within a 2% range. During the second measurement the recorded temperature
was the same but the humidity was increased at 32.3% RH. The same range of variation of
the parameters was recorded during the second test. The recorded signatures are presented

in the Figure 5.49 and the Figure 5.50.
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Figure 5.49 The evaporation of 1 pl of 92.1+PSA at a relative humidity of 27.4 %.
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As expected the evaporation time increased from 30 minutes in the first case to 45
minutes in the second case. The shape and the amplitude of the recorded deflection
changed. This may be either because of a variation in the surface stress or due to the fact
that a biochemical reaction initiated. While no reaction seems to take place between the two
antigens in the first case, we concluded that the culprit for the alteration of deflection
amplitude is the asymmetric variation of either contact angle, surface stress or both

parameters.
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Figure 5.50 The evaporation of 1 pl of 92.1+PSA at a relative humidity of 32.3%.

5.3 Experimental investigation of the contact angle

The last observation created the need for new experiment that studies the contact

angle variations during the biochemical reactions. The variation of contact angle from the
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standard value is used in in many applications as a method of evaluation of the quality of

the surface (its surface energy and hydrophilic or hydrophobic characteristics) [136].

The existence of the contact angle is explained through the balance between the
adhesive forces at the liquid-solid interface and the cohesive forces existent in the liquid.
The equilibrium of these forces is described by the Young’s equation (4-20). The equation
is used to define the hydrophilic and the hydrophobic characteristics of a solid surface. A
solid surface is called hydrophilic if the surface tension of the liquid is smaller than the
surface energy of the solid on which is place. In this case the adhesive forces liquid-solid
are larger than the cohesive forces between the molecules of the liquid and consequently
the spreading is larger. The contact angle in the case of hydrophilic surfaces is smaller than

90° while the hydrophobic surfaces generate an angle smaller than 90°.

A precise measurement of the contact angle implies expensive devices, optical
devices of high resolution where the measurements are performed automatically
(goniometric methods) [136, 175, 176] . The equipment used in this experimental study
cannot perform comparable measurements. For this reason, the goal of the experiment is to
assess the contact angle variation during a biochemical reaction antigen-antibody and not

its precise value. In order to achieve this goal, the following equipment is employed.
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5.3.1 Experimental procedure

The experiments were initiated in our facility at Concordia University and followed
the directions presented by Lamour and all [175]. The experimental setup consists of the

following components:

- a basic digital camera ( in our case Canon PowerShot A2300 16MP);

- an Aluminum breadboard, 8 x 8” x %2’ from Thorlabs;

- two post holders with spring-loaded thumbscrew from Thorlabs;

- plano-convex lens , d= 1" and confocal distance of f= 50 mm from Thorlabs;

- lens mount with a diameter of 1” with one retaining ring from Thorlabs;

- X-Y-Z (17) positioner from Thorlabs.

The optical system was protected by a cardboard box coated with aluminum in
order to shield the setup from the incident light and to slow down the evaporation. A
commercial lamp of 25 W is placed outside the box and opposite to the sample to provide
the necessary lightning. The light passes through a diffuser made of tracing paper in order

to highlight the contour of the droplet.

The setup is shown in a schematic in the Figure 5.51 and a side and interior view in

the Figure 5.52 and Figure 5.53.
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Figure 5.51 The schematic of the experimental setup.

Figure 5.52 Front view of the experimental setup for the experimental study of the

capillary angle variation.
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Figure 5.53 Interior view of the experimental setup for for the experimental study of the

contact angle variation.

The antibody solution in a proportion of 1:50 was prepared by mixing one millilitre
of the solution of RPMI-1640 containing 5 % fetal bovine serum (FBS), 1% Penicillin-
Streptomycin with Anti- Melan A. The same procedure was followed for the preparation of
the prostate antibody Anti —PSA. The PSA sample was diluted at a concentration of 100
ng/ml. The volume of mixture used in each test was either one or two microliters, from

which half was the volume of the antigen and the other half the antibody.

The 92.1cell sample (the antigen) was prepared before each test. The monolayer of
cells was detached from the wall of the flask with trypsin 0.05%, centrifuged and the
resulting pellet diluted in 1 ml of RPMI-1640. After the counting of the cells the

concentration of sample was adjusted at 1 million cells per milliliter.
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The liquid sample is deposited on a PVDF foil that was prior washed three times
with a mixture of ethanol and propanol and finally placed in an ultrasound cleaner for 15
minutes. Several number of picture were taken during the evaporation process. The
following volumes of liquid sample were used: 1 ml of 92.1 and 2 ml of each of the
following components or mixture: 92.1 +Anti-Melan A, 2 ml of Anti-Melan-A with Anti-
PSA, Anti-PSA, Anti-PSA with PSA, PBS and RPMI 1640. Each experiment was repeated

three times.

The acquired images were processed in order to increase the contrast of the picture
of the droplet edges and the measurements were performed by the Image] software. The
“Drop analysis” plugin was used to measure the contact angle from the acquired images by
generating a B-spline active contour following the shape of the droplet. The value of the
contact angle was generated automatically by the software. Each measurement was
repeated three times and the average value recorded. An illustration of the procedure is

shown in Figure 5.54.
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Figure 5.54 Image] measurement procedure of the contact angle.

An example of the evaporation process is shown in Figure 5.55. In this phase only

the contact angle is variable while the contact area is pinned on the substrate.
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n)

Figure 5.55 The stages of evaporation from a) to o) of a 2 ml droplet of the Anti-PSA +

Anti-Melan A.
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In the last stage of the evaporation, however, the contact area diminishes while the

contact angle remains almost unchanged.

60 100
e = 80 .
2 %0 ——Capillary K> ——Capillary
240 angle [°] 2 60 angle [°]
30
g g 40
= 20 E
a
S 10 & 20
0 0
0 10 20 0 10 20 30
Time[min] Time[min]
Figure 5.56 Capillary angle variation 92.1. Figure 5.57 Capillary angle variation
PSA.
100
2 80 .
2 = Capillary
2 60 angle [°]
E 40
a
S 20
0
0 5 10 15 20
Time[m)]

Figure 5.58 Capillary angle variation RPML
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Figure 5.61 Capillary angle variation: 92.1+Anti-MelanA.

The variation of the contact angle is shown in the Figure 5.56 to Figure 5.61 . In the

first three plots is illustrated the behavior of the samples containing single specimens, while

in the last three, the sample consists of a mixture of antibody and antigens. Studying these

plots one cannot conclude that a sample containing a mixture of specimen presents the peak
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variations anticipated due to the observation of the biochemical reactions from the previous
subchapters. Small peaks are visible both in in the case of the evaporation of single
specimens and in the case when multiple specimen samples were evaporating and

interacting biochemically in the same time.

This experiment contradicts the hypothesis that the variation of the contact angle is
one important factor responsible for the particular pattern of the signature of the
biochemical reactions presented earlier in this chapter found in the experiments. The

magnitude of the contact angle decreases much smoother than the expect pattern.

More experiments with other pairs of analytes can contradict this finding but for the
considered combinations only the variation of the surface stress seems to be responsible for

the unpredictable but repeatable pattern of the rotation of the tip of the beam.

5.4 Sources of errors in the experimental work

The main sources of errors observed during the experimental phase are instrumental
errors, human errors and sample preparation errors. In the following paragraphs each of

them will be discussed.

The instrumental errors can appear due to the inadequate tuning of the instruments or
the incorrect calibration of the optical equipment or laboratory apparatus. Another major
source of instrumental error is the incorrect or the poor calibration of the measuring

instruments. These types of inaccuracies can be noticed especially in the case of the
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laboratory pipettors. If the profilometer is not calibrated at the beginning of each session,

the readings can present large inconsistencies.

An important source of error is the insufficient cleaning of the substrate of the
cantilever beam. The impurities found on the substrate can generate, in contact with the
liquid sample, a series of physical and chemical phenomenon that alters the quality of the
experiment. A good example of such an error is illustrated below. The droplet of RPMI in

the presence of the impurities presents a strange pattern of evaporation, as seen in Figure

5.62 a)-d), most probably due to the alteration of the surface stress or to the incidence of

unwanted capillarity phenomena.

a) b) c) d)

Figure 5.62 The effect of surface impurities on the evaporation of 2 ml of RPMI-1640.

Human errors can appear due to an inappropriate manipulation of the laboratory
instruments, wrong readings or because of the incorrect placement of the liquid sample on
the substrate. In the case of the cantilever sensor, a sample that is two large or misplaced (
deposited on a position other than the center of the beam) can lead to the failure of the

experiment (Figure 5.63).
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Figure 5.63 Errors of measurement with the profilometer.

The contamination of the liquid sample can also modify irreversibly the results of the
experiment. From this point of view, as a precaution, most of the samples were prepared

and manipulated in the clean room existent in our facilities.

5.5 Conclusion and summary

The experimental work presented in this chapter shows that the antibody-antigen
reaction generates a unique signature for each pair of biochemical subspecies considered
even when the concentration of the given analytes varies. A proof for this statement was
given through the qualitative and quantitative tests performed with a large spectrum of
complementary pairs of reactants. The pattern of the reaction was found using the indirect

optical lever method and validated by direct interferometric measurement methods .

The experiments on the variation of the contact angle, owing to the complex

concomitent phenomena of evaporation and chemical reaction, did not confirmed the
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hypothesis that assumed the variation of this parameter to be one of the main factors
influencing the abnormal deflection pattern of the cantilever beam during the biochemical

reaction.

Several sources of errors were identified and analysed during the experimental work
and the methods of counter their incidence suggested. Most of them are avoidable being in

ceneral cause by human errors in the manipulation of the instruments or the sample.

154



Chapter 6: Dielectrophoretic centering

6.1 Introduction

Before the fractioning of the liquid into droplets we need to make sure that the liquid
sample includes the circulating tumor cells that are to be investigated. To solve this task,
prior to the droplet generation phase, the centering stage is introduced. At the end of this
step the cells can be directed to the interrogation point was the presence or the absence of
the biomarker is acknowledged. An important adjacent result of the centering phase
consists in the fact that the clustering of the cells is inhibited. The clogging of the cells is an
unwanted phenomenon, especially if the flow takes place in narrow channels, where

clogging can occur easier.

The centering of flowing particles can be acquired hydro dynamically by sheath
flow[177, 178] or dielectrophoretically by applying the non-uniform electric field created

between two electrodes by a sinusoidal signal at a certain frequency [179-181].

The phenomenon of dielectrophoresis (DEP) refers to the motion of particles
suspended in a liquid under the action of a non-uniform electric field. The necessary
condition for the suspended particles to move is to be neutral from an electric point of view
but, in the same time, polarizable. They will move under the action of a force generated by

the non-uniform, force, with the magnitude and direction correlated to the frequency and

155



the amplitude of the applied AC signal and to the electric properties of the particle and the

surrounding fluid [182].

In a uniform electric field a suspended polarizable particle is motionless due to the
fact that each half of the particle is polarized at the same value so the total resultant induced
dipole force is zero [183]. In a non-uniform electric field, the generated dipole forces have
different values and a displacement results due to the resultant force that points either
toward the region of the channel with high electric fields (positive DEP or pDEP, when the
particle is more polarized than the surrounding medium), or towards the regions with low
electric field when the suspended particle is less polarized than the surrounding medium
(negative DEP or nDEP ) . The induction of the dielectrophoretic force is explained in

Figure 6.1.

V=0 V>0 V>0

Electrically
Total force =0 neut_ral
particle
V<0 V<0 V<0
Uniform Non-Uniform
Electric Field Electric Field

Figure 6.1 Positive and negative dielectrophoresis ( adapted after [184] ).
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The non-uniform electric field is generated by placing the electrodes in a
predetermined configuration in the microchannel and applying a difference of potential
between them at a predetermined amplitude and frequency. The description of the spatial
distribution of the electric field helps to understand the strength of the dielectrophoretic
force acting upon the submerged particles, force that together with the buoyancy, drag and

the gravitational force contribute to the characterisation of the movement of the cell.

Figure 6.2 nDEP centering principle in a rectangular cross-sectioned microchannel.

In literature, the distribution of the DEP force generated by a set of electrodes in various
configurations was determined analytically by several groups of researchers [185-190] by

using various mathematical approaches like:
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1. Green’s theorem;

2. Schwarz-Cristoffel mapping;

3. Finite element method.

4. Weighted-least square differences schemes;
5. Wiener-Hopf method;

6. Fourier series.

The phenomenon of dielectrophoresis and its applications proved to be extremely useful
for the purpose of our group project. It is used in the transport and the separation of the rare
species from blood (nDep and pDep) [191], for centering (nDEP ) and characterization of
the cells (nDep and pDep) [192] especially for the fact that DEP is fully compatible with
the transport and the manipulation of living cells. Owing to this interest, our research group
already found analytical solutions of the spatial variation of the dielectrophoretic force for
microchannels presenting different type of electrodes patterns [182, 191, 193] by using the

Fourier series method.

In order to establish the parameters of DEP force, electric field and electric potential in
a microchannel with squared cross section, a theoretical study is performed considering the
physical characteristics of the microchannel in which the cells are submerged (dimensions
and the placement of the electrodes). The distribution of the electric field was determined
by semi-analytical formulations. The solution is in good agreement with the numerical one

performed with commercial multiphysics software (COMSOL).
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6.2 Analytical approach

The dielectrophoretic force acting on a spherical particle (cell in our case) suspended

in a liquid in a non-uniform electric field has the following expression [183]:

Fpypp =275, R’ Re[CM | (VE? ) (6.1)

where:

g, represents the absolute permittivity of the surrounding medium (&, =&,

m

&=

represents the permittivity of the vacuum and ¢, the dielectric constant of the medium);
R is the radius of the particle;

Re/CM] is the real part of the Claussius-Mossoti factor varies from -0.5 to 1 [183] ,

E.—&
Re[CM]~¢, (MJ , £.1s the relative permittivity of the cell.
e +2¢

& m

The electric field is given by the Gauss’s law:

VE=L (6.2)

where with p we denoted the electric charge density that in our case is zero (both the free

and the bounded charges).

Due to the fact that the charge density in this case is zero, the equation (6.2) becomes:

159



V.E=0 (6.3)

In order to relate the electric field with the electric potential, the Maxwell’s equation, taken

in the quasi-static form, is used as follows:

E=-Vo (6.4)

In the equation (6.4) , ¢ represents the electric potential of the electrode.
By substituting the equation (6.3) into  (6.4) the following expression is generated:

2 2 2 6.5
6(0+6(o+8(0=0 (6.5)

ot o o

Taking only the cross-section of a rectangular micro-channel in consideration, the relation

(6.5) is reduced to the 2D form as:
’p 0 (6.6)

+ =0

6)62 &)/2 -

6.3 Boundary conditions

Figure 6.3 shows the cross-section of the entire microfluidic channel. The side of the
channel is equal to 2L and the length of the electrodes 2/. The width and the thickness of
the electrodes is negligible compared to their length. The electrodes have the electric

potential —V) and -V and the walls are considered electrically insulated.
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Figure 6.3 The cross-section of the rectangular microchannel.

From the above figure it is evident the existence of a symmetry of the electrical
parameters above the x and y axes of the illustrated coordinate system. This observation
enables a simplification of the problem by considering just the unit segment (Figure 6.3)
from the first quadrant of the coordinate system when solving the equation. The height and
the width of the unit segment are considered equal to L and the length of the four cross-
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section electrodes is /. The length of the electrode is 50 microns, its thickness T~=100

nanometers and the side of the squared microchannel segment is 100 micrometers.

The following boundary conditions are considered:

a) The upper electrode of the squared unit segment is at the electric potential V.

b) The lateral electrode has the electric potential —V.

c) The upper part of the micro-channel is made of glass. Therefore, this area is
considered electrically insulated. From the same reason the left, right and bottom
side of the segment are also considered electrically insulated.

d) The electric potential at the right upper side is assumed to be zero because of the
symmetry of the electrodes

e) The chose unit segment is symmetrical about both x and y axes.

N |
ey
o(x.L)=7, E(X,L):O
—
5 B 5
Zoy)=0 g

i)
9 (x,00=0 X
&

Figure 6.4 Boundary conditions for the square unit segment of the channel cross-section.
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The above boundary conditions are expressed by the following expression:

o(x,L)=V, 0<c<lt (6.7)
=TT

o(L,y)=—V, 0<y<l (6.8)

2

% (x.1)=0 Ly (69)
2

op [ (6.10)

9@ (1L,y)=0 Ley<r

ax( y) d

92 (x.0)=0 (6.11)

4

0 6.12

%20,y)=0 (612

The following normalized dimensionless parameters will be used in order to normalize the

equation with respect to the specific coordinates:

=I

X
L (6.13)

<

2
L

The two dimensionless parameters inserted into the equation (6.6) and the boundaries

conditions (6.7) - (6.12) will generate the following relations:
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2 2
e 09 _, (6.14)

“+ =
6)_(:2 6)_/2
o(x,1)=V, o<v< b (6.15)
2L
¢(1’37):_V0 OS)_/SL (6.16)
2L
a—q)(i,l):o Lsxsl (6.17)
2L
op . _ I _ (6.18)
—(L,y)=0 —<y<1
=Y L7
8_go(i’ 0)=0 (6.19)
%2 0.5)=0 (6:20)
ox
The boundary condition (6.17) and (6.18) can be represented as:
o(x.1)=0, 1 cx<
2L (6.21)
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2L (6.22)

6.4 Solution of the equation

The solution of the equation will be determined using the technique of separation of
variable by assuming as solution the electrical potential function ¢ , under this hypothesis

that the function @ has two components: one linear and one another harmonic.

By applying the principle of superposition, the function consists of a sum of two

constituents, ¢@; and @y:

P=0+P, (6.23)

We assume the solution to be expressed by the following functions:

@ (X,7)=4+Bx+Cy+Dxy+F(x)G (¥) (6.24)
and
0, (X.7)=4,+B,x+C,y+ DXy +F,(X)G,(y) (6.25)
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where Al, Ay, By, By, Ci, C,, D; and D, are constants , while Fy, F», Gy, and G, are

functions of one variable .

We will proceed now with the determination of the first part ; of the total potential

function ¢.

¢ (x,7)=4+Bx+Cy+Dxy+F (X)G, (¥)

=4 +Bx+Cy+DXxy+

+i (a, sin(k,X) + a, cos(kX) ) (b, sinh(k,X) +b, cosh(kX))

n=1

The following equation will hold:

az(Pl + 62% -0

622 6)_72

The boundary conditions for this function are:

o (x.1)=7,
p(XD=g,

¢ (1,y)=0

Qﬂ{iﬁ)zo
y

op, . —
—(0,y)=0
ox ©.)

S
IA
=l
IA
[\
S

IN
=I
IN
—
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(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)



o(.1) =V, Lry=0
(%1, 5
S
5o @ .. _
22 0.5=0 Lamn=0
‘C‘? % cx
o(1.7) =7
= -
LEo=0 X
v
.|
L]
I

@(x1)=V, alxl)=e¢ @ (%1)=0

il _ _I_ Efigeras Sopeay
—(0.7)=0 ; = —(0.v)=0 @(Ly)=—e
= 0.7 al.7)=0 == (0.9) Ly

e(Ly) =T,

><I'

% (z.00=0
=

= -
A (z.0=0 X
&v

Figure 6.5 The superposition principle applied to the unit segment.
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In the equation (6.24) we apply the boundary condition (6.32):
% 0.5)=B + D3 ¥)= (6.33)
P (Oa}’)—Bl+D1Y+Ex(O)G1(Y)—0 :

To satisfy the equation (6.33) the constants B, and D, should be zero and the differentiation

with respect to X of the function F, takes also the value zero at x =0.
B =0;D, =0; (6.34)

L (0)=0 (635)

The boundary condition (6.31) will generate the value of the constant C; and the derivative

with respect to y of the function G; when y takes the value 0:

%@m =G +Dx+F(X)G,(0)=C +£(x)G, (0)=0 186
C =0;
G, (0)=0 7

The boundary condition given by (6.30) yields:

p(LY)=4+BX+Cy+Dxy+F ()G (y)= (6.38)
=4 +F(1)G (y)=0 |

This condition is satisfied only if:
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(6.39)

By substituting equation (6.24) in the Laplace equation (6.14), the following expression

results:
F (%) Gy (9)+ F (%) (5) =0 (6.40

The expression (6.40) is equivalent to:

= Y =k120r

(%) G, () (6.41)

If the first equality in (6.41) is chosen the following two ordinary differential equations are

generated:
Fio (X)-k’F (X)=0 (6.42)
Gy (¥)+k°G (7)=0 (6.43)

Applying the boundary condition to (6.42) only the trivial solution is obtained.

Subsequently the second equality in (6.41) holds. The following differential equations will

yield the solutions 7| (X) and G, () as follows:

F (X)+K’F (X)=0 (6.44)
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Gy, (¥)-k’G,(7)=0 (6.45)

F,(X) = a, cos(kX) + a, sin(k,X) (6.46)

The function of single variable F (i) is assumed to have the following expression:

F,(X) = a, cos(k;X) +a, sin(k,X) (6.47)

Its first derivative will be:

F (X) =—ka, sin(kX) + a,k, cos(k,X) (6.48)

In order to calculate a; and &; the condition (6.35) and (6.39) will be used:

F, (0) =—ka, sin(k,0) + k,a, cos(k,0) = ka, =0

6.49
=a,=0 ( )
F (1) =a, cos(k,1) = a, cos(k,)=0
—cos(k)=0=k =(2n+1)Z

2 (6.50)

neN

The function of single variable G, (?) is assumed to be expressed a relation such as the one

bellow:

G, (f) = b, cosh(k,y) + b, sinh(k, y) (6.51)

Its first derivative will be:

G,

ly

(7) = kb, sinh(k,7) + k,b, cosh(k, 7) (6.52)
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Applying the condition (6.37) the constant b, will be found.

G,, (0) = kB, sinh(0) + kb, cosh(0) = kb, =0 (6.53)
—b,=0 (6.54)

With the above results the product F; (X)G, () could be expressed as follows:

F ()?) G, ()7) = ial cos((Zn + l)gfjbl cosh((Zn + 1)%)7) (6.55)

n=l

Substituting the values of the found constants in the equation (6.26) the value of ¢, ()_c ,y)

becomes:

9 (%,7)= icﬂ cos((Zn + 1)%)?)cosh((2n + 1)% yj (6.56)

n=1
To understand the characteristics of the electric potential on the top of the unit

segment it is required a new computation of the Laplace’s equation between the right limit

of the electrode and the right-upper side of the selected region.

P R T

72
I\J

Figure 6.6 The upper part of the unit segment illustrating the top electrode and the
considered local coordinate system.
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In order to determine all the parameters involved in the equation (6.56) the potential

function ¢, is defined in the coordinate system ( X, y. ) and a new set of boundary

conditions is introduced.

%+% =0 (6.57)
2.(0,y,) =V, (6.58)
coe(L—é,ye) =0 (6.59)
0. (x,,0)=0 (6.60)

e

In the above boundary conditions 7 represents the thickness of the electrodes (=100nm).

The dimensionless parameters X, and y, are defined as:

— X,
X, = ]
L—— 6.61
5 (6.61)
7 =2e
ye T

The equation (6.57) and the boundary conditions (6.58) - (6.60) become:

1 g 109 _

2 6—2 T2 6—2
(L—ij e e (6.62)
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»,(0,5,) =V,
q)e(]"ye) :0

9. (% .0)=0
p=

e

The assumed solution for (6.62) is expressed by the function:

?.(X,¥.) = F(x,) G (3,)

where F,(x,) and G,(y,) are functions of only one variable.

Performing the substitution (6.66) into (6.62) yields

_ _ 1 _ _
_F (Xe)Geyeye (ye)+ L*z F;Xeie (Xe)Ge(Ye):O

with the notation (L - éj =L

The expression (6.67) is true only if:

This is equivalent to:
173

(6.63)

(6.64)

(6.65)

(6.66)

(6.67)

(6.68)



The assumed solutions of (6.69) and (6.70) are:

F, (3_%) =c e +ce "

e

T T
G (y )=cycos| =ky |+c,sin| —ky
e(ye) 3 (L eyej 4 (L eyej

o(x,y,)= Z(clekefe +c,e )(Q cos (% k,y, j +c, sin(
m=1

T
— k.,
I eyejj

The boundary condition (6.65) applied to the equation (6.66) gives:

9. % 0)=0

e

= 5 5 T . (T T
Z(clekf"“ +e,e ) —c, —k,sin| —k,0 |+c, —k, cos
L L L

i(clek@ +e,e ) ¢, %ke cos(%keOD =0
i(clek"ff +ec,e ) c, %kej =0

The boundary condition (6.64) in (6.66) yields:
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o)) o

(6.69)

(6.70)

(6.71)

(6.72)

(6.73)

(6.74)



gpe(l’.)_/e) = 0

i(qe’% +c,e )(Q cos(%ke)_/e D =0

m=1

= Z(CIekf +c,e ) =0

The boundary condition (6.63) applied to (6.66)gives:
— ~ k,0 2k, —k,0 T —
®,(0,y,)= Z(cle < —ce e )03 cos(fkeyej =V,
m=1

The new constants will be ¢,c; = ¢;.The following expression holds:

. =1
Knowing that 27 =1 we can express V) as:
m=1

-V
2=V

m=1

Inserting (6.78) into (6.77)gives the value ofc:
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ilfn = ics (1 — e )cos(%ke)_/ej
(6.79)

: . T .
The cosine term from the equation (6.79) approaches 1 because the term A is very small

due to the size of T (= 100 nm) compared to L (10-30 pm) .

Now we can represent the electric potential in the upper part of the unit segment as:

¢1()_Cal):% OS)?SL
2L (6.80)
o,(x,,1)= ch (e(k"}f) — ))cos[—* kej =
< I/O (mpx,) mp(2-x,)
= e e e e
;2"1(1_82”’[1)( )
In the condition (6.81) cos(%kej can be approximated to 1.
Over the entire upper part of the unit channel, the potential function is assumed to be:
(6.82)

,(x,1) = icﬂ cos ((2;4 + 1)%%) cosh ((2;1 +1) %)

n=0
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In order to identify the values of the constants C, of the function, a numerical

approach is adopted. In a first step, the values of the boundary conditions ¢,(x,1) are

calculated numerically. The equation (6.7) is used for [0 <x< %) , while the equation

(6.81) is used for (% <x< 1). In a second step, least-mean squared method (LMS) is

employed to calculate the first 100 terms of the solution. The MATLAB toolbox CFTOOL

is used with the equation (6.82) as custom equation. As a result, the values of C, and

implicitly of the function ¢,(x,y) are identified over the entire domain.

To find how the number of terms included in the solution affect results, a study is
performed. For each number of terms considered in the equation (6.85) in other words the

value of n, the following value is calculated:

N(n)= norm(MJ (6.83)

max

where ¢(n) is the value of the potential function (6.85) calculated with » terms and

®,.. =V 1s the maximum value of the electric potential of the upper electrode.

The graphical representation of N(n) is shown below:
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Figure 6.7 The influence of the number of terms on the accuracy of the solution.

According to the present calculation, considering only 25 terms of the equation
(6.85) the magnitude of the potential function will be affected by only 0.01 %. Adding
more than 60 terms will increase the solution accuracy to 0.003%. Therefore, in this work

only the first 60 terms of the solution are included.

Owing to symmetry, the function ¢,(1,y) that characterises the potential over the

right side of the unit channel (Figure 6.5) can be expressed as:

0, (,7) = icﬂ cos((2n+1)%)cosh((2n+l)% yj (6.84)

n=0
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By superposition, the expression of the total potential function in the unit channel

is:

o(x,y) = iCn COS[(Zn +1)§fjcosh((2n +1)§j+

n=0

(6.85)
+i C, cos [(271 +1) %) COSh((zn +1) % J_’j

n=0

For n=60, the value of N(n) becomes 99.997 . According to the present calculation,
considering only 25 terms of the equation (6.85) will modify the magnitude of the potential

function only by 0.01 %.

The potential function identified as shown semi-analytically allows determining the
expressions of electric field and also the gradient of the intensity of the electric field.
Knowing these expressions and the dielectric characteristics of the suspended particles and
liquid, the distribution of the dielectrophoretic force over the entire channel can be

determined with the relation (6.1).

6.5 Electric Field

To find the distribution of the electric field, the quasi-electrostatic form of the Maxwell’s

equation that relates the values of E and ¢ as written in the equation (6.4):

E(¥,5)=Ei+E,j=-Vog (6.86)
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where 7 and ; are the unit vector in the x and y directions.

ox (6.87)
_ _ oQ
Ey (x’y) - _Ey
E\ and E,, after the differentiation of the potential function become:
(1 _ 1 _
sin ((Zm—l)ﬂx)cosh((2m—1)7rxj+
2 2
C(m)(2m —1)72' .
: +cos(;(2m—l)m?jsinh(2(2m—1)m_cj (6.88)
Ex ()_C’-)—)) = 5 1
Lcosh(ﬂm —27rj

) omthe Cos'(;1(2m1)ﬂ)_c?sinh(;(12m1)ﬂyj_+
) 2 Lcosh(;(zm_l)ﬁj

(6.89)

1.1 Dielectrophoretic force

The dielectrophoretic force acting on a polarized cell suspended in a liquid and

exposed to a non-uniform electric field E is given by (6.1). Its formulation implies its

linear proportionality with the factor V‘E ‘2 that represents the gradient of the intensity of
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the electric field. If the dielectric properties of the liquid and of the suspended particle are

known the expression of the dielectrophoretic force can be found.

The gradient of the electric field intensity can be expressed as [191] :

s (6.90)
=|E[ = (JE (7. 7)+E (5. 7))
V‘E‘z:5(Ei(f»f)+Ei(fef))7+a(Ei(f’?)+Ei(faJ7))J—. (6.91)
ax y
_ OE - OE, -
VIE| =|2E, F, or Lo |74l 2g %L op Co |5 (6.92)
ox Y ox oy " oy
The relation describing the dielectrophoretic force is:
OF - OE -
Fypp =27, R* Re[CM || 2E, %, e & )74 2E, %, g b (6.93)
ox 7 ox oy Y oy
E OF
The expressions of 0 <, OF, , —= and are:
ox Oy Ox

cos@(zm —l)nfjcosh G(zm —1)7@7)-}-
+cos(;(2m—l)n)7jcosh(;(2m —1)7&) (6.94)
v cosh(;(Zm—l)n)

c(m)(2m-1)’ n*

OF

X

1
4

&
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sin@(zm—l)ﬁjsinh(;(zm—l)nyj—

C(m)(2m —1)2 n

OE. 1 —sin(;(2m—1)n)7jsinh(;(2m—l)nf) (6.95)
y 4 chosh(;(Qm—l)n)

oo e sin[;(2m—l)ﬁjsinh(;(2m—1)n)—;j_
o 1 —sin(;(Zm—l)nj_/jsinh(;@m—l)nfj (6.96)
x4 chosh(;(Zm—l)nj

i cos(;(Zm—l)ﬂjcosh(;(2m—1)nj;j+
E, 1 +cos(;(2m—1)n)7]cosh(;(2m_1)n§j (6.97)
EZ_Z chosh@@m—l)n)

The results found for the electric potential, electric field and the gradient V|E |2 are

plotted with in Matlab™ . They are validated with the numerical results from COMSOL.
For the numerical simulation the cross-section of a squared microchannel with the length of
the side L= 100 micrometer, the length of the electrode 1=50 micrometers is considered.
The mesh considered is triangular and it is set to be 0.25 micrometers. The liquid chosen to
fill the channel is water. There is a good agreement between the semi-analytical and the

numerical solution and the results are presented in Figure 6.8 to Figure 6.13 .
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Figure 6.9 The numerical solution of the potential distribution over the unit channel
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Examining the distribution of the electric field (Figure 6.10and Figure 6.11) one can

notice that the maximum values are at the edge of the electrodes and the minimum ones are
in the center of the channel. The rounded-edged distribution of V|]:_“|2 noticed in the semi-

analytical solution (Figure 6.12) is attributed to the round-off errors due to the calculation

of hyperbolic functions dealing with large terms and was noticed before [192].

6.6 Experimental validation

DEP is a phenomenon that is fully compatible with transport and manipulation of
living cells. Negative DEP was successfully used to group, cluster and focus cells in a test

device that simulates 3D microfluidic channels with 3D electrode configuration

An experimental study was performed in order to observe the effect of the
dielectrophoretic force on suspended particle. The solution with the conductivity of 10
mS/m was prepared by adding 8.5% volumetric sucrose and 0.3% volumetric dextrose in
10 ml RPMI cell culture medium. RPMI culture medium consists of RPMI 1640 in which
was added 10% fetal bovine serum (2% FBS) and 1% Penicillin/ Streptomycin. The
conductivity of solution was adjusted to 10 mS/m by adding 700 microliters Trypsin in 0.53
mM Ethylene Diamino Tetraacetic Acid (EDTA). The value of the conductivity was tested
using a PH-Conductivity-TDS meters, model Oyster 341350 from Extech. In the final

solution five droplets of monodisperse polystyrene microspheres of 15 um diameter
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(Megabead NIST Traceable Particle Size Standard) with 1% solids suspensions were

added.

Two microliters of diluted beads were deposited on the centering device
manufactured by FineLine Imaging with Chrome electrodes platted on glass in the desired
configuration. The AC signals from 100 kHz to 12 MHz were generated with a Tektronix
CFG280 function generator that allows a range of voltages from 0 to 20 Volts peak to peak.
This volume covers completely the area of the electrodes. The centering of the particles due
to the presence of the negative dielectrophoresis phenomenon was observed starting from a
frequency of 100 kHz and up to 3 MHz, with a voltage varying from 5 to 20 V peak to
peak. The experimental results are presented in the action of the dielectrophoretic force on

the polystyrene microbeads suspended in the RPMI solution.

0o Oolp -
90 g
Q ~
O a00n
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%9, c%i-@r*
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Figure 6.14 The polystyrene beads move freely in the absence of the non-uniform electric
field.
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Figure 6.15 The centering of the beads due to the phenomenon of negative

dielectrophoresis.

The range of frequency and the difference of potential responsible for the positive
and the negative dielectrophoresis of the following cell lines: 92.1, OCM and MDA 231
were determined previously in our laboratories [192]. However, for centering purposes,
only the range of frequencies and potentials responsible for the negative dielectrophoretic
behavior of the cells are needed for a given value of the conductivity of the liquid

environment (Table 6.1).
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Table 6-1 The cross frequency of different living cells with different media conductivities.

(adapted with permission after [192])

92.1 {UM) pDEP From nDEP From nDEP From nDEP No DEP effect
all frequencies to pDEP to pDEP to pDEP
f=28KHz%5% | f=48KHz%5% | f=90KHz25%
From pDEP
to nDEP
f=42MHz£5%
0CM (UM) From nDEP From nDEP From nDEP From nDEP From nDEP
to pDEP to pDEP to pDEP to pDEP to pDEP
f=8KHzt5% | f=12KHz+5% | f=38KHz£5% | f=78KHz15% | f=90KHz+5%
MDA 231 From nDEP From nDEP From nDEP From nDEP From nDEP
to pDEP to pDEP to pDEP to pDEP to pDEP
f=7KHz*5% | f=17KHz%5% | f=21KHz%5% | f=33KHz%5% | f=36KHz*5%

The chosen two-dimensional device represents only the cross-section of the
microchannel so the drag and gravitational forces do not have the same behavior as in the
case of a three-dimensional microfluidic structure. This design was chosen due the fact that
the present methods of micro fabrication do not allow the manufacturing of a microfluidic

channel having all four sides plated with the electrodes [146].

6.7 Conclusions and summary

In this chapter the planar distribution of the potential, electric field and DEP force
was determined. The solution of the Laplace partial differential equation was found through
semi-analytical means. A numerical curve fitting approach was employed in order to
determine the values of the constants of the potential function. The semi-analytical and the

numerical solutions were compared and a good agreement was observed.
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The presence of DEP force in a channel with a design similar to the one used in the
theoretical calculations was experimentally validated by using polystyrene spherical
particles suspended in a solution with a known conductivity. The range of frequencies and
the voltage responsible to generate the centering were determined. The two-dimensional
chip used in the presented experiments can be successfully applied for the gathering or the
centering of several cancer cell lines (92.1, OCM and MDA 231) that have known

dielectrophoretic parameters.
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Chapter 7:  Conclusions and future work

The effort of this thesis is concentrated mainly on reasoning of the method of
characterization of the malignant cells through the bio-chemical reaction between an
antigen and its complementary antibody that generates a recognizable and unique signature
of the cantilever mini-structure due to the variation of the loads produced during the
process. The experimental data shown that the signature of the antibody-antigen reaction of
the investigated cells is unique for each complementary pair [2]. The success of the blind
test gives hope for the developments of a microsensor that can be succesfully implemented

in a POC device.

The theoretical and numerical analysis of the the complex loading combined with the
experimental work identified the surface stress as the main load responsible for the pattern
of angular displacement of the tip of the beam, while the Laplace pressure, the vertical

surface tension and the weight as loads causing the vertical displacement.

The magnitude of the surface stress is variable during the chemical reaction,
depending on the mechanism through which the bonds are broken and recreated, the
adsorption and the desorption pattern of the new formed chemical components on the

surface, the variation in the concentration of ions and the surface alteration.
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The caloric aspects of the reaction were found to not generate noticeable deflections.
The environmental temperature however can influence the signature of a certain reaction by

affecting its duration.

A parametric study on the geometrical features of the cantilever enables to improve
the sensitivity of the sensor for a given volume of specimen. The in-plane optimized
structure can be successfully implemented in a micro application and presents advantages
over an out of plane sensor due to the fact that solves the main concerns regarding the

droplet deposition while reducing the evaporation.

The dielectrophoretic formulation was used to determine the theoretical distribution
of the potential, electric field and dielectrophoretic force in microchannel with a square
cross-section. The semi-analytical solution was validated both numerically and
experimentally. The pattern of electrodes analysed allows both centering in a microchannel
and gathering of the cell in a fixed region prior to their manipulation towards the lysing,

test or droplet generation section.

Future developments regarding the cantilever sensor point in the direction of
miniaturization. The scaling down of the experiments will be a step forward in the
development of a POC device. Other methods of sensing can be investigated especially a
piezoresistive based one where the variation of the surface stress can be detected. The
influence of the material of the cantilever and its layers can be studied in order to observe

their influence on the signature pattern.

192



In the perspective of miniaturization the integration of the sensor with a microfluidic
chip is essential. The chip should include both the preparation of the liquid sample, droplet
generation, transportation and deposition. Through electro wetting techniques all the above

steps can be performed.

In the area of bio detection other pairs of analytes could be studied through the same
method presented in this work. Extensive experiments can be performed also and sensed
with direct detection methods to validate the uniqueness signature of specific reactions. The
influence of the temperature on the kinetics of the reaction can be studied. More accurate
methods could be used to investigate further the evolution of the contact angle during the
chemical reaction. Meanwhile, mico-callorimetry methods could be employed to estimate

the heat produced by a bio-chemical reaction.

The semi-analytical model of the electric potential, electric field and dielectrophoretic
force distribution inside the channel can be improved by taking other types of functions in
consideration that can open the perspective of an exact analytical result. Different electrode
patterns could be considered and theoretically and experimentally analysed in the

perspective of the miniaturization of the entire application.

7.1 Summary of Contributions

The understanding and the segregation of the loads responsible for the deflection
pattern generated by the bio-chemical reactions between an antigen and its complementary

antibody on the cantilever sensor for several types of cancer cell lines represents the most
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important contribution of this work. The originality of the studied method comes from the
fact that the antibody-antigen pair is mixed before its deposition on the surface of the

sensor: without a prior coating with a biological species.

The study on the contact angle variation during a biochemical reaction confirmed that
the surface stress has the main responsibility for the pattern of variation in slope of the tip

of the beam.

The parametrical study on the geometry of the sensor and the positioning of the
sample allow an improvement in its sensing capabilities. The numerical simulations and
optimisation are important in the understanding of the phenomenon and the design of the

sensing structure.

A major influence in the deflection/rotation of the tip of the cantilever is played by
the evaporation. During the evaporation process the contact angle changes. Both
evaporation and contact angle were investigated and it was found that the dominant effect
on the process is played by the mass variation of the droplet due to evaporation process that
generates changes both in the horizontal component of the surface tension and the surface
stress. This finding excludes the need of measurement of the contact angle in further

investigations of the studied cell lines.

The negative dielectrophoresis was used to cluster and center cells for future
automatic handling of the test in a POC device. The model of the electric field was

formulated and solved using a semi-analytical method. The results are accurate and they are
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validated experimentally and numerically, using a finite element method (Comsol) model.

The method enables fast tracking of the cells with no interaction with the microchannel.
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Figure 8.1 Steps 1 and 2.

196



L viEL9E O7
£0-3005 L = Uy
GB0STOE A2
00+3000°L = XBW

£0-3005 £
L0-38L1°1
10-3303°¢
10-3ce8 €
10-3198 &
10-3688 5—
10-316°9—
L0-3t96°L
10-3246°8

00+3000°L
(AsuUa])sa1jIsua] JusLwz|g

10)4 Inojuon)

LPLEL9E T
LO-3005 "L = LN
G80GZ9E 2
00+3000°L = XBN

L0-3005 |
LO-3vrk 2
10-368E ¢
L0-3EEC ¥
10-384E 5
10-300E o—
L0-3291L—
l0-3LLL8
L0-3950 6

00+3000 |
(AlIsUa])sanIsUs] JuaWws|g

1014 Jnojuo?)

Figure 8.2 Steps 3 and 4

197



LFiELGE AT
£0-3518°| = U
GBELCOE AT
00+3000°) = XeW

£0-3618°)
Lo-38Lc )
10-389¢ ¢
LO-J85r €
L0-36¥5 ¥
_.o-m_mmm_mu
L0-962L 9—
L0-3618°L
L0-3016¢

00+3000'|
(Asusqsenisusq juswe|3

Joid Jnojo))

IriEl9E Q2
20-3061 € = UK
5806Z8¢ 2
00+3000° L = Xe

fo-d05i ¢
LO-Itvt L
LO-3FIE T
LO-Jeese
L0-3E59 ¥
LO-JETLG
LO-3C6L 89—
0319871
L0-31e68

00+3000 |
[Aysuzq)sanisUa] UsWE|3

10d Jnojuad)

Figure 8.3 Steps 5 and 6.

198



LFIC19s 0T
£0-3000°| = U
Geclcot
00+3000°| = xBy

£0-32000°L
L0-3002°1
L0-300€°¢
L0-300%°¢
LO-3005 ¥
E-m_o%.mu
L0-300L 9—
10-3008°1
L0-3006'8
00+3000°)
(Alsuaq)sanisusa uawsg
104 dnowas

L #igl9e OF
Z0-3000°] = WA
S8ELC9E AT
00+3000°| = XEN

£0-3000°1
L0-3002" L
L0-3008°E
L0-300% €
10-3005 ¥
E-MDD@@H
10-300L 9=
L0-3008 L
L0-3006 8

DO+3000° |
(Asuag)senisuan ualwsg

1614 Jnojue))

Figure 8.4 Steps 7 and 8.

199



L¥LELOE A2

£0-3000°1 = Uiy

BL1ET9E O

00+3000° | = XBW

£0-3000°|
LO-300 |
L0-300E°€
LO-300F €
LO-300S v
L0-3009 ¢—
L0-300L9—
L0-3008 £
E-m_oa@.mm-
c?Mooﬁ;

{Allsua)sellisueq Wals|g

10l Jnojuod)

L¥iEl9E A2

£0-3000° ] = LN

0ce6lae O

00+3000° | = XBW

¢0-3000°L
L0-300€ |
L0-300€°€
L0-300% €
L0-300S 5
103009 ¢—
10-300L 9—+
L0-3008 L
wo-m_oam.mw_
G?m__uooe

{Alsuaq)sennsue Wale|g

10l Jnojuoed)

Figure 8.5 Steps 9 and 10.

200



LriCL9E a2

£0-3000°L = Uy

LL0419E AT

00+3000° | =By

¢0-3000° L
L0-300Z L
L0-300E°€
LO-J00% €
L0-3005 ¥
L0-3009 5—
L0O-3004 89—
LO-3008° L
LO-3006'°8
00+3000°L

(Aysueq)sanistad Juews(3

101d JnojuoD

LriCl9g O2

CO-3000° L = Uiy

LELLLOE AL

Q0+3000° | = ey

€0-3000 L
LO-300Z L
L0-3J00g €
LO-300%' €
L0O-3005 ¥
L0-3009 6—
LO-3004 8—
L0-3002°L
L0-3006 8
00+3000°L

[Alsusc)sansus] Juawsg

10]4 JNouan)

Figure 8.6 Steps 11 and 12

201



Lrigloe A7

c0-3000°L = UK

919819 dZ

00+3000°L = ¥eW

£0-3000" L
L0-3002°L
L0-3008 €
L0-300F €
L0-300S +—5
L0-3009 §—
L0-300L 9—
LO-3008°L
L0-3006 mm—
00+3000°1

{Aysuagisenisuag jusws(3

101d JNojuaD)

Lrigloe A2

€0-3000° L = Uiw

Sivalog de

00+3000°L = &N

£0-3000°L
L0-3002°L
L0-3008 €
L0-300F €
L0-3005 +—
L0-3009 §—
L0-3004 9—
L0-3008°L
LO-3006 mm—
00+3000°L

[Aysus])sasusc] JuaLs|g

1014 Jnojua’

Figure 8.7 Steps 13 and 14.

202



celatoe A7
CO-3000° 1L = Uy
£288LoE AL
00+3000°L = XEW

£0-3000°
L0-3002° 1
LO-300E°C
LO-300F €
L0=300S 5
LO-3009 G—+=
L0-200L9—
L0-3008° L
LO-3006 mm-
00+3000° L
{ANsus])saisus] Laws|3
10Id JNojuod

Geleeae AT
CO-F000° | = uiy
gleE6let dC
00+3000°L = XBWN

Z20-3000° L
LO-300E L
LO-300E°E
LO-300% €
LO-3005
L0-3009 5—
L0-300L9—
L0-3008° L
LO-3006 wm—
00+3000°L
(Alsus)sailsusac] JUaws| 3
014 Jnojuod)

Figure 8.8 Steps 15 and 16

203



Appendix B.  Detection of breast and colorectal

cancer using optical level method

8.1 Optical detection of breast cancer HCC1419 cell line

Breast cancer ranks as the most common form of cancer for women and it affects 12
% of all the American women. A number of 226 870 new cases are foreseen to appear in
US only [49]. A first step in the prevention of this condition is with specific vaccines like
liposome vaccines can provide a certain degree of immunisation [194]. The micro detection
also is believed to be a turning point for the treatment and the diagnosis of all the
oncological conditions. The detection method presented in this study can help in the

identification of the disease in an early stage.

The same method of detection was used for the breast cancer cell line HCC1419.
The breast cancer cell line is cultured in 25 ml flasks containing a solution of RPMI-1640,
10% FBS and 1% Penicillin-Streptomycin in the same type of incubators as in the case of
Uveal melanoma cell lines. The supplementation in the quantity of FBS, that constitutes the
nutrient of the cultured cells, is justified by their difficulty of expansion in in vitro
conditions. Before each test the monolayer of cells was detached from the wall of the flask
with trypsin 0.05%, centrifuged and the resulting pellet diluted in 1 ml of RPMI-1640.
After the counting of the cells the concentration of sample was adjusted at 1 million cells

per milliliter. The antibody used in this step is Anti Breast-1. It targets the receptor from
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the surface of the cells, the complementary antigen, namely BRST-2 [195]. The antibody is
known to have a low sensitivity of only 50% [196]. The monoclonal antibodies HMFG-1
and HMFG-2 have a better specificity[ 197] but unfortunately they were unavailable for this

study.

The tests were performed over a period of three days on the same type of beams as
in the previous experiments on the uveal melanoma cell lines. The optical detection results

are presented below:
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Figure 8.9 First day plots: 0.6 pl of Figure 8.10 First day plots: 0.6 pl of
HCC1419 with Anti-BRST-1. HCC1419 with Anti-BRST-1.
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HCC1419 with Anti-BRST-1.

The interaction between Anti-Brst-1 and HCC1419 is very strong and the staining

indicates with clarity the presence of the antigens within the HCC1419. The sensitivity of
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the cantilever is proved once more by the presence of the high amplitude upward movement
(upward on the PSD, downward deflection in the cantilever) that appears after
approximately 500 seconds from the beginning of the reaction. After 1000 seconds the
cantilever tends to move back towards the reference line but the initial position is not
reached. The explanation behind this fact is the presence of complex antibody-antigen
deposited on the substrate that creates during this reaction, a precipitate that generates a
residual stress. This deposition is common for all the biochemical reactions scrutinized in

this study and was examined with a scanning electronic microscope (SEM) in more detail.

It is clear that all the reaction Anti-BRST-1 with HCC1419 cell line follow the same
pattern but it is also noticeable a slight shift in time and a small modification in amplitude
from one day to the other. A possible explanation for this fact is the minute deterioration of
the antibody during refrigeration, manipulation errors and small modification of the
temperature and humidity in the environment. For an optimum reaction, the temperature
should be maintained at the optimum of each antibody-antigen pair so this is a parameter
that should be measured during a future study. The influence of humidity on the

evaporation is also a factor to be determined.

One day after their initial deposition, when the sediment was in a dry state, the
images were taken on the SEM. They represent the Uveal melanoma and breast cancer cells
adherent on the cantilever beam substrate. The pictures clearly present the morphological
differences between the cell lines and also their unique adherence pattern, pattern that can

be decisive for the gradient of the surface stress at the surface of the beam. It also can alter
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the surface tension through the modification in the characteristics of the surface, i.e. making
it more hydrophilic or hydrophobic. This is an area of investigation that will bring a good

contribution in the understanding of the phenomena that takes place at the substrate level.
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Figure 8.17 SEM image of MKTBR. Figure 8.18 SEM image of SP6.5.
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Figure 8.21 SEM image of HCC1419 cell Figure 8.22 Higher magnification of the

line. substrate pattern for HCC1419 cells.

8.2 Optical detection of the colorectal cancer SW480 cell line

The name of colorectal cancer denominates in fact two types of cancer: the cancer
of the colon and the cancer of the rectum. The many common characteristics were the

decisive factor of grouping them together in the oncological nomenclature. The cancer of
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colon has its origin, as the name suggests, in the colon, while the cancer of rectum takes its

name from rectum which, anatomically is situated next to the colon.

Colorectal type of cancer starts with the development of polyps at the level of the
colon epithelium where, in time, malignant cells can develop. If the condition is not treated
in an incipient phase, the malignant cells can escape the site, spread and metastasize in
other regions of the body. [198] .Classified as the third both in incidence and leading cause
of dead from an oncological condition, in 2011 was diagnosed in about a number of 140

000 of people while 50 000 persons lost their life because of it [199] .

The SW480 cell line designates two groups of cells: the major subpopulation
consists of epithelial cells, while the second one contains round types of cells. These
components bring forth a special pattern of development with a longer growth time and a
reduced adherence to the wall of the culture flask. The SW480 cells were cultured in the
same type of biological incubator; however the medium of growth is no longer the RPMI-
1640, but Leibovitz L-15, in which the FBS nutrient was added at 10% concentration.
Before each experiment the monolayer of cells is separated with trypsin, centrifuged,

countered and brought at a concentration of 1 million cells per millilitre.

When treated with their specific antibody (Anti-CEA) the SW480 cells can combine
with only a small quantity of it most, most probably due to their spherical and bipolar
morphology. The carcinoenbryonic antibody Anti-CEA is the complementary of the

antigen CEA. CEA is a powerful immunogen and is overexpressed when some types of
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adenocarcinoma are present in colon, lung or breast. The visual inspection of the
evaporation of 0.6 microliters of SW480 mixture on the cantilever substrate confirms the

low adherence properties of this cell line.

The images presented below show a unique signature characterized by a longer
transition time, in comparison with the other types of cells, and the presence of two peaks
close to the end of evaporation (1000 s) that can be created by a different pattern of

adhesion that generates a particular gradient of surface stress and hydrophobicity.
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Figure 8.23 First day results for 0.6 pl of Figure 8.24 First day results for 0.6 pl of
SW480 alone. SW480 alone — second experiment.
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Figure 8.25 Second day results for 0.6 ul of  Figure 8.26 Second day results for 0.6 pl
SW480 alone. of SW480 alone — second experiment.

The pattern of adhesion of the SW480 cells is shown in the SEM images taken for
the dried specimens, after 24 hours from the cantilever experiments. Figure 8.27 highlights
cells with an exploded nucleus while Figure 8.28 indicates the presence of sites where

clusters of cells where formed before their death.

The existence of a unique signature for this cell line when combined with the Anti-
CEA antibody is proved in the plots form Figure 8.29 to Figure 8.34. During the third day
experiments a supplementary peak occurs towards the end of the evaporation (<1200 s). A
tentative hypothesis for this occurrence is either a difference in the life stage of the cells, a

boosted response to the antibody or small variations in temperature and humidity.
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Figure 8.27 Epithelial round type of SW480 Figure 8.28 SW480 clustered cells.

cells with disrupted nucleus
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Figure 8.29 First day plots: 0.6 pl of Figure 8.30 First day plots: 0.6 pl of
SW480 with Anti-CEA. SW480 with Anti-CEA —second experiment.
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Appendix C.  Publications

As follows will be listed the conference and the journal papers having the author of this
work as a contributor.

Conference papers

Roman, D., Nerguizian, V., Stiharu, I. (2008) Droplet evaporation in capillary bridges,
Proceedings of the ASME 2008 Summer Bioengineering Conference (SBC2008), Marco

Island, USA, pages.

Roman, D., Dulipovici, A., Allazam, A., Stiharu, I., Nerguizian, V., Constantin, N. G.,
Analysis of On-Chip Heat Distribution in the Design of RF Power Detectors and RF
Transistor Arrays for MMIC Power Amplifiers, COMSOL Conference Digest, October

2009.

Dulipovici, A., Roman, D., Stiharu, 1., Nerguizian, V., and Constantin, N. G., An Efficient
Finite Element Analysis on an RF Structure Used to Evaluate the Effect of Microwave

Radiation on Uveal Melanoma Cells, COMSOL Conference Digest, October 2009.

Alazzam, A., Roman, D., Nerguizian, V. Stiharu, I, Bhat, R., Yasmeen, A., Al Moustafa,
A. E., Real-time continuous dielectrophoretic separation of malignant cells, 1st
Microsystems and Nanoelectronics Research Conference, MNRC 2008, October 14-15,

2008, Ottawa, Canada.
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Journal papers:
Nerguizian, V., Alazzam, A., Roman, D., Stiharu, 1., Burnier, M., Analytical Solutions and
Validation of Electric Field and Dielectrophoretic Force in a Bio-microfluidic Channel,

Journal of Electrophoresis, 2012, Volume 33, Issue 3, p 426-435.

Alazzam, A., Roman, D., Nerguizian, V., Stiharu, 1., Bhat, R. Analytical formulation of
electric field and dielectrophoretic force for moving dielectrophoresis using Fourier series,

Journal of Microfluidics and Nano fluidics, 2010, Volume 9, Issue 6, p 1115-1124.

Nerguizian, V., Alazzam, A., Roman, D., Brisebois, S., Stiharu, 1., Burnier M, Dielectric
Characterization of Biological Cells at Microwave Frequencies, (on hold for

confidentiality purposes).

Changizi, M.,Roman D., Stiharu, 1., Detection of bio-chemical reactions through micro
structural interactions. Journal of Optoelectronics and Advanced Materials, 2011. 13(7): p.

1020.

Roman, D., Yasmeen, A., Mireuta M., Stiharu, I, Al Moustafa, A. E., Significant toxic role
for single-walled carbon nanotubes during normal embryogenesis, Journal of

Nanomedicine, (submitted second review December 2012).

Roman, D. Alazzam, A.,, Nerguizian, V. Stiharu, I, Integrated micro-system for real time

cell bio-chemical assessment, Recent Patents on Nanomedicine, 2013 (to be submitted).
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