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Abstract

Appropriate methods for monitoring raw milk in food sectors are required in
order to prevent health-related issues from consuming milk or fermented dairy
products such as cheese and yogurt. Conventional systems used for this purpose
require sophisticated instruments, highly technical staff and several days to
yield an estimated contaminant concentration profile. Currently, there is no
technology available for fast and sensitive identification of unwanted substances
that evidences several concentration levels in raw milk. As a contribution to
the progress of innovative biochemical sensing systems, this thesis presents
the design, development and construction of a prototype, which combines the
expertise of sensitive immunoassay process with micro total analysis system
(wTAS) to identify specific compounds encountered in raw milk.

Since the concept of uTAS appeared, the development of microfluidic devices
and their application have increased enormously. Microfluidic devices offer
a highly efficient platform for analysis of biomolecules due to the capacity
for manipulating small amounts of liquid quickly and with high precision.
Particle size estimation, particle separation, cell collection, manipulation and
cell detection are some of many functions which could be performed through
microfluidic systems. Based on these advantages, microfluidic devices in com-
bination with an associated immunoassay system were used in the prototype to
concentrate contamination patterns or specific compounds encountered in raw
milk. The NANODETECT prototype developed in this thesis should provide
an economic, efficient and sensitive platform for multicomponent detection of
specific substances in raw milk without requiring sophisticated instruments and
trained staff.

This thesis was performed for the European project NANODETECT (Devel-
opment of nanosensors for the detection of quality parameters along the food
chain) funded by European Commission within the 7th framework program.
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Chapter 1

Introduction

Immunoassays are bioanalytical methods commonly used to detect and quantify
different substances in fluid samples. Immunoassay methods have become an
enormous importance because of the selectivity, specificity, effectiveness and
ease of using antibodies. Thus, immunoassays techniques have been used in
a variety of applications, such as for chemical analysis, medical diagnostics,
pharmacy analysis, food safety testing, biology analysis and for further scien-
tific investigations. Immunoassay-based reactions implemented in microfluidic
systems (known as pTAS or Lab-on-a-Chip systems) offers additional benefits.
Under standard laboratory conditions, immunoassay process including wash-
ing, mixing and incubation steps takes several hours up to a couple of days.
Longer process times are mostly attributed to an inefficient mass transport from
sample to the surface, where the reaction takes place. The implementation of
immunoassay within a microfluidic device can considerably optimize this pro-
cedure in terms of reduction of reagents, enhancement of reaction efficiency and
reduction of assay time. Chemical reactions between the solution phase and the
surface are much faster in microfluidic devices than using standard microtiter
plates due to the short diffusion distances and high surface to volume ratio.
This chapter gives an introduction to microfluidic devices and immunoassay
techniques, which were the most important criteria to consider in the design
and development of the NANODETECT prototype.

1.1 Microfluidic devices

Nowadays, microfluidic systems are indeed changing and revolutionizing the an-
alytical chemistry and becoming increasingly importance in other applications.
The marked increase in the development of microfluidic devices is attributed
to the ability for delivering and manipulating minute amount of liquid at high
precision in terms of volume, reduced reaction time and enhanced functionality.
Moreover, the relative low cost of the fabrication, the handling facility and the
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portability make microfluidic devices very attractive for single use in chemical
analysis. Another evident advantage is the reduced size of channels; as a
result, the amount of reagents required for any analysis is quite small, which is
especially significant when the reagents are expensive.

Since the microfabrication techniques appeared, many miniaturized systems
have been produced in very small size replacing complex instruments and
procedures employed in conventional laboratories [XZZC09, [CCLL0S, [ASI" 06,
DSM™09b]. Common techniques used to analyze and identify characteristic
samples are neither sensitive nor specific. The analysis of samples is commonly
performed using microbiological methods and physical or chemical analysis,
such as high performance liquid chromatography (HPLC) [TP82, IBCP 98|
MMS™'08]. Usually, these methods require long operation time for analysis
and they can only be operated with the presence of sophisticated instruments.
Hence, microfluidic technology is gaining wide acceptance for many analytical
applications whereas the use of conventional methods is reducing significantly.

In the last years, the use of microfluidic systems has considerably increased
in life science, analytical chemistry and biochemistry fields. Commonly, mi-
crofluidic systems have been used to analyze human biological fluids samples
such as whole blood, urine, saliva, plasma, etc. According to the design
and complexity of the microstructures within the microfluidic device, such
systems can supply essential functions to identify or quantify specific molecules
encountered in the sample. For example, cell separation [YHHT'06|, sample
mixing [TL02], cell manipulation [MMIL™03|, transport and quantity of specific
biomolecules [BHHOS] are some of many functions that might be successfully
carried out by miniaturized fluidic devices. This achievement shows that minia-
turization offers the possibility to integrate multiple functions within a single
and small microfluidic device, which is also known as Lab-on-a-Chip systems
(LOC) [NBWO6, [PTA™10|. Although microfluidic systems have been directly
applicable in research fields, such as biological, medical, chemistry and other
biotechnologies sectors, the current thesis demonstrates that the development
and fabrication of microfluidic devices may also contribute in the food quality
control systems.

1.2 Immunoassay in microfluidic devices

The immunoassay technique has been widely used to selectively recognize a
diverse range of protein biomarkers in a variety of applications, such as pharma-
ceutical analysis, medical diagnostics, food safety testing and also for scientific




1.2 Immunoassay in microfluidic devices

investigations. The immunoassay can be classified into heterogeneous and
homogeneous formats. In the heterogeneous immunoassays format, antibodies
(Ab) or antigens (Ag) are immobilized on a solid support whereas homogeneous
assays take place in the solution phase. Heterogeneous immunoassays have the
advantage of high surface area volume ratio, which increases the sensitivity.
However, additional procedures are required for the immobilization of Ab or
Ag on the solid support. Homogeneous assays are very fast and take advantage
of the multiplexing but preconcentation procedure is usually required [BHHO5].

In the context of this thesis, heterogeneous immunoassay systems were imple-
mented in microfluidic devices to detect specific contamination of raw milk.
Specifically, the immunoassay method was implemented into the microfluidic
device. Sample and reagents required for performing the immunoassay were
sequentially introduced into the microchannels for immobilization, blocking,
washing, reaction and detection. Using microfluidic devices, immobilization
is the most important step in the assay that influences the sensitivity and
specificity. Therefore, the surface of these microfluidic systems should have a
good biocompatibility, so that the proteins (Ab or Ag) can be immobilized for
further detection. The immunoassay known as enzyme-linked immunosorbent
assay (ELISA) is the most commonly used immunoassay format because it
is effective, simple and sensitive method to identify a specific protein from a
sample [YLGL09]. This immunoassay is also known as sandwich assay because
the antibodies and corresponding antigens form a sandwich. Figures
and depict the schematic representation of the general principle of the
heterogeneous immunoassay ELISA within a microchannel. First, samples
containing specific antibodies (Ab) are introduced into the microchannel. Then,
bovine serum albumin (BSA) is injected into the channel blocking the non-
occupied surface of the sensing area in order to reduce the non-specific binding.

Microchannel Microchannel

Antibodies boun: Blocking
on the surface Out >

(a) (b)

Figure 1.1: Ab and BSA binding into a microchannel (a) Binding of specific catching
antibodies on the bottom, ceiling or walls of the microchannels. (b)
Inactivation of biocompatible surface by means of BSA to reduce non-
specific binding.
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Once Ab and BSA are immobilized onto the biocompatible surface of the
microchannel, a sample containing specific contamination or antigens (Ag) are
introduced as well into the microchannel. As illustrated in figure [I:2] Ag rep-
resenting the contamination from the sample bind to the already immobilized
Ab, while free Ag are then washed off.

Microchannel Microchannel

Specific Contamination

‘\Contammation

(2) (b)

Figure 1.2: Schematic representation of Ag (contamination) binding (a) Sample with
contamination of interest or Ag flowing through the channel. These
antigens are specifically enriched by the already immobilized antibodies.
(b) Non-specific antigens or proteins are then washed off from the surface
of the microchannel.

In a separated step, antibodies are then labeled and chemically attached to an
enzyme that catalyzes the chemical reaction. These enzyme labeled antibodies
are introduced into the microfluidic channel, which are then bound by the
corresponding Ag. Unbound labeled antibodies are washed off as shown in
ﬁgure (a). Enzyme labeled Ab generate a signal, such as a color, fluorescent
or luminescent (see ﬁgure (b)), so that it can be then measured by an optical
sensor. The resulting signal in this immunoassay represents the concentration
of Ag in the fluid sample using the wall, bottom or ceiling of a microchannel
as solid support.

Microchannel Microchannel

* Labeled
antibody

Labeled antibody

/
%73 % g be detected

(a) (b)

Figure 1.3: Labeled Ab are introduced into the microchannel (a) Labeled Ab bind
onto other site of corresponding Ag. (b) Unbound labeled Ab are washed
off. Labeled Ab generate an optical signal with an intensity proportional
to the enriched amount of Ag
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1.3 Motivation

Milk is one of the most consumed products in the world. Its rich composition
of proteins, vitamins, fats, carbohydrates and minerals, such as calcium and
phosphorus are the main reason as well as its availability. Although the quality
of milk is strictly controlled by the milk industry, there are still cases of illnesses
caused by the consumption of milk. The most common cases of contaminated
milk involve foodborne pathogens, toxins or antibiotics used to prevent or treat
disease of lactating cows [Wat].

In the milk industry, a high hygienic standard is demanded to avoid risk factors
for the consumer’s safety. The quality of milk can be only guaranteed, if several
tests have been performed in different phases of milk transportation, which
starts at the farm and finishes at the consumers. Laboratories offer a broad
range of testing service for several types of contamination in raw milk. But
the main problem of the food market is the lack of user friendly monitoring
systems that could detect the presence of microorganisms or specific toxins with
high efficiency at short times. For the detection of such compounds, different
procedures based mainly on microbiological methods and physical or chemical
analysis, such as high performance liquid chromatography (HPLC) are used
[MMS™08]. But, these methods are expensive, limited for testing large volumes
and limited in multiple detection. Furthermore, these techniques require the
assistance of an expert, sophisticated analytical instruments and also expensive
reagents making these testing methods less accessible than desired.

To prevent foodborne illness caused by the consumption of contaminated milk,
it is important to be able to detect contaminants on-site, but to date a com-
pletely integrated system for on-site monitoring of specific substances in milk
has not been demonstrated. In order to contribute to the development of
accessible and user friendly system to monitor contaminants in the food chain,
the current thesis presents the development of an innovative measurement
system for testing milk quality. This thesis demonstrates the application of
biosensing technology for the development of a measurement system that com-
bines the specificity of immunoassay within microfluidic device technology with
the sensitivity of fluorescence-based detection methods. The prototype to be
developed in this thesis focuses on a fast on-site recognition of substances in raw
milk. This has the advantage of preventing the distribution of contaminated
milk before it gets mixed with clean milk from other sources. The prototype
further allows simultaneous detection and quantification of multiple and non-
desired contaminant particles encountered in raw milk.
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1.4 NANODETECT project

The current thesis was realized within the NANODETECT project. This
project emerged from the 7" framework program of the European Commission
and started in September 2008 with a 36 month duration and six month
extension approved by the European Commission. Nine leading European Insti-
tutions have joined this ambitious project. NANODETECT was an ambitious
project aiming at providing a flexible and user friendly prototype for testing
raw milk. The technology used in this prototype might be easily transferred for
quality monitoring in fluid-related industrial applications, such as controlling
drinking water and fish farming water.

The substances listed below, with exception of the fraud, are examples of
pathogenic microorganisms, mycotoxins or residues from an antibiotic ther-
apy. These compounds can contaminate raw milk and cause illness, thus the
importance of an early detection. The specific contaminants to be detected
within the scope of this project are the following;:

e Pathogenic microorganisms (listeria monocytogenes)
e Mycotoxins (aflatoxin M1)
e Drug residues (gentamicin)

e Fraud (high value goat milk mixed with cheaper cows milk)

Listeria monocytogenes is a pathogenic microorganism and can be particularly
found in raw milk. This bacterium can cause serious illness for some people;
especially newborns, old people, pregnant women and people with weakened
immune systems. After ingestion of listeria monocytogenes, symptoms, such
as, nausea, vomiting, abdominal cramps, headache and permanent fever occur.
Although listeria can be eliminated by means of pasteurization and cooking,
contamination might occur after pasteurization, but before the product is
packaged. Listeria can also grow and multiply at refrigerator temperatures
[OJAOD5]. In accordance with the Commission Regulation EC 2073/2005 on
microbiological criteria for foodstuffs, listeria must be absent in 25g or not
exceed 100cfu/g throughout shelf life of the product.

Besides the contamination with microorganisms, raw milk could also contain
microbial toxins, as for example aflatoxin. Aflatoxin are mycotoxins, which
can be found in several types of foods destined for both human and animal
consumption, such as corn, sorghum, rice, cottonseed, peanuts, tree nuts, dried
coconut meat, cocoa beans, figs, ginger, and nutmeg. Aflatoxin is carcinogenic
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and therefore, they must be closely monitored in the food supply. Aflatoxin
B1 (AFBI1) presents the highest degree of toxity for animals and is followed by
the aflatoxin M1 (AFM1), AFG1, AFB2 and AFG2 [GB95]. When aflatoxin
B1 is ingested by lactating animals, aflatoxin M1 can be then found in the milk
and processed milk products. The maximum limit of aflatoxin in food allowed
varies according to the legislation of each country. In Europe, aflatoxin levels
are regulated by the Commission Regulation EC 1881/2006. According to this,
the limit of AFM1 in milk is about 0.05ug/kg or 0.05ug/L [JOIO1]. These
minimum levels of aflatoxin in foodstuffs should be detected on time, due to
the high risk to human health.

Antibiotics and other drugs are used to treat cows with infections. The use
of antibiotics may result in drug residues, which are found in products from
the animal in different concentration levels. According to the Council Regula-
tion 2377/90, established maximum residue limit for residues in milk is about
100pg/kg. Normally, the milk of treated cows should be withheld from the
bulk tank until their milk is free of drug residues. But treated cows might be
occasionally overlooked and thereby, milk contaminated with drugs could enter
the bulk tank. Traditional test methods such as microbial inhibitor tests have
been used for detection of drugs residues in milk, which involve incubating a
susceptible organism in the presence of the milk sample. In the presence of an
antibiotic, the organism fails to grow while in the absence of it, the organism
grows. Both cases can be then detected visually either by opacity or by color
change [MAB™03|. However, these standard methods are cumbersome and time
consuming and because the results are not available immediately, they are not
suited for checking milk prior to receipt.

The authenticity of the milk should be also detected. Recently, goat milk
has become popular, because it is highly nutritious for physically weak people
increasing the demand of consumers. The increasing demand for goat milk
results in adulteration by cow milk, which can be obtained at lower prices
than goat milk [CCCT04]. At the first view, goat milk mixed with cow milk
cannot be easily recognized due to the similarity in colors, chemical composition
and organoleptic properties. Thus, analytical methods with high sensitivity to
verify and quantify fraudulence in goat milk are desirable.

The aim of the NANODETECT project was the design, development and
construction of a transportable prototype that provides fast, selective and
sensitive identification of specific substances in raw milk. Specific concentration
of contaminants in raw milk might be detected by means of immunoassay and
microfluidic technologies offering simple, relatively inexpensive and self- admin-
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istered bioanalytical tests of raw milk. The NANODETECT project involved
partners from EU member states offering different expertise and knowledge
bases. The required immunoassay techniques were established and developed by
the project partners ttz [ /| (Germany), RIKILT |'“’| (Netherlands) and Biocult
(Netherlands). Information technology lied at FERA |'*)| (England) and No-
rayBio|*”’|(Spain). The design and development of the optical detection system
were performed by Optotek @ (Slovenia). Required microfluidic devices were
designed and fabricated by IMSAS/MCB |'"/| (Germany). The design, develop-
ment and manufacturing of prototype parts and subsequently assembly of the
functional NANODETECT prototype were also carried out at IMSAS/MCB.
The application and evaluation of the prototype were undertaken by RINY
(Spain) and MGLANG @ (Germany).

1.5 Outline of thesis

Based on immunoassay and microfluidic technologies, the aim of this thesis is
to design, develop and construct a prototype for monitoring raw milk quality.
This thesis is structured in eight chapters.

1. Chapter 1 introduces the technologies required for the development and
implementation of the NANODETECT prototype.

2. Chapter 2 presents a description of the immunoassay principles. This
chapter describes also the theoretical background of microfluidics and
microfabrication technology. The basic operation of the optical detection
system implemented in the NANODETECT prototype is also given.

3. Chapter 3 shows some alternative materials, which can be used to fabri-
cate microfluidic devices. The characteristic properties of these materials
are evaluated in this chapter, including the biocompatibility and emitted
background fluorescence.

4. The shape and geometry of the microchannel influence the interaction
of the biomolecules within the microfluidic devices. Chapter 4 presents

1Technology—Tramsfer—Zentrum, Bremerhaven

2Institute of Food Safety, Wageningen

3 Antibody Production Contract House, Leiden

4The Food and Environment Research Agency, York

5Noray Bioinformatics S.L., Bilbao

SOPTOTEK d. o. o., Laser and optical technology, Ljubljana
"Microsystems Center Bremen. IMSAS is member of MCB
8Formargeria Granjua Rinya S.L., Valencia
9Meiereigenossenschaft Langenhorn e.V., Langenhorn
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the expected trajectory of the biomolecules based on the flow velocity
profile of microchannels with common shape geometries. The design
and simulation of different microfluidic structures are also given in this
chapter.

. Chapter 5 focuses on the definition of requirements to produce microflu-
idic devices involving materials and methods for their fabrication.

. Chapter 6 shows the characterization of fabricated microfluidic devices
using luminescent nano particles. Characteristic dimensions of selected
microfluidic devices were adapted in accordance with the final specifica-
tions of the optical sensor. The enrichment efficiency within redesigned
microfluidic devices was evaluated.

. Chapter 7 presents the work performed to integrate the NANODETECT
prototype. Different concentrations of specific substances were measured
using the prototype to verify its functionality.

. Summary and outlook of this thesis are described in Chapter 8.







Chapter 2

Fundamentals

This chapter reviews the theoretical concepts related to this thesis. Principal
immunoassay methods based on fluorescence detection are described. This
chapter presents also an overview of milk composition and microfluidics. It is
followed by the description of different technologies and materials utilized to
fabricate microfluidic systems. Basic concepts in fluorescence formation and
detection are also reviewed in this chapter.

2.1 Composition of raw milk

Milk composition depends on the breed, genetics, feed considerations, seasonal,
and geographic variations. Basically, milk is composed of water, carbohydrate,
fat, protein, minerals and vitamins. Water is the main component of raw milk
with 88%, followed by protein, fat, lactose and minerals. Table shows an
overview of the composition of raw milk from different species.

Table 2.1: Composition of milk from different species (amount per 100g) [Wat].

Nutrient | Cow Buffalo Human
Water, g | 88.0 84.0 87.5
Protein, g | 3.2 3.7 1.0
Fat,g | 3.4 6.9 4.4
Lactose, g | 4.7 5.2 6.9
Minerals, g | 0.72 0.79 0.20

Fat is the most variable component in milk ranging from 3.5 to 6.0%. The
concentration varies according to breeds of cattle and feeding practices. Fat
in milk is formed from fat globules having a diameter between 0.1pm and 15um.

11
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These fat particles or globules are covered by a thin membrane, which stabilizes
the fat globules in an emulsion within the aqueous environment of the milk, so
that the globules do not mix with the water in milk [Wat].

The concentration of protein in milk varies from 3.0 to 4.0%. This variation
depends also on the breed of the cow and on the fat amount in milk. The main
milk proteins are caseins « - lactalbumin, and f - lactoglobulin being more
than 90% of the total protein in cow’s milk. Likewise, casein is composed of
several proteins that form a multi-molecular granular structure. This structure
is called casein micelle being an important part for milk digestion. Casein
micelles have a tipical size from 100 to 300nm being so tiny that remain in
suspension. Figure[2.1] shows the main structural components of milk. The left
view from this figure is a representation of milk magnified at about 500 times
and the right view at 50.000 times [Becll].

Milk Serum
Phase

008,

§ Fat
Milk Plasma Phase Globule

<5° 00, 05250 (o
0 dloe: | ;@,f"&o@oo

O 0, O@O
ot

[}

Milk Fat
d Q Globule
Membrane

Fat Globules

Figure 2.1: Fat globules and casein micelles in milk, taken from [BecIi].

The principal carbohydrate in milk is lactose composed mainly of D-glucose
and D-galactose. In comparison to fat in milk, the concentration of lactose
cannot be influenced by breeds variations, seasonal variation or geographic
variations. Lactose in milk remains relatively constant between 4.8 and 5.2%
[Wat]. Lactose and mineral salts are totally dissolved in the water in milk.

Undesirable components are also found in milk. Due to its nutritional composi-
tion, raw milk is ideal for microorganisms’ growth. Hence, milk should be cooled
to about 4°C as soon as possible to maintain its quality. High temperature,
acidity or contamination by microorganisms can rapidly decrease its quality.

2.2 Immunoassay principles

The immunoassay was first investigated by Rosalyn Yalow and Solomon Berson
in 1960 [YBG61] spreading it out not only on clinical research and diagnosis, but
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also on pharmaceutical, veterinary, forensic and food science. Immunoassays
use the sensitivity of antibody-antigen reaction, which allows the enrichment,
quantification and thus monitoring of small molecules, such as pathogens, drugs
residues, specific proteins, virus, among others particles, from a fluid sample.

Antibodies (Ab) are very selective and only bind to their specific analytes or
antigens (Ag) in despite of the presence of a large volume of other materials in
a sample. Each antibody has an unique structure and can be only recognized
by the corresponding antigen. Immunoassay is based on the binding reaction
between the antibody and antigen and it can be described by the law of mass
action [RLOT]:

[Ag] + [Ab] +— [Ag — Ab] (2.1)

Immunoassays have a variety of formats according to the need of the exper-
iment. Immunoassays can be divided into competitive and non-competitive
[LSCO1]. In competitive assays, Ab from the sample competes with labeled Ab
for binding to immobilized Ag onto the solid support. When increasing the
amount of analyte (Ab or Ag) to be detected, the amount of bound labeled
analyte analogue decreases [RLOI] (see figure (2.2)).

Ab-Ag Ab-Ag*

R R

Figure 2.2: Representation of competitive immunoassay, where Ab: antibody, Ag:
antigen, Ag*: labeled antigen, Ab*: labeled antibody |[RLO1].

Unlabeled Ag blocks the ability of labeled Ag to bind because binding site
on the Ab is already occupied, and thus, generated signal decreases when the
amount of analyte increases. The amount of Ag in the test sample is inversely
related to the amount of label measured in the competitive format.

The non-competitive assay is referred to a sandwich immunoassay because the
analyte is bound between two highly specific antibody reagents (see figure [2.3)).
The signal increases in proportion to the analyte concentration in contrast with
the indirect proportionality of competitive immunoassay.
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Ab-Ag Ab*-Ag
>—+0+ >— —> 0>_ + *_<0>_

Figure 2.3: Representation of non-competitive immunoassay where Ab: antibody,
Ag: antigen, Ag*: labeled antigen, Ab*: labeled antibody [RLO1].

2.2.1 Biological detection system in the NANODETECT prototype

The biological detection in the NANODETECT prototype is based on het-
erogeneous immunoassays including competitive and non-competitive assay.
These immunoassays use monoclonal antibodies (MAb) and labeled proteins
phycoerythrin (PE) or Alexa with an excitation peak of 532nm and an emission
peak of 575nm. In the case of listeria and fraud assays, antibodies were coated
on selected surfaces whereas in aflatoxin M1 and drug assays protein conjugates
were prepared prior to coating step. The biological system for the enrichment
and detection of these contamination models in raw milk is described in the
following paragraphs.

Listeria monocytogenes and fraud detection unit

The detection unit of listeria monocytogenes and fraud is based on the sandwich
immunoassay as represented in figure 2:4] First, catching antibodies were
immobilized on the surface of the microchannel, which is followed by coating
of BSA. As explained in section [I.2] BSA reduces the non-unspecific binding
on the surface, and thus increasing the specificity of the immunoassay. After
that, antigens flow through the channel and have contact with corresponding
antibodies (immobilized catching antibodies). Because the antigens did not
have any fluorescent compound, a second labeled antibody was utilized for the
detection. For this purpose, specific antibodies were labeled with phycoerythrin
(PE) being a fluorescent protein with excitation at 532nm and emission light
at 575nm. The detecting antibody bound to corresponding antigen, and then
PE could be detected. Because some labeled antibodies could not bind to the
antigens, a washing step was required before the detection takes place.

14
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Antibodies bound on the surface Blocking (BSA)
inlet / outlet inlet outlet

el

(a) (b)

— Listeria or fraud Washing step to remove unbound

(c) (d)

¥ g ¥ g Washing followed
by detection step
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antibody outlet et
—>
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(e) ¢))

Figure 2.4: Coating steps for the bioactivation of the surface and detection procedure
of listeria or fraud in raw milk (a) Coating of catching antibodies on the
surface. (b) Free surface is inactivated by BSA. (c¢) Milk flows through
the microchannel. Specific particles bind to the catching antibodies and
thereby are enriched. (d) Unbound antigens are washed off. (e) PE
labeled antibodies are introduced into the channel and bind to respective
antigens. (f) Unbound labeled Ab are washed off. The detection can be
performed by exciting PE.

Aflatoxin M1 and drug residues detection unit

The detection unit of aflatoxin M1 and drug samples cannot be performed
in the same procedure as listeria and fraud assays. Aflatoxin M1 and drug
antigens have significantly low molecular weight, and thereby it is impossible
that a second antibody can bind to corresponding antigens. In this case,
the detection unit is based on the competition assay, in which the signal
is inversely proportional to the amount of antigen in the sample. Initially,
antigens (aflatoxin M1 or drug residues) conjugated with BSA were coated on
the surface of the microchannel. This step was followed by BSA coating to
prevent unspecific binding increasing the sensitivity and detection specificity.
Milk containing aflatoxin M1 or drug residues and corresponding antibodies
were mixed in a vessel prior to be introduced into the microfluidic device. The
difference between both assays lied on the detection procedure. Aflatoxin M1
used only one serie of labeled antibodies as catching and detecting antibodies
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while drug assay required two different series of antibodies: one as catching
and the second as detecting antibodies.

(drug assay), and after the antibody-antigen binding, unbound or unspecified
substances were washed away. Antibodies were also labeled with phycoerythrin
(PE) that can be excited at 532nm emitting light at 575nm. The procedures

are given in figure 2.5 and [2:6]

Figure 2.5: Coating steps for the bioactivation of the surface and detection procedure
of aflatoxin M1 in raw milk. This procedure is based on a direct
competitive assay format. (a) Coating of BSA-Aflatoxin M1 conjugated
on the surface. (b) Free surface is inactivated by BSA to avoid unspecific
binding. (c) Milk containing specific contamination and corresponding
labeled antibodies flow through the microchannel. (d) Free labeled
antibodies bind to coated antigens in absence of antigens in the milk
sample. Unbound proteins are washed off. (e) Detection can be

Aflatoxin M1-BSA conjugate Blocking (BSA)

inlet / outlet inlet outlet
 it—— -

(2) (b)

Labeled Abs % Washing step to remove

unbound substances

inlet outlet inlet outlet
—>

* Labeled Abs can be
detected

inlet outlet

(e)

performed by exciting labeled antibodies.
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Drug-BSA conjugate Blocking (BSA)
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Figure 2.6: Coating steps for the bioactivation of the surface and detection procedure
of drug residues in raw milk. This procedure is based on a indirect
competitive assay format. (a) Coating of BSA conjugated with respective
antigen on the surface. (b) Free surface is inactivated by BSA. (c)
Milk containing specific contamination and corresponding antibodies
(primary) flow through the microchannel. (d) Free antibodies bind to
coated antigens in absence of antigens in the milk sample. Unbound
proteins are washed off. (e) Secondary antibodies, i.e. labeled antibodies
bind competitively to the primary antibodies. Unbound substances are
removed. (f) Detection can be performed by exciting labeled antibodies.

2.3 Fluid flow in microfluidic devices

Microfluidics deals with the theory of fluid including their behavior, precise
control and manipulation in micro scale. The use of microfluidic devices has
gained significant attention in recent years due to several advantages of minia-
turization. These advantages include short analysis time, low cost, portability,
reduced volume of sample and reagent and high sensitivity for biosensing. At
small scales, a wide variety of physical properties must be considered. These
physical properties include the surface tension, diffusion, laminar flow, fluidic
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resistance and surface area to volume ratio. The relation of these effects can be
expressed by dimensionless numbers, such as the Reynolds number R, relating
inertial forces to viscous forces; the Péclet number P., which relates convection
to diffusion [eH99]. A review of fluid flow within microfluidic devices is given
in the following subsections.

2.3.1 Laminar flow

Laminar flow can be interpreted as a set of layers flowing along each other in the
fluid direction. Thus, two or more streams flowing in contact with each other
cannot be mixed but molecules can migrate by diffusion. In recent approaches,
diffusion between laminar streams has been used in microfluidic devices for
sorting particles by size and performing assays [BY97, [HKH™01].

2.3.2 The Reynolds number

The Reynolds number (R.) of a fluid describes its flow regime (laminar or
turbulent). In turbulent regime of flow, there is irregular random motion of fluid
particles, and unsteady vortices appear and interact with each other. Instead
of that, laminar flow refers to the flow in which the streamlines are locally in
parallel. The Reynolds number characterizes the relative importance of inertial
and viscous force, and it can be determined by the following equation [Kue07]:

pUL _ UL
v v

R. = (2.2)
where U is the velocity of the fluid, L is the characteristic channel dimension,
p is the fluid density, p the dynamic viscosity and v the kinematic viscosity of
the fluid. For example, in a pipe, the flow U is the average axial velocity, and
L is the hydraulic diameter of the pipe. The transition between laminar and
turbulent flow takes place when R. ~ 2000. In microchannels, the Reynolds
number remains generally small due to the small dimension and low flow rates.

2.3.3 The Péclet number

The Péclet number (Pe) is a dimensionless parameter that indicates the direc-
tion in which the diffusion occurs. This parameter is the ratio between mass
transport due to advection and diffusion as follows [BS10]:
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_uL

P
=D

(2.3)

where U is the velocity, L is the characteristic length of the microchannel width
and D the diffusion coefficient. Figure shows the schematic representation
of the particle behavior characterized by the Péclet number.

e e

(a) (b)

HU./“JU L
TN

(c) (d)

Figure 2.7: Possible transport of biochemical species in microfluidic channels. (a)
When Pe < 1, diffusion plays an important role. (b) Biomolecules follow
flow streamlines. (c) When Pe > 1, inertial effects force biomolecules to
deviate the flow streamline. (d) Large and heavy biomolecules tend to
sediment despite to the molecule interaction [BSI0].

2.3.4 The Dean number
When a fluid flows in a curved channel, a secondary flow is created because
of the centrifugal force developed from the channel curvature. This secondary

flow is also known as Dean Flow, and it is characterized by the Dean number
(De) that expresses the relation of inertial and centrifugal forces to viscous

forces [ST0E]:
UR | R | R

where U is the average velocity, v the kinematic viscosity, R the dimension of
the channel and R, the curvature radius of the channel. A microflow traveling in
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a curved channel might produce recirculation or spiral streamlines in the curved
regions, and thus may provide several advantages regarding the enrichment and
mixing effect.

2.3.5 Diffusion

Diffusion describes a process in which molecules in fluids or gases caused
by Brownian motion, spread out or diffuse over time, so that the average
concentration of particles throughout the volume is constant. The relation
between diffusion distance and migration time is given by Equation [BST10]:

R2

=15 (2.5)

-
where D is the diffusion coefficient of the particle and R is the distance that
particles move in a time 7. The diffusion coefficient is given by the Einstein
law as follows:

kT

= 2.
6T R (2.6)

where kg (1.38722J/K) is the Boltzmann constant that relates kinetic energy
of a molecule to temperature, T' the temperature in K, x4 the dynamic viscosity
of the fluid and Ry the hydraulic radius of the particle [BSI0]. As shown in
Equation[2.6] when molecular radius increases, D decreases due to the enhanced
friction interactions. Typically, the diffusion coefficients of molecules in liquids
are between 107° and 10™"'m?/ sec [BS10)].

2.3.6 Flow profile

Microchannels with a rectangular cross section and circular pipes are commonly
used in microfluidic applications. Since the flow is laminar in the current
thesis, the Navier-Stokes equations can be reduced and applied in each case
to determine the flow profile.

Hagen-Poiseuille flow

In a Poiseuille flow, the fluid is driven through a microchannel by applying
a pressure difference. Originally, Poiseuille analyzed the behavior of the fluid
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within a circular cross section channel. However, in microfluidic, other channels
shapes are frequently used. In the case of a circular pipe with a radius R, the
velocity in the axial z-direction yields Equation [Sta79l Kue07].

u(z) = —ﬁ‘% (R? — r?) 2.7)

where R is the radius of the pipe and p the dynamic viscosity. Since p falls in
. op . . . .
the direction of flow, P i negative. According to the equation above, the flow

has the usual parabolic, and the maximum velocity takes place at the middle
of the pipe where r = 0 (see figure [2.8]).

Umax

Figure 2.8: Velocity distribution for laminar flow through a circular pipe. umaz
and u., represent the maximal and average velocity along the pipe
respectively.

Written in terms of pressure drop (AP),

S8uUL
AP =" (2.8)

where U is the average velocity and L the characteristic length of the channel.
Since the velocity mean value is given by U = i, Equation can be
r

expressed in terms of the volumetric flow rate (Q) and diameter (d) as follows:

wd*

@= 1281

(2.9)

which is known as Hagen-Poiseuille’s equation for laminar flow in a pipe. This

equation can be also applied to rectangular channels by using the hydraulic

diameter (dp) as equivalent pipe diameter (d): dn = 2WH where W is the

W+ H
width and H the height of the channel.
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Flow between parallel plates

Another case of laminar flow is the fluid forced to flow between parallel plates
keeping a distance h. Using a rectangular channel as shown in figure[2.9] where
I > w > h, it can be assumed that the flow is two-dimensional. This means
that v, = 0 while v, and v, are functions of =, y and z. This assumption is
related to the Hele-Shaw flow [UCZT93]. If the Reynolds number is small, the
viscous forces dominate, and accordingly the inertial effects are neglible. These
structures are commonly used in microfluidic system for biological applications
because the biomolecules are forced to have close contact to the wall and thereby
bind to immobilized antibodies on the surface of the microchannel. The flow in
a narrow gap, between two parallel surfaces, is also known as Hele-Shaw flow

[BS10]. This channel is shown in figure

Figure 2.9: Rectangular microchannel

Since the Reynolds number is small and the ratio between the height and length
of the microchannel is less than 1, the equation of motion can be simplified as

follows [Kra05):

0= —% (2.10)
10) 0w

0= 28 1 u (2.11)
0 0w,

0:—8—5—1-# 022 +pg (2.12)

The first equation shows that pressure does not depend on x. The velocity
field can be obtained from the other two equations by integrating them in the

z direction [Kra05l [Sta9].
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o 1 ap 2 h2
Uy = 29y (x ?) (2.13)

_ Lo 2 b
Uy = oM (82 g) (:U 4) (2.14)

In accordance with the solution of the reduced Navier-Stokes equations, the
velocity can be expressed as follows [Sta79):

u(y) = —i% (hy —y°) (2.15)

The velocity profile is in the form of a parabola as depicted in figure [2.10)

y
y=h2 |

y =-h/2 ‘ ‘
I L |

Figure 2.10: Velocity distribution for laminar between parallel plates. umaqz and
um represent the maximal and average velocity between the plates
respectively.

The minus sign indicates that pressure (p) decreases in the direction of the
flow. In terms of pressure drop, Equation [2.15| can be written as:

_ 12pUL

AP 5 (2.16)
and in terms of volumetric flow rate as:
bh®
f— 2.1
Q 2L (2.17)

where U is the average velocity, L the characteristic length of the channel and
the breadth d is the region in which the velocity U may be somewhat different
from the velocity in the center. Assuming a large b, and effects associated with
it may be negligible, the velocity U may be taken as the average velocity across
the breadth [Sta79].
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2.3.7 Trajectory of biomolecules within a microchannel

Biomolecule-surface interaction within a microchannel is an essential require-
ment in the biosensor immunoassays. An efficient interaction increases the
binding capacity and accordingly, the signal intensity emitted by labeled biomolecules
enhances. An analytical study can be used to determine the possible trajec-
tory. This study consists in a simple approximation by comparing an axial
convection to radial diffusion [BSI0]. Particles follow the shortest trajectories
to have contact to the wall, ceiling or bottom of the channel. On the other
hand, particles that are in the middle of the microchannel follow the longest
trajectories before having contact to the wall, ceiling or bottom of the channel
[BYGA9G, [BS10]. The trajectory of particles within a microchannel is depicted

in figure
S —
.'/?/V\\

L

Figure 2.11: Trajectory of biomolecules within a microchannel according to their
starting point [BS10].

The average time required for a particle to diffuse across the distance R to the
wall can be expressed as follows [BS10]:

R2

TTip

(2.18)

where R is the radius of the channel, D the diffusion coefficient. From figure
2.11} L is the distance from the starting point from that the particle has traveled
in the microchannel. L can be expressed as follows:

UR?

L~2Ut =
=D

(2.19)

The coefficient 2 in Equation [2.19|indicates that the maximum Hagen-Poiseuille
velocity is 2U at the middle of the channel. In accordance with the previous
analysis, after a distance L, all particles are going to have contact to the wall,
ceiling or bottom of the inside of the microchannel. Equation [2.19| can also be
expressed as a function of the Péclet number (Pe) and flow rate (Q) [BS10].
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L UR 1
=~ op = ote (2.20)
. Q
L~ 3% (2.21)

2.4 Fabrication methods

Microfabrication and micromachining are technologies and processes used to
produce structures with dimensions ranging from millimeters to submicrome-
ters. These technologies are based on thin and thick film fabrication techniques
commonly used in the electronics industry. Small machines known as micro
electro mechanical systems (MEMS) can be found in many devices, which are
including computers, mobile phones, car airbag sensors, etc. Advanced sensing
technologies are also expanding into new applications in personal healthcare
and environmental monitoring. Recent applications of such microdevices in-
clude food and water monitoring, drug delivery systems, personal drug admin-
istration, blood monitoring [RMT™05, [CCLLO0S§] cell sorting [YHH'06], among
others.

Microfabrication techniques vary depending on the device being built. The
basic technique for producing based MEMS devices are deposition of material
layers, patterning and then etching to generate desired structures. Conven-
tional MEMS fabrications technologies include bulk etching, photolithography,
surface modification, thin film etching, electrodeposition, plasma etching, bond-
ing, etc. [Fra04) [Hil06]. The main techniques to fabricate microstructures for
the use in microfluidic devices are described in next subsections.

2.4.1 Substrate material

The first concern of the manufacturing of Lab-on-a-Chip is the material. The
material selection varies and depends on the application. Glass, silicon and
polymer are materials typically used to fabricate these systems. Due to the well
developed technology and the experience in the development and manufacture
of microsystems using silicon [Fra04], a considerable amount of microfluidic
systems have been fabricated on the basis of this material. However, the use of
silicon might be limited because of its high price and because it is not optically
transparent in the wavelength range that is typically used for optical detection.
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For this reason, fluidic systems based on silicon are usually fabricated in combi-
nation with glass material [BHHO5]. In this case, microchannels made on silicon
have been sealed by a glass cover using an anodic bonding technique at a high
temperature. Thus, the optical detection system can be implemented through
the glass substrate to examine the flow and the components or reagents within
the microchannels. However, microfluidic devices can be also made completely
of glass. Material properties, like transparency, chemical and thermal stability
of glass make it a very attractive material for use in fluidic devices [FVSDO1];
however, the fragility and costs restricts its use.

As mentioned earlier, polymers have been also used to fabricate microfluidic
devices, and nowadays, it is even the most widely used material for many
applications [BL02, [SK06]. Although glass and silicon materials were frequently
employed to produce microfluidic systems since their introduction in the early
1990s, the interest to fabricate polymer based microfluidic systems has been
increased especially for commercial manufactures. This tendency is primarily
driven by the fact that the fabrication technology requires simple manufac-
turing procedures at greatly reduced cost. Additional advantages with the
use of polymer are its transparency, versatility, good isolating properties and
mechanical resistance. Therefore, polymer is a material suggested for a wide
range of microfluidic products platforms.

2.4.2 Thin film deposition

Film deposition is used in MEMS devices as passivation, stabilizing, dielectric
and metallization. The selection of suitable deposition technique depends on
the design of the microdevice, function of deposited film and compatibility with
further fabrication techniques. Main deposition techniques include thermal
oxidation, chemical vapor deposition (CVD) and physical vapor deposition
(PVD) [Hil06].

Thermal oxidation

Thermal oxidation is one of the main techniques used in MEMS technology
to generate SiO2 on a silicon surface that could have functions as capacitor
dielectric and insolation material. Oxide films are also used as a masking
material and as a cleaning method to obtain perfect silicon surface. Thermal
oxidation consists of exposing the silicon substrate to an oxidizing environment
of Oz or H20 at elevated temperature between 600°C and 1200°C. Silicon
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oxidizes producing oxide films of nanometer thickness in a couple or hours or
days. Depending on which oxidant is used, thermal oxidation can be defined as
dry (O2) and wet (H20) oxidation. Such reactions are governed by following
equations [Mad02]:

Si+ 2H20 — SiO2 + H20  (wet oxidation) (2.22)
Si+ Oz — SiO2  (dry oxidation) (2.23)

In case of the wet oxidation, water molecules can dissociate at high temperature
to form hydroxide OH that can diffuse in the silicon faster than molecular
O2. Hence, the wet oxidation process has a higher oxidation rate than dry
oxidation. For example, dry oxidation at a temperature of 900°C produces in
1h layers of approximately 20nm thick oxid while wet oxidation generates in 1h
approximately 170nm [Fra04]. Because of the higher growth rate, wet oxidation
is the preferred method. However, the quality of resulting layers is not as high
as in dry oxidation.

Physical Vapor Deposition (PVD)

PVD is a technique, in which thin metals films are deposited on the substrate.
Evaporation and sputtering are the most important technologies used in PVD
[Hil06]. The choice of deposition method depends fundamentally on the prop-
erties of the material to be used. In evaporation, the substrate is placed inside a
vacuum chamber in which desired material to be coated on the substrate is also
located. The metallic material in block form is then heated until it evaporates.
Due to the vacuum, all molecules move freely in the chamber and thus they
condense on all surfaces. This technique is simple and works great for metal
films with low melting points.

In sputtering technology, the substrate is placed in a vacuum chamber with
the material to be deposited (target). The target is located at a high negative
potential and at much lower temperatures than evaporation. An inert gas, such
as argon (Ar) or xenon (Xe), is introduced at low pressure to the chamber. Gas
plasma is formed by direct current (DC) or radio frequency (RF) power source,
which causes the gas to become ionized. Then, the target is bombarded with
positive argon ions, and the target atoms are ejected, which are deposited on
the substrate placed on the anode. Sputtering is preferred over evaporation
due to a wide choice of materials to work with, better step coverage and better
adhesion on the substrate [Mad02].
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Chemical Vapor Deposition (CVD)

CVD is a chemical process used to deposit a solid material from a gaseous
state onto a substrate. In this process, the substrate is placed inside a reactor
at high temperatures (higher than 300°C) into which the reactant gases are
also introduced. The constituents of a vapor phase discompose and react
with the substrate to form the film. CVD is used to produce amorphous and
polycrystalline thin films, such as polycrystalline silicon, silicon dioxide and
silicon nitride. During CVD, the reactant ions forming a solid material might
not only take place on the substrate, but also in the reactor’s atmosphere.
Reactions on the substrate are known as heterogeneous reactions creating films
with good quality. Instead of that, reactions in the gas phase are known as
homogenous reactions creating thin films with poor adhesion, low density and
high defect films. Thus, heterogeneous reactions are preferred during chemical
vapor deposition [Mad02].

2.4.3 Photolithography

Photolithography is a technique used to transfer copies of a master pattern on
the photoresist when it is exposed to UV light through a mask. The mask
used for the selective exposition is a transparent quartz frame with chrome
regions representing the geometry of the microstructures that are transferred
to the photoresist. There are two types of photoresist: negative and positive.
Chemical properties of these photoresists change when are exposed to UV light.
For a positive resist, UV exposure changes the chemical structure, so that it
becomes soluble in the developer. Hence, the exposed resist could be removed
by the developer solution. In the case of negative resist, it becomes polymerized
and the developer solution removes only unexposed areas [Mad02].

2.4.4 Etching

Etching is used in microfabrication to remove material from selected regions of
the substrate. This process requires a precise control regarding etch parameters,
such time and etch rate to obtain desired cavities in the wafer, which is partially
covered with resist. Etching can be either isotropic or anisotropic. Isotropic
etching refers to a process in which the etch rate of the material is uniform in all
directions (both vertically and laterally), meanwhile anisotropic etching refers
to a process in which reactions proceeds perpendicularly (only one direction)
to the substrate material at different etch rates [Men07].
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The etching process can be classified into two main processes: wet etching and
dry etching. In the wet etching process, the substrate is immersed in a chemical
solution that dissolves specific regions of the substrate. The main advantages
of wet chemical etching process are its high selectivity and etching rate. The
wet etching process is in general isotropic etching, except for etching crystal
materials, such as silicon that exhibits anisotropic etching. Consequently, since
wet etching is isotropic etching, in which etching proceeds in a lateral direction
as well, a pattern size smaller than film thickness could not be achieved by wet
etching. Thus, this process is usually used whenever a layer has to be removed
completely as in the case of so called sacrificial layers [Mad02].

In dry etching, plasma is used instead of chemical solutions. In this process, the
substrate is placed inside a reactor in which specific gases are introduced. A
radio frequency voltage is applied exciting the gas and thereby producing ions
in the reactor. The ions are accelerated towards the substrate, which causes
that particles are released from the substrate. The most common process of
dry etching is reactive ion etching (RIE), in which anisotropic and isotropic
profiles can be obtained. An extension of the RIE process is deep RIE (Deep
Reactive Ion Etching) [Hil06]. DRIE is an essential processing step, with which
etch depths of hundreds of micros can be achieved enabling the fabrication of
deep, trenches and holes in silicon substrate with almost vertical sidewalls.

2.4.5 Plastic replication

Microfluidic devices for biological applications were initially fabricated from
silicon and glass. Photolithography and etching techniques have been used to
efficiently structure these materials to produce microfluidic systems. How-
ever, polymer and plastic materials have gained more attention since they
are available at low cost, offer suited material properties and they can be
micromachined and replicated quickly [BLO2|. A variety of fabrication methods
have been developed to produce disposable Lab-on-a-Chip (LOC). The most
representative plastic microfabrication technologies include injection molding
and hot embossing, which involve the use of a precision mold or master, from
which identical polymer microstructures can be fabricated.

Injection molding is one of the most widely used polymeric fabrication process
and the first application for microfluidic components was published in 1997
[MNAAT97]. In this method, a metal mold is required that offers more stability
than masters made of silicon. Nickel is typically used as metal mold, which
could be fabricated using silicon masters. Nickel electroform is then used to
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define the pattern in the polymer. Silicon masters are generally fabricated
by means of wet etching or DRIE procedures in order to provide structures
with high aspect ratio as mentioned previously. Basically, in the injection
molding process, selected polymer material is introduced into a heated barred
and pushed into the mold cavity under a high pressure. The polymer cools
down and solidifies according to the mold cavity, and then injection molded
plastic components are ejected from the master.

Hot embossing is the stamping of a pattern into a softened polymer. In
this method, mold masters are also required, in which desired structures are
defined. Such stamps could be fabricated on glass, silicon or polymer substrate
by using standard photolithography or etching processes as described in last
subsections. Alternatively, fabricated silicon structures may be used to produce
a metallic stamp. Nickel is typically used for this purpose as well as in injection
molding process. A hard plastic material is heated just close to the softening
temperature, placed on top of the mold and then pressed at lower pressures.
Plastic structures could be removed from the mold when the plastic starts to
solidify again [BLO02J.

2.5 Fluorescence

Fluorescence-based detection using fluorescently-labeled biomolecules was im-
plemented in the NANODETECT prototype to identify the low concentration
of specific compounds encountered in raw milk. The emitted fluorescence that
represents the antibody-antigen concentration within the microfluidic device
has been optically detected. This optical detection offers advantages, such as
sensitivity, rapid detection, simple excitation and detection.

The fluorescence phenomenon is a property of some chemical substances, where
atoms and molecules absorb light at a wavelength and subsequently, emit light
almost always of a long wavelength. Before absorption takes place, the molecule
is in the ground state. When the molecule absorbs a photon, the energy of the
photon is taken up by an electron that raises to a higher energy and vibrational
excited state. Thus, the electronic configuration of the molecule is altered.
When the atom absorbs a photon with appropriate energy, an electron transits
from a lower energy level to a higher one. Conversely, an electron transits from
a higher energy level to a lower one, when a photon is emitted. Absorption and
emission process can be defined with the following expressions [Ros92]:
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2.5 Fluorescence

E, + hv=E; (absorption) (2.24)
Ey =FE1+ hv  (emission) (2.25)

where F is the energy, hv represents the photon energy, h is the Plank constant
and v is the frequency of light. Under normal conditions, the additional energy
gained from the photon absorption has to be removed, thus ensuring that the
molecule returns to the ground state again. In this process, the additional
energy may be converted to heat; alternatively, this energy may be released as
a quantum of radiation known as fluorescence (see figure [2.12)).

Precisely, fluorescence is the process, in which a molecule with an excited singlet
state returns to the ground state emitting additional energy as a photon. The
component of the molecule responsible for the fluorescence is called fluorophore,
which generates a fluorescent emission in the visible light spectrum.

S3 = Higher energy
—@—~—————— and vibration

S2 —A—— states

S1 — Lowest singlet

excited state

>

Increasing energy

absorbed exciting light

emmited fluorescence

SO >
Ground state

Figure 2.12: Schematic representation of an energy diagram showing how fluores-
cence is produced. The small colored circles represent the energy stated
of the fluorophore. The lifetime of an excited singlet state being the
decay time of fluorescence is approximately 1 to 10nsec [Ros92]. This
illustration is a simplified Jablonski energy diagram.

As mentioned before, the wavelength of the emission is normally longer than
of the excitation. The reason of that is because the emitted photon has less
energy than the excitation. Nevertheless, when the molecule is already in a
higher energy level before absorption takes place, the energy of the emission is
higher than of the excitation [Ros92].
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2.6 Optical techniques

In this thesis, the transmission and reflection measurements were evaluated
considering the low fluorescence intensity of dye-labeled molecules. In the case
that microfluidic devices are fabricated using transmissive materials, such as
glass or plexiglas, measurements in transmission as well as in reflection can
theoretically be performed. Although the transmission measurement presents
the simple solution, it is not sensitive enough. The transmission measurement
is strongly influenced by light scattering being not suitable for the detection of
low fluorescence signals. Despite of the use of appropriate filters in this optical
configuration, laser light might leak through producing high background sig-
nal. This background signal reduces the signal-to-noise ratio and consequently
sensitivity.

Conversely, the reflection measurement offers the advantage that the microflu-
idic devices do not have to transmit light, additional optical filters are not
necessary and requirements for the emission filter are not stringent as in the
case of the transmission measurement. Another important advantage over
transmission measurement is the reduction of background noise in the reflection
measurement enhancing the sensitivity. Hence, optical equipment based on the
laser light reflection principle was selected to be implemented in the functional
prototype of this thesis [opt10, [GVSIQ].

2.7 Main components for optical sensing

A photomultiplier tube (PMT) has been selected as the detector unit for the
optical system. This device is one of the detectors most frequently used in
laboratory experiments and optical instrumentation because of its response
speed and high sensitivity (low-light-level detection) [LCO6l [PCO1]. In this
optical configuration, an additional photodiode has been used in order to
measure the intensity of the light reflected back from the microfluidic device
and thus, monitor laser fluctuations in real time [Vrell]. Consequently, PMT
and photodiode signals were essential values to determine the concentration of
undesired compounds carried by raw milk.

2.7.1 Photodiode

Photodiodes are semiconductors photodetectors, which convert the incident
light into current or voltage. These photodetectors are sensitive, but they
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are not suitable for single photon read out [SA09]. A photodiode generates a
current or voltage, when the p-n junction is illuminated by light. If a photon
has greater energy than the gap energy (Ephoton > Fgap), the electrons are
excited from the valence band into the conduction band leaving holes in the
valence band. This mechanism is called photoelectric effect and it is represented

in figure [2.13]
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Figure 2.13: Schematic representation of a photodiode with p-n junction state.
Figure from [HAM]

Figure illustrates a photodiode, in which N material is the substrate and
P-layer is the active surface. Both materials form a p-n junction that acts as
photoelectric converter. The frequency and spectral response are established
according to the thickness of the P-layer, substrate N-layer, bottom NT-layer
and also the doping concentration [HAM].
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Figure 2.14: Cross section of a photodiode. Figure from [HAM].

2.7.2 Photomultiplier tube (PMT)

Photomultipliers are extremely sensitive detectors of light based on two physical
principles such as photoelectric effect and secondary emissions. A PMT consists
of a window, a photoemissive cathode (photocathode), focusing electrodes,
an electron multiplier (dynode) and an electron collector (anode), which is
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usually sealed into an evacuated glass tube A schematic diagram of a typical
photomultiplier tube is given in figure [2.15] [HAMOT].
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\ (DYNODES)
\ PHOTOCATHODE

Figure 2.15: Schematic representation of a photomultiplier tube. Figure from
[HAMO7].

When light enters in a photomultiplier, electrons are excited in the photocath-
ode, thus emitting photoelectrons into the vacuum. These photoelectrons are
accelerated and directed by the focusing electrode onto the first dynode, where
electrons are multiplied by means of a secondary emission process. Afterwards,
multiplied electrons are collected by the anode being the output signal. The
photoelectron emission process into a reflection mode is usually formed on a
metal plate. In this case, photoelectrons are emitted in the opposite direction
of the incident light as represented in figure 2:16]

REFLECTION MODE
PHOTOCATHODE

DIRECTION OF LIGHT

PHOTOELECTRON

Figure 2.16: Direction of the photoelectrons within a PMT having a reflection mode
photocatode. Figure from [HAMOT7].

The photomultiplier tube is the most sensitive detector for a large number
of applications. This is due by the fact that the secondary emission offers a
signal amplification ranging from 10® up to 10%. Furthermore, photomultiplier
tubes provide extremely high sensitivity and low noise compared to other
photosensitive devices [PCO1].
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Photoelectron emission

Photoelectron emission is a process, in which electrons can be emitted from
solids under radiation with photons of low wavelength. Since the energy of the
photon is larger than the energy separation, between the top of the valence
band and the vacuum level, a photon of energy is absorbed by the solid and
then, electrons are emitted into the vacuum as photoelectrons. This process is
expressed in the following equation [HAMOT]:

n(w) = (1-R)-

% L ps (2.26)

1+ &

where 7(v) is the ratio of output electrons to incident photons, R is the reflection
coefficient and k coefficient of photons. Pv represents the probability that light
absorption may excite the electrons to a level greater than the vacuum level.
Whereas Ps represents the probability that electrons reaching the photocath-
ode surface may be released into the vacuum. L is the mean escape length of
excited electrons and v is the frequency of light.

Electron trajectory

The voltage applied to the electrode, i.e. the electric field as well as the
photocathode shape (planar or spherical window) influences the electron tra-
jectory in a PMT. These parameters determine the efficiency of focusing of
the photoelectrons emitted from the photocathode onto the first dynode. The
impact between photoelectrons and first dynode causes the emission of sec-
ondary electrons. This process continues in a cascade from dynode to dynode
generating a current signal at the anode. The electron trajectory must be
carefully designed, in order to increase the collection efficiency of each dynode.
Figure shows the typical electron trajectories within a PMT [HAMOT].

0=PHOTOCATHODE
10=ANODE
1to 9=DYNODES

Figure 2.17: Cross section of a PMT showing the electron trajectories. Figure from
[HAMOT).
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Electron multiplier

As explained before, photoelectrons emitted from the photocathode are mul-
tiplied by the first dynode through the last dynode amplifying the current.
This current amplification depends mainly on the number and material of the
dynodes. The most common materials used for dynodes are alkali antimony,
beryllium oxide (BeO), magnesium oxide (MgO) and gallium phosphide (GaP,
GaAsP). Dynode characteristics must be defined in accordance with the appli-
cation [HAMOT].
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Chapter 3

Material Selection and Characterization

In this dissertation, the cell concentration within microfluidic systems was
determined by means of a fluorescence detection method. The fluorescence
intensity emitted by the ensemble of cells immobilized onto the inside surfaces
of a system were detected by an optical sensor. Hence, materials comprising
the microfluidic device, such as substrate and coating material should show
low background fluorescence intensities. Fluorescence signal representing the
concentration of contamination in raw milk can be measured, when substrate
and coating materials exhibit very low background fluorescence levels or when
the emitted signal from labeled cells are higher than background fluorescence.
In order to find suited substrate and coating materials for cell immobilization
and subsequent detection, different materials were characterized in this chapter.
This characterization is described in terms of biocompatibility, biofunctionality
and emitted background fluorescence levels.

3.1 Substrate material

A wide variety of plastic materials and polymers have gained more attention
since these materials could be used for optical and biomedical applications.
One of the advantages using plastic materials is the ability to structure them
by methods such as hot embossing and injection molding allowing rapid proto-
typing of polymer microsystems. These methods offer an attractive alternative
to the techniques currently being used to fabricate microsystems, because these
materials are potentially a source of low cost components as explained in section
Another advantage using plastic material is the wide available variety
of plastic materials. Examples of the more popular plastic materials include
polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS) and
cyclic olefin copolymer (COC). From these materials, PMMA and PC are the
most widely used plastic materials in the microfluidic area [BL02].
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Although, there is a wide variety of plastic materials, recent research works have
shown that these materials exhibit high autofluorescence |[PNL™05, [WFST01]
limiting its use in BioMEMS applications. Autofluorescence can reduce the
sensitivity of immunoassay systems based on the measurement of fluorescent
labeling of cells leading to wrong results. Thus, a good optical quality including
low autofluorescence of plastic materials is crucial for the sensitive detection of
specific cells by using the fluorescence detection technique. Previous research
shows that COC and PMMA exhibit the lowest autofluorescence levels followed
by PC and PS [HY03].

Nevertheless, results in [PNL'05] indicates that microfluidic systems exhibited
higher autofluorescence than raw plastic materials from which they have been
fabricated. Hence, in this dissertation several polymer samples materials and
fabricated microfluidic systems are evaluated with the purpose to determine
optical characteristics of each polymer under the same conditions. Available
materials for this test include PC, PS, PMMA injection molded systems, sys-
tems made of COC and COC raw material. There are various types of raw
PMMA materials such as PMMA XT and PMMA GS, which are commercially
available. These materials were also examined.

3.1.1 Optical properties

In order to select the most appropriate plastic material, optical characteristics
according to the setup of the biosensor must be studied. Based on the protocols
established by ttz [tfz10] and RIKILT [rik10], fluorescent dye Phycoerythrin
and Alexab32/4G10 were used as labeled detecting antibody. Thus, a bright
green laser at a wavelength of 532nm was selected for illumination. All available
polymer materials were characterized under this laser excitation to evaluate
the background signal. This optical setup has been designed and installed
by Optotek (see section . Each material was measured at least three
times on different non-overlapping positions to evaluate also its uniformity.
The measurement of each point took around 10sec and during that time, the
material was illuminated with an excitation laser. The photomultiplier tube
(PMT) signal and laser intensity were sampled every 0.5sec. All the data
were normalized to the same laser strength assuming linear dependence of laser
strength and PMT signal [opt10]. In that way the laser intensity fluctuation
was compensated and the measurement error was lowered significantly. From
corrected values of PMT signal, the average and standard variation was com-
puted. The resulting value in conjunction with standard variation represents
fluorescence intensity of evaluated materials.
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3.1 Substrate material

Polymer raw materials

According to the measurement procedure described earlier, background flu-
orescence of PC, PS and PMMA from different providers were measured and
compared under similar conditions. The results are shown in table The last
three columns of this table represent three statistic measures for a particular
sample. Mean and standard deviation (St.Dev.) values represent the current on
PMT in nA. These measurements reflect the inhomogeneity of each material.
As observed in this table, the lowest variation was obtained for PMMA and
PMMA GS samples being the most homogeneous materials, while PS is the
most inhomogeneous material showing extreme variability in measured signals.
It must be noted that this non-uniformity of the substrate can significantly
affect the sensing performance of the biosensor.

Table 3.1: Background fluorescence of different plastic materials such polycarbonate
(PC), polystyrene (PS) and polymethylmethacrylate (PMMA). The
materials were acquired from thinXXS Microtechnology AG [thil0], Jose
Weiss Plastic GmbH [Jos10] and Fraunhofer IFAM [Eral0].

Provider Thickness | Mean St.Dev. Rel. Err

Material [mm)] [nA] [nA] nA/mm
PMMA thinXXS 1 150.09 1.85 0.012
153.51 2.18 0.014
156.09 2.86 0.018
PMMA Josef Weiss 2 105.40 2.10 0.020
XT | Plastic GmbH 105.60 1.80 0.017
174.30 2.60 0.015
PMMA Josef Weiss 2 86.20 1.60 0.018
GS | Plastic GmbH 79.20 1.70 0.021
81.10 1.50 0.019
PS thinXXS 1 57.31 1.43 0.025
48.18 1.44 0.030
220.35 2.84 0.013
PC thinXXS 1 372.45 3.24 0.009
392.81 2.83 0.007
379.45 4.27 0.011

As shown in the table above, samples of plastic materials with thicknesses of
1mm and 2mm were used for the characterization. Samples having the same
thickness are not commercially available for testing. Consequently, a linear
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normalization to the initial fluorescence intensities must be applied in order to
identify the magnitude of intensity of each material under the same conditions.
The normalized results are shown in figure 3.} where background fluorescence
of each sample is represented by current in nA.

From these results, PMMA GS is the most appropriate material to be used as
substrate, because it has the lowest background fluorescence and good unifor-
mity. However, some difficulties could be presented using PMMA as substrate
material, because its values vary depending on where it comes from. Differ-
ent fluorescence intensities were measured from the material characterized as
PMMA. For example, PMMA material from Josef Weiss Plastic GmbH with
2mm of thickness has lower signal than PMMA from thinXXS with 1mm of
thickness. These materials may be chemically the same, but they are optically
different. This variability between materials is due to the fact that they are
from different provider, who has probably processed them in different ways or
because the materials are even from different series of the same manufacturer.
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Figure 3.1: Comparison of background fluorescence of the different plastic materials
types. These results correspond to normalized fluorescence intensities.

From the last results, PMMA could be identified as the most appropriate
polymer to be used as substrate material. In order to find the most suitable
PMMA type and confirm the usability of PMMA GS, additional PMMA types
such as PMMA 6N S000, PMMA 7H and PMMA 8N have been measured using
the same optical setup. According to the provider [Evol(], these PMMA series
might be suited for biological applications because of their excellent optical
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properties. Additional PMMA materials were provided by Evonik Industries
[EvoI0] and Fraunhofer IFAM [Fral0] for testing. Background fluorescence of
different PMMA types were measured and compared with PMMA GS. The
results are shown in table B.21

Table 3.2: Background fluorescence of different PMMA types. Measured signals from
PMMA 6N S000, PMMA 8N and PMMA 7H provided by Evonik [Evol0)]
Industries and Fraunhofer IFAM [Eral0|, respectively. Measurement of
PMMA XT and PMMA GS have been again performed using the same
optical setup together with the additional PMMA samples.

Material Provider Thickness | Mean St.Dev. Rel. Err

[mm)] [nA] [nA] nA/mm
PMMA Josef Weiss 2 79.0 1.7 0.021
GS | Plastic GmbH 86.2 1.6 0.018
79.2 1.7 0.021
81,1 1.5 0.019
PMMA Josef Weiss 2 104.2 1.8 0.017
XT | Plastic GmbH 105.4 2.1 0.020
105.6 1.8 0.017
174.3 2.6 0.015
PMMA Evonik 3 395.1 4.3 0.011
6N S000 677.4 13.9 0.020
617.8 15.0 0.024
394.6 4.7 0.012
PMMA Fraunhofer 2.5 189.4 2.7 0.014
TH IFAM 184.8 2.4 0.013
232.9 2.9 0.012
161.0 2.1 0.013
PMMA Fraunhofer 3 275.3 3.7 0.014
8N IFAM 502.9 13.0 0.026
486.4 15.3 0.032
283.6 2.9 0.010

As shown in the table above, PMMA materials with thicknesses between 2mm
and 3mm were acquired for testing. Therefore, a linear normalization must be
also applied to identify fluorescence intensity under the same conditions. The
normalized results are shown in figure According to these results, the best
candidate for sensitive fluorescence detection is PMMA GS bare exhibiting very
low background fluorescence and good uniformity.
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Figure 3.2: Normalized autofluorescence intensities of the different PMMA types.

3.1.2 Substrate preparation

Considering the previous analysis, PMMA GS has been selected as the best
option to be used as substrate material due to its good optical properties and
homogeneity. Consequently, PMMA GS has been utilized as substrate material
for the deposition of biocompatible thin films to evaluate surface conditions for
cell adhesion. The first step in the whole process was surface preparation. First,
2mm thick PMMA GS material was cut into 100mm diameter allowing easy
handling and processing under clean room conditions. PMMA GS substrates
were immersed for 30 min in an ultrasonic bath with sodium dodecyl sulfate
to eliminate undesirable residues and contaminations on PMMA GS surfaces.
Afterwards, the substrates were cleaned with deionized water and subsequently
dried in an oven at 75°C for at least 1 hour.

PMMA GS substrates are particularly suitable for the fabrication of future
microfluidic devices because of its transparency and low cost. However, their
surface properties do not fulfill the requirements regarding wettability [HBOO3]
causing poor adhesion between coating layer and the surface of PMMA GS.
Hence, additional surface modification on PMMA GS material was performed
to increase the surface energy and thus improve adhesion properties. To achieve
that, PMMA wafers were treated with oxygen plasma producing wettable
surfaces, and consequently enhancing the adhesion with the coating material.
Contact angle measurement has been the method used to characterize the
adhesive properties. To identify the effective plasma procedure, the contact
angle with water on PMMA GS was measured at different plasma parameters.
This plasma treatment procedure will be introduced in Chapter |5, subsection
Once the PMMA GS substrates are completely cleaned and treated, they
are ready for the deposition of biocompatible thin layers.
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3.2 Biocompatible materials for cell immobilization

Biocompatible surfaces have become very important in the development of
biosensing systems, where the immobilization of biomolecules takes place. Here,
the combination of suitable surfaces with specific biological activation proce-
dure is essential for effective binding of biomolecules. Choosing the proper
surface as a solid support is an important step in immunoassay developments,
especially if the assay is evaluated by means of optical sensors as illustrated in

figure 3-3]
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Figure 3.3: Schematic representation of a basic measurement system for biochemical
assays using an optical sensor

In order to find an optimal material combination for cell immobilization and
subsequent detection, different biocompatible materials were selected and eval-
uated in terms of biocompatibility, biofunctionality and emitted fluorescence
levels. Polymer materials such as photopatternable silicon (PPS), polydimethyl-
siloxane (PDMS), Vitralit®UC6772, photoresist SU-8, resin 1002F and its
derivate photoresist 1002F have been selected as alternative materials for cell
immobilization. The efficiency of each polymer material has been experimen-
tally determined by comparing binding capacity.

Photoresist SU-8 [MSJT 06} [GSKT09], Vitralit®UC6772, resin 1002F and its
derivate photoresist 1002F Im were mainly chosen in this thesis because
of their chemical composition. These polymer materials have a high density

of epoxy groups, which are particularly suited for the covalent attachment
between the protein and the support material (see subsection , Using
an appropriate functionalization method, polymer with epoxy groups are effi-
cient reactive surfaces to form covalent immobilization of biomolecules such as
antigens, antibodies, proteins, DNA or RNA [JPRMO07|. Additional materials
such as photopatternable silicon (PPS) and polydimethylsiloxane (PDMS) were
chosen mainly because of their biocompatibility as confirmed in prior works

[DTV08,[dSdO0T]. Although, these polymers do not contain any reactive epoxy
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groups, published results demonstrated that PPS and PDMS have excellent
biocompatibility and low background fluorescence. PPS, SU-8 and photoresist
1002F have been examined regarding to binding efficiency, background fluo-
rescence and ability to create microstructures [JPRMO7, [DTV0S, [PWS*07,
GSK™'09).

In this dissertation, important surface properties such as biocompatibility,
biofunctionality, wettability, roughness and emitted fluorescence values of thin
films have been evaluated. The best suited polymer material has been selected
with a combination of biomolecules immobilization experiments and fluores-
cence measurements. The results regarding autofluorescence intensities and
biocompatibility are shown in sections and respectively.

3.2.1 Protein binding to epoxy groups

Proteins can be immobilized onto a surface through covalent interactions and
physical immobilization including ionic bonds and hydrophobic interactions
[RZEQ7]. In many cases, covalent immobilization is used because this process
ensures an irreversible and selective binding. Covalent bonds involve a reaction
between the surface of the support material and the surface of a protein. These
surfaces must therefore provide functional groups to enable an appropriate and
strong chemical binding. Epoxy-activated supports present excellent properties
allowing the development of easy protocols for protein immobilization, because
of its stability at neutral pH values and wet conditions. Moreover, epoxy groups
are able to react with different groups of the proteins such as amino (-NH>),
hydroxyl (-OH) or thiol moieties (-SH) [MTFL™ 03, [RZF07] forming extremely
strong linkages. The chemistry of the epoxy group and its potential for covalent
binging are summarized in the following paragraphs.

Chemistry of the epoxy group

The epoxy group is a cyclic ether with three-member ring comprising two
carbon atoms and one oxygen atom that form a particularly geometry as shown
in figure [3.4] The most important consequence of the geometry of the epoxy
group, as also known as oxirane ring, is the reactivity towards other functional
groups. Epoxy rings are very reactive electrophilic groups and thereby, they
can form a covalent bond with the nucleophilic functional groups of the proteins
(amino, thio, hydroxyl ones), which involves the sharing of a pair of electrons
resulting in a strong and irreversible bond [MRO04, [RZF07].
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Figure 3.4: Chemical representations of the epoxy group. The epoxy group is
polarized by the different electronegativities of carbon and oxygen.
Oxygen has a negative partial charge and carbon is partially positively
charged [Kir87].

Figure[3-5|shows the reaction of epoxy group with hydrogen atoms. As observed
in this figure, each carbon of the epoxy ring is enumerated indicating the
different partial charge, where carbon atom number 1 carries the strongest
positive partial charge [Kir87]. The epoxy oxygen atom remains with carbon
atom 2 of the epoxy resin, whereas the addition of other component takes place
at the carbon atom 1.

2 1
R,—CH—CH, + H—R, —> R,—CH—CHR,

o OH

Figure 3.5: Chemical reaction when hydrogen atoms are added onto the epoxy ring
[Kir87].

Epoxy resin

Epoxy resin is a polymer characterized for having epoxy groups. The rings of
the epoxy groups are active bonding sites for a variety of chemicals that react
with the polymer forming a bridge to another polymer, creating a crosslink
[Str06]. This crosslinking is initiated by opening the epoxy ring by a reactive
group on the end of another molecule. Generally, this molecule is also known as
hardener because it hardens or cures the epoxy. In practice, compounds with
amino groups are used as curing agents, which react very fast and even at low
temperatures [Kir87]. Figure shows the reaction of the epoxy group with
the reactive amine group. As observed in this figure, by opening the ring, two
new bonds are formed as follows: one with a carbon atom that was in the epoxy
ring and the second between the oxygen of the epoxy ring and the hydrogen
that was on the amine.

The bond between the amine and the carbon is the key bond in crosslinking,
whereas the OH group represents the bondability of epoxy resin [Str06]. Usu-
ally, the amine molecule has another amine group on the other end and thereby,
it can react with a second epoxy molecule.
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primary Amine
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Figure 3.6: Chemical reaction of the epoxy group with primary amine [Kir87].

Covalent binding on epoxy supports

The epoxy groups form covalent bond with amino, hydroxyl or thiol moieties via
ring-opening reaction facilitated under basic conditions [T. 08]. Then, material
containing epoxy groups can be used to bind proteins, nucleic acids, sugars and
carbohydrates and other organic molecules (see figure . [T.08] describes
the necessary protocols to immobilize thiol-, amine-, or hydroxyl-containing
ligands with the proper pH level.
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Figure 3.7: Epoxy groups can be coupled with amine, thiol-, or hydroxyl- containing
molecules [T.08§].

Protein immobilization on epoxy surfaces takes places by means of two steps:
in the first step, a physical adsorption of the protein on the support is produced
and in the second step, a covalent reaction between the absorbed protein and
the epoxy groups of the support material occurs. The epoxy groups are able to
react with a high variety of reactive groups that are on the protein surface such
as amino (-N Hz), hydroxyl (-OH) or thiol moieties (-SH). Besides the amount
of epoxy groups of the surface, it must exhibit hydrophobic behavior properties
[MFLA™00]. The process to generate protein immobilization is represented in

figure
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Protein

Epoxy-support Epoxy-support Epoxy-support
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Figure 3.8: Protein binding on an epoxy support (a) Proteins having reactive groups
such as amino (-NH2), hydroxyl (-OH) or thiol moieties (-SH) can
react with the epoxy support. (b) Proteins are immobilized by physical
adsorption such as hydrophobic interactions. (c) Covalent binding
between the absorbed protein and the epoxy support takes place.

As observed in the figure above, covalent binding could be achieved only when
an adsorption interaction between the surface of the protein and the epoxy
support exists. Because of this requirement, epoxy supports used for protein
immobilization must show hydrophobic behavior.

Despite the positive results achieved using epoxy supports, their use can be
limited in some cases. These limitations are based mainly on the hydrophilic
properties of the surface of the proteins as well as of the epoxy support.
Hydrophilic surfaces are not well suited for protein adsorption ability and
consequently, not able for covalent binding [MFLAT00, MTFL'03]. Several
protocols have been reported in the last years for improving the functionality

of epoxy supports and thus hydrophobicity will be not longer necessary for
protein attachment. The future development of the epoxy supports should
consider preparing hydrophilic supports, keeping the good mechanical proper-

ties [MFLA ™00, MGP'07].

3.2.2 Selected biocompatible materials

The following subsections introduce selected biocompatible surfaces, which
might provide excellent characteristics for cell immobilization. Solid supports
or thin biocompatible layers must offer reactive chemical groups to guarantee
that biomolecules bind to surfaces with strong chemical binding properties. The
chemical structure of the main components of each polymer is also illustrated.
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Photoresist SU-8

Photoresist SU-8 acquired from micro resist technology [micI0a) is currently
used for several Lab-on-a-Chip (LOC) applications due to its biocompatibil-
ity and excellent chemical properties [BKJ™08, [DSM09a, [HMD™ 07, . JFG*01}
LLCC02, IMSJ* 06, RMT™05]. This photoresist is a negative polymer, which
is produced in different viscosities allowing the fabrication of structures with
thicknesses from 1um to 2mm [CTKO5]. Basically, SU-8 is prepared by mixing
epon SU-8 resin in a photoinitiator and a solvent.

Epon epoxy resin SU-8 is crosslinked polymer that has eight epoxy groups in its
monomer forms as shown in figure The amount of the solvent determines
the viscosity and consequently, the thickness of the SU-8 film. The epoxy groups
of SU-8 act as active molecular group to form crosslink reaction and thus ensur-
ing biomolecules binding. Previous attempts (JGSK™09, [DSM09al, [JPRMO07])
have proved that specific biomolecules could be successfully immobilized on
SU-8 photoresist forming covalent bonds due to its epoxy chemistry.
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Figure 3.9: Molecular structure of Epon SU-8 [micl0Oal. One of the eight epoxy
groups is indicated.

Resin 1002F

Epon resin 1002F provided by Miller-Stephenson [Mil10] is a solid polymer that
has epoxy groups as well as SU-8, but it contains only two epoxy groups per
molecule as illustrated in figure Usually, this epoxy resin could be used in
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high performance hot melt adhesives, molding powders and in powder coatings
[HEX09]. Samples containing resin 1002F were prepared in order to determine,
whether this polymer can be used as support material for cell immobilization.
It must be noted that resin 1002F cannot be utilized to form microstructures.
However, this material can be used as adhesive layer.

—@— @—o CH2—C ¢ o—@— —@—o ct (:—(:H2

Epoxy group
23

Figure 3.10: Molecular structure of Epon 1002F, poly (Bisphenol- A-co-
epichlorohydrin, diglycidyl ether terminated) [HEX09]. One of the two
epoxy groups is indicated.

Photoresist 1002F

Photoresist 1002F is a new material that as well as SU-8 is composed of:
Epon resin 1002F (figure , a solvent (typically ¢-butyrolactone (GBL))
and a photoinitiator as depicted in figure This material has been recently
developed and employed to fabricate microstructures to be used in biological
applications [PWST09]. Samples containing photoresist 1002F were prepared
to evaluate its ability for cell immobilization. Resin 1002F in solid form was
acquired from Miller-Stephenson [Mill0] and additional materials required for
preparing photoresist 1002F such as triarylsulfonium hexafluoroantimonate and
solvent (¢-butyrolactone GBL)

O

¢ ¢
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Figure 3.11: Molecular structure of the photoinitiator triarylsulfonium hexafluoroan-
timonate salts [Sig10].
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Photoresist 1002F shows adequate chemical characteristics for biomolecules
adhesion on its surface [PWST07]. Moreover, this material exhibits lower
background fluorescence levels than SU-8 as illustrated in figure [3.12] This
suggests that photoresist 1002F can be used for applications, in which SU-8 is
currently used, since photoresist 1002F has similar chemical structure like the
traditional photoresist SU-8. By using the photopolymer 1002F, the signal-to-
noise ratio increases and improves the efficiency for fluorescence measurement.
Consequently, small volume of labeled proteins could be detected, which is a
requirement in biosensing systems.

SU-8 resin + Photoinitiator

8004
1002F resin + Photoinitiator
600
1002F resin
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Figure 3.12: Fluorescence intensities of SU-8 and resin 1002F, excited at 485nm,
max. 540nm [PWST07].

Photopatternable Silicone (PPS WL 5150/ PPS WL 5351)

Photopatternable silicon (PPS) provided by Down Corning Corporation was
also chosen according to the suitability for patterning biomolecules. Although
the chemical composition of PPS is primarily polymethylhydrosiloxane as shown
in figure and it does not contain any epoxy groups as SU-8 and resin 1002F.
Previous published results demonstrated that PPS has excellent biocompati-
bility and good properties to fabricate microstructures [DTV0S|. The complete
chemical composition of PPS is not available, but as well as photoresist 1002F
and SU-8, PPS is composed of silicon resin dissolved in a solvent, typically
mesitylene [SHG™03].

In [DTVO0S], it was also demonstrated that PPS exhibits low background flu-
orescence as compared to other biocompatible materials. This comparison is
shown in figure[3.15] For this reason, PPS might be a good option for sensitive
detection of biomarkers in the current dissertation.
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Figure 3.13: Chemical structure of polymethylhydrosiloxane [Dow10].

Polydimethylsiloxane (PDMS)

Polydimethylsiloxane provided by Dow Corning [Dow10] is a popular material
that has been widely used for the fabrication of microfluidic devices based on
soft lithographic techniques. Soft lithography is an inexpensive technique that
does not require any clean room facilities or any expensive equipment. Conse-
quently, PDMS structures can be fabricated in an easy low cost and fast way
using only a mold structure. Besides an easy fabrication procedure, PDMS has
low autofluorescence (see figure and has good biocompatible properties
[LTJRW04]. Thus, it is a promising material for use in cell immobilization.
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Figure 3.15: Quantitative comparison of fluorescence intensities of SU-8, PPS,
PDMS among other substrates in red, green and blue channels

[DTVOS].
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Vitralit ®UC6772

Vitralit®UC6772 provided by Panacol [Panl(] is a material that is normally
used as adhesive component by means of UV exposure. Depending on the
high-energy UV light, the curing time is mostly between 0.5 and 60 sec [Pan09].
Vitralit®UC6772 is composed of the materials shown in figure
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Figure 3.16: Chemical structures of ingredients in Vitralit®@UC6772 and
their ratio [Pan09] (a) 25 — 50% 3,4-Epoxycyclohexylmethyl 3,4-
epoxycyclohexanecarboxylate. One of the epoxy groups is indicated.
(b) 25 — 50% 1,6-Hexanediol. (c) 10 — 25% Poly(Bisphenol A-co-
epichlorohydrin).

Vitralit®@UC6772 (hereinafter, UC6772) has been utilized up to now to seal
single components systems within the space of only a few seconds. The prop-
erties of this bond material and its applicability has not been studied so far for
cell immobilization. In the current application, the amount of epoxy groups
within this adhesive material can make it an attractive alternative for protein
immobilization on its surface as demonstrated by the epoxy groups in SU-8
[GSK ™09l IMSJ™06] and photoresist 1002F [PWS™07].

3.2.3 Thin layers preparation

Polymer materials were prepared under clean room conditions using PMMA
GS as substrate material. Resin 1002F in liquid form was made by dissolving
resin 1002F in GBL at a ratio 1:1. Photoresist 1002F was prepared using
solvent GBL and photoinitiator as indicated in PDMS was prepared by
mixing the elastomer monomer (Sylgard 184A) and the curing agent (Sylgard
184B) in a ratio of 10:1. The deposition of uniform layers could be achieved by
means of spin coating process resulting thickness from 5pum until 7um. Table
m summarizes the processing parameter used for each layer and resulting
thickness.
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Table 3.3: Parameters for layers preparation and their respective thicknesses.

Polymer Soft bake Exposure Post bake Thickness
material time [sec] time [sec] [nm]
Photoresist 65°C 60 65°C, 1 min 5
SU-8 1 min 95°C, 1 min
Epon resin | 65°C, 1 min - - 5
1002F | 95°C, 3 min
Photoresist | 65°C, 1 min 40 65°C, 1 min 5
1002F | 95°C, 3min 95°C, 1 min
PPS 75°C 30 65°C, 1 min 7
WL-5150 120 min 95°C, 20 min
PPS 75°C 30 65°C, 1min 7
WL-5351 120 min 95°C, 10 min
Vitralit® | 65°C, 1 min 60 65°C, 1 min 6
UC6772 | 95°C, 3min 95°C, 1 min
PDMS - - - 7

After the pretreatment process applied on PMMA GS substrate (see subsection
and after mixing the components, thin layers of biocompatible materials
could be deposited on PMMA GS substrate for testing. Spin coating process
is followed by a soft bake process using a hot plate or a convection oven to
remove solvents.

The majority of the layers were then polymerized via UV exposure, followed
by a post bake step. Exposure assessment in resin 1002F and PDMS was not
required, because they do not have any UV curable component. According to
[DTV08], PPS films must be heated at 120°C on a hot plate between 3 and
5min using silicon wafer as substrate material. Soft bake procedure at this
temperature could not be realized because PMMA GS can breakdown at high
temperatures. Then, this step was replaced by a soft bake step in a convection
oven at 75°C for two hours.

3.2.4 Surface characterization

Once thin films were deposited onto a PMMA GS substrate, wettability proper-
ties and surface roughness profile were evaluated. Water contact angle was used
in this study as indicator of surface wettability and a profilometry method was
utilized to examine surface roughness and uniformity. To assess the wettability
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of the surfaces, measurement of deionized water contact angle was carried out
by a goniometer (DSA-10, Kriiss GmbH Hamburg) using the software DSA-II
Version 2.1. In this implementation, a drop of water having a volume of 4uL
was automatically deposited on coated PMMA GS substrate. Immediately after
deposition, the contact angle between the drop and the substrate was measured
to avoid evaporation of the water. Contact angle measurement was performed
10 times in different points on the wafer in order to verify the accuracy and
precision of displayed measurements.

Measurements concerning the surface roughness profile of thin layers were
performed by means of profilometry using a Sensor Scan 2300 profilometer
provided by Halcyonics. 3D measurements were performed with an optical pro-
filometer (P1u2300, Sensofar) and a 20-folds objective (420-folds magnification)
to distinguish the surface roughness. Two individual measurements were made
on each monolayer to validate first roughness value Sa. The size of each single
measurement area was 477 x 636um? and contained 442368 measurement data
points from which the surface roughness Sa and the maximum height of the
surface Sz were calculated according to ISO 25178. The 3D data analysis was
performed using SensoMap Plus software (Sensofar) version 5.0.3.4995. Neither
filters, e.g., median or Fourier nor restoring of missing data points were used
for the calculation of the roughness values.

Contact angle

Water contact angle was used as indicator of wettability of the surfaces, which
strongly influences cell binding. When a water drop is completely spread out
onto the polymer and the contact angle is close to 0°, the surface is strongly
hydrophilic. While a hydrophobic solid support has a water contact angle
between 70° and 90°. Angles up to 90° indicate high wettability of the surface.
Contact angle greater than 90° corresponds to a non-wettable surface meaning
that the fluid does not have sufficient contact with the surface forming a
compact liquid droplet.

Table shows the water contact angle of untreated polymer surfaces, which
were analyzed in the scope of this dissertation. The contact angle on PDMS
material is about 112° exhibiting hydrophobic behavior and poor wettability.
The water contact angle of resin 1002F, photoresist 1002F, UC6772 and SU-8
is between 69 and 74° showing also hydrophob behavior, followed by PPS layer,
which has 89° water drop contact angle.
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Table 3.4: Water contact angle of untreated polymer surfaces. A drop of water
(4pL) was deposited on coated PMMA GS substrate. After drop water
deposition, the contact angle between the drop and the substrate was
measured by a goniometer (DSA-10, Kriiss GmbH Hamburg).

Polymer | Contact angle [°]
Photoresist SU-8 69.7
Photoresist 1002F 69.7
Resin 1002F 70.1
Vitralit@UC6772 74.4
PPS WL-5150 89.4
PPS WL-5351 89.6
PDMS 112.4

The results indicate that all thin layers showed hydrophobic properties. Ac-
cording to [PMGS05, ICCS™02l [GHO6] cell adhesion takes place onto all these
thin polymer surfaces and it could be also demonstrated in this thesis (see
subsection. Cell adhesion in flow conditions depends considerably on the
time domain of the cell surface interaction meaning the contact between cells
and walls, ceiling or bottom of the microchannel. Hence, cell adhesion profile
depends not only on the wettability of the surface, but also on the channel
geometry as established in |[GKAT09]. In order to demonstrate the effect
of channel geometry on biomolecules immobilization, cell interaction within
different fluidic geometries was also analyzed (see Chapters [4] and @)

Surface profilometry

In table [335] some measurements regarding the surface roughness averages
(Sa) are presented. In accordance with the measurements performed by a
profilometer; SU-8, resin 1002F, photoresist 1002F and UC6772 have similar
roughness values of approximately 25nm. The roughness value of PPS WL-5351
is 21.92nm indicating that this polymer has the smoothest surface, whereas PPS
WL-5150 and PDMS have the roughest surfaces with 27.62nm and 31.53nm,
respectively.

A series of topographic images have been also obtained for each polymer film
with different magnifications. 3D data images together with total surface areas
of PPS WL-5150, PPS WL-5351, UC6772 and PDMS are depicted in figure
These images reveal smooth and homogenous surfaces, free of scratches
and with roughness below of 2nm.
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Table 3.5: Roughness values obtained in an area of 477 x 636um? using a Sensor
Scan 2300 profilometer provided by Halcyonics.

Polymer | Surface roughness average
Sa [nm]

Photoresist SU-8 24.82
Photoresist 1002F 25.63
Resin 1002F 25.63
Vitralit@UC6772 24.85
PPS WL-5150 27.62
PPS WL-5351 21.92
PDMS 31.53
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Figure 3.17: 3D surface roughness maps of PPS, UC6772 and PDMS. Images were
obtained from SensoMap Plus software (Sensofar). 3D images of the
rest of the polymer are not shown in this thesis, because of the similarity
of roughness values.
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3.2.5 Autofluorescence of thin polymeric materials

Autofluorescence of each biocompatible surface was measured by means of the
same optical setup used to characterize the substrate material (see sections
and . FEach material was measured at least three times on different non-
overlapping positions to evaluate also the uniformity of the material. Average
measurements are presented in figure As observed in this figure, all thin
polymer material proposed in this thesis emitted light in the green region of
the visible spectrum. Biocompatible polymers exhibit autofluorescence by itself
as well as all substrate materials tested in subsection Considering these
results, it can be assumed that this autofluorescence signal is probably caused
by the high conjugate structure of the polymer. Consequently, autofluorescence
intensity may vary in each polymer and it depends on the chemical properties
or polymer composition (see more detail in section [3.4]).
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Figure 3.18: Comparison of autofluorescence intensities emitted by different thin

polymer materials ﬂm .

Since thin biocompatible polymers are deposited on PMMA GS substrates, its
autofluorescence intensity must be considered. Hence, emitted autofluorescence
background shown in the figure above is attributed to the composition of the
whole sample, which consists in PMMA GS as substrate material and the bio-
compatible polymer. From these results, SU-8 exhibits the highest background
fluorescence levels, while UC6772 the lowest background fluorescence compared
to all support materials examined here. The advantage of extremely low
background fluorescence of UC6772 is that lower concentration of fluorescent
label on its surface can be detected. Nevertheless, all polymer surfaces must
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be evaluated concerning their biocompatibility. This evaluation comprises the
total protein binding capacity including the weak and strong binding ability.
These experiments are presented in the following subsection.

3.2.6 Biocompatibility

In order to prove the effectiveness of prepared layers for protein binding, the
sandwich immunoassay technique based on the specific molecular recognition
of a particular antibody with a certain antigen was performed. For the sur-
face test, FITC (fluoresceinisothiocyanat) labeled protein A of staphylococcus
aureus (Fluka, 82484) and FITC labeled anti-human antibody (BIOLOGO, FI-
3000) were used. Fluorescent labeled proteins were selected because they can
be immediately observed by means of a fluorescence microscope when a binding
process takes place. For the immobilization process, 0.05mg/mL of protein A
and 0.15mg/mL of anti-human antibody were used. Protein concentrations
were added to PBS and after that, the resulting solution was deposited on each
layer and incubated for 2 hours.

After incubation, a washing step was performed using 5mL of ultrapure water to
remove all unbound proteins. Binding efficiency is evaluated subjectively under
the fluorescence microscope (Axiovision, Zeiss) with an excitation wavelength
of 450nm to 490nm. Pictures from coated surfaces were taken under same
conditions and evaluated qualitatively. The results are shown in table From
these results, protein immobilization could be successfully demonstrated on all
polymer surfaces. Molecule immobilization could take place on hydrophobic
surfaces as explained in subsection In order to evaluate how strong the
binding between the protein and surfaces is, a washing step was performed
after immobilization procedure. All biocompatible surfaces were tested under
the same conditions.

After washing, protein binding on the surfaces was compared again using the
pictures taken by the microscope. Immobilized molecules could be washed off
easily on polymer such as PPS WL-5150 and PPS WL-5351 showing weak
binding properties. In contrast to that, strong protein immobilization could be
observed on all epoxy surfaces including resin 1002F, UC6772 and SU-8 after
intensive washing. Figure m shows specific labeled proteins, which could be
bound homogenously and strongly on respective surfaces. From the pictures
and respective qualitative analysis, surface containing epoxy groups are the
best suited surfaces for protein immobilization.
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Table 3.6: Qualitative evaluation of protein binding efficiency on different polymer
materials. Binding properties on prepared surfaces are characterized as
follows: (-) no binding, (+) poor binding, (++) medium binding, (+++)
high binding and (++++) best binding efficiency. Required experiments
were performed by ttz/BIBIS.

Polymer | Binding results

Photoresist SU-8 ++
Photoresist 1002F +++
Resin 1002F ++4+
Vitralit@UC6772 +++

PPS WL-5150 ++++

PPS WL-5351 ++++
PDMS ++

() (b) (c)

Figure 3.19: Protein enrichment on different polymer surfaces. The bright spot
on the right demonstrates the successful immobilization of labeled
proteins. The darker left side shows the plane surface. Pictures were
taken with a wavelength of 512nm and with an exposure time of 5 sec.
(a) Immobilized labeled proteins to UC6772. (b) Immobilized labeled
proteins to SU-8. (¢) Immobilized labeled proteins to resin 1002F.

According to the results shown in figure[3.19] UC6772 might be the best surface
for protein enrichment followed by the photoresist SU-8. Protein immobiliza-
tion also took place on the epoxy material resin 1002F. However, the amount
of immobilized labeled protein was very low as shown in the respective picture.
This poor immobilization might be caused by few amount of epoxy of resin
1002F as previously illustrated by its chemical structure (see figure [3.10)).

From the results concerning biocompatibility, the presence of epoxy groups
enables protein binding. In this thesis, protein binding took place on resin
1002F, SU-8 and UC6772 due to the presence of epoxy groups. Whereas,
protein immobilization on PPS and PDMS surfaces might be generated by
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hydrophobic properties. Based on these results, proteins bind mainly by weak
interaction on hydrophobic surfaces as opposed to epoxy surface, which cova-
lently reacts with protein surface creating strong cross links and thus result
in a truly irreversible denaturation. The epoxy groups guarantee an efficient
reaction ensuring a strong linkage between the biomolecules and the surface.

3.3 Identification of suitable biocompatible photopolymers:
SU-8 vs. UC6772

In accordance with the results shown in subsections and SU-8 and
UCG6772 are the best suited surfaces for protein immobilization and subsequent
detection. However, additional experiments using PMMA GS as substrate
material, and SU-8 and UC6772 as coating material were performed to evaluate
quantitatively binding efficiency and emitted background fluorescence.

3.3.1 Quantitative analysis of antibody binding

Supplementary experiments on SU-8 and UC6772 for comparing their effec-
tiveness have been also performed. For this experiment, specific biomolecules
were utilized. Mouse anti-mecoprop AB mixed with PBS was deposited and
incubated onto selected epoxy surfaces followed by a blocking solution. Labeled
Horseradish peroxidase (HRP) anti-Mouse was used as secondary antibody.
The detection was performed by means of Tetramethylbenzidine (TMB) solu-
tion followed by a stop solution and quantification. Biomolecule immobilization
efficiency on SU-8 and UC6772 surfaces was estimated by comparing relative
adsorption profiles as illustrated in the following figure. As observed in figure
[3:20] a negative and positive control were performed in order to evaluate binding
affinity and effectiveness of the blocking solution respectively.

In the positive control, Anti-Mecoprop AB was deposited on the epoxy surfaces,
followed by the deposition of a blocking solution to ensure non-unspecific bind-
ing of antibodies to the biocompatible surfaces. Then, HRP-labeled anti-Mouse
was applied on pretreated surface that acts as detecting label. A measurable
blue signal should be then produced indicating the binding of HPR-labeled
antibody bind to anti-mecoprop AB. The intensity of the blue signal gives
information about the binding efficiency of anti-mecoprop AB to the epoxy
surfaces.
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In the negative control, a blocking solution was deposited on the surface deac-
tivating the biocompatible surface, followed by the deposition of HPR-labeled
antibody. In this case, HPR-labeled antibody might not be bound to the
deactivated epoxy surface and thus a strong or weak blue signal should be
produced.
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Figure 3.20: Immobilized Anti-Mecoprop AB on two different epoxy surfaces such as
SU-8 and UC6772. A positive control took place in double regulation
and negative control in single regulation

As expected from previous experiments, both surfaces could be successfully
activated for cell immobilization due to the epoxy groups. UC6772 and SU-8
could be also functionalized to block the affinity of epoxy groups and thus avoid
the binding of non-specific proteins. By means of the positive and negative
control, it could be determined which is the most appropriate surface for cell
immobilization and for deactivation, respectively.

According to the results by the positive control method, the relative adsorption
on UC6772 is 1.967, while on SU-8 is 1.593 indicating that UC6772 surfaces
offer slightly higher sensitivity for antibody binding than SU-8. In contrast
to that, by the negative control relative adsorption on SU-8 surfaces is 0.589,
whereas on UC6772 surfaces is 0.778. These results show that SU-8 surfaces
can be efficiently functionalized to avoid the binding of non-specific proteins
as compared to UC6772, thus increasing sensitivity of the assay for quantifi-
cation. Since surface bioactivation as well as surface deactivation are essential
parameters for specificity, selectivity and sensitivity on the detection method,
UC6772 and SU-8 surfaces have advantages and disadvantages to consider when
performing immunoassay procedures.
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3.3.2 Use of UC6772 and SU-8 in microfluidic technology

The selection of the fabrication process is considerably influenced by the proper-
ties of the photopolymer. Photolithography technique could be applicable when
the photopolymer SU-8 is used. In contrast to that, the use of UC6772 implies
a molding process such as injection molding or hot embossing method. SU-8
is a photoresist available in different viscosities allowing the easy deposition of
layers from 1um to 2mm by means of variation of the spin coating conditions
[micI0a]. On the other hand, UC6772 is only available in an unique viscosity
[Pan09] avoiding the fabrication of microstructures with a high aspect ratio.
Consequently, thin layers of UC6772 could be deposited on the inner surfaces of
microchannels, which have been fabricated by conventional molding techniques.

According to the scope of this thesis, optical properties of the microstructures
must be considered for selecting the most efficient fabrication method. Hence,
a comparative study has also been carried out examining surface quality and
autofluorescence signal from the microstructures produced by photolithography
and molding techniques. By using these techniques, some limitations were
observed such as the autofluorescence of SU-8 and inhomogeneity of the surface
of the molded microstructures. These disadvantages are introduced as follows.

SU-8 thicknesses vs. autofluorescence

In several reports have been demonstrated that SU-8 is an interesting resist to
fabricate high-quality transparent fluidic channels with well-defined wall profile.
Nevertheless, despite the several benefits of SU-8, this photopolymer presents
a significant limitation for biological applications because SU-8 exhibits back-
ground fluorescence in the green spectral range.

As demonstrated in subsection [3:2.5] thin SU-8 layers exhibits high autoflu-
orescence intensities compared to other thin photopolymers. Here, emitted
background fluorescence from photoresist SU-8 as function of its thickness was
evaluated. To achieve that, different SU-8 thicknesses between 10pum to 60um
were deposited on PMMA GS substrate and then, emitted autofluorescence
intensity was measured using the optical detection system described in subsec-
tion [B:I.1] As depicted in figure [3.21} SU-8 exhibits background fluorescence
intensity having a direct and linear dependence on its thickness.

Based on the data derived from different SU-8 thickness measurements, the
higher the SU-8 thickness the greater background fluorescence intensity and
consequently, the lower signal-to-noise ratio. Autofluorescence generated by
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SU-8 may limit its use in biosensor technology based on highly sensitive flu-
orescence detection. On the other hand, the emitted autofluorescence can be
easily minimized as much as possible by reducing the volume of SU-8.
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Figure 3.21: Fluorescence signal of SU-8 material with different thickness indicating
a linear fluorescence intensity response |[GSCT09].

Inhomogeneity of molded microfluidic devices

Background fluorescence of polymer microfluidic devices using PMMA injection
molded and COC hot embossed microfluidic systems were also evaluated. Hot
embossing and injection molding process are widely used for manufacturing
polymer microfluidic components. Although, the mold master required for
these techniques are expensive, the fabrication process is performed in short
time and polymer structures can be then replicated many times, which make it
attractive for mass production. Using these techniques, standard photolithog-
raphy process, which is time consuming and expensive in microtechnology, can
be omitted. Autofluorescence of microfluidic systems fabricated by injection
molding and hot embossing process in comparison to the other polymer raw
materials were evaluated and compared with raw PMMA GS material, which
showed the lowest autofluorescence and best homogeneity (see subsection.
Three different measurements were carried out on non-overlapping positions to
determine the homogeneity of the materials. Table lists all measurement
results concerning the autofluorescence. Normalized measurements are shown
later in figure [3.22
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Table 3.7: Background fluorescence of microfabricated systems using COC and
PMMA. Fabricated microfluidic devices were acquired from thinXXS
Microtechnology AG [thil0] and Fraunhofer IFAM [Fral0].

Provider Thickness | Mean St.Dev. Rel. Err

Material [mm)] [nA] [nA] nA/mm
PMMA Josef Weiss 2 79.0 1.7 0.021
GS | Plastic GmbH 86.2 1.6 0.018
79.2 1.7 0.021
COC thinXXS 2 334.49 3.72 0.011
chip 206.76 2.42 0.012
313.23 3.13 0.010
PMMA Fraunhofer 2 108.81 1.81 0.017
chip IFAM 75.85 1.75 0.023
189.70 2.95 0.016

As shown in table hot embossed COC systems exhibit high background
fluorescence intensity and less homogeneity as compared to PMMA GS slides.
The results also indicate that injection molded PMMA systems emit relative low
background fluorescence signal, in fact similar as PMMA GS slides. However,
PMMA microfluidic devices show significant variability in the measurement
indicating the non-uniformity of its surface morphology.
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Figure 3.22: Normalized autofluorescence intensities of molded microfluidic devices.
The results compared with autofluorescence emitted by PMMA GS
slides.

A variety of new features could be produced in plastic material by injection
molding and hot embossing technologies. In spite of that, the quality of result-
ing components depends on the precise manufacturing of the mold. Moreover,
the quality of the molded structures is considerably influenced by the properties
of the plastic material to be molded.

64



3.4 Autofluorescence sources

3.4 Autofluorescence sources

Based on the results from the last subsections, there are no materials that
combine suitability for cell immobilization with excellent optical properties. All
materials evaluated in this thesis exhibit background fluorescence at emission
and excitation wavelengths used to detect the fluorescence intensity of labeled
proteins. In order to understand these results, basic definitions concerning
fluorescence signal and some potential sources of autofluorescence are described
in this subsection.

Autofluorescence is the natural fluorescence of a substance, which is distributed
in plants, animals and minerals. Generally, this fluorescence is generated
by the presence of aromatic molecules. Thus, fluorescence can be found in
substances such as proteins, coenzymes and sundry pigments. On the other
hand, fluorescence in minerals is generally caused by the presence of impurities
or organic materials [Ros92) [Ros95]. Then, background fluorescence signal can
be generated by cells or by the surfaces on which they are situated. In the
most of cases, autofluorescence is an undesirable signal that overlaps with or
otherwise distorts more important signals to detect. Like in the current thesis,
autofluorescence can be a very disturbing factor in immunoassay systems based
on fluorescence detection.

3.4.1 Fluorescent substances

Each molecule can generate fluorescence and the intensity depends on the chem-
ical structure. Generally, the majority of organic components are fluorescent
due to the presence of unsubstituted aromatic materials that exhibit strong
fluorescence at ultraviolet or visible wavelengths [Ros92]. Aromatic compounds
contain conjugated double bond, in which electron rotation along the aromatic
ring takes places producing fluorescence light. Figure [3.23| shows the chemical
structure of aromatics compounds, which generate strong fluorescent signals.
Depending on the size of the conjugated material (see I, II, III, IV, V, VI,
and VII of figure , so usually do the wavelength of fluorescence. For
example, benzene (I) and naphthalene (II) fluoresce ultraviolet. In the case
of anthracene (III), naphthacene (IV) and pentacene (V), the fluorescence is
blue, green and red, respectively. In particular, fluorescein (VI) exhibits strong
green fluorescence, while phenolphthalein (VII) shows weak red fluorescence.
The reason of this phenomenon is due to the conjugated regions. The fluorescein
molecule has a large and conjugated region, while phenolphthalein has three
smaller conjugated regions which are not coplanar [Ros92].
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Figure 3.23: Chemical structure of several aromatics hydrocarbons as follows:
benzene (I), napahthalene (II), anthracene (III), naphthacene (IV),
pentacene (V), fluorescein (VI) and phenolphthalein (VII) [Ros92].

3.4.2 Environmental factors

The fluorescence of organic molecules depends also on environmental factors
including ionic strength, pH, temperature, viscosity or rigidity of the medium
and binding of macromolecules. PH changes affect particularly compounds
such as fluorescein, which can therefore be used as pH indicators because of a
marked change from strong to weak fluorescence or a change in color [Ros92].

3.4.3 Autofluorescence in optical systems

Emitted autofluorescence can also be generated from the elements implemented
in the optical unit such as glass lens, filters, adhesive material used between
adjacent components of multi element lens or filter or just impurities on the
optical system [R0s92]. When the laser in use is a diode laser, multiple filters
are required to suppress the laser emission to long wavelengths of the primary
mode. The use of each filter increases consequently the background fluorescence
[MEO3].
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Background signals from the optical system could be reduced by selecting
optical components with high quality. However, background photons generated
from the sample itself could not be easily eliminated. The most common case is
the Rayleigh scattering coefficient at wavelength. When a molecule is excited by
an absorbed photon to a higher vibration level without any electronic transition,
energy is entirely conserved and a photon of the same energy is re-emitted as the
molecule returns to its original state. This phenomenon is known as Rayleigh
scattering [Ros92]. Rayleigh scattered photons have the same wavelength as the
incident light, this is considered as elastic scattering [MF03]. This undesirable
interference can be reduced by using ultraclean scratch-free substrates having
the highest quality.

Another source of background fluorescence is the residual fluorescence from
other impurities. This signal is directly proportional to the volume of the
illuminated sample. Even if the fluorescence signal to be detected is generally
weak in biosensing, unwanted impurities or molecular components, particularly
in biological samples, can emit strong residual fluorescence. The reason is
because many molecules of order million may be present in the illuminated
volume [MF03]. To reduce this background fluorescence, the use of ultrapure
solvents as well as water is required for sample preparation.

3.4.4 SU-8 autofluorescence

As explained earlier, autofluorescence is caused mainly by the chemical com-
position of the material. This is the case of the photoresist SU-8, which is
composed of SU-8 resin and the photo acid generator (PAG). The chemical
structure of SU-8, but mainly the chemical structure of PAG might be the main
source in its autofluorescence. The majority of photoinitiators are aromatic
carbonyl compounds, which generate fluorescence as mentioned previously. The
chemical structure of PAG is shown in figure [3.24]

The photoinitiator is one of the components, which shows strong autofluores-
cence in the photopolymers. Fluorescent behavior of the photoinitiator has also
been demonstrated by [PWS™07]. In that work, several photoinitiators were
tested and the results indicated that the fluorescence produced by photopoly-
mers such as SU-8 and 1002F is associated with the use of photoinitiators.
Another source of this fluorescence can be the cross linking chemistry of poly-
merized SU-8. During UV exposure of SU-8, PAG generates H "-ions changing
the pH.
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The interaction of HT-ions and pH change might be also the source of fluo-
rescence in SU-8 [Voil0]. According to that reference, the intensity of SU-8
autofluorescence depends on the excitation wavelength and intensity of the
excitation light.
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Figure 3.24: Chemical structure of PAG provided by micro resist technology [Voil0].

SU-8 autofluorescence might increase when the excitation wavelength decreases
from 632 to 325nm and when the intensity of light increases. An additional
factor that might affect the fluorescence intensity of SU-8 might be given by
the temperature during the fabrication process. In this process, SU-8 must be
baked in temperatures from 65°C to 80°C in order to evaporate the solvent and
densify SU-8 structures (see Chapter . Hence, temperature including baking
times might influence strongly SU-8 autofluorescence.

Despite the many factors that influence SU-8 autofluorescence, there is a com-
mon technique that might be applied to reduce this unwanted signal. This
is the quenching method, which can be a good alternative for reducing the
fluorescence as minimum as possible. According to [Voil0], dynamic quenching
could be used for minimizing fluorescence in SU-8. Dynamic quenching, also
known as purely collisional quenching, involves a collision between the excited
energy of the fluorophore and the quencher removing excitation energy into
heat instead of emitted light. Hence, quenching performance depends on how
fast the quenchers can diffuse through the sample and collide with the fluo-
rophore. The main disadvantage of the quenching method is the concentration
required of quencher molecules. Thus, the quenching efficiency depends on the
concentration as follows: the higher the quencher concentration, the greater
their contribution to reduce the fluorescence. For improving quenching effi-
ciency, the fluorophore and quencher molecules must also be in close physical
proximity being < 10nm [Gmb]. Due to the high price of quencher molecules
and necessary conditions for the efficiency, the use of quencher molecule is
limited in the current thesis.
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3.5 Results and discussion

As experimentally demonstrated in previous sections, all biocompatible poly-
mers and substrate materials tested in this thesis exhibit autofluorescence
by itself and this is mainly due to their aromatic composition. Because the
acquisition of materials with non-fluorescent behavior was limited, the selection
of materials in this dissertation was based mainly on their homogeneity and
biocompatibility.

In the case of the substrate material, the polymer material PMMA GS has
been selected to be the initial substrate material for preparing and testing
biocompatible surfaces. This selection was primarily based on measurements
performed by the optical detection system, which indicated that PMMA GS is
the best material to be used as substrate material due to its uniformity and
very low background fluorescence compared to the other polymer materials.

In this chapter, the photopolymer material for cell immobilization was also
selected. UC6772 and SU-8 have been selected because of the presence of
epoxy groups, which provide discrete sites for immobilization of cognitive agents
including proteins, antibodies and antigens. Besides the biocompatibility, the
material for cell immobilization should show low background fluorescence in-
tensity and have excellent properties to fabricate microstructures with high
aspect ratio. Although UC6772 exhibits an extremely low background fluo-
rescence compared to SU-8, its use was limited in the scope of this thesis.
This limitation is caused by the fact that UC6772 is only available in low
viscosities ranging between 200 and 400mPas [Pan09] avoiding the fabrication
of microchannels with high resolution. Moreover, UC6772 implies the use of
molded microstructures, which exhibit high background fluorescence and also
inhomogeneity.

In accordance with these observations and since SU-8 has great potential for cell
immobilization and fabrication of high aspect ratio microstructures, photoresist
SU-8 has been selected as material for the microchannels in this dissertation.
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Chapter 4

Microfluidic Devices for Heterogeneous
Immunoassay

The present chapter addresses the design and simulation of different channels
structures in order to examine how changes within the microchannel geometry
can affect the flow profile and thereby, the behavior of biomolecules along a
microchannel. For this purpose, three different geometries of microchannels
were designed and subsequently simulated using the software Comsol Multi-
physics 4.2. The interaction of the biomolecules was then estimated on basis
of the results obtained from the simulations. An optimal microfluidic structure
for the biosensor system was determined by simulation results, which were
mainly focused on the pressure distributing, flow resistance and flow velocity
distribution within the microchannels.

4.1 Working principle

Since the concept of micro total analysis system (uTAS) appeared, the develop-
ment of microfluidic devices and their application have increased enormously.
Microfluidic systems can be utilized to obtain a variety of interesting mea-
surements, which are very useful for high throughput biomedical analysis. For
example, particle size estimation, particle separation, cell collection, manipu-
lation and cell detection are some of many functions that can be applied in
research fields such as biology, medicine, chemistry and other biotechnologies
sectors [CCLLOS, IRMT™*05, YHH'06].

The material, shape and complexity of microfluidic devices vary according to
their application. Some microfluidic systems are composed of a single channel
[RMT™05], while others consist of many components such as mixers and valves
[JFG™01, INW05, [TL02]. In this dissertation, passive microfluidic devices have
been fabricated, which use only hydrodynamic forces to orient biomolecules
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in the flow stream and hence, heterogeneous immunoassay takes place. These
microfluidic systems have been developed based mainly on the geometry and
material of the microstructures considering the fabrication process technology
for mass production. Selected materials have to provide excellent features for
the fabrication of structures with high shape accuracies and biocompatibility.
Likewise a low ground fluorescence and appropriateness for mass production are
also important parameters, which were also considered in the selection of the
materials. Further, a geometric design is needed to be found, which provides
the required flow velocity homogeneity. The geometry and material of the
microstructures are introduced in the following subsections.

4.1.1 Material of the microstructures

Immunoassay represents a powerful tool for bioanalytical systems that permits
specific, rapid and sensible detection of the antibody-antigen interaction. In
immunoassay applications, the selection of the support material is an important
issue because it directly determines the stability of antibody-antigen adhesion.
In Chapter [3] the photopolymer SU-8 was selected for the fabrication of the
microstructures, because it provides excellent features to create highly precise
structures with vertical sidewall profiles. Besides the excellent properties of
the SU-8 to fabricate accurate microfluidic systems, this photopolymer is com-
patible to biosamples as demonstrated by [BKJT08] and also shown in this
dissertation (see subsection . This biocompatibility of SU-8 allows the
development of immunoassay systems directly onto its surface. It supports the
possibility to immobilize microorganisms within a microfluidic device, in which
the microchannels are composed of SU-8. Based on this concept, bioparticles
(e.g. specific antibodies) can be fixed on the SU-8 microstructures. Figures[4.1]
and [£:2 show a schematic concept of this working principle. Required reagents
are introduced by way of pressure driven flow into the channel.

SU -8

Microchannel

Immobilized
Antibodies

Figure 4.1: Schematic representation of the microchannel made out of SU-8, on
which specific antibodies are immobilized.
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Specific
Contamination

Antibody-Antigen
Reaction

Figure 4.2: Schematic representation of the microchannel made out of SU-8, on
which antibody-antigen reactions takes place .

When a contaminated fluid is then introduced by way of pressure driven flow,
antigens that are flowing through the microfluidic system, bind to the immo-
bilized antibodies onto the SU-8 surface. The surface of the microchannel
provides an innovative tool for detecting antibody-antigen reactions, with-
out requiring complicated and sophisticated instruments and several hours for
sample preparation before the users can visualize the results. In the current
thesis, passive microfluidic devices are fabricated by using SU-8 as the unique
component of the microstructures, which offers the advantage of being able
to biologically active all inner surfaces. Consequently, a significant number of
antibodies and corresponding antigens might be immobilized on all sides of the
microchannels.

4.1.2 Microchannel geometry

Microchannel geometry plays an important role in controlling cell immobi-
lization. Channel geometry in conjunction with pressure drop governs the
flow profile as well as the behavior of the contaminant biomolecules within
passive microfluidic systems [GKAT09, [HGLO7, [TL02]. The main require-
ment to design microfluidic devices for heterogeneous immunoassay is that
the microchannel provides a flow profile with homogeneous flow velocity, thus
ensuring an uniform distribution of bioparticles along the microfluidic channel.
Based on this requirement, this thesis provides an analysis of the flow effect
using three different shapes of microchannels. Flow behavior was also analyzed
under different aspect ratios being the proportional relationship between the
width and height of the channel (W/H). The results obtained from numerical
simulation and corresponding experimental results have been used to find out
a proper layout design for the current immunoassay procedure.
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4.2 Hypothesis of particles trajectory associated with the flow
profile

In microfluidic applications, Reynolds number is low and consequently, the
flow becomes laminar. This is demonstrated in further analysis (see section
. Since the flow is laminar, trajectories of the particles coincide with the
direction of the streamlines as numerically and experimentally demonstrated
by [XL06, IAJJT09]. So, the convective transport provides no mass production
perpendicular to the flow direction. Hence, particles from the center of a
channel can only reach the surface by means of the diffusive transport, which
is relative low. The probability, if a particle enters the channel more likely in
the center or closer to the wall is mainly influenced by the flow velocity profile
within the channel. Therefore, the flow velocity profile was analyzed based on
the effect of height and microchannel shape. As the size of the particle to be
detected is very small and the concentration of the bioparticles is so low, like
in the current dissertation, it can be assumed that the flow behavior might
not be disturbed by the presence of the bioparticles. The particle-free fluid
flow is then governed by the continuity-hypothesis, momentum- and diffusion
equations.

4.2.1 Parallel straight microchannels

Straight microchannels are the most common configuration in microfluidic
systems, in which the lenght and width are much bigger than the height of
the channel. Consequently, the majority of particle-wall interactions take place
at bottom and ceiling. The first microfluidic device developed in this thesis is
composed of eight parallel straight microchannels (see figure [4.9). Figure [4.3
is a schematic representation of the trajectory of the biomolecules through a
straight microchannel.

The streamlines are parallel to the channel length considering laminar flow in
these rectangular channels. The velocity profile is nearly parabolic as shown
previously in figure m The maximum velocity is given in the middle of the
channel and the velocity is zero at the wall. The biomolecules initially located
at the center of the channel require the longest time to diffuse to the wall.
Based on the flow profile and expected trajectory of the biomolecules, a large
amount of biomolecules flow at the center of the channel mainly due to the high
velocities in this region. Nevertheless, the biomolecules are distributed evenly
at the entrance of the channel.
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Figure 4.3: Schematic representation of the biomolecule distribution along the
parallel microchannels. The red circles represent the biomolecules.
Bioparticle concentration is considered to be uniformly dispersed across
the entrance section. In accordance with the ballistic random walk
method (BRW), microparticles show similar trajectories as well as the
flow streams. Particle trajectory could be slightly modified by the effect
of Brownian motion [BSI0]. BRW method is not described in this thesis.

4.2.2 Meander shaped channel structures

Another common geometry used in microfluidic applications is the meander
shaped channel. Depending on the velocity, the fluid is transported from the
inner toward the outer wall, thus increasing the contact between the bioparticles
and the surface of the channel. This effect is explained by centrifugal force as
described in [SUQ6]. In that study, micromixing effect could be enhanced by
introducing curvature and modifying the channel width. Under appropriated
conditions (Re number and respectively De number), flow traveling in curved
channel may be disrupted yielding chaotic particle trajectories [SUQO6], thus
providing the contact between the particles and the wall of the curved channel.
Based on that, the second microfluidic structure selected for the current thesis is
a meander shaped channel design with five channels, which are parallel aligned

as illustrated in figures @ and

By using the meander channel structure, diffusive transport is caused by the
centrifugal effect [SUO6] and consequently, the contact between the bioparticles
and walls of the channels increases. Figure @ depicts the schematic represen-
tation of the trajectory of the biomolecules along the meander shaped channel
structure. The majority of the particles might flow near to the outer wall
because of the centrifugal force as represented in this figure.
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Figure 4.4: Schematic representation of the biomolecule distribution along a
meander microchannel. The red circles represent the biomolecules.
Bioparticle concentration is considered to be uniform across the entrance
section. Under appropriated conditions (Re number and respectively
De number), flow traveling in curved channel may be disrupted yielding
chaotic particle trajectories [SU06], thus providing the contact between
the particles and the wall of the curved channel.

4.2.3 Channel with structured columns

Obstacles within a microchannel are very useful feature in microfluidic systems.
They reduce the diffusion path, homogenize the fluid and thus promote bio-
chemical reactions on surfaces such as antigen-antibody recognition and protein
interaction [BS10]. In Reference [WIHMO02], cylindrical obstacles or columns
have been placed in a microchannel to improve the mixing effect in microfluidic
systems. At low Reynolds numbers, turbulence cannot be generated by the
placement of obstacles in a microchannel. However, the obstacles improve
mixing performance by affecting the flow pattern altering the flow direction
and thus creating lateral mass transport [WIHMO02]. Based on this concept,
the third microfluidic device proposed in this thesis is realized as a microchannel
with structured columns as depicted in figures and

An interesting advantage of the columns is the presence of the stagnation point,
where the fluid is divided into diverging streams when approaching a solid
surface. The stagnation point is located at the center of the solid surface
between the divided streamlines and the convective velocity in this zone is
reduced to zero, thus only diffusion is present. Any symmetrical obstacle like
a cylinder or column placed in the stream as shown in figure produces a
stagnation point next to its upstream surface. Considering this figure as an
example, the fluid from the point O to X can turn neither to the right nor
to the left on reaching the point X. Hence, the velocity at X is zero that is
defined as stagnation point [Sta79].
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Figure 4.5: Stagnation point around a symmetrical object [Sta79]

The placement of the columns in a microchannel has a significant influence on
the flow profile as well as on the trajectory of the bioparticles. A considerable
amount of bioparticles are forced to flow near to the columns due to the altered
flow pattern. Furthermore, the bioparticles, which have direct contact with
the wall of the columns, might bind immediately to the surface due to the
zero velocity in this region as explained by the stagnation point. Assuming
an staggered arrangement of the columns and a parabolic velocity profile in
the cross section of the entrance, small bioparticles follow a straight line until
approaching the wall of the columns (see figure .
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Figure 4.6: Schematic representation of the biomolecule distribution through a
microchannel with placed columns. The red circles represent the
biomolecules and blue circles represent the columns. An staggered
arrangement of the columns is considered. Once bioparticles approach
the column surfaces, bioparticles cannot continue flowing through the
microchannel. Biomolecules may bind covalently to the column surface
on the stagnation point, where the velocities are reduced to zero.

As observed in figure the columns within the microchannel alter the flow
direction. Thereby, fluid including the bioparticles tend to flow around to
the columns area promoting the collision between desired bioparticles and
the wall of the columns. A microchannel with structured columns placed
inside is also used for sorting out particles and cells by Deterministic Lateral
Displacement (DLD) principle. Small particles follow the streamline, whereas
large bioparticles are shifted when approaching the columns [BSI10]. This
further increases the probability of homogenized distribution of the particles
over bottom and ceiling of the microfluidic device. A parabolic flow cannot be
developed, which would centralize the particle flow over the time integral.
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4.3 Design of microfluidic channel structures

4.3.1 Aspect ratio

In microfluidic devices, the flow is typically considered laminar due to the low
velocities and the small overall channels dimensions. In order to verify, whether
the flow pattern is laminar or turbulent in the current design, the evaluation
of the Reynolds number (Re) defined as the ratio of inertial forces to viscous
forces was required. Using equation [2:2] Reynolds number could be calculated
at different flow rates (0.6mL/min up to 3.8mL/min). Figure depicts how
aspect ratio affects Reynolds number.
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Figure 4.7: Reynolds numbers according to the microchannel cross-section at
different flow rates. (W/H: width/height). First microchannels are
500pm in width, while the height range between 70pm and 210pm. Milk
was considered as fluid inside the microchannel, which has a viscosity
and a density of 1.76mPa- sec and 1033kg/m3 respectively at room
temperature [Fis04]

In literature, Re number up to about 2100 indicates streamline flow and values
above 4000, the flow is considered as turbulent [Spu97]. Analytical calculations
indicate laminar flow (Re << 2100) as given in figure As expected, the
flow becomes laminar, regardless of flow increase or decrease of the effective
diameter within adequate ranges. This laminar behavior is significantly less
efficient for mass transfer perpendicular to the flow direction, hence to the
channel walls. The absolute dispersion of particles within the microchannels is
then determined by diffusive transport.
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4.3.2 Microfluidic channel design

A cross section of the flow velocity profile generated in microchannels with
different shape structures should be as uniform as possible to ensure a homo-
geneous distribution of adherent cells. In this thesis, three different microflu-
idic channel geometries have been proposed with the aim to identify how the
geometry affects the flow profile and thereby, the behavior of bioparticles.

A single square-shaped channel cannot fulfill this requirement, because the
velocity profile in the cross section is considered to be nearly parabolic and
therefore non-uniform [BS10]. Consequently, in this dissertation, microfluidic
devices have been designed with multiple microchannels, which are aligned
parallel and sharing the same inlet and outlet. This configuration of subchan-
nels increases the surface and improves the velocity profile. Figure (a)
shows a single microchannel with the respective velocity flow profile. Figure
(b) depicts a microchannel separated in several subchannels. As observed
in this figure, the separation of the channels influences strongly the velocity
flow profile. The velocity is improved from channel (a) to (b), since the flow
characteristic changed from parabolic to nearly plug-flow ensuring an uniform
or constant velocity across any cross-section.
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Figure 4.8: (a) Parabolic velocity flow profile along a single microchannel (b) Nearly
plug-flow velocity profile along a microchannel divided into several
subchannels [BST0].
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Based on this concept, the fluidic structures proposed in this dissertation are
based on channels divided in several subchannels and different shapes:

e Parallel straight channels
e Meander shaped channels

e Channel with repetitive staggered arrangement of columns placed per-
pendicular to the flow direction

These fluidic structures are shown in figures and respectively.
Each device consists of 3 functional sections: an inlet section, the main section
for antibody immobilization/analysis and an outlet section. The in- and outlet
sections have been designed identically for giving free choice to the user in
connecting the device.

The parallel straight microchannels and meander shaped channel structures
are composed of microchannels, which are 500um in width. In the case of the
channel with structured columns, the distance is 500um between the columns
in a row and between the rows in which column position is staggered. These
microfluidic channel structures were designed on a surface of 40 x 10mm?
enabling the parallel production of 12 units on 1 wafer with 100mm in diameter.

Figure 4.9: Conceptualized graphic of the microfluidic device with parallel shaped
microchannels. Channels and walls are 500pm and 50pum in width
respectively.

Figure 4.10: Conceptualized graphic of the microfluidic device with meander shaped
channel structures. Channels and walls are 500pm and 50pm in width
respectively.
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Figure 4.11: Conceptualized graphic of the microfluidic device with structured
columns.  The white points represent the columns in staggered
arrangement, which have a diameter of 50pum. The distance between
the columns is 500pum, perpendicular to the flow direction.

Besides of the channel shape, aspect ratio is another critical technical speci-
fication microfluidic devices, especially when dealing with immunoassay. The
flow profile including biomolecule performance changes with the aspect ratio,
even though at constant flow rates. To identify a proper aspect ratio, velocity
flow profile of the proposed microfluidic structures are therefore analyzed at
different channel heights: 70pum, 150pum and 210pm.

4.4 Simulation results

Computer simulations were performed using the software Comsol Multiphysics
4.2. This software can be used to design, model and simulate microfluidic
structures and micro electro mechanical systems (MEMS). By means of com-
putational fluid dynamics (CFD), the impact of local non-uniformity of the
velocity profile can be examined in each microfluidic structure. To initialize
the simulation using CFD solvers, boundary conditions were defined.

For the simulations run in this thesis, a fluid through a rectangular microchan-
nel was considered. Then, the boundary conditions were set as laminar, steady
state, incompressible and mono-phase fluid with constant properties. Milk
was considered as fluid having a viscosity of 1.76mPa- sec and a density of
1033kg/m3 at room temperature [Fis04]. Milk was pumped through the mi-
crofluidic channels under a constant differential pressure of 500mbar. Effects
of dissipation, pressure-volume work and body forces are neglected. The rar-
efaction effects set the slip velocity at the fluid-wall interface.

The simulations presented in this thesis are focused on the analysis of the
total pressure drop and flow uniformity at the center of the microfluidic chip,
i.e., between the inlet and outlet ports. Additionally, the flow velocity was
investigated within individual microchannels to accurately study the effect of
microchannel shape on the flow behavior. These channels were numbered
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downward from the top. In the simulations presented in this thesis, flow
velocities and pressure are represented by the shape of the color trajectory.
Red color represents high flow velocities and pressure, while blue color shows
low flow velocities and pressure.

Parallel straight microchannels

Figure [£12] shows the distribution of pressure decrease within the microchan-
nels at room temperature. As expected from subsection[2.3.6] pressure depends
on flow direcion and section size distribution.
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Figure 4.12: Pressure distribution along the parallel microchannels having a channel
height of 70um.

Pressure decreases gradually from the inlet to the outlet of the microfluidic
system as shown in figure It can be seen that all parallel channels are
evenly affected by the pressure. Any channel has a higher or lower pressure
loss than the others. The only difference between them is the starting pressure,
which decreases slightly with the distance to the inlet. But the closest channel
to the inlet is the farthest from the outlet, which creates the same pressure
drop and an uniform pressure gradient within all channels. This simulation
result shows that the optimization of the in- and outlet has been successful
with regards to an even pressure distribution.

The resulting flow velocity within this microfluidic device is illustrated in figure
and represented by the shape of the color trajectory. The inlet shows a
velocity gradient due to the broadening of the channel width and diameter
respectively. This behavior is expected due to the incompressibility of the
fluid. The distribution of the gradient around the inlet slightly differs from the
velocity gradient in the outlet section. Nevertheless, the velocity within the
channels does not seem to differ from channel to channel, which is also proofed
by further results.
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4.4 Simulation results

At the in- and outlet sections of the device, the velocity is higher than in the rest
of the device. That is expected, due to the increased area in the middle of the
fluidic device being the main section. The in- and outlet area are approximately
three times less than the rest area of the fluidic device, thus reducing the
velocity considerably. The design of parallel straight microchannels generates
uniform velocity fields within a large area as shown in figure [.I3] As observed
in this figure, the velocity along all microchannels does not have any relevant
modification within the main section of the device. Nevertheless, the flow
velocity needs to be analyzed in more detail to confirm the flow homogeneity.
Therefore, the effect of different aspect ratios on average velocity was also
analyzed by means of simulation results.

Slice: Velocity magnitude (m/s)

%1072
0 10 20 30

‘ 20
| x10*
0

y %107

vo EET R .73

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 4.13: Flow velocity distribution within parallel straight microchannels with
channel height of 70um.

For this purpose, the flow velocity was examined within each individual mi-
crochannel, hence these channels were numbered downward from the top. Flow
profiles of all channels were measured in the middle of the fluidic device. After
that, resulting flow velocity profiles were compared. The effect of different
aspect ratios on average velocity and velocity distribution are illustrated in
figure[f.14] The graphs observed on the left side of this figure show the velocity
field profile of one exemplary channel in the main section. These graphs also
display the cross section in the middle plane in x axis of each channel, wherein
the flow velocity profile was examined (red line). Additionally to that, the
graphs observed on the right side of figure [£.14] depict the velocity profiles of
all eight channels of the system in this cross section.

Figure [f.14] shows resulting flow velocity profiles within parallel straight chan-
nels having different heights but identical width being 500um: figures (a)(b)
correspond to channels with 70um (b)(c) to 150pum and (c)(d) to 210pm in
height. It can be seen how the aspect ratio forms a concave to a convex shaped
profile.
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Figure 4.14: Parallel straight microchannels: flow velocity profile of microchannels
with different heights (a)(b) 70um, (c)(d) 150pum and (e)(f) 210pum.
Left side: velocity field profile of one exemplary microchannel. Right
side: comparison of the flow velocity along x-axis cross section of all
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microchannels of a microfluidic system in the main section.
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4.4 Simulation results

In figure [£:14] the different values of velocity magnitude as a function of the
channel width are compared. The microfluidic device with 150um height shows
a flow profile similar to plug-flow indicating an uniform and constant velocity
magnitude along the channel (see velocity magnitude between 120pm - 380um
in x-direction in figure |4.14] (d)). Further, it can be seen how similar the flow
behavior develops in each channel of one microfluidic device.

Simulation results are consistent with the general observation that flow rate
decreases when approaching the channel wall, while flow rate increases when
approaching the center of the channel. Interestingly, simulation results demon-
strate that microchannels with 150pum in height and 500pm in width at a
constant differential pressure of 500mbar leads to a trapeze shaped flow graph
in the vertical middle of the channel (see figure (d)). This distribution
can be observed along all microchannels within this fluidic system in the main
section. This flow profile was also observed in other simulations with lower
differential pressure.

Accordingly, this design ensures that most of the cells are subject to an uniform
velocity. In this area of equal velocity besides the convective transport, particles
can move freely by Brownian motion and diffusion without being affected by
shear stress. Hence, the immobilization of molecules within straight parallel
channels with 150pm in height and 500pm in width is expected to be homo-
geneous. The microfluidic devices with 210um in height and 500pm in width
are not optimal for the current application. In this fluidic system, many cells
are forced to move in the center of the channel because of the parabolic flow
profile, thus limiting the contact between the cells and activated walls.

Meander shaped channel structures

Figure illustrates the pressure gradient within a microfluidic device with
meander shaped channels. As observed in this figure, the initial pressure
decreases slightly, when approaching the outlet of the microfluidic system. In
this design, an uniform pressure gradient is generated within all channels like
observed in the simulation results of the parallel straight channels.

On the other hand, the velocity flow profile in this design is totally different from
all the previous results observed in the simulations results of parallel straight
channels. The velocity field profile of the meander shaped channel structures
is shown in figure [£:16]
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Figure 4.15: Pressure distribution along a microfluidic system with meander shaped
channel structures with 70pm in height.

As estimated in the hypothesis of the particle trajectory (see section , the
flow velocity would be higher at the outer side of the curve. But the specific
simulation results show a higher velocity at the inner sides of each curve as
observed in figure So, centrifugal effect did not take place. The absence
of the centrifugal force has not been further investigated in the scope of this
thesis. However, the flow velocity changes markedly according to curvature
radius. As the curvature radius is decreased, the low and high velocity zones
become more different causing strong non-uniformity in the flow velocity profile.
Similar results have been found in [GKAT09).

The non-uniformity might cause collision between the moving cells and the
already adhered cells, thereby removing them from their catching cells on the
activated surface. On the other hand, the presence of low velocity on the
curve implies low shear stress areas expecting the binding of a large number of
molecules.
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Figure 4.16: Flow velocity distribution within a microfluidic system with meander
shaped channel structures with 70pum in height.
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4.4 Simulation results

To get a better impression of this non-uniform flow velocity distribution, the
individual velocity profiles of each channel were examined. The central left
curve (in flow direction) in figure[£.16] was chosen as representative examination
area. Therefore, the channels were also numbered downward from the top.
Resulting flow profiles were measured in the middle of the system and then
compared. The effect of different aspect ratios and channel shape is depicted
in figure [fI7] This figure shows resulting flow velocity profiles within meander
shaped channel having different height but identical width being 500um: figures
(a)(b) correspond to channels with 70um (b)(c) to 150um and (c)(d) to 210um
in height. The graphs on the left side of figure[f.17show the velocity field profile
of one exemplary meander channel in the main section. The cross section (x
axis) is also shown, wherein the flow velocity profile was examined. Velocity
profiles of all five channels of the system are also illustrated on the right side of
this figure. It can be observed, how the velocity at the inner side of the curve
is increased and decreased in the outer curve. The velocity decreases to zero
at the channel wall due to the boundary conditions.

Interestingly, the velocity flow profiles of different channels are very similar
to each other. The strongest deviation of the profile of one channel towards
the others are given by channel 1 within the design with a channel height of
7TO0pm (compare figures and (b)) and channel 5 (the outer channel)
within the design with a channel height of 210um (see figure [£17 (f)). The
design with a channel height of 150um is again the design with the most even
conditions because the deviation between the channels are very low. The flow
with the highest velocity magnitude at the inner curve ends with the curve of
the channel. Then, e.g. after a left curve, as examined in figure a right
curve follows. The flow profile is swapped and realigned with its peak at the
other side of the channel being the new inner-curve. Figure shows how
flows have different velocity magnitudes in the curved regions being useful for
enhancing diffusive mixing as demonstrated by [SU06].

The resulting effect within curved channels is theoretically referred as Dean
flow. Dean flows streams can be induced, thereby increasing diffusive transport
with shorter downstream distances than in straight channel designs. The
meander shaped channel structure with 150pm in height and 500um in width
shows the most homogeneous distribution concerning velocity magnitude and
flow profile among all channels.
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Figure 4.17: Meander shaped channels: flow velocity profile of microchannels with
different heights (a)(b) 70um, (c)(d) 150pum and (e)(f) 210pum. Left
velocity field profile of one exemplary microchannel.
side: comparison of the flow velocity along x-axis cross section of all
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microchannels of a microfluidic system in the main section.
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4.4 Simulation results

According to the simulation results, it can be expected that a significant number
of cells can be absorbed on the channel wall. Nevertheless, fluid samples cannot
be examined in short times like within the straight microchannels. The maxi-
mum velocity magnitude within the straight microchannels is approximately 1.5
times higher than in the meander shaped channel structures. This assumption
is also demonstrated in further simulation results, where the flow resistance of
each fluidic was compared (see sections and [6.1)).

Channel with structured columns

The current microfluidic device contains several integrated columns in staggered
arrangement, which are 50pm in diameter. Figure shows the pressure
distribution. In comparison to the already analyzed fluidic systems, the channel
with structured columns presents the most homogeneous pressure distribution
from the inlet to the outlet of the fluidic system.
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Figure 4.18: Pressure distribution along a microfluidic channel with structured
columns with 70pum in height.

The pressure uniformity is caused by the symmetric position of the in- and
outlet of this system and also, because of the repetitive staggered arrangement
of the columns. Symmetric arrangement causes high local pressure drops, thus
influencing the mixing performance [GSSM11]. The staggered arrangement
provides a close contact between the fluid and activated surfaces. Although
the generation of turbulence does not exist when Re is lower than 2100, the
placement of staggered arranged columns in a microchannel creates complicated
flow patterns. As observed in figure[4:19] flow velocities decrease in the vicinity
of the columns, whereas the velocity in the rest of the channel markedly
increase in x-direction. This particular flow profile influences the particle
distribution, thus contributing to enhanced cell adhesion and subsequently en-
richment. According to these results, a large amount of particles is expected to
be immobilized around the columns assuming a homogeneous cell distribution.
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Figure 4.19: Flow velocity distribution within parallel straight microchannels with
channel height of 70pm.

As performed in previous fluidic designs, the flow velocity of this channel with
integrated column structures was also examined in detail, within individual
microchannels. The distance between each column was defined as a channel
and they were also numbered downward from the top. Flow profiles of all
channels were measured in the middle of the microfluidic device. The effect
of different aspect ratios on average velocity is illustrated in figure This
figure shows resulting flow velocity profiles within a microfluidic device with
integrated columns structures having different heights but identical width being
500pm: figures (a)(b) correspond to devices with 70um; (b)(c) to 150um and
(c)(d) to 210um in height. Figures on the left side depict the velocity field
profile of one exemplary channel in the main section. These figures also show
the cross section in the middle plane in x axis of each channel, wherein the flow
velocity profile was examined. Figures on the right side illustrate the velocity
profiles of all seven channels of the system in the main section.

As observed in figure integrated columns within a microchannel generate
non-uniform flow velocity profiles. However, this fluidic design cannot be
compared directly with previous fluidic designs because of it has completely
different channel geometry or rather cross-section. This fluidic system consists
of only one channel with integrated obstacles, i.e. columns, which may reduce
the diffusion path and contribute to biochemical reactions [BS10]. Integrated
columns within a microchannel in staggered arrangement improve mixing per-
formance by affecting the flow pattern and thus, altering the flow direction
[GSSMT11l WIHMO02]. When the main flow approaches an integrated column,
the flow is split in multi narrow streams until approaching the next column.
This effect takes place repetitively along all the channel. Once the flow stream
approaches the columns, a significant amount of particles can be immobilized
around the columns because the biomolecules mainly follow the streamlines of
the laminar flow.
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4.4 Simulation results
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Channel with integrated columns: flow velocity profile of microchannels

with different heights (a)(b) 70um, (c)(d) 150um and (e)(f) 210pm.
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velocity field profile of one exemplary gap between two

structured columns (channel equivalent). Right side: comparison of
the flow velocity along x-axis cross section of all channel equivalents of
a microfluidic system in the main section.
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4.4.1 Flow resistance

The flow resistance of all proposed microfluidic devices was also evaluated.
Resulting simulation results are shown in figure[{:21] As expected, the relation-
ship of pressure and flow rate is roughly linear (section . The microfluidic
device with integrated columns shows the lowest flow resistance in comparison

with the other channel configurations. At low flow resistance, high flow rates

are generated, that is an advantage because fluid samples can be analyzed in a

relatively short time.

70
o — -Parallel
E 60 . ) microchannels
g . e
=] Y2 .
5} . o
g 50 P e
o 2 .-//" — -Meander
é 40 7 7 shaped
— . e
= 7 // . channel
[0} 30 .,
g VZ ) // . structures
7] K o .
8 20 /L Z — -Channel with
& /'. z integrated

10 ot column

7 structures
0 J
0 5 10 15 20 25 30 35

Flow rate [ml/s]

Figure 4.21: Comparison of simulation results of pressure and flow rate.

4.5 Results and discussion

In general, turbulent flows make possible that the fluid including bioparticles

moves in a random manner and thereby provide contact to the surfaces. Nev-

ertheless, on the micro scale most flows are laminar avoiding mixing effects
which is indicated by low Reynolds numbers (see subsection [2.3.2]). Generally,
diffusion is not very effective, when microfluidic channels are over 100pm in

height, especially for biomolecules with low diffusion coefficients. In that case,

long channels are required to provide appropriate residual time for diffusion.

However, the pressure drop is directly proportional to the length of the channel,

making it difficult to drive the fluids through the channels.
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4.5 Results and discussion

In the previous sections, the influence of geometrical dimensions and shape of
the distribution chambers on the velocity distribution were evaluated to find
out a suitable geometry of the microchannel, so that diffusion takes place in
reduced times. The flow rate and pressure drop from the simulations were used
to confirm the research scope on the flow uniformity and possible diffusion tra-
jectory of the biomolecules. Three different geometry designs of microchannels
were proposed and subsequently simulated. The interaction of the molecules
was estimated on basis of the results obtained from the simulations.

The simulations show that all designs cause a constant pressure drop, and that
the flow is divided evenly to each channel of a microfluidic device. A closer
look to the flow behavior of the different types of design revealed interesting
properties of each channel structure. Therefore, a choice on just one design
has been not made at this point of this thesis. Also because an homogeneous
adhesion of the specific biomolecules, which was one of the main objectives
of this thesis, could not be simulated. But the comparison of different aspect
ratios for each design type already showed the most appropriate channel height
of each design for uniform flow velocity profile.

The contours of velocity and pressure in parallel straight microchannels show
that the maximum velocity appears in the center of the microchannel but the
velocity near the wall is very low. On the other hand, the pressure drop is
constant at any cross-section. Therefore, the conditions for cell adhesion on
the activated SU-8 walls exist. An aspect ratio was also found, where the
velocity profile of the simulated fluid has not the typical parabolic shape, but
a similar plug-flow velocity profile. This profile is favored, because the main
mass transport the channels of a microfluidic device happen in a wider area,
thus increasing the probability of cell adhesion.

The contours of velocity and pressure in the meander shaped microchannels
show that the maximum velocity is near to the inner wall of each curve. Based
on the theory, the main velocity was expected to be near to the outer side of
the curves, due to centrifugal forces. Although this effect could not be verified
by the simulations, it is still expected that big molecules are driven to the
outer walls of a curve due to ballistic effects. Because the diffusion path to the
channel wall is shorter in the meander shaped microchannel than in straight
channel design, the condition of cell adhesion also exists in this case. Cell
adhesion might take place on the walls apart of the ceiling and bottom of the
channels. Nevertheless, the distribution of the cells and adhesion need to be
further examined.
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The velocity field profile of a microfluidic device with integrated columns show
that the velocity in front and behind of the structured columns is very low.
Therefore, there is sufficient condition for cell immobilization to the activated
SU-8 walls and columns. In this case, the structured columns are positioned
in such way to ensure an even distribution of flow among the channel. Addi-
tionally, the columns promote the generation of multiple streams varying the
flow velocity field and also, increasing the interaction between SU-8 walls and
cells. Consequently, a significant amount of cells is expected to be immobilized
on the front and behind of activated SU-8 columuns.

Simulation results also show that a microfluidic device with integrated column
structures has the lowest average pressure drop, respectively the highest flow
rate and it is followed by the parallel microchannels. The microfluidic system
with meander channel structures has the highest contacted surface causing
significant friction, while the friction within the microfluidic system with inte-
grated columns is very low. According to these results, a microfluidic device
with integrated column structures is the most optimal fluidic shape for the
current application. Nevertheless, the following chapters are dedicated to verify
cell adhesion on SU-8 surfaces.
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Chapter 5

Fabrication Process of Microfluidic Devices

Microfluidic systems can be fabricated using diverse materials including metals,
glass, silicon, polymer, plastic, elastomeric materials, quartz, ceramic, or any
combination of the aforementioned. In Chapter [3] several polymeric materials
were evaluated regarding biocompatibility, background fluorescence and homo-
geneity. Based on these results, this chapter presents a detailed description
of the fabrication process technology, in which SU-8 photoresist was used
as structural and adhesive material, whereas materials such as glass, silicon
and polymethylmethacrylate were used as substrate material for microfluidic
devices.

5.1 Selection of suitable materials

The selection of the materials including substrate and coating material is the
most important factor related with the fabrication process. Besides the suitabil-
ity for the fabrication, these materials must fulfill the following requirements:

e Substrate materials

— Transparent substrate materials are required. The transparency
makes possible the visualization and thus, an optical evaluation of
the reagents within the channels.

— In order to fabricate disposable microfluidic devices, the selected
material should be acquired at low prices.

e Coating material (material of the microchannels)

— This material should provide the necessary features like high aspect
ratio imaging and vertical sidewalls to fabricate structures employed
in microfluidic devices.
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— Coating material must provide good biocompatibility, so that the
antibodies or antigens can be immobilized densely and uniformly
onto the inside surfaces of the fluidic device.

— This material should be also transparent to allow optical detection.

5.1.1 Substrate materials

For the fabrication of the microfluidic systems, materials such as silicon and
glass have been selected. The selection of those conventional materials is
driven by the fact that processing techniques of the silicon are well known
and developed at IMSAS. Microfluidic systems based on silicon were fabricated
in combination with glass, thus components or reagents flowing through the
microchannels can be easily examined through the transparent glass substrate.

In the current thesis, microfluidic devices have been also fabricated using poly-
meric materials, which offer great advantages such as transparency, mechanical
resistances, low cost and easy fabrication procedures. The polymer PMMA has
been selected as substrate material, which is even the most widely used material
to fabricate microfluidic devices, especially among commercial manufactures
[BLO2]. Additionally, PMMA exhibits the lowest autofluorescence levels com-
pared to other polymeric materials as shown in Chapter In that chapter,
different PMMA types were also examined with regard to their autofluorescence
and homogeneity. The results indicated that PMMA GS is the most appropriate
material to be used as substrate material. For this reason, PMMA GS was
selected as an attractive alternative for the fabrication of microfluidic systems.
The fabrication process using glass, silicon and PMMA GS material as substrate
material is described in sections and respectively.

5.1.2 Material of the microchannels

In section [3.2.6] epoxy polymers such as UC6772 and SU-8 were identified
as the most suitable materials for cell immobilization. Specific biomolecules
(Anti-Mecoprop AB) can be fixed directly on these epoxy surfaces showing a
strong covalent immobilization. Although these epoxy materials are suitable for
cell binding, they show some disadvantages as verified in section These
disadvantages must then be considered in the fabrication process of microfluidic
devices. SU-8 shows high background fluorescence limiting the sensitivity of the
detection, because this autofluorescence might overlap the fluorescence signal
emitted by labeled proteins.
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5.1 Selection of suitable materials

In the case of UC6772, the limitation is related to the fabrication procedure.
The properties of this material hinder the fabrication of structures with high
aspect ratio. UC6772 is only available in one viscosity enabling the deposition
of thin layers. Additionally, multilayer process cannot be used because UC6772
polymerizes thermically but only after exposure to UV light.

SU-8 photoresist was consequently selected for manufacturing of microstruc-
tures due to its several advantages and benefits over already tested polymer
(see more details in section . SU-8 has excellent characteristics to form
microstructures due to its high aspect ratio with almost vertical sidewalls and
its chemical stability. In addition to that, SU-8 can be also used as adhesive
layer as demonstrated by [TF05] [GSK™09]. In order to pattern microfluidic
structures on the photoresist, standard photolithography process can be used
as described in the following paragraphs.

SU-8 photolithography process

In the past few years, SU-8 has been widely used in MEMS field and is becoming
the preferred resist for high aspect ratio micromachining. SU-8 is also a
suited material for the fabrication of microchannels because of its high thermal
and chemical stability against several acids and bases. This photopolymer
is produced by Microchem in different viscosities allowing the fabrication of
structures with thickness from lpym to 2mm [LTKO5|, which depend on the
dispensed volume, viscosity and SU-8 coating process. The process parameter
can be found from manufacturer’s specifications.

SU-8 microstructures were built on the substrate material using conventional
photolithography process, which consists basically of the following steps: wafer
preparation, photoresist coating, soft baking (SB), exposing to UV light, post
exposure baking (PEB) and developing [Micl0b]. Each of these steps are
detailed below.

1. Wafer preparation

e Contaminants are removed from the wafer surface.

e The wafer is then dehydrated on the hot plate or in the oven.
2. Photoresist coating

e Spin speed and time are determined in accordance to desired film
thickness.
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e Photoresist is deposited on the wafer. Photoresist should be applied
on the substrate at one to avoid the formation of air bubbles, which
could decrease feature quality. Recommended amount is 1mL of
SU-8 per inch of substrate diameter.

3. Soft baking
e Soft bake temperature is determined.

e A hot plate or oven can be used to perform the softbake process.
This process is required to evaporate the solvent and densify SU-8
layer.

e Ramping softbake temperature is recommended, which results in
better film quality and adhesion to the substrate.

4. Exposing to UV light

e Photoresist is exposed through the mask. The exposure dose de-
pends on the film thickness.

5. Post exposure baking
e Post exposure baking (PEB) temperature is defined.

e PEB is performed either on a hot plate or in a convection oven. This
process is required to selectively cross link the exposed areas of the
film.

e In order to minimize the stress of the film, a slow ramp or multiple
stage contact hot plate process is recommended. Slow cooling after
PEB is also recommended.

6. Developing

e Developing time is defined. This time depends on the film thickness.
One minute per 100pum approximately.

e Coated wafer is immersed in the developer solution and agitated
during the development time.

e Wafer is removed from the developer solution and then rinsed in
2-propanol (IPA).

Once the photolithography process was completed, areas that remain protected
by the mask were removed forming desired microstructures. Figure [5.1] shows
fabricated SU-8 structures.
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Figure 5.1: Structure with high aspect ratio using SU-8 [MicI0b]

5.2 Fabrication in silicon and glass

Silicon and glass were selected as substrate material, because processing tech-
niques of silicon are well developed and because SU-8 provides good adhesion
to both materials. Epoxy polymers (SU-8 2 and SU-8 3050), silicon and
glass wafers were used for first experiments. In addition to that, two chrome
glass masks were used to fabricate the microfluidic devices. The first mask
defines inlet and outlet and the second mask defines the geometry of the
microstructures that involves the width and length of the microchannels. Figure
[B-2] illustrates a conceptualized design of the microfluidic system, where SU-8
is used as the unique component of the inside surfaces of the fluidic channel.
Microfluidic structures were made on a glass wafer, meanwhile inlet and outlet
of the microfluidic device were made on a silicon wafer. Fabrication procedures
for bottom wafer (silicon) and top wafer (glass) are explained step by step and
represented in figures [5.3] and [5.10] respectively.

SU-8 2

SU-8 3050

SU-8 2

Silicon wafer

Figure 5.2: Schematic drawing of a microfluidic device. Glass and silicon wafers
were used as substrate material, while SU-8 was used to create the
microstructures and also used as adhesive layer [GSKT09)].
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5.2.1 Glass wafer processing

The process sketched in figure [5.3] describes the fabrication steps of SU-8
structures, which were implemented on a glass wafer. The adhesion of SU-
8 to the wafers is an important requirement for the fabrication process. To
improve it, the glass wafer was prepared immediately to prior SU-8 processing.
For this purpose, Caro’s acid was used to clean and thus remove organic
materials from the glass substrate. Then, it was heated at 200°C for at
least 45min in an oven, thus removing water from its surface. Afterwards,
a thin film of SU-8 2 was applied and coated for 30sec at 3000 rpm on the
glass wafer, resulting in a film thickness of about 3pum. This procedure was
followed by a prebake for one minute at 65°C and another three minutes at
95°C on a hotplate to evaporate the solvent contained in SU-8. The wafer was
unstructured exposed to UV light (flood-exposure) for 30 sec and a post expose
bake was performed at 65°C for 1 min and 95°C for 1 min. The deposition of
thin SU-8 film was required before thick SU-8 layers were deposited to improve
the adhesion between glass substrate and SU-8 structures. Additionally, this
fabrication process offers microfluidic devices where bottom, ceiling and walls
of the microchannels are made completely out of SU-8 photoresist. As a result
of this fabrication method, a large surface area composed of SU-8 is provided to
immobilize specific biomolecules. Consequently, a large amount of contaminant
particles can be collected and then analyzed through the microfluidic device.

SU-8 3050
@ [ ] []Glaswaer (o deposion

v vv vy v v UV-Exposure

vy v vv v v UV-Exposure

Exposed
Cl e} R N ——
| SuU-8 2 SU-8 3050

Figure 5.3: Schematic illustration of the fabrication process for SU-8 based channel
structures. (a) Cleaning procedure using Caro’s acid. (b) Deposition
of a thin SU-8 (3um). (c) Flood-Exposure. (d) SU-8 3050 was spin
coated followed by a soft bake process to eliminate solvent components.
(e) Exposure of coated SU-8 layer through the mask in which the
microstructures are designed. (f) Non-exposed SU-8 areas were removed
by SU-8 developer creating the microstructures.
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5.2 Fabrication in silicon and glass

According to the manufacturer’s specification [Mic10b|, the height of the struc-
tures can be defined depending on the dispensed volume, viscosity and SU-8
coating process. Microchem Corporation provides information about param-
eters such as viscosity, spin speed, recommended times and temperature for
prebake and postbake steps and exposed time. Figure[5.4displays film thickness
vs. spin speed curve for the SU-8 3050 photoresist provided by Microchem.
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Figure 5.4: Spin speed vs. Thickness for SU-8 3000 resists [Mic10b]

For the first experiments, SU-8 3050 was coated according to the manufacture’s
specifications to obtain a thickness of 100um. However, resulting layer pre-
sented a thickness variation of about 30um as shown in figure 5.5] The film at
the center was thinner than that at the wafer edge. Previously published results
[PHBFO3] and current experimental results demonstrated that by thick layers
of SU-8 (up 100um), the thickness varies significantly. This non-uniformity of
the layer leads to an inappropriate contact between silicon and the glass wafers
in bonding process. This variation must be controlled in the fabrication process
to avoid not seal microfluidic systems.

In order to improve the homogeneity of this layer, parameters of the standard
coating process were modified, in which two layers of SU-8 3050 were coated
on a glass substrate as represented in figure [5.6] The first layer of SU-8 3050
was spin coated on an exposed SU-8 2 glass wafer at 1000 rmp for 30sec,
followed by soft bake at 65°C and 95°C, for 5 and 15 min, respectively. When
the temperature of the substrate cooled down to about room temperature, the
second layer of SU-8 3050 was coated at the same spin speed as the first film.
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Figure 5.5: Thickness variation of SU-8 film.

After the coating process, the baking process proceeded at 95°C for 2h within
a slow ramping to reduce the internal stress of the thick SU-8 layer. Coated
SU-8 films onto the glass wafer were exposed to UV light for 120sec. In the
postexposure baking step, the wafer was heated for 20 min at 95°C using a slow
ramping. The development was performed by immersion of exposed structures
in SU-8 developer during 7 min.

Second layer
S — A — i
v v v v v v UV-Exposure “Mask 2
o [ THER o
S A R — e
SU-8 3050 I SU-8 3050

Figure 5.6: Fabrication process of SU-8 structures using multilayer deposition
procedure [GSKT09| (a) Cleaning procedure using Caro’s acid. (b)
Deposition of a thin layer of SU-8 (3um). (c) Flood-Exposure. (d) SU-8
3050 was spin coated followed by a soft bake process. (e) A second layer
of SU-8 3050 was applied on the same glass wafer. A baking process
was performed again using slow ramping. (f) Exposure of coated SU-8
layer through the mask, in which the microstructures were designed. (g)
Non-exposed SU-8 areas were removed by SU-8 developer.
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5.2 Fabrication in silicon and glass

Figure [5.7] depicts the thickness variation of a thick SU-8 layer generated
by means of the multilayer deposition process. This technique enables the
fabrication of SU-8 layers with less thickness variation and good uniformity in
the wafer edge region as compared to the original fabrication process. Depth
and homogeneity of resulting SU-8 microstructures can be observed in figure
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Figure 5.7: Thickness variation of SU-8 film using multilayer deposition procedure.
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Figure 5.8: Cross-sectional view of the microfluidic structure. Microstructures of
approx. 150um height could be obtained by the multilayer process.

With the use of 3D-topography (see figure , it was possible to extract a
more accurate representation of the uniformity of the SU-8 structures. The
homogeneity of the structures could be verified at various locations within the
microchannel.
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Figure 5.9: 3D-topography of a microchannel with integrated columns.

In accordance with the results, microstructures higher than 100pm could be
achieved and thickness variation of SU-8 thick layer could be reduced to 10pm
by using the multilayer process. The improvement of the uniformity of SU-8
film thicknesses leads to an optimal contact between SU-8 microstructures and
silicon wafer, thus improving the bonding process. In this way, the possibility
to produce sealed microfluidic channels increases in comparison to the standard
process of SU-8 photoresist.

5.2.2 Silicon wafer processing

As mentioned earlier, the first mask defines the inlet and outlet of the microflu-
idic device. Basically, deep reactive ion etching (DRIE) process was used to
fabricate the inlet and outlet orifices in silicon substrate. The process consists
of several steps and the schematic representation is shown in figure[5.10} First,
a thin aluminum layer was sputtered over the whole wafer that acts as stop-
layer. Then, on the backside of the silicon wafer, positive resist was deposited
and patterned by photolithography using the mask, in which inlets and outlets
have been defined. Subsequently, silicon was etched to a depth of 380um using
the DRIE process to form inlet and outlet ports. After this, the etch stop-
layer (aluminums) was removed using a wet etching process. The positive
resist was also removed by means of solvent. Circular holes with a diameter
of 1.5mm were then formed accurately and simultaneously in the silicon wafer.
After removing the stop-layer and positive resist, the silicon wafer was oxidized
through thermal oxidation process to get a thin and adherent layer. Next, on
the same silicon substrate, a bonding layer was applied using SU-8 2 of about
10pm of thickness. At this point, this coated and unexposed silicon wafer and
the glass wafer with the SU-8 microstructures were ready for bonding process
to integrate the microfluidic device.
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Figure 5.10: Schematic illustration of the fabrication process of the inlet and outlet.
(a) Silicon wafer is used as carrier substrate. (b) Etch stop layer is
deposited. (c) Positive resist is deposited on the back side of the silicon
wafer. (d) Exposure of positive resist through the mask. (e) Etching
of inlet and outlet by DRIE. (f) Remove positive resist and thin layer
of aluminum. (g) Thermal oxidation is applied to increase adhesion
properties. (h) Deposition of bonding layer (unexposed SU-8 2).

5.2.3 Bonding process

Bonding between glass and silicon substrate is well established by different
bonding processes. The most common methods are anodic and silicon fusion
bonding [Mad02]. However, these techniques have some disadvantages such as
high temperature in the case of silicon fusion bonding and high voltage in the
case of anodic bonding. In contrast to these bonding technologies, there is a
simple method that uses polymers as intermediate bonding material. In this
process, low temperatures and low pressures are required and bonding takes
place by cross linking of an adhesive polymer layer. SU-8 being a polymer
enables bonding at very low temperature as demonstrated in [JFEG™01, [Tuo07,
TEO5]. In the current dissertation, bonding process parameters such as temper-
ature and time were optimized to avoid channel filling. Within the optimized
bonding process, a bonding layer with approximately 10um of thickness was
deposited on the silicon wafer. To achieve that, common coating process could
not be used due to the presence of the perforations (inlets and outlets) on the
silicon wafer. Then, the deposition of the adhesive layer was done by means of
airbrush coating techniques. Afterwards, a prebake step was applied at 65°C
for two minutes to obtain sticky bonding surface and avoid that this adhesive
layer flows toward the microchannels. The time above 2min cures the SU-8
adhesive layer, meaning that it is not soft enough to achieve an appropriate
bonding strength between the substrate materials. Next to that, wafers were
inserted into the bonding chamber and brought into contact (see figure .
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Figure 5.11: Wafer bonding process using unexposed SU-8 2 ﬂm

By using the thin SU-8 layer, wafers were successfully bonded under vacuum
conditions at a pressure of 500mbar and temperature of 60°C for 1h. Heating
was realized in 3 steps in order to obtain a uniform heating ramp and thereby,
reduces stress in SU-8 layers. Once the bonding procedure is finished, the
exposed (microstructures) and non-exposed SU-8 layers (adhesive layer) were
exposed through the glass wafer by UV light during 40 sec. Figure[5.12]shows a
picture of one of the bonded wafers. Bond interface could be directly observed
through the glass wafer identifying the status of sealed and unbounded areas.
The resulting bond was strong enough, so that devices did not detach during
the dicing process.

4

Figure 5.12: Bonded glass and silicon wafer by means of SU-8 photoresist.

5.3 Fabrication in polymers

As defined in Chapter [3] the photoresist SU-8 has been identified as suitable
material to form the microstructures because of its excellent properties enabling
the binding of specific biomolecules directly on its surface. Regarding to the
substrate material, PMMA GS was chosen due to the low-cost manufacturing,
transparency, low background fluorescence and mechanical resistance. In this
section, PMMA GS and the epoxy polymers SU-8 2 and SU-8 3050 were
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then used to fabricate microfluidic devices. PMMA GS material provided by
Josef Weiss Plastic GmbH [JosI0] is only available with a thickness of 2mm
having a variation of +£0.3mm. PMMA GS sheet was then cut into 100mm
diameter substrate to be processed in the cleanroom facilities. Prior to SU-8
processing, PMMA GS substrates must be properly treated for improving the
adhesion between SU-8 and PMMA GS substrate. To achieve that, PMMA GS
substrates were cleaned in a ultrasonic bath and further treated in an oxygen
plasma. All fabrication steps are shown and described in more detail in the
following subsections.

5.3.1 Surface treatment

As mentioned previously, before SU-8 was deposited to PMMA GS substrate,
it must be cleaned to remove any contamination material from the surface.
First, PMMA GS wafers were immersed for 30 min in an ultrasonic bath with
sodium dodecyl sulphate (SDS), which should dissolve the organic components
and does not affect the surface composition of PMMA GS. Then, PMMA GS
substrates were cleaned again with deionized water and heated at 75°C for at
least 60 min. Due to the low surface energy of the PMMA GS, an additional
treatment step on its surface was required to improve adhesion properties with
SU-8 [HBOO3]. In order to evaluate cleaning performance and wettability of
PMMA GS surface, contact angle method has been used. This method consists
of the measurement of the angle () formed between a drop of liquid and a
surface. When a drop of water is placed on a surface, the drop will either bead
up or spread out depending on the wettability of the surface. The contact angle
is then the angle formed between the edge of the drop and the surface as shown
in figure [5.13

h{¥e

Substrate

Figure 5.13: A small volume of water (4uL) placed onto an untreated PMMA GS
surface forms a droplet with a contact angle of 71.38°.
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The shape of the drop is determined by three forces on interfacial tension as
given in figure[5-I3} first force is caused by the surface tension between the solid
and the gas (ys¢), second force is caused by the solid liquid surface tension
(vsr) and the third force is due to the surface tension between the liquid an gas
phases (yre). Thus, the contact angle provides information on the interaction
energy between the surface and liquid and it can be determined by Young’s
equation which is given as:

YLG cos = vsg — YsL (5.1)

Untreated PMMA GS surface exhibited a contact angle of 71.38° demonstrating
low hydrophilic tendencies and therefore poor adhesion to SU-8. To increase
the surface energy of PMMA GS wafers, they were treated with oxygen plasma
generated in a microwave plasma PS400 oven (PVA Tepla AG, 2.45GHz). This
procedure generates wettable surfaces and consequently, improves the adhesion
of PMMA GS with SU-8. Contact angle method was used again to characterize
treated surface. To identify the effective plasma procedure, the contact angle
with water on PMMA GS was measured at different plasma parameters. The
evolution of the surface energy was observed for samples treated by oxygen
plasma with 50W, 150W, 250W and 500W for several minutes (from 0.5 to
10 min). The results are shown in the following figure.
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Figure 5.14: Water contact angle on PMMA GS at different plasma treatment
conditions

Optimal plasma parameters were selected according to the resulting contact
angles of water on PMMA GS. Contact angles of less than 30° could be achieved
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by plasma power of 500W. Significant decrease in contact angle was observed
in the first 5min at different plasma power values used in this study. Higher
treatment time leads to only a slight further decrease of the angle. From the
results, minimum contact angles (28.45°, 27.1° and 25.18°) were obtained under
oxygen plasma treatment between 2, 3 and 4 min at 500W respectively. In order
to reduce the process time as much as possible and avoid that plasma treatment
affects the surface topography of the substrate [SVABCO03], PMMA
GS has been treated with oxygen plasma only for 2 min, at 500W. After plasma
treatment, PMMA GS was coated with SU-8. The adhesion properties were
then verified by using the standard method of adhesion by tape test showing
good results. SU-8 thin film could be not detached from PMMA GS surface as

required.
PMMA GS éPMMAGS

(a) (b)

Figure 5.15: A small volume of water (4uL) place onto a PMMA GS surface (a)
Contact angle of an untreated PMMA GS surface. (b) Contact angle
on PMMA GS surface after plasma treatment at 500W for 2 min.

The contact angle on PMMA GS surface after plasma treatment was measured
during 18 days for monitoring hydrophobicity recovery rate at clean room
conditions. Contact angle increases considerably from 25° to approximately
45° after one day. Contact angle continues increasing slowly from the second
day till the end of the established period in this experiment as illustrated in

figure [5.16]

The contact angle measurement of PMMA GS surface during several days
proved that the contact angle increases with storage at clean room conditions.
The hydrophilic PMMA GS surface can be rendered hydrophobic, so that
wettability decreases and thus diminishing adhesion quality between SU-8 and
PMMA GS surface. For this reason, SU-8 processing should be performed
immediately after plasma treatment to ensure strong bonding adhesion between
the substrate and coating material.
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Figure 5.16: Aging of plasma treated PMMA GS substrate.

5.3.2 PMMA GS wafer processing

The fabrication process by means of SU-8 and PMMA GS wafers are generally
based on of a photolithography process. Two PMMA GS substrates have been
prepared for this purpose: on the top wafer are generated the microfluidic
channel structures, which were fabricated by similar fabrication procedure as
indicated in subsection [5.2.11 The second or bottom substrate was used to
define the inlet and outlet of each microfluidic device. Inlet and outlet ports
were easily formed by drilling avoiding additional and expensive fabrication
process.

After cleaning procedure and directly after plasma treatment, SU-8 processing
takes places. Processing of the top wafer starts with the deposition of a layer
of SU-8 2, which improves the adhesion between SU-8 microstructures and the
substrate. SU-8 2 was coated on PMMA GS wafer for 30sec at 3000 rpm
and followed by a prebake process. In contrast to glass substrate, in which
prebake was performed on a hot plate, PMMA GS has been heated at relative
low temperature (between 75 and 80°C) using a convection oven. PMMA
GS substrates placed on a hot plate exhibited significant deformations on the
surface, which may affect the bonding processing.

After SU-8 2 was cotaed on PMMA GS, it was heated in a convection oven for
20 min. Prebake was followed by UV light for 30sec and postbake for 10 min
for performing crosslinking. After that, two layers of SU-8 3050 were deposited
on PMMA GS substrate at 1000 rpm for 30 sec.
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The deposition of two layers was realized with the aim to improve the homo-
geneity of thick SU-8 layer as demonstrated in subsection [f.2.1] Fabrication
process by using PMMA GS wafers and SU-8 are summarized in tables[5-1] and

Table 5.1: The fabrication of SU-8 microstructures on PMMA GS substrate (top
wafer).

Illustration of process step Description

Cleaning procedure was performed
using SDS that removes any con-
tamination. Cleaned wafer must be

E— L -
also treated in oxygen plasma to

improve adhesion with SU-8.

i [sus 2 Deposition of a thin layer of SU-8 2

(approximately 3pm).

d.
v v v v vy UBxposure The wafer was completely expose

: IExposed This layer improves the adhe-
SuU-8 2

sion between SU-8 structures and
PMMA GS substrate.
SU-8 3050 was coated on the

— [fstaerol | pyivA GS substrated, followed

by a soft bake process for 20 min

using a convection oven. This step
is performed to eliminate solvent
components.

A second layer of SU-8 3050 was

Second | .
— ([Sendiye | lied on the same PMMA GS

wafer. A baking process was

performed again using a convection
oven for 2h.

vvv vy v vy UV-Exposure
Coated SU-8 layers were exposed

l:-:-:-:l\
E Mask 2 through the mask, in which the

microstructures are designed.

Non-exposed SU-8 areas were re-

Exposed _
E [ | SU8 3050 moved by SU-8 developer and thus,

creating the microstructures.
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Table 5.2: The fabrication of inlet and outlet ports on PMMA GS substrate (bottom
walfer).

Tllustration of process step Description

Cleaning  procedure  using
] | | PMMA GS sodium  dodecyl  sulphate
(SDS) for removing any
contamination.

DI:|D Fluid connections Inlet and outlet ports were
via drilling

defined on a second PMMA
wafer.

PMMA GS surface must be
treated in plasma to improve

D I:| D Plasma Treatment adhesion properties with SU-8.

Deposition of A thin layer of SU-8 2 (10um)

QQQ bonding layer was deposited by means of
SU-8 2

airbrush coating techniques on
the second PMMA GS wafer .

Table shows the fabrication process for the bottom wafer, on which inlet
and outlet ports were defined. Due to the mechanical properties of PMMA GS,
these ports with 1.5mm in diameter have been easily made by drilling. Next to
that, bottom wafer was cleaned using SDS and also treated in oxygen plasma
to improve adhesion properties with SU-8 (see subsection [5.3.1)).

5.3.3 Bonding process

After processing, PMMA GS were ready for bonding process. PMMA GS
wafers were placed in contact and aligned as given in figure [5.171 Bonding
process has been performed under vacuum condition on a classic wafer bonding
system. Wafers were bonded at a temperature of 65°C during 90 min and
pressure of 500mbar.

Once bonding process is completed, adhesive layer was exposed through the
bottom or top PMMA GS wafer during 40sec and a post bake process was
done at 75°C within 20 min in a convection oven. After the bonding process,
resulting PMMA GS wafer having a total thickness of approximately 4.2mm
were then cut according to the dimension of each microfluidic device.
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Figure 5.17: PMMA GS wafer bonding process using unexposed SU-8 2.

5.3.4 Results

The main problem usually appeared in the fabrication process was the non-
uniformity of the SU-8 layers. Due to the thickness variation, some structures
were not entirely in close contact during bonding process, resulting in voids of
various sizes. Consequently microchannels were not sealed, which is crucial in
microfluidic systems for practical applications. This problem could be reduced
by applying SU-8 multilayer technology. By this multilayer technique, the
relative uniformity of SU-8 films could be obtained. Figure [5.1§]illustrates a
cross section of a microchannel. Microchannels were successfully fabricated
with dimensions of around 150pxm in height, 500um in width and wall width is
100pm. These microfluidic channel designs have been realized on a surface of
40 x 10mm? with inlet and outlet ports, which have a diameter of 1.5mm.

Glass wafer

N

Silicon wafer

Figure 5.18: SEM showing a cross section through sealed SU-8 channels Iml

Figure [5.19] shows a picture of one of several fabricated microfluidic devices
using SU-8, silicon and glass wafers and fabricated microfluidic systems by
using SU-8 and PMMA is shown in figure Leak and pressure test of
the sealed microchannels were performed by filling the bonded microfluidic
devices with DI water. To achieve that, fabricated microfluidic devices were
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interfaced through a Teflon holder, which includes two 1/4-inch side ports.
These ports were connected through male barbed adaptors, acquired from
Omnifit [Omni0]. After establishing connections, fluids could be pumped with
standard fittings and driven by pressure through a pressure controller. During
tests, air bubbles were generated into the microchannels because of the SU-8
hydrophobic surfaces. Therefore, rinsing inner sides of the fluidic chip with
propanol is recommended to facilitate easier wetting between fluids and SU-8
surfaces. Afterwards, microfluidic devices were tested with DI water. It was
easily pumped away from channels, showing excellent results.

Figure 5.19: Picture showing a microfluidic device fabricated by using silicon, glass
and SU-8 with dimensions of x 40z10mm [GSKT09)].

Figure 5.20: Picture showing a microfluidic device fabricated by using PMMA GS
and SU-8 with dimensions of 20x10mm.

Although the fabrication of SU-8 microstructures was optimized as maximum
as possible by using the multilayer deposition method, their homogeneity must
still be improved. The fabrication procedure could be again defined in which a
dry film photoresist substitutes SU-8 3050. This product is called TMMF and
it is chemically very close to SU-8 being biocompatible and showed a thickness

variation of only £1pm [SVHT07, IMZHT09]. The inhomogeneous distribution
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of SU-8 3050 could be improved by using TMMF dry film. TMMF was acquired
from Tokyo Ohka Kogyio (TOK) in 2008, but unfortunately it was no longer
available. For this reason, further experiments by using this dry film could not
be performed in the scope of this thesis.

Currently, another Dry Film is available promising similar properties as TMMF
and therefore, it might also be suitable to be used for the fabrication of mi-
crostructures and also for the immobilization of biomolecules. This material
is known as PerMx™3050 and can be acquired from micro resist technology
[miciOal. As well as TMMF, PerMx™™3050 is an epoxy based negative pho-
toresist and has also similar characteristics as SU-8. This dry film is suited
for structuring at high aspect ratio with vertical sidewalls, high resolution and
homogenous resist thickness. Additionally, this dry resist could be used for
wafer bonding process making it an attractive alternative to replace SU-8.
Although the fabrication of microstructures by using this dry film was not
applied in this thesis because of limitation of time, it surely merits further
work.
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Chapter 6

Characterization of Fabricated Microfluidic
Devices

The characterization of microfluidic devices was realized by means of a confocal
laser scanning microscope (LSM) in conjunction with a precision balance and
a pressure controller. Basically, the flow behavior and biomolecule interaction
within different fluidic structures were experimentally verified. In this chapter,
experimental results are presented and analyzed according to the predictions
obtained from the simulations results given in Chapter 4] In accordance with
the specifications of the optical detector developed by Optotek, the sample can
locally be illuminated by a laser, which has a focus with a diameter between
1mm to 4mm. Hence, additional microfluidic devices having circular reaction
surfaces were fabricated and tested regarding enrichment efficiency. From these
results, an optimal microfluidic device was identified and suggested to be used
in the NANODETECT prototype.

6.1 Flow characterization

A measurement setup as represented in figure [6.1] was implemented to charac-
terize the flow throughout the microfluidic chips. This measurement setup is
conformed of a pressure controller (DP510), a precision balance provided by
Sartorius, a PC with LabView software package, microfluidic devices with a
channel height of 150um because they showed the best uniform and constant
velocity magnitude along the channels (see section and their respective
fluidic connections. Therefore, a holder was designed and manufactured by
using Teflon, which is chemically inert, non-toxic and non-absorbent material.
This holder has two 1/4-inch side ports enabling the connection of the in-
and outlet of the microfluidic device with standard fittings of fluidic tubing,
in this case 1/4-inch male barbed adaptors. Another function of the holder
is to keep the microfluidic devices in place during measurements and ensuring
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the realignment of the measurement equipment. After connecting the ports by
male barbed adaptors, a pressure was applied through the inlet up to 80mbar.
The pressure difference was generated by means of the pressure controller at
Smbar intervals. It was controlled using the corresponding LabVieW software.

In microchannels, air bubbles often appeared during the flow characterization.
Once air bubbles were formed in filled microchannels, it is difficult to remove
them from the sample. This problem could experimentally be observed during
several measurements. Air bubbles must be avoided when flow characterization
is performed; otherwise air bubbles alter the pressure within the microchannel,

thus generating wrong results.
Microfluidic Device

Qutlet

Sartorius
Precision Balance

Figure 6.1: Schematic measurement setup to carry out the flow characterization
of the fabricated microfluidic devices. The red arrows indicate the
direction of the fluid. Fluid sample flows from the vessel containing
the fluid sample into the microfluidic device to the reservoir placed on
the precision balance. This measurement system has been implemented
at IMSAS with the purpose of identifying the flow resistance of proposed
microfluidic structures.

In order to avoid the formation of air bubbles along the microfluidic structures,
microfluidic devices were rinsed with isopropanol. Isopropanol increases the
wettability of the inside surface of microfluidic devices with the sample. When
the microfluidic devices were rinsed with isopropanol, the formation of air
bubbles was drastically reduced, thus ensuring the contact of the fluid to all
inner surfaces of the microfluidic system.

After rinsing the microchannels with isopropanol, raw milk was driven through
the microfluidic structures by the pressure drop. The volume of raw milk that
flowed along the microchannels was then accumulated in a defined time. The
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6.1 Flow characterization

weight of the reservoir with raw milk was measured by a precision electronic
balance and monitored in a defined time by a LabVieW software. From these
measurements, the flow rate could be calculated and in the same way, the flow
resistance was determined being the relationship between the fluid flow rate
and pressure applied on the inlet of the microfluidic chip. Figure[6.2]shows the
pressure drop across the microfluidic structures versus the flow velocity. The
pressure difference increases almost linearly with the flow velocity as expected
according to the Hagen-Poiseuille equation expressed in pressure drop (see

equations and |2.9).
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Figure 6.2: Influence of the flow velocity on pressure drop within different
microchannel geometries. The relationship between the pressure
difference and flow rate represents the flow resistance. The flow
resistance of proposed geometric designs are compared in this figure.

The flow resistance of the microfluidic device with parallel microchannels is
almost identical to the microfluidic system with integrated columns as shown in
the figure above. The small difference between the two channel configurations is
mainly attributed to the channel length. On the other hand, the flow resistance
of microfluidic devices with meander shaped channel is high indicating a greater
pressure loss.

According to the quantitative results given in figure [6.2] microfluidic devices
with integrated columns and parallel microchannels show low flow resistances.
At low flow resistance in microfluidic devices indicating high flow rates. Similar
results were obtained by the simulations (see [£.4.1). High flow rates might be
an enormous advantage, because fluid samples can be analyzed in a relatively
short time.
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Based on these results, the microchannel with integrated columns and par-
allel microchannels might be optimal geometries for the current application.
However, additional experimental tests must be performed to confirm this
assumption. These experiments are presented in the following sections.

6.2 Verfication of protein binding

As mentioned in section low flow resistance guarantees high sample cir-
culating rate, thus performing the analysis of fluid samples in short times.
However, low flow resistance can also be a disadvantage regarding the binding
of biomolecules. When flow rate increases, shear forces also raised. As a result,
the stability of immobilized biomolecules might negatively be affected, thus
leading to poor functionality and low sensitivity.

According to [MSJT06] and as demonstrated in Chapter the covalent binding
is a stable and efficient way for attaching antibodies to SU-8 because of the
strong attractive forces existing between the biomolecules and epoxy groups of
the SU-8 surface. Covalent binding is one of the strongest chemical bonding
and therefore, it is not affected by shear rates generated by fluids. However,
the stability of immobilized antibodies must be evaluated under fluid flow
conditions because the antibody-antigen binding is a hydrogen bond, which
belongs to the group of weak chemical bonding.

In order to evaluate the stability of immobilized antibodies, the effect of anti-
body density (relative adsorption) was examined at different flow rates. These
experiments were performed by ttz/BIBIS. First, microfluidic devices were
charged with specific antibodies at 0.4mL/ min and then incubated for 2h at
room temperature. Unbound substances were washed away using a buffer to
avoid data errors.

Once the microfluidic devices were coated with the antibodies, enzymetracer
composed of antigens and horseradish peroxidase labeled antibodies (HRP) was
injected into the microfluidic device at three different flow rates and the signal
generated by enzymetracer binding was recorded. The flow rate was increased
from 0.4mL/ min up to 4.2mL/ min and the binding signal was measured. The
results shown in figure [6.3] revealed that antibody adsorption was not affected
by different flow rates. It shows the strong and stable linkage between the
antibodies and epoxy groups of the SU-8 surface under tested flow conditions.
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Relative adsorption

0,4 ml / min 2,6 ml/ min 4,2 ml/ min

Flow velocity

Figure 6.3: Antibody immobilization as function of different flow rates in microfluidic
devices. The binding signal is given as the relative adsorption as function
of different flow rates. The data presented are the average of three
independent experiments, each performed in triplicate.

6.3 Measurement using luminescent particles

In Chapter [4] proposed microstructures were simulated to analyze how the
shape of the channel can influence the flow velocity profile. From the simulation
results, the channel with integrated column structures was selected as the
optimal design because of the particular fluid flow velocity profile, low flow
resistance and increased surface. In order to evaluate the immobilization per-
formance, flow visualization was used as a qualitative measure of immobilization
performance using a confocal laser scanning microscope.

For this analysis, microfluidic devices with parallel straight channels, meander
shaped channel structures and with structured columns with a channel height
of 150um were fabricated because of their uniform and constant velocity magni-
tude in comparison with the other channel heights evaluated in this dissertation
(see section . The measurement setup with utilized components are shown
in figure (6.4

The LSM is established as a valuable instrument for obtaining non-invasive and
high resolution images. To visualize the interaction of very small particles along
the microfluidic structures, distilled water was mixed with FITC particles (Flu-
oresceinisothiocyanate, marked latex particles) having a diameter of 977nm.
Then, the resulting fluid flow (0.05mg/mL FITC nanoparticles in distilled
water) was induced via pressure driven flow throughout the microfluidic chip.
The portable micro pump mp6 was utilized for this purpose (see section .
According to the characteristic curve of this micro pump , the inlet flow rate was
increased to 5mL/min reaching its maximum value. This value was obtained
by applying a voltage of 250V at 100Hz to the pump controller [Bar10)].
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Figure 6.4: Schematic measurement system using FITC particles with a diameter
of 977nm. The red arrows indicate the fluid direction. The trajectory
of FITC along the microchannel was observed by using laser scanning
microscope. The series of images captured during the flow visualization
were then analyzed using the LSM Image 4.2 Viewer software. This
measurement system was implemented at the Jacobs University Bremen.

After required equipment states were defined and fluid connections were made,
the fluid flow was pumped and fluorescence development was simultaneously
visualized and photographed through LSM. The probes were observed on three
different channels with corresponding excitations and emissions lights.

1. Nano particles FITC dependent green fluorescence was excited using a
488nm laser and detected through a long-pass filter LP 505nm.

2. DI water dependent red fluorescence was excited using a 543nm laser and
visualized using a long-pass filter LP 560nm.

3. SU-8 structures dependent blue fluorescence was excited with a 633nm
laser and detected through a long-pass filter LP 650nm.

Figure shows the particle distribution within the microfluidic devices with
parallel shaped channels, meander shaped channels and with structured columns,
which have a channel height of 150um. During the measurement of the fluo-
rescent signal, circulatory paths or flow vortices did not take place. A homoge-
neous distribution of nanoparticles was observed as expected from simulation
results by using microfluidic devices with a channel height of 150um (see
section . In spite of this uniform flow profile and respectively particle
distribution, the interaction between marked nanoparticles and SU-8 walls was
not observed in all microfluidic devices; thus reducing the possibility of particle
adhesion. According to the experiments using marked particles, the amount
of immobilized particles was markedly low within microfluidic devices with
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6.3 Measurement using luminescent particles

parallel and meander shaped channels. In contrast to that, a large amount of
immobilized particles was observed within the channel with integrated columns
as shown in figure [6.5] The particle adhesion observed within microfluidic
devices with structured columns was attributed to the particular flow profile
generated by the staggered arrangement of the structured columns. In this case,
the flow velocity decreases considerably when approaching the column surface.
Although laminar flow is also present in this microfluidic device, the direction
of marked particles was strongly influenced by the presence of the structured
columns. The advantageous trajectory and the resulting immobilization of the
particles are then associated to the stagnation point. Some particles flowed
between the columns, whereas particles flowing in direction to the column
surface were caught by the stagnation zone. Because of the very low velocities
encountered in this region, marked nanoparticles could not change the flow
direction and thus, they had sufficient time to bind covalently to the column
surface. The nanoparticles moving between the columns continued flowing
until approaching the next column surface. The visual observation of marked
nanoparticles within the channel with integrated columns demonstrated that
a large amount of FITC particles could be adhered in the column region.
Stagnation point took place in the vicinity of the structured columns being
an optimal mechanism for increasing cell adhesion. In accordance with the
experimental results presented in this section, the microfluidic device with
integrated columns is the best device for the current application.

(a) (b) (c)

Figure 6.5: LSM micrographs of FITC flowing within the microfluidic devices. The
probes were visualized on three channels with corresponding excitations
and emissions: FITC (488 nm, LP 505 nm), green color; fluid (543 nm,
LP 560 nm), red color; SU-8 structures (633 nm, LP 650 nm), blue color.
The images were analyzed using the LSM Image 4.2 Viewer software.
The images were taken after approximately 450 sec. After this time, any
significant change was observed. Distribution of FITC particles within
microfluidic devices with a channel height of 150um (a) parallel shaped
channels (b) meander shaped channels (c) structured columns.
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6.4 Characterization of further developed microfluidic devices

In accordance to the final specification of the optical detector, the laser has
a circular focus area. The laser light is passing through a pinhole, which
can be selected from 1mm to 4mm. The focus area is static and cannot be
used to scan wider areas. Hence, it was decided to redesign the basic layout
of the microfluidic chip. Additional microfluidic devices have been designed,
simulated and built to find an optimal solution to use the measurement area of
the optical detection system. In this section, the different devices are presented
and further their enrichment efficiency and simulation results are presented.
These results are also compared with first measurements performed by using
the optical detection system.

6.4.1 Redesigned microfluidic devices

According to the results presented in the previous sections, the microfluidic
device with integrated column structures was selected as the optimal design for
efficient cell adhesion (see also Chapter {4). Based on that, it was decided to
simulate and built different types of devices with integrated columns. Two pa-
rameters were changed for the redesign: the channel width in the main section
of the channel and the placement and respectively number of the columns. The
columns were placed only within the area, which is focused by the laser. Hence,
the desired effect is generating, but not having columns outside the focus, on
which the particles could be immobilized before entering to the circular focus
area. The distance between the columns remains 500pum as within the first
designed microfluidic devices with integrated columns.

Figure shows a schematic representation of the microfluidic channel, which
has a circular focus area. As shown in this picture, microcolumns are placed in
the center of this channel with a surface area of 4mm of diameter. Figure
(a) shows a top view of the microfluidic channel and figure[6.6] (b) illustrates the
side view with the laser excitation spot diameter. Polymeric materials, such as
PMMA GS and SU-8 were again selected for the new generation of microfluidic
devices (see figure in order to serve the aim of having more convenient
microfluidic devices when it comes to mass production for the application. The
additional microfluidic devices were produced on a surface of 14 x 8mm? for
further experiments. The position of the in- and outlet were fixed, the channel
width in the main section was varied with a constant increase-decrease from
the in- and outlet to the middle. These microfluidic chips were fabricated by
using the method explained in section [5.3]
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Figure 6.6: Schematic representation of a microfludic device with integrated column
structures (a) Top view of a microfluidic device. The structured columns
are located in the middle of the microfluidic device with a surface area
of 4mm of diameter (b) Side view of the microfluidic device, which is
illuminated by the laser light passing through a pinhole. The diameter
of the pinhole can be selected from 1mm to 4mm.

Figure 6.7: Fabricated PMMA GS / SU-8 microfluidic devices with dimensions of
14 x 8 x 4.2mm (length, width, height).

6.4.2 Velocity flow profile simulation

As debated in previous chapters, the local and overall velocity profile of a
microfluidic device influences considerably the distribution of the biomolecules.
Likewise, the enrichment efficiency was affected by the flow velocity profile as
demonstrated in the previous section of this chapter. Therefore the selection
criteria for the redesigned layouts is an even flow-rate through the channel,
hence a uniformity in global velocity, which is overlain by the desired local non-
uniformity (stagnation points) due to the columns. Since the channel width of
the new layouts is also changing in the main area of the devices, the global
velocity also changes with flow direction, but is aimed to be even in every
cross section of the channel width. The velocity profile of each new layout
was simulated using the software Comsol Multiphysics 4.1. Milk was selected
as fluid medium using a flow rate of 2mL/min as used in the experimental
stage (see section. All simulations results are represented by colors. Low
flow velocities are represented by blue to yellow color, while high velocities are
represented by red color (for detailed description, see section .
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Chapter 6 Characterization of Fabricated Microfluidic Devices

Figure (a) shows the simulation results within the microfluidic device with
Imm of diameter. Non-symmetric flow fluid velocity could be recognized,
which might influence negatively the interaction of the nanoparticles along the
microfluidic device. Consequently, low cell adhesion is expected. In comparison
with the previous fluidic system, the flow velocity profile within the microfluidic
device with 2mm of diameter is relatively homogeneous within the main area as
shown in figure[6.8] (b). This homogeneity might enable an uniform distribution
of bioparticles in the observed area and therefore, efficient cell adhesion is
expected. However, in a small line close to the side walls a faster stream
develops, which creates a bypass effect of the area of the columns-area.

Slice: Velocity magnitude (m/s)
o

vo BT T U 408091
00102 03 04 05 06 07 08

(a)

Slice: Velocity magnitude (m/s)

10

j .

10
Y
x10°

J YRy \
7' e v
S

.

vo BN T aoc05¢
07005 01 015 02 025 03 035 04 045

(b)

Figure 6.8: Velocity magnitude contours within a microfluidic device with (a) 1lmm
and (b) 2mm of diameter as area for binding reaction.

In the microfluidic chip with 3mm of diameter, a smooth global velocity profile
can be observed (see figure (a)). Only in the middle of the channel it
can be seen, that the velocity between channel wall and the outer columns is
slightly slower than between the columns. Hence, the fluid is directed through
the columns region and no bypass exists. Therefore, a good cell adhesion is
expected. In contrast to the previous fluidic systems, the flow velocity profile
of the microfluidic chip with 4mm of diameter changes sharply in the middle
of the channel. The flow velocity becomes significantly less in the upper and
downer edge of the channel as shown in (b) causing a non-homogeneous
cell distribution. Nevertheless, cell adhesion is expected due to the amount of
columns and the fact that all of the fluid will pass the columns-area. .
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Figure 6.9: Velocity magnitude contours within a microfluidic device with (a) 3mm
and (b) 4mm of diameter as area for binding reaction.

Simulation results demonstrate that the adaption of the width microfluidic
channel according to the diameter of the laser focus area influences the ho-
mogeneity of the global flow velocity profile. The best flow uniformity was
observed within the microfluidic device with sensing area of 3mm followed
by 2mm. Hence, these are expected to enable the best interaction between
the biomolecules and bioactivated bottom, ceiling and wall of the microfluidic
channel. For further optimization of the velocity profile especially for the
unsatisfactory designs, further adaption of the distance between the columns or
a inconstant in-/decrease of channel width would be needed in order to avoid
bypasses or areas with less flow-through. Additional alternative designs were
not considered in the scope of this dissertation.

The expected distribution efficiency and resulting cell adhesion have been ver-
ified by enrichment experiments by using labeled phycoerythrin (PE). The
quantitative and qualitative results are given in the following subsection.
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6.4.3 Enrichment efficiency

For the detection unit, binding efficiency is necessary in order to increase fluo-
rescence signal and thus sensitive detection. By increasing the surface reaction
in the microfluidic device, sensitivity increases. However, the observation of
larger areas in the microfluidic device increases also the measured background
fluorescence of the PMMA and SU-8, which reduces the signal-to-noise ratio.
In order to verify the most efficient sensing diameter, enrichment efficiency in
each fluidic chip was tested as explained previously. The required experiments
to evaluate the enrichment efficiency were performed by ttz/BIBIS. First, anti-
PE antibodies were immobilized within the microfluidic structure, followed by
the pumping of raw milk containing PE through the microfluidic device. The
enrichment was then performed inserting a PE-raw milk solution (0.1mg/mL
PE in raw milk) through the microfluidic device at 2mL/min, followed by
a washing step. This procedure has been performed three times for each
microfluidic device. After performing the assay within the microfluidic system,
it was observed under the fluorescence microscope (Axiovision, Zeiss) at 546nm,
50-times magnification and 5 sec exposure time. In order to evaluate the most
efficient microfluidic device for cell adhesion, several pictures were taken from
the middle of each system and compared among each other. The qualitative
results are shown in figure [6.10]

Figure 6.10: Pictures of PE-enrichment of raw milk within the center of bioactivated
fluidic devices with diameters of (a) lmm (b) 2mm (c) 3mm (d) 4mm.
50-times magnification, 5sec exposure time at 546nm.
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From visualized results, the microfluidic system with a diameter of 3mm diam-
eter seemed to be best suited for the enrichment followed by the 2mm diameter.
These results agree with simulation results. Nevertheless, a quantitative mea-
surement must be performed to verify visual and simulation results. To achieve
that, microfluidic systems coated with labeled PE were also measured by the
optical detection system. In this measurement setup, microfluidic devices
were illuminated using a laser excitation spot of lmm. The smallest size of
laser excitation spot was selected, so that only the column region of each
chip is measured and not the wall of the channel, which shows the highest
background fluorescence intensity. The microfluidic devices were placed inside
the detector manually and every device was measured at least three times.
The results are depicted in figure Individual points (black solid squares)
represent spacious homogeneity of the measured sample. The red empty circles
represent the average. Measurements of the local excitation of the center of the
microfluidic devices using the optical detection system indicated that devices
with 3mm are the best suited fluidic chip for PE enrichment. Comparable
results were also obtained in own experiments and simulation results.
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Figure 6.11: Measurements of emitted fluorescence by PE within microfluidic devices
with Imm, 2mm, 3mm and 4mm of diameter. Laser excitation spot
of lmm in diameter was used. Enrichment was performed by using
PE mixed in raw milk (0.lmg/mL PE in raw milk). Measurements
were performed by using a laser excitation spot of lmm to ensure
that the column region is only illuminated and not the channel wall.
Measurements were performed at Optotek.
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6.5 Results and discussion

As observed in all simulation results, the flow velocity around each column
is lower than in the rest of the microfluidic channel. This velocity profile,
which has a stagnation point, leads to an efficient enrichment around the
column structures as already demonstrated in experimental results. However,
homogeneity in fluid velocity also influences the efficiency in PE-enrichment.
By uniform flow velocity profiles, homogeneous distribution of labeled PE
throughout the microfluidic channel was expected. From four different mi-
crofluidic devices, uniform velocity profiles were observed in the chips with 3mm
and 2mm of diameter. Pictures of PE-enrichment of bioactivated channels also
indicated that the microfluidic system with 3mm is the most suited for PE
enrichment due to the global homogeneity in the measurement area and also
high local signal intensity. An external quantitative measurement confirmed
that the microfluidic chip with 3mm of sensitive area is the best system for the
enrichment of large amount of PE. It must be noted that the same volume of
PE-labeled was used in all microfluidic devices for direct comparison.

Since the surface area showed significant influence on the PE binding, the
diameter of the pinhole of the laser beam has to be also selected. Normally,
larger pinhole diameters are recommended in biological applications in order
to ensure a sufficient signal-to-noise ratio in the final confocal image. Pre-
vious measurements made by the optical detection system were performed
using a laser excitation spot of Imm to ensure that the column region is
only illuminated and not the wall of the channel. As mentioned in section
[6-4] the diameter of the pinhole, through which the laser light passes, ranged
from to lmm to 4mm. According to the current simulation and experimental
results including measurements using the optical detection system, microfluidic
devices with a diameter of 3mm are the most efficient for the enrichment of
specific proteins. Hence, pinholes of 3mm of diameter could be used to increase
sensitivity. However, wall of the channel could be also illuminated increasing
background fluorescence. For this reason, a pinhole with a diameter of 2mm
was selected to be implemented in the optical detection system to avoid channel
wall illumination and thereby, increase sensitivity.
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Chapter 7

Integration and Characterization of the
NANODETECT Prototype

In this thesis, Lab-on-a-Chip in combination with the sensitive and specific
immunoassay has been used for the development of a prototype to monitor
raw milk without requiring sophisticated instruments. After the integration
and subsequent optimization of the prototype, several measurements have been
carried out to detect different concentrations of contamination or undesired
particles encountered in raw milk. The performance of the prototype has been
tested in order to verify its functionality and accuracy. This chapter describes
the work performed in the course of this thesis to assemble and integrate all
components of the NANODETECT prototype and its characterization by using
real samples.

7.1 Design considerations of the prototype

The design of the NANODETECT prototype involved five important stages:
design and fabrication of the microfluidic devices, development of the im-
munoassay process within the microfluidic channels, definition and construction
of the optical detection system, visualization of data results and respective
assembly of the components. After an extensive research study of each stage,
planning, performing experiments and a subsequent verifications of results, the
first prototype was designed and constructed.

This dissertation includes two prototype designs, both based on the immunoas-
say protocols described in Appendix[E.I] The difference between both designs
lies mainly on the fluid connection. In the first design, pumps were connected
in parallel, while in the second design, pumps were connected in serie. After
performing several experiments, a serial operation was selected for the final
design, due by the fact that the dead volume of the fluid path is considerably
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smaller than in a parallel connection. However, both designs are presented in
this chapter as suggestions for future research. The first and second prototype
were designed based on the following considerations.

7.1.1 Bioactivation

According to the contamination or specific particle to be detected, the mi-
crochannels of the microfluidic devices must be treated biologically prior they
are placed into the prototype. This bioactivation refers to a surface function-
alization in order to ensure strong and specific covalent binding of antibod-
ies within the microfluidic device. This functionalization consists in covering
the surfaces of the microchannels with corresponding proteins, antibodies and
blocking system as explained in subsection This bioactivation must be
performed under standard laboratory conditions. Once the inner surfaces of
the microfluidic device are bioactivated, they could be placed in the prototype,
in the respective microfluidic system holder to start the measurements.

7.1.2 Temperature

The mixture of raw milk with labeled antibodies (R-PE or Alexa) should
be maintained at an ideal temperature. According to additional experiments
realized by ttz, 20°C is the ideal temperature for performing the immunoassays.
Detection experiments at different temperatures should be performed to find
out in which way the temperature could affect the antibody-antigen reaction.
However it has not been performed in the scope of this thesis. For the current
prototype, room temperature has been considered and it has been monitored
by means of a standard temperature sensor. The inside temperature should
not increase more than 37°C. Over this temperature, the mixture of milk and
R-PE antibodies might be affected.

7.1.3 Immunoassays

At the beginning of this thesis, specific compounds in raw milk were established
to be detected by the NANODETECT prototype. These specific contamina-
tions include low concentration of pathogenic microorganisms, such as listeria,
mycotoxins, drug residues and fraud. During the development of this thesis,
some problems regarding the listeria detection unit were encountered. Appro-
priate antibodies could not be found, thus limiting the detection of listeria.
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For this reason, the NANODETECT prototype has been designed for the
detection of three biological assays: mycotoxin (aflatoxin AM1), fraud (goat
milk mized with cow milk) and drug (gentamicin), which can be encountered
in raw milk.

7.1.4 General detection principle

The detection principle is based on the competitive and non-competitive het-
erogeneous immunoassays. The immunoassay principle and selected biological
detection systems for the NANODETECT prototype have been explained in
more detail in subsections [2.2]

Aflatoxin detection unit

The detection unit of aflatoxin M1 is based on a direct competition assay
format, in which the fluorescence signal is inversely proportional to the amount
of contamination encountered in the milk sample. The procedure to detect
concentrations of aflatoxin M1 is shown in the following figure.

Washing step to remove

Labeled Abs %
unbound substances

*

inlet outlet inlet outlet
4>

(a) (b)

% Labeled Abs can be
detected

inlet outlet

()

Figure 7.1: Detection procedure of aflatoxin M1 in raw milk.

a The contaminated milk is mixed with corresponding labeled antibodies.
The resulting mixture is then pumped through the microfluidic chip. Free
labeled antibodies (Ab) bind to coated aflatoxin M1 antigens in absence
of antigens in the milk sample.

b Unbound substances such as fatty particles or unspecified proteins en-
countered in raw milk are washed away using a buffer.
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C

Once the microfluidic device is free from undetermined particles, the
fluorescence signal emitted by labeled proteins (PE) can be measured
by means of the optical detection system.

Drug detection unit

An indirect competition assay format has been used for the drug detection unit.

The fluorescence signal is inversely proportional to the amount of contamination

as well as in the aflatoxin M1 assay. The procedure of drug residues in raw

milk is listed as follows:

a

The contaminated milk is mixed with primary antibodies. The resulting
mixture is pumped through the microfluidic chip. Primary antibodies
bind to corresponding drug antigens. Unlabeled (primary) antibodies
bind to coated antigen in absence of antigens in the milk sample.

b Unbound substances are washed away by using a buffer.

¢ Labeled (secondary) antibodies diluted in PBS are pumped into the chip.
The protein binding should take place between primary and secondary
labeled antibodies.

d The washing step takes place again. Once the microfluidic device is free
from undetermined particles, the fluorescence signal emitted by labeled
(secondary) antibodies can be measured by means of the optical detection
system.
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Figure 7.2: Detection procedure of drug residues in raw milk.
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Fraud detection unit

The fraud detection unit is based on a sandwich immunoassay format. In
comparison to last detection units, the fluorescence signal is proportional to
the amount of compounds encountered in the milk sample. The procedure to
detect concentrations of fraud in raw milk is shown in the following list and
also depicted in figure [7.3]

— Fraud Washing step to remove unbound
(a) (b)

¥ g—Labeled *
antibody
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Figure 7.3: Detection procedure of fraud in raw milk.

a The contaminated milk is pumped through the microfluidic chip. Anti-
gens bind to the catching antibodies and thereby are enriched.

b Unbound substances such as fatty particles or unspecified proteins en-
countered in raw milk are washed away using a buffer or water.

¢ Labeled antibodies are diluted in PBS and then introduced into the
microfluidic system. The protein binding between labeled antibodies and
corresponding antigens take place.

d The rest of unbound substances or unspecified antigens encountered in
raw milk are washed away using a buffer. Once the microfluidic device
is free from undetermined particles, the fluorescence signal emitted by
labeled antibodies can be measured.
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7.2 Detection principle in the prototype (first design)

The functionality of the biological assays has been tested at laboratory scales to
detect quantitatively the presence of specific components in raw milk (aflatoxin
M1, cow milk in goat milk and gentamicin residues). Immunoassay protocols
have been optimized and the actual version can be found in Appendix

Procedure for the detection of aflatoxin M1 in the prototype

According to the established protocol, aflatoxin M1 unit requires two reservoirs
in the prototype, which store the raw milk mixed with labeled antibodies and
the washing buffer. Two pumps are used for sample transport from the reservoir
to the microfluidic device and then to waste reservoir. A 3-way connector is also
required to connect the tubes in parallel and thus address the fluid volumes (the
raw milk and washing buffer) through the microfluidic device. This connector
has been designed and fabricated using Teflon, which is a non-absorbent and
chemically inert material. Two valves are also necessary to avoid back flow or
wrong direction of the fluid flow. The schematic representation of this assay
unit is illustrated in figure

Valve
X

ontaminated pfluidic 4.
milk Chip @

Figure 7.4: Schematic diagram of aflatoxin M1 assay unit according to established
protocols.

Valve

Procedure for the detection of fraud and drug residues in the prototype

As depicted in figure fraud and drug assays require three reservoirs re-
spectively for storing contaminated raw milk, labeled antibodies (Dye) and the
washing buffer. In this case, four pumps are used for sample transport from
the reservoir to the microfluidic device and waste reservoirs. As well as in
the previous assay, 3-way Teflon connectors are necessary for connecting the
tubes in parallel and thus conducting the fluid volume towards the microfluidic
device. In addition to that, four valves must be installed to prevent back flow.
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pfluidic
e (aste)

Figure 7.5: Schematic diagram of fraud assay unit according to established protocol.

7.2.1 Basic prototype operation (first design)

As described before, the prototype consists basically of an optical sensor, bioac-
tivated microfluidic devices and an interface to visualize the data results. Be-
sides the fabrication of the microfluidic devices (hereafter, uC1, uC2, uC4), the
construction of a functional prototype includes the selection and installation
of corresponding peripheral devices, such as fluidic connections, eight pumps
(P1 to P8), eight valves (pinch valves) and a microfluidic holder (hereafter, uC
holder). In addition to that, a temperature sensor (Tem1) is required to monitor
the temperature inside the prototype and thereby, ensure the performance of
the measurements only at room temperature. A servo motor (SM1) is also
required, which is able to move the microfluidic holder and thus places the
microfluidic device in front of the optical sensor. This servo motor moves the
microfluidic holder from the reference point (hereafter, Ref.) to the microfluidic
chamber to be measured. The final position of the servo motor depends on the
assay to be detected: pCl for aflatoxin M1 assay, pC2 for fraud assay and
uC4 for drug Assay. The functionality of these peripheral devices has been
defined in six different phases as shown in table Additionally, figure
shows a schematic representation of the prototype (first design) illustrating all
components and how they are connected. The connection of the peripheral
devices is based on the procedures for the detection of the three assays, which
have been explained and illustrated in figures @ and respectively. As
shown in figure the prototype is also composed of an extern touch screen
Panel - PC as graphical user interface (GUI), with which the user can control
the detailed setup such as access to the features and applications of the system.
3D drawings and a photo of the first design of the NANODETECT prototype
are given in Appendix
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Table 7.1: Basic prototype operation (first design).

Phase definition

Basic procedure

1 | Reference The background fluorescence of each microflu-
measurement idic chip is measured. After measuring the
background fluorescence of all microfluidic
devices, the servo motor returns the microfluidic
holder to the start position being the reference
point (Ref.)
2 | Immobilization Milk+fraud and milk+drug are pumped simul-
phase 1 taneously by P2 and P4 to the microfluidic
device uC2 and pC4 respectively. The pinch
valve 02 is activated closing the tubes (T60a,
T60b, T60c and T60d) to ensure that the
washing puffer (PBST) does not flow in
direction to the microfluidic chip during the
immobilization phase.
Immobilization Milk+alfatoxin M1 is pumped by P1 to
phase 2 microfluidic devices pC1l. The pinch valve 02
continues being active.
3 | Washing phase PBST is pumped by P6 and P8 for washing
(Fraud+Drug) rest of milk+fraud and milk+drug respectively.
The pinch valve 01 is activated closing the tubes
(T11, T21, T31 and T41) to avoid that PBST
flows in direction to the milk reservoir.
Washing phase The pinch valve 01 continues being active.
(Aflatoxin) PBST is pumped by P7 for washing the rest
of milk+aflatoxin M1 .
4 | Immobilization The pinch valve 02 is activated. Fraud-dye is
phase 3 pumped by P3 to uC2.
5 | Washing phase The pinch valve 01 is activated. PBST is
(Fraud-dye) pumped by P5 for washing rest of fraud-dye
reagents.
6 | Detection phase The fluorescence generated by labeled antibod-

ies within the microstructures can be measured
by the optical sensor. Data measurements
are digitalized, sent to the display and finally
visualized by the user.
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7.3 Peripheral devices

The main purpose of this thesis was to produce a working unit that is cost-
effective, suitable for easy use and able to verify correct operation detecting
contamination particles in raw milk. The, the first prototype was designed
primarily adopting standard components and adapting them as illustrated in
the schematic representation (see figure[7.6)). The components of the prototype
and the function are described in following subsections.

7.3.1 Fluidic connections

The fluidic connection was designed in such a way that users can avoid di-
rect contact with solution mixtures and respective toxic compounds utilized
for the bioactivation. The fluidic connection or chip holder must be fabri-
cated using non-biocompatible material, which prevent subsequent adhesion of
biomolecules on its surface. The fluid holder has been designed and fabricated
using Teflon material, which was selected as suitable material to connect the
microfluidic devices because it is non-toxic, chemically inert and non-absorbent
material.

For the prototype, the chip holder contains four chambers: three chambers for
the assays and one chamber as reference measurement. The exterior surface of
the holder must be flat to provide a stable and smooth interface to the optical
sensor. Hence, microfluidic devices connected by means of the fluidic holder
could be placed in front of the optical sensor as close as possible to enhance
measurement sensitivity. Schematic representation of the fluidic connection is
shown in figure [7.7}

Fluidic —
connector ;

Figure 7.7: Microfluidic holder with four chambers. The holder has a removable
cover for easy access to inspect and clean when it is required.

Another aspect that should be taken into consideration is the background
fluorescence of the chip holder. The cover and Teflon holder exhibit high levels
of fluorescence, which influences strongly the measurement of the fluorescence
signal emitted by the bioparticles. For this reason, a perforation through the
cover, as well as through the Teflon holder was necessary to ensure that the laser
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beam exposes only the surface of the microfluidic chip. The main requirement
of the perforation of the Teflon holder was the shape. This perforation must
be cone shaped guaranteeing that the laser beam does not collide with the
perforation walls. Another advantage of the chip holder is the cover. This cover
could be opened easily by moving it parallel to the Teflon holder enabling the
easy access to the microfluidic devices in a practicable way. The bottom view
of the new Teflon holder design and respective cone shaped perforations are
shown in figure [7-8]

Cone shaped
perforation

Microchip
chamber

Cover

(a) (b)

Figure 7.8: The microfluidic holder with four chambers. Each chamber has a
dimension of 14 x 8 x 4.2mm (length x width x deep). The Teflon
holder has a dimension of 30 x 27 x 22mm. (a) The bottom view of
the new Teflon holder showing cone shaped holes. (¢) The microchip
holder has a removable cover enabling the easy access to the chips for
easy adjustment or change for a new set of chips.

7.3.2 Translation mechanism

Depending on the assay to be measured, the microfluidic chip must be po-
sitioned accurately in front of the optical detector (i.e. laser beam). To
achieve that, a gear-drive translation mechanism was designed and constructed
according to the Teflon holder dimensions. The servo motor was then able to
move the holder to right or left direction, which was easily controlled by varying
the average of the voltage amplitude and operation time. The translation
mechanism must be able to place the Teflon holder and adjust the microchannel
in front of the laser beam having a maximum tolerance of 0.5mm. Otherwise,
the laser beam would exposure SU-8 walls emitting high fluorescence intensities
compared with labeled proteins. The translation mechanism to be implemented
in the prototype is depicted in figure According to the design of the
translation mechanism, the Teflon holder could be pulled out from the housing
in a feasible manner, so that the microfluidic devices could be easily removed
and changed to a new set of fluidic systems.
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Microchip
holder

Gear-drive

Servor motor

Figure 7.9: Schematic representation of the translation mechanism driven by a servo
motor.

7.3.3 Pump system

In several biological and medical settings, liquids are transported through a
tube with a flow rate controlled by peristaltic pumps. These pumps work by
pressure and displacement, in which a rotor with several rollers compresses
the tube forcing the liquid through the pump and pushing it out. The main
advantage of using these pumps is that the fluids do not come in contact
with the mechanical parts of the peristaltic pumps. This makes peristaltic
pumps ideal for transferring chemically aggressive solutions, high-purity fluids
as well as contaminated fluids as in the prototype, in which contaminated
raw milk must be pumped. Although peristaltic pumps are useful in medical
and biological applications, the extremely high cost (each peristaltic pump
costs €1000, according to a quotation sent by Thermo Scientific) and rela-
tively big dimensions make peristaltic pumps an impracticable option for the
integration of the NANODETECT prototype. Conversely, micropumps can
be an attractive alternative to standard peristaltic pumps due to their size,
weight, low energy demand and low cost acquisition. Micropumps are being
so far offered by companies such as ThinXXs, Star Micronics, Debiotech and
Bartels Mikrotechnik for demanding applications as for example in the life
science. For the pump system in the prototype, the micropump mp6 acquired
by Bartels Mikrotechnik has been selected, which offers the possibility of an
intrinsic flow control. This allows flexible adjustment in accordance to the
prototype requirements.

The micropump mp6 is based on the working principle of piezoelectric di-
aphragm in combination with passive check valves. The pump consists of a
pump chamber, an actuation diaphragm, an inlet and outlet valve. A piezo
ceramic installed on the actuation diaphragm membrane is deformed when
voltage is applied. As consequence of this deformation, the fluid is sucked into
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the pump chamber generated by the upward movement of the diaphragm and
it is followed by a downward movement, which displaces the fluid out of the
pump chamber. The check valves define the flow direction. This functional
principle can be observed in figure [7.10]

Actuation diaphragm Piezo

\ /
Yy

Supply mode

vvyvy

P

Inlet Outlet

Pump mode

check
valve

Figure 7.10: Piezo driven micropump with passive check valves [Ric08].

The micropump mp6 offers a flow performance of 6mL/min and can be con-
trolled by adjustment of parameters such as amplitude voltage and frequency.
Micropumps have been fabricated using plastic materials allowing cost effec-
tiveness and use as disposable units. The material, which comes in contact with
the fluid, is the material polyphenylene sulphone (PPSU). Bartels Mikrotechnik
also offers the mp6-OEM module, which allows flexible adjustment of flow
performance in accordance with the application requirements [Bar10].
This controller drives the mp6 performance in an integrated circuit generating
up to 235V peak voltages from an external control voltage between 0.3 and
1.3V. Figure [711] shows a picture of the micropump mp6 with dimensions of
30 x 15 x 3.8mm. The pump controller is also depicted in this figure. For the
pump system of the prototype, up to eight mp6 micropumps and corresponding
mp6-OEM controller were necessary.

mp6-OEM
controller

—— mp6
micropump

_—

Figure 7.11: Picture of the micropump mp6 and corresponding mp6-OEM module.
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7.3.4 Valve system

Since the system requires small flow rates with accurate control, a solenoid
pinch valve has been selected to control the flow through the tubes. For the
prototype, a pinch valve acquired by Bio-Chem Fluidics has been selected
offering simultaneous operation up to 8 tubes at relative low cost (€100).
Furthermore, only the inside of the tubing has contact to the fluid preventing
the contamination to the mechanical parts of the valve.

The pinch valve controls the fluid flow opening and closing a mechanical system,
which quenches the tubings. Through these tubings flow milk, wash buffer
and required reagents. A solenoid valve is an electromechanical valve, which
is controlled by an electric current. The solenoid converts electrical energy
into mechanical energy. When the solenoid is energized, the valve plunger is
retracted opening or closing the tubings. In contrast to that, when the solenoid
is deactivated, the spring pushs the plunger back to the start position and
thereby returning the tubings to the original position [Cop10]. The components
of a solenoid valve and corresponding photo are depicted in figure [7-12]

(b)

Figure 7.12: Selected pinch valve to be implemented in the prototype [Copl0]. (a)
The main parts of a solenoid valve. (b) Photo of a pinch valve.

7.3.5 Graphical User Interface

A grahphical user interface (GUI) has been also implemented in the NAN-
ODETECT prototype, which provides an user-friendly operation. The GUI
acquired by taskit GmbH is based on a touch screen panel with dimensions of
104 x 112mm. The Panel-Card using Linux as operating system offers several
interfaces to support a variaty of peripheral devices. Basically, this panel
offers universal serial bus ports (USB), local area network (LAN), universal
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asynchronous receiver transmitter ports (UART), general purpose input output
(GPIO) and serial peripheral interface ports (SPI). UART ports have been
used in the NANODETECT prototype to interface the optical detection system
including the laser and the photo multiplier tube. SPI has been used to interface
a Digital Analog (DA) Converter with eight outputs (AD5628, acquired by
Analog Devices). Analog voltage supplied by this DA Converter has been used
for controlling the performance of the pump system. GPIO ports have been
used to control the valve system and translation mechanism that refers to the
servo motor. USB port was used for transferring the measuring date, while
LAN port was used to perform software updates or connect to the internet.
The power supply was obtained by an AC/DC adapter with a DC output
voltage of 12V.

7.3.6 Optical detection system

The optical detector unit implemented in the NANODETECT prototype is
composed basically of an excitation laser light source, detector, filters and
translational optics. Figure [7.13] shows the schematic representation of the
experiment setup for reflectivity measurement and corresponding photo of the
optical detector designed and developed by Optotek [opt10]. A laser diode with
peak emission wavelength 532nm (Hitachi HL6344G, Thorlabs) delivering an
output optical power up to 5mW in a single mode, linearly polarized beam, was
used as an illumination source. The laser beam is passed through a circular
aperture with 2mm of diameter in accordance with the results obtained in
section

After illuminating the sample, i.e. the microfluidic device, the light source was
then detected. The detection was performed by means of a photomultiplier
tube that provides high photocathode quantum efficiency having direct effects
on the detection efficiency. The PMT acquired by Hamamatsu (H6780-02) was
coupled to a Hamamatsu C8908 unit, which has an RS232 interface to transfer
measured values to a PC. In this optical configuration, the integration of an
additional photodiode was required for measuring the reference laser beam and
thus detect laser fluctuations. To achieve that, the output optical power was
monitored by using an integrated photodiode and controlled with a laser diode
controller (LDC500, Thorlabs). Additionally, two bandpass emission filters
were used to suppress scattered and reflected excitation light. Optical filters
were used in the optical detection system to reflect the light at 90° enabling
the illumination of the samples by using a collimated light beam. Optical
filters (dichroic filters) have been also installed in the interconnecting tubes.
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The fluorescent signal from the microfluidic device (test sample, see figure
7.13| (a)) passed through the emission filter blocking reflected laser output,
so that signal from enhanced green fluorescent protein may be detected. The
scanning parameters, as well as data acquisition were controlled with a software
developed also by Optotek.

PHOTOMULTIPLIER TUBE (PMT)
PHOTO DIODE
.

m
it
it
!mm EMITTER FILTER

BEAM DUMP EXCITER FILTER

il ==

MICROSCOPE CUBES LASER - 532nm

DICHROIC ' BEAM SPLITTER

) TEST SAMPLE

‘Beam
Dumpers

(b)

Figure 7.13: Optical detection system developed by Optotek (a) Schematic
representation of the experiment setup for reflectivity measurement
(b) Picture of the detection system to be implemented in the
NANODETECT prototype.

Since the stability of the laser operation was an essential parameter to provide
required sensitivity and selectivity, a post processing step was included in the
optical detector. By using simple data post processing, laser fluctuations and
respective variations in the PMT signal were detected and compensated in
real time. Undesired signals fluctuations were measured and corrected to a
defined value being a practicable solution to apply in the NANODETECT
prototype. The post processing of signals obtained by the PMT and photodiode
are described in Appendix
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7.3.7 Temperature sensor

In the prototype, temperature must be considered. A temperature up to 37°C
might not take place, otherwise proteins and reagents within the microfluidic
devices can be adversely be affected. For this reason, a temperature sensor near
from the microfluidic holder must be installed in order to monitor the tempera-
ture during the measurements. The temperature sensor ADT7301 acquired by
Analog Devices has been selected that offers a flexible serial interface allowing
an easy connection to the SPI port of the Panel-Card (see subsection .

7.3.8 Additional components

Additional components such as tubes and reservoirs have been also incorporated
in the NANODETECT prototype. The selection of these components lied
mainly on their material, which exhibit non-absorbing properties. Polypropy-
lene (PP) material is the most appropriate material that satisfies demanding
requirements, since it is highly chemical resistance and it can also be acquired
at low cost. Furthermore, PP shows hydrophocitiy and poor antifouling char-
acteristics, which prevents protein absorption.

Reservoirs with a capacity of 1.5mL of volume and tubes with an inside diame-
ter of 0.8mm (PharMedl Ismaprene) were acquired by Fisher Scientific GmbH
and medChrom respectively.

7.4 Optimization of the NANODETECT prototype

After assembling the first prototype design, several measurements were carried
out using real samples. Because the initial results were not promising, a step-by-
step evaluation has been performed to determine the necessary improvements.
Based on the experience made by using the original design, the prototype has
been optimized and the most relevant improvements are summarized in this
section.

Accuracy

A DC servo motor was selected in the translation mechanism for the variable
displacement of the fluidic holder and thus, automatically adjusting of the
microfluidic chips. Although the servo motor could be easily controlled by
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varying the voltage amplitude and it was a low cost solution, the servo motor
showed low accuracy in the moving mechanism limiting its use in the prototype.
The servo motor was not able to adjust the microchannel in front of the laser
beam with tolerances less than 0.5mm.

As consequence, SU-8 walls were exposed emitting high fluorescence intensities
and thus, overlapping signal emitted by labeled proteins. Since a high precision
and accuracy in positioning were the most significant parameters of the trans-
lation mechanism, the servo motor has been replaced by a drive stepper motor
acquired by Standa Lithuana (ref. 8MT160-300). This stepper motor consists
basically of a linear stage and a RS232 controller, which offers high accurate
positioning with extremely tight tolerances (in micro range).

Elimination of air bubbles within the microfluidic devices

Air bubbles were observed within the microfluidic device during primary mea-
surements by using the prototype. Air bubbles interfere with a proper fluid
flow and also with the passage of the beam of light altering the results. Some
methods have been selected and implemented in the prototype to reduce the
formation of these undesired air bubbles along the microfluidic system. To
avoid air bubbles, the following methods were used:

1. Bubble traps provided by Trace Analytics were implemented in the pro-
totype. They were selected because of their material composition such as
PEEK and PTFE being inert and chemical resistant. These bubble traps
were also chosen because they ensure no dead volume, thus avoiding the
accumulation of milk residues or PBST inside of the bubble trap.

2. When microfluidic devices are replaced by new ones for performing next
measurements, unavoidable air enters into the fluidic connector forming
air bubbles into the microfluidic channel. The risk of air bubbles forma-
tion can be minimized by filling the chips with water prior to application.

Microfluidic device without structured columns

Based on the experience made with the original prototype, a difficulty has
been observed concerning the use of the microfluidic chip with structured
columns. This microfluidic system has been selected because of the many
advantages over the other proposed microfluidic structures. By using this
microfluidic system with structured columns, clogging channels was ruled out

148



7.4 Optimization of the NANODETECT prototype

and the enrichment of a large amount of specific antigens took place due to
the presence of the stagnation flow around the columns. As demonstrated
experimentally in previous chapters, the presence of these columns provide
discrete sites for immobilization of cognitive agents such as proteins, antibodies
and antigens. The flow velocity around the column was weaker than in the rest
of the microfluidic system, which led to an efficient enrichment in this zone (see
Chapters@ and@. In spite of the several advantages by using this microfluidic
system, one difficulty appeared during the washing step in the NANODETECT
prototype. By applying the washing step, unspecified compounds could be
removed from the microfluidic device. However, unspecific particles after the
washing phase have been observed behind the columns as illustrated in figure

12

Columns

Flow direction

Figure 7.14: Picture of the microfluidic device after washing step. Yellow circle
represent some residues, which could not washed off after enrichment.

The flow velocity behind each column was very low, so that the antigen en-
richment and unspecific immobilization also occurred behind the columns as
observed in this figure. Since the fluid in the prototype can be only pumped
in one direction because of selected micro pumps (see section , the area
behind the columns cannot properly washed off. Based on these results, the
columns within the microfluidic device must be omitted for next measurements.

The elimination of the columns might provide an efficient washing step through
the whole microchannel and also reduce the volume of SU-8, thus minimizing
the background fluorescence of the microfluidic device. Nevertheless, the design
of microfluidic systems with integrated column structures must be considered
for future work because of the advantages in comparison to single channels (see
section . In addition to that, the presence of altered flow patterns and
stagnation point within microfluidic devices with integrated columns ensure
an uniform distribution of the fluid as well as a large enrichment of proteins
i.e. antibody-antigen as demonstrated in sections and The
elimination of the columns might provide an efficient washing step through the
whole microchannel and also reduce the volume of SU-8, thus minimizing the
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background fluorescence of the microfluidic device. Nevertheless, the design of
microfluidic systems with integrated column structures must be considered for
future work because of the advantages in comparison to single channels (see
section . In addition to that, the presence of altered flow patterns and
stagnation point within microfluidic devices with integrated columns ensure an
uniform distribution of the fluid as well as a large enrichment of proteins i.e.
antibody-antigen as demonstrated in sections [:2.3] [6.3] and [6.4-3]

Additional washing steps by using water

In order to determine the concentration level within the microchannel, two
measurements were carried out under the same condition. The first measure-
ment represents the background fluorescence of the microfluidic device and the
second measurement corresponds to the fluorescence emitted by the microfluidic
system after pumping all reagents including raw milk with the antigens, PBST
and labeled antibodies. The difference between these measurements represents
the concentration level within the microchannel. Figure [7.15] shows the back-
ground fluorescence of three different microfluidic devices, which were measured
by using the prototype. It must be noted that these fluidic chips were previously
bioactivated, meaning that specific antibodies and BSA were immobilized in the
inner surface of the microchannels. PBST was also pumped to remove unbound
particles encountered into the channel. The first measurements showed that
background fluorescence varies from one microfluidic device to another and this
significant difference was not expected. As established in Chapter [3] polymer
microfluidic devices possess autofluorescence due to the properties of PMMA
GS and SU-8. Nevertheless, this autofluorescence should not vary significantly,
because the microfluidic devices have been fabricated under the same conditions
and because thin SU-8 layers has been used.
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Figure 7.15: The background fluorescence of three different microfluidic chips. The
measurement has been repeated three times to verify the results.
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In order to prove that the microfluidic devices have similar autofluorescence
intensities, an additional washing procedure has been included to the whole
process. In addition to PBST, distilled water has also been pumped through
the microfluidic chips to remove the rest of unbounded particles. After pumping
water, microfluidic devices were measured again. The emitted fluorescence
signals are shown in figure [7.16]
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Figure 7.16: The background fluorescence after applying an additional washing step.
After several attempts, optimal parameters were found out: distilled
water must be pumped during 5 min at 0.05mL/ min

The variation of background fluorescence was attributed only to the different
autofluorescence of each microfluidic system. However, additional experiments
showed that this variation of background fluorescence was not caused by the
microfluidic systems of same quality, but rather it was caused by the rest of
BSA (blocking solution) and/or of PBST used for washing, which were still in
the microfluidic device. Based on these measurements, two phases have been
added to the original prototype operation as seen previously in table Two
new phases for water-washing have been added into the state machine of the
embedded software of the prototype. These phases might guarantee that the
microfluidic devices are free from undesired particles left by the washing phase
using PBST. Another advantage in including these "water phases” is that the
microfluidic systems are filled completely with water preventing the formation
of air bubbles and thus, ensuring accurate measurements made under the same
conditions.

Fluidic connection

One difficulty observed in the prototype was the non-efficient transfer of volume
sample into the microfluidic device caused by the dead volume in the fluidic
connections. The dead volume refers to the volume contributed by the tubing
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connecting the reservoirs to the microfluidic devices including the tubing con-
nectors, volume added by fittings and pump chamber. In order to determine
the dead volume, initial volume and final volumes of each assay unit have been
experimentally measured. Table [7:2] shows the dead volume in each assay unit,
which differs because of the flow rate and number of tubing connectors.

Table 7.2: The dead volume according to the assay unit. The dead volume
was measured experimentally from the reservoirs to the tubes that are
connected to the inlet of the microfluidic devices (see tubes T40, T20 and

T10 from figure )
Pump | Assay Flow velocity | Initial volume | Final volume
[mL/min] [mL)] [mL)]
P1 Aflatoxin 0.026 0.5 0.250
P2 Fraud 0.026 0.5 0.185
P3 Fraud-dye 0.066 1.0 0.750
P4 Drug 0.026 0.5 0.250

As shown in table the dead volume ranges between 0.25 and 0.315mlL,
which is the sum of volumes contributed by different fluidic connections. The
dead volume increases considerably in fraud-dye followed by fraud unit. This
is mainly caused by the tubing connector or 3-way connector as depicted
previously in figure[7.6] The use of this connector was suggested to connect raw
milk and wash buffer in parallel as seen in section By using this parallel
connection, the operation of the prototype would be simple and require no
operator during the measurement. In this case, reservoirs must filled up once
only with raw milk and reagents. Since the measurement is completed or since
a new measurement must be initiated, reservoirs must filled up again. The first
design of the prototype would be easy to get working. However, the amount of
multiple connectors must be reduced in order to minimize the dead volume as
maximum possible. In order to reduce the dead volume and thus improve the
efficiency of the prototype, the fluidic connection has been modified as depicted
in figure This modification consists of eliminating all 3-way connectors of
the original design, which leads to high dead volumes.

- »(Contaminate pfluidic

Figure 7.17: Schematic diagram of the modified fluidic connection. Liquid samples
are pumped in serie into the microfluidic device.
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In this way, all reagents flow to the microfluidic device using a serial con-
tinuous flow as depicted in figure [7.I7} The dead volume could be reduced
to approximately 45ul. per fluid path. As shown in this figure, two pumps
connected in serie were required for each assay unit. This serie connection by
using two different pumps is because contaminated milk and washing buffer
must be pumped at different flow velocities. Another significant advantage of
this fluidic configuration is that it does not require the use of valves. Using
the micropumps mp6 acquired by Bartels, fluid samples can only turn in one
direction and reverse direction is mechanically prevented by the check valves
of the micropump (see section . Thus, back flow can be avoided without
requiring additional valves.

7.5 Detection principle in the optimized prototype (second
design)

As shown previously in figure [7.17] all fluid samples including raw milk and
PBST can be pumped in serie. The first micropump was set at low flow
velocities (0.05mL/min) to pump raw milk, while the second micropump at
relative high velocities (0.5mL/min) to pump the washing buffer and water.
The procedure for the detection of each assay is briefly described below. Final
immunoassay protocols can be found in more detail in Appendix [E-J]

Alatoxin M1 assays

1. The microfluidic chip is pumped with water to remove the rest of particles
left from PBST or BSA.

2. Raw milk containing aflatoxin M1 and labeled antibody solution are
pumped by the first pump through the microfluidic chip.

3. Once raw milk with aflatoxin M1 is pumped, the user must change man-
ually the vessel to a second vessel containing the washing puffer (PBST).
The first pump stops pumping, whereas the second pump starts working.

4. The microfluidic chip is pumped with water again to prevent the forma-
tion of salt crystals from PBST.

5. At this point, the fluorescence generated within the microstructures by
labeled antibodies can be measured by means of the optical sensor.
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Fraud and drug assays

1. Microfluidic chips are pumped simultaneously with water to remove par-
ticles rest left from PBST or BSA.

2. Raw milk containing fraud or drug residues (+ unlabeled antibodies) are
pumped through the microfluidic device by the first pump.

3. When the vessel or reservoir containing mixed milk is empty, the user
must change manually this vessel to the reservoir containing the washing
puffer (PBST). At this moment, the first pump stops pumping while the
second pump starts pumping.

4. Labeled antibodies dissolved in PBST are introduced in the microfluidic
chip. Vessels must also be changed by the user. The second pump stops
pumping, whereas the first pump starts working.

5. The non-bound labeled antibodies and milk residues are washed away
through the microfluidic device. Vessels must again be changed by the
user. The first pump stops pumping, whereas the second pump starts
working.

6. Water is pumped again into the microfluidic device to prevent the forma-
tion of salt crystals from PBST.

7. Fluorescence generated within the microstructures by labeled antibodies
can be measured by means of the optical sensor.

7.5.1 Basic prototype operation (second design)

The operation of the second prototype design takes place in eight different
phases, in contrast to the first design that needed six phases. Additional
washing steps have been included to the prototype operation as shown in
table The addition of these new phases is due by the fact that undesired
particles were still observed after the already established washing steps. These
unknown substances within the microchannels might be mainly originated from
the BSA and also from PBST as demonstrated in section For this reason,
water must be pumped into the microfluidic devices before the measurement
of background fluorescence (reference measurement) and fluorescence emitted
by labeled molecules (detection phase) take place. These phases have been
defined as "water phase” as shown in table |[7.3] The prototype operation and
corresponding component status are given in more detail in Appendix
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Table 7.3: Basic operation of the optimized prototype defined in eight phases. Two
new phases (1 and 7 for water-washing) have been added to the prototype
operation, which ensure an efficient removal of unwanted particles from

BSA or PBST within the microfluidic device before measuring.

Phase definition

Basic procedure

"Water phase”

Water is pumped through the microfluidic device
to remove undesired particles originating from
BSA or PBST.

Reference
measurement

The background fluorescence of each microfluidic
chip is measured. After measuring the
fluorescence of all microfluidic devices, the
stepper motor returns the microfluidic holder to

the start position being the reference point.

Immobilization
phase 1

Milk+alfatoxin, milk+fraud and milk+drug are
pumped simultaneously by P1, P4 and P7.

Washing phase 1

PBST is pumped to remove the rest of milk and
P4 (fraud) and P7 (drug) continue
pumping the milk that is still in the fluid path
at a flow rate of 0.05mL/ min. Then, P5 (fraud-
PBST) and P8 (drug-PBST) are activated to
pump the rest of PBST, but at 0.5mL/ min.

reagents.

Immobilization
phase 2

Milk+aAlfatoxin, fraud-dye and drug-dye are
pumped simultaneously by P1, P4 and P7.

Washing phase 2

PBST is pumped to remove the rest of milk and
reagents. P1 (aflatoxin M1), P4 (fraud) and P7
(drug) continue pumping the milk that is still
in the fluid path at flow rates of 0.05mL/ min.
After that, P2 (aflatoxin M1-PBST), P5 (fraud-
PBST) and P8 (drug-PBST) are activated to
pump the rest of PBST, but at 0.5mL/ min.

"Water phase”

Water is pumped again to ensure that the
microfluidic device is free from PBST.

Detection phase

The fluorescence generated by labeled proteins
within the microstructures can be measured by
the optical sensor. Data measurements are
then digitalized, sent to the display and finally

visualized by the user.
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The significant difference between both designs is the fluid connection and the
addition of the water-washing phase. In the original design, all reagents were
pumped by using a parallel connection, whereas in the present design the fluids
were pumped by means of a serial connection. As a result, the number of pumps
was reduced to six and pinch valves were not required. Figure [7.18]shows the
schematic representation of the current prototype design.
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Figure 7.18: Schematic diagram of the modified fluidic system of the NANODE-
TECT prototype. Liquid samples are pumped into the microfluidic
device using a serial continuous flow.

7.5.2 Conceptual drawing of the integrated prototype

In order to improve design efficiency, a 3D drawing of the prototype including
all components and respective dimensions has been created. This drawing was
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made based on the basic prototype operation and schematic representation as
seen previously in subsection [7.:2.1] The preliminary 3D drawing shows how the
components are connected giving a view on the prototype design. Because the
main components developed during this thesis have been designed and fabri-
cated separated (as the case of the optical sensor, which was developed and built
by Optotek in Ljubljana, Slovenia) this 3D representation was required to define
the correct position of each component in relation to the other components
and whole system. The conceptual drawing of the integrated NANODETECT
prototype is depicted in figure [7-19]

Linear stage

controller — Sample
reservoirs
Laser
Waste
GuI reservoirs
Microchips
PMT holder
Pump
system Linear
stage

Figure 7.19: Drawing of the side view of the prototype (second design).

7.6 Assembly of the functional NANODETECT prototype

Basically, the prototype equipment consists of the optical detection system,
pump system, temperature sensor, the microfluidic devices with the respective
fluidic connections and the stepper motor, which were described previously.
The prototype is also composed of an extern touch screen Panel - PC as graph-
ical user interface (GUI), which provides the users or operators the visualizing
of data results from the optical detector with an interactive interface. All
peripheral devices of the prototype were housed in a robust and non-transparent
ABS casing, which fulfils the most important requirement of light tightness.
The reformed box is shown in figure [7.20]
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Figure 7.20: Photo of the side view of prototype showing how the cover can be
opened to change the already used microfluidic devices or carry out all
necessary adjustments.

The main requisite for improving the measurement of very low fluorescence
signals emitted by labeled proteins was to reduce the background fluorescence
to a minimum level as possible. As already known, this background fluorescence
might be produced by the microfluidic system and also by the microfluidic
system holder. However, the unwanted background fluorescence might also
be produced by light emitting electronic components such as the touch screen
panel and respective interface connections. These connections include mainly
LAN network used for software updates and internet communication. Any light
sources from inside or outside of the prototype or box can interference signif-
icantly the measurement of the fluorescence. In order to avoid such emitting
light, all electronic components were sealed inside the box. Additionally, the
box was itself light sealed.

The housing was acquired by Fibox (code: ABS 5638 18 G-3FSH) and has
dimensions of 558 x 378 x 180mm (length, width and height). The original box
was modified to facilitate testing of raw milk under realistic in-place conditions.
The cover can be opened easily by turning the wing screws for easy access. The
operator can then change the microfluidic devices, fill up empty bottles or carry
out the necessary adjustments by an uncomplicated way. In addition to that,
the inside of the box was painted flat black to avoid any reflections of light
that could interfere with the operation of the detector. The system power
switch, USB, LAN network and RS232 connection were mounted externally
for easy access for software update via RS232 or LAN and also for saving
measurements via USB. Figures [7.21] [7.22] and [7.23] show different views of the
complete prototype.
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Figure 7.22: Photo of the inside view of the NANODETECT prototype.

In the GUI, an automated state machine was developed, which was created
according to the prototype operation as described previously in table or in
Appendix The schematic representation of the state machine including
the main menu and submenu is shown in ﬁgure
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Microchips
holder

Figure 7.23: Photo of the top view of the NANODETECT prototype.
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Figure 7.24: Schematic representation of the state machine of the GUI sorted in the
main menu and submenu.
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As shown in figure [7:24] the state machine consists of eight steps, which rep-
resent each phase of the prototype operation. The optical system, pumps and
stepper motor work as defined in the state machine. All steps can be seen in
the main menu of the GUI including the measurement time, inner temperature,
the position of the stepper motor, as well as the measurement results.

Measurements
results

Measurement
time and inner
temperature

Stepper motor
status view

1: Aflatoxin assay
2: Fraud assay
3: Drug assay

“Reservoir change
button”

State machine:
Eight steps

“Start and storz representing the
buttons phases of the
prototype
operation

Figure 7.25: Main menu of the GUI showing the state machine of the
NANODETECT prototype.

In addition to that, each step can be selected separately, thus having access to
the submenu. Figure [7.26] shows the submenu of the reference and detection
phase, in which parameters of the optical sensor and stepper motor can be
modified. Figure [7.27] shows the submenu of the immobilization, washing and
water-washing phases, in which the parameter of the pump system can be
established according to requirements of the users.

Parameters of ===
the optical

>y 86 §8 38 gEsé

Steps, start
velocity,
acceleration and
direction of the
stepper motor

Figure 7.26: Submenu of the GUI showing the reference and detection phases.
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Figure 7.27: Submenu of the GUI showing the immobilization, washing and water-
washing phases.

7.7 Characterization of the NANODETECT prototype

The performance of the NANODETECT depends primary on the spectral
responsivity of the PMT, which is dependent upon the gain. Likewise, the
PMT gain relies on the voltage applied between the anode and photocathode.
In addition to that, PMT gain depends on the sequential amplification of the
initial photoelectron by the dynodes as explained in section W This process
guarantees an amplification of the signal up to 10%, so giving an excellent
low-light sensitivity. Since the signal to be measured is extremely low, high
gain i.e. high voltage is necessary for the detection. However, high gain
voltages contribute equally to the signal and to the noise. For this reason,
the characterization of the prototype relies mainly on the measurement of
labeled proteins in the microfluidic device, adjusting the gain of the PMT. This
adjustment was performed by changing the gain voltage of the PMT, directly
from the GUI of the prototype. In the NANODETECT prototype, an unique
PMT voltage can be entered by using the GUI. Because aflatoxin M1 is the
assay with the lowest signal compared to fraud and drug assays, the suitable
PMT voltage has been experimentally selected for all assays according to the
measurement results obtained from aflatoxin M1.

Different concentrations of aflatoxin M1, gentamicin and cow milk mixed in
goat milk were measured by using the prototype. Before the measurement took
place, all assays were prepared previously on the microfluidic devices using
the method described in Appendix Basically, this method implies the
immobilization of required reagents on the whole surface of the microfluidic
device. In the case of the fraud assay (cow milk mixed in goat milk), anti
K-casein antibodies were immobilized on the bottom, ceiling and walls of the
microchannel surface of the microfluidic device. While in drug and aflatoxin
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assays, gentamicin-BSA and aflatoxin M1-BSA conjugate were immobilized on
all channel surfaces of the microfluidic device respectively. These methods
have been explained in subsection[2:2.1] Several measurements were performed
during the characterization of the prototype and the most relevant results are
summarized in this section. It must be noted that required measurements for
the characterization of the prototype in this thesis were realized on different
days and that each measurement was performed on a different microfluidic chip.
The reusability of the microfluidic devices did not take place in order to avoid
wrong results.

7.7.1 Aflatoxin M1 detection

Once aflatoxin M1-BSA conjugated was immobilized on the microchannel sur-
faces, microfluidic devices were positioned into the microfluidic holder (Teflon
block) of the NANODETECT prototype. Every fluid samples including raw
milk, PBST and DI water were pumped in serie according to the prototype
operation. At first, DI water was pumped through the microfluidic devices
at 1.5mL/ min for 1sec to push away the air bubble produced when the mi-
crofluidic device was introduced into the Teflon block. The risk of air bubble
formation could be considerably reduced, when the microfluidic device was
filled with DI water, prior it was placed into the Teflon block. After that,
DI water was pumped again at 0.5mL/min during 2min to remove residues
of BSA and PBST. Then, 3mL of milk+R-PE labeled anti AFM1 antibodies
diluted in PBS were pumped through the microfluidic chip at 0.05mL/ min.
Later, 4mL of PBST was pumped at 0.05mL/ min till the milk mixture, which
was still in the tube, has passed the chip. An additional 2mL of PBST
was pumped into the chip, but at 0.5mL/min for 4min. Next to that, DI
water was injected through the microfluidic device at 0.5mL/ min for 7 min to
remove undesired particles left by PBST. After performing all pumping steps,
fluorescence generated within the microstructures by labeled proteins could be
measured by means of the optical sensor at different PMT voltages.

Table shows the measurements results of the aflatoxin M1 assay with PMT
voltages of 899V and 800V. The intensity of the microfluidic system after
performing all pumping steps was too high that overflow took place. Thus,
PMT voltage must be reduced during these measurements. The reference
measurement (prepared microfluidic chips filled with water) was measured with
a PMT voltage of 899V, whereas the final measurement (microfluidic chips
filled with water after performing all pumping steps) was measured with a gain
voltage of 800V. Hence, the detection signal, being the difference between
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the reference signal and emitted signal by the microfluidic chips after the
pumping steps, showed negative values. The most important result obtained
from this measurement setup was the obtained results with similar values,
thus demonstrating the nearly homogeneity in background fluorescence of all
microfluidic devices.

Table 7.4: Aflatoxin M1 assay with PMT voltages of 899V and 800V. The results
are not comparable (NC), thus detection signal could not be calculated.

Chip | Conc. Background Fluorescence after Detection
NA° | [ppb] | fluorescence [nA] | all pumping steps [nA] [nA]
1 0 1903.04 1186.20 NC
2 0 2164.56 1454.16 NC
3 0 2232.55 1153.37 NC

As mentioned previously, an unique PMT voltage can be entered by the GUI
in the NANODETECT prototype. Since aflatoxin M1 is the assay with the
lowest signal in comparison with fraud and drug assays, PMT voltage of 800V
might be still too high for measuring fraud and drug assays. To avoid overflow
in the output stage when measuring all assays, next experiments have been
performed with PMT voltages of 600V and 700V. As mentioned before, each
measurement was realized by using a different chip. Hence, the reference value
and signal after all pumping steps are shown in figure[7.28 with the intention to
observe the variation of the background fluorescence of each microfluidic device.
This figure shows the reference measurement corresponding to the autofluores-
cence of each microfluidic chip. The results shown below demonstrate that
the PMMA /SU-8 microfluidic devices have undoubtedly similar background
fluorescence intensities as expected from the extensive analysis realized in this
dissertation (see Chapter |3).
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450 450
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h . . ) 1
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(2) (b)

Figure 7.28: Reference measurements. Comparison of the autofluorescence of each
microfluidic chip at different PMT voltages: (a) 600V (b) 700V.
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Figure [7.29] shows the fluorescence intensity generated in the microfluidic de-
vice, after all fluid samples including DI water were pumped. The results shown
below correspond to the sum of fluorescence signals emitted by labeled proteins
and the background fluorescence of each chip.
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Figure 7.29: Comparison of the fluorescence emitted after the pumping step at
different PMT voltages: (a) 600V (b) 700V.

For quantitative analysis, the fluorescence intensity of interest was obtained
subtracting the background fluorescence from the fluorescence intensity after
all pumping steps. The results are shown in figure [7.30}] As seen in this
figure, PMT values generated by Oppb are higher than by 1ppb with both PMT
voltages. Since aflatoxin M1 is based on a competitive assay, where the signal
is inversely proportional to the amount of antigen in the sample, these results
demonstrate the relative performance of the prototype. Although fluorescent
signals differ slightly, both concentrations could be distinguished. Based on
these results, PMT voltage was set at 700V for the next measurements, thus

increasing the sensitivity.
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Figure 7.30: Detection signal. This signal represents the concentration of labeled
proteins within the microfluidic device. Two different concentrations
were measured of aflatoxin M1 by using PMT voltages: (a) 600V (b)
700V.
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Additional measurements using the same procedure were performed to deter-
mine if lower concentrations than 1ppb can be detected. Figure [7-31]shows the
results of a serie of experiments, in which the concentration of aflatoxin M1 was
0.05ppb. As observed in the figure below, both levels of concentration could be
identified. However, the results were unfortunately not reproducible. This two
point calibration was carried out for several days using different milk samples
and the results showed a wide variation among PMT values of about > 40%.

1.600

1.200

]
o
o

PMT values (u.a.)
ey
o
o

o

m0.05ppb 1 m0.00 ppb

Figure 7.31: PMT values represents the concentration of labeled proteins within the
microfluidic device. Each measurement was carried out on a different
microfluidic chip. Oppb and 0.05ppb of aflatoxin M1 were measured
with a PMT voltage of 700V.

7.7.2 Drug residues detection

Before measurements started, prepared microfluidic devices with gentamicin-
BSA conjugated were positioned into the respective chamber of the microfluidic
holder. At that point, the prototype was able to begin the testing phase. The
fluid samples were pumped in accordance to the sequence established in the
protocol. First, DI water was pumped at 1.5mL/min for 1sec and then at
0.5mL/ min during 2 min to remove undesired particles from BSA and PBST.
Next, 1.5mL of goat milk + anti gentamicin antibodies diluted in PBS were
pumped into the chip at 0.05mL/ min.

For the washing step, 6mL of PBST was pumped at 0.05mL/ min for 20 min and
then at 0.5mL/ min for 4 min. DI water was pumped again at 0.5mL/ min for
7 min to eliminate particles left by PBST. Later, 1.5mL of PE labeled goat-anti
mouse antibodies diluted in PBS was pumped through the chip, followed by
pumping PBST at the same conditions as before. In the final step, DI water was
injected into the chip at 0.5mL/ min for 7 min to eliminate unspecific particles
left by PBST. Then, the measurement of the fluorescence intensity emitted by
labeled proteins took place. This procedure was repeated for each measurement
and obtained results are shown in ﬁgureﬂ
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Figure 7.32: PMT values represents the concentration of labeled proteins within the
microfluidic device. Oppb and 100ppb of gentamicin were measured
with a PMT voltage of 700V. Each measurement was carried out on
different microfluidic chips. These results correspond to experiments
performed on different days.

As well as in the aflatoxin M1, drug assay is based on a competitive assay, in
which emitted fluorescence intensity is inversely proportional to the amount of
antigens present in the sample. As shown in the figure above, a two point cali-
bration was used to predict a concentration of 100ppb and Oppb of gentamicin
in goat milk. The fluorescence signals emitted by 100ppb were lower than by
Oppb as expected. However, the results were not reproducible. A variability
of > 60% with respect to the mean value was observed from measurements
performed on different days.

7.7.3 Fraud detection

In this assay, microfluidic devices were first coated with anti K casein antibody
and then were placed in the prototype. Once the measurement has started,
every fluids were pumped into the chip in serie according to the prototype
operation. In the first phase, DI water was pumped at 1.5mL/min for 1sec
and then at 0.5mL/min for 2min, so ensuring the removal of any residues
of BSA and PBST within the microfluidic chip. Subsequently, 1.5mL of goat
milk + K-casein from cow milk diluted in PBS were introduced into the chip at
0.05mL/ min. This step was followed by pumping 4mL of PBST at 0.05mL/ min
and then at 0.5mL/min for 4min. Next to that, 1.5mL of alexa 532 la-
beled anti K-casein diluted in PBS was pumped through the chip, followed
by pumping PBST at the same conditions as before. Subsequently, DI water
was pumped through the chip at 0.5mL/ min for 7min and finally, fluorescence
measurements took place. The results from several measurements performed
on different days are shown in figure [7.33]
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Figure 7.33: PMT values represents the concentration (0% and 2%) of cow milk in
(a) goat powder milk (b) goat milk.

In comparison to aflatoxin M1 and drug assays, a sandwich immunoassay
format was used in the fraud unit to detect the concentration of cow milk
in goat milk sample. The intensity of light produced in a sandwich assay is
proportional to the concentration of antigens present in the sample. Based on
this principle, the experiment results shown in figure[7.33]agreed with expected
fluorescence intensities. The fluorescence signal emitted by a sample with 2%
of cow milk in goat milk was considerably higher than the signal generated
by 0%. In spite of the variation of the results at the same concentration,
there was a significant difference in signal intensity between both samples. In
accordance with these results, a concentration of 2% and 0% of cow milk in
goat milk could certainly be identified by comparing PMT values obtained from
the NANODETECT prototype.

Additional experiments were performed to further investigate the potential of
the fraud unit of the prototype. For these measurements, all experiments were
performed on the same day to minimize variability. Four different concentra-
tions of cow milk in goat milk were measured following the same procedure
as explained at the beginning of this subsection. As shown in figure the
fluorescence intensity increased with increasing the concentration of cow milk
in goat milk sample. Since fraud assay is a sandwich immunoassay format,
these results correspond to expected fluorescence intensities.
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Figure 7.34: PMT values represents the concentration of labeled proteins within the
microfluidic device. Each measurement was carried out on a different
microfluidic chip and all measurements were performed on the same
day. 0%, 2%, 5% and 10% of cow milk in goat milk samples were
measured with a PMT voltage of 700V.

7.8 Results and discussion

This chapter focused on the design, assembly and optimization of the NAN-
ODETECT prototype for monitoring raw milk samples. The performance of
the prototype was characterized by using a two point calibration to identify
the presence or absence of specific substances in raw milk such as aflatoxin M1,
gentamicin and cow milk in goat milk samples.

By comparing the results of measurements performed on the same day, 0.05ppb
of aflatoxin M1 and 100ppb of gentamicin could be slightly identified from
blank samples i.e. Oppb. While 2% of cow milk in goat milk could be ef-
ficiently identified from blank samples, due to the considerable difference in
fluorescence intensities between both samples. Moreover, 2%, 5%, 10% of cow
milk in goat milk could be clearly distinguished from blank samples. These
experiments were repeated on different days in order to verify the results. The
preliminary results of the fraud unit seem promising. Nevertheless, additional
experiments are required to establish the reproducibility of these results. The
non-reproducibility might be mainly attributed to fluctuating temperature into
the prototype. The inside temperature of the prototype varied between 19°C
and 27°C and thereby, the efficiency of the antibody-antigen reaction could be
affected. The variation between measurements might be also caused by flow
rate fluctuations. Although the micropumps were set to work at a defined flow
rate (see Appendix during the delivery of raw milk to the microfluidic
system, flow rate varied significantly. This variation was mainly associated to
the interaction of fatty particles or unspecified proteins from milk in the pump
chamber, which might cause problems such as abrasion, clogging and pressure
dropping into the fluid path. These assumptions could not be experimentally
confirmed in the scope of this dissertation.
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Chapter 7 Integration and Characterization of the NANODETECT
Prototype

The results were inconsistent when comparing the quantitative results between
tests run on different days. Nevertheless, the qualitative analysis between
tests run on the same day shows promising results, in which the absence
and presence of unwanted substances in raw milk were identified by using the
NANODETECT prototype.
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Chapter 8

Summary and Outlook

In this thesis, a prototype was designed, developed and characterized to detect
the empty condition as well as the maximum level allowed of specific compo-
nents encountered in raw milk. The operation of the prototype is mainly based
on the detection of antibody-antigen molecular recognition reaction within
microfluidic devices by means of fluorescence spectroscopy. The development
of the NANODETECT prototype has concerned various aspects of the complex
investigation, which are summarized in the following paragraphs.

In the first part of this thesis, an extensive examination of materials, which
can be used for the fabrication of microfluidic devices, was reported. Several
materials were examined with respect to their structural characteristics, bio-
compatibility and also optical properties, such as homogeneity and minimal
autofluorescence. After this examination, polymer materials such as PMMA
GS and SU-8 were selected for this study on the basis of their suitability for mi-
crofluidic immunoassays. In the case of the substrate material, PMMA GS was
selected because its uniformity and also low autofluorescence. Although SU-8
exhibits high autofluorescence in the required wavelength, the photoresist SU-8
was selected as the structural material because it provides excellent features for
the fabrication of structures with high aspect ratio and because SU-8 can be
used as adhesive material. In addition to that, SU-8 exhibits the best suitable
chemical characteristics for protein immobilization. SU-8 surface ensures an
efficient covalent antibody-antigen binding in comparison with other polymeric
materials characterized in this thesis. According to selected materials, the
manufacturing process of the microfluidic device was chosen. The complete
process was described in detail including suggested changes in the procedure
to minimize thickness variation of SU-8 in the coating process.

The next stage of development was focused on the analysis of flow behavior
within microfluidic devices. The interaction between proteins and walls of
the microchannel is essential to immobilize the biomolecules on SU-8 surfaces.
Due to the existing laminar flow in microfluidic channels, the contact of a
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large amount of proteins with the walls may be limited. This means that
biomolecules flowing through laminar flows might be moved nearly parallel to
each other avoiding the contact with the channel limiting their immobilization
on SU-8 walls. However, this effect could be altered by manipulating the
geometry of the microchannels. Different fluidic geometries were designed
and fabricated to investigate the effect on the flow profile as well as on the
trajectory of the bioparticles. The results presented in this thesis demonstrated
that biomolecule adhesion profile changes according to the channel geometry.
The flow profile in microfluidic immunoassays nearly plug-flow to ensure an
homogenous distribution of antigens or antibodies across any cross-section of
the microfluidic chip. In addition to that, it could also be demonstrated that
the enrichment of specific antigens or antibodies can be increased considerably
due to the presence of the stagnation flow around the structured columns
within a microfluidic system. Based on simulation and experimental results, a
proper channel geometry was selected and optimized for efficient biomolecule
immobilization and minimal autofluorescence of the area to be measured.

As mentioned previously, the detection within the prototype was based on
the measurement of fluorescence emitted in the microfluidic device. Depend-
ing on the immunoassay (sandwich or competitive inhibition format), emitted
fluorescence represented the presence or absence of specific substances in raw
milk. In the scope of this thesis, an optical sensor comprising basically a laser,
photomultiplier tube and a photodiode with an integrated preamplifier has
been used to detect the fluorescence emitted by labeled antigens or antibodies
within microfluidic devices. Although photomultiplier tubes have commonly
been used for very low light applications because of its high internal gain, their
applicability in this thesis was limited. To detect any fluorescent signal, a
sufficient amount of light generated by a laser was delivered onto the sample.
When the fluorescent signal could not be detected, it was necessary to increase
the PMT voltage. These factors were contradictory because the light emitted
from the sample must be reduced to provide a point illumination similar to
a confocal microscope, which avoids an out-of-focus signal. In turn, the light
transmitted to the PMT must be increased to reduce the system noise. PMTs
deliver gains up to 10® being optimal for very low light applications. However,
as the PMT voltage increases, noise into the signal to be detected also increases
limiting its use. In the NANODETECT prototype, noise was generated by
a group of autofluorescence signals from sources, such as materials of the mi-
crofluidic system, fluid samples and even from the optical detector components.
In order to increase the ratio of signal-to-noise, all background signals were
reduced to a minimum possible. The surrounding light from the detector was
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avoided by installing suitable sealing materials around the junction. Other light
emitting electronics components were also sealed inside the prototype. Another
unwanted fluorescence source from the optical detector was loose excitation
laser rays that excite autofluorescence of inner detector walls. This problem was
solved guiding the laser light accurately to the microfluidic device. Likewise,
the fluorescence intensity emitted by the measured microfluidic device was
guided precisely to the PMT. In addition to that, proper PMT voltage values
were experimentally found out to provide a detectable signal avoiding overflow.
Finally, the ratio of signal-to-noise could be increased considerably allowing the
measurement of low fluorescence signals within microfluidic devices.

Another important contribution of this thesis was the design, assembly of the
whole NANODETECT system and its subsequent characterization. The proto-
type operation was defined in accordance with the protocols for immunoassays,
which are frequently used at conventional laboratories. Based on the prototype
functionality, all necessary components, such as pumps, a linear stage, fluidic
connections, microfluidic chips holder, among others were selected, and inte-
grated into a working system. This integrated system, which constitutes the
first prototype, was developed and built in the scope of this dissertation for the
EU project NANODETECT funded by European Commission within the 7th
framework program.

Several experiments were performed by using the NANODETECT prototype
in order to evaluate its effectiveness for detecting undesired substances in raw
milk. The empty condition and maximum level of aflatoxin M1 (Oppb and
0.05ppb), drug (Oppb and 100ppb of gentamicin) and fraud (0% and 2% of
cow milk in goat milk) in raw milk were measured by using the prototype.
In the case of aflatoxin M1 and drug, the difference of fluorescence intensity
between both concentration levels was relatively small. However, measured
concentration levels could be distinguished in both cases. Interestingly, the
results of fraud assay provided the most sensitive detection compared to the
other assays. The empty condition and maximum level of fraud could be easily
identified because of the large difference of fluorescence intensity between these
concentrations.

Additional experiments demonstrated that goat milk blended with cow milk
in different concentrations (0%, 2%, 5% and 10% of cow milk in goat milk)
could be also detected by means of the NANODETECT prototype. Further,
it could be demonstrated that the prototype could be used for simultaneous
analysis of several compounds. Measurements of aflatoxin M1, drug and fraud
concentrations could be realized at the same time. The number of compounds
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analyzed in the prototype can be increased even for four different compounds
being an important advantage over conventional systems.

In general, the basic principle of immunoassay and fluorescence detection within
microfluidic devices could be demonstrated in this thesis. Immunoassays in
microfluidic devices allowed the high sensitivity of the assays for determining
the presence or absence of undesired compounds in raw milk. However, some
additional work is still required to produce a fully functional and transportable
prototype. The hardware system including pumps, fluidic connections, optical
detector and user friendliness should be optimized. In the case of the pump
system, micropumps from Bartels might be not convenient for a future de-
velopment because of its instability at very low flow rates and because the
sample gets into contact with the pump material. Other negative aspect
is associated with the sensibility of the optical sensor to small movements
or vibrations. During several measurements, it could be observed that the
performance of the optical system was strongly influenced even by smooth
movements. After transporting, the optical sensor must be aligned to the
microfluidic holder to ensure great precision and correct functionality. For
this reason, the optical sensor implemented in the current prototype might
not be suitable for a transportable system. An additional improvement is
related to the temperature inside of the prototype. An integration of a cooling
system is required in order to maintain the inside of the prototype at a constant
temperature and thus prevent any influence on the immunoassay performance.

In this thesis, immunoassays within microfluidic devices were extensively ex-
amined and thereby, a significant progress was made. Different immunoassay
formats were implemented within the microfluidic devices for detecting simulta-
neously diverse compounds encountered in raw milk samples. The presence and
absence of unwanted substances in raw milk could be identified qualitatively
by means of results of measurements performed on the same day.

The results obtained in the course of this dissertation show that the combina-
tion of immunoassays and Lab-on-a-Chip technology provides an innovative,
powerful and user friendly alternative for the analysis of multiple analytes.
With dedicated improvements, the NANODETECT prototype might be the
first system to monitor up to four different compounds at the same time. The
resulting technology might be transferable to innumerable applications, such
as waste water treatment, drinking water, aquaculture and other areas of the
food industry.
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A.1 NANODETECT Prototype Operation
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B.1 Pump System
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Figure C.1: Schematic representation of the connection between the micropump
mp6 and mp6-OEM controller. The pump flow rate set by external
components varying the amplitude and frequency [Barl0)].
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Figure C.2: Pumpy system
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C.1 First design of the NANODETECT prototype

The conceptual drawing of the first integrated NANODETECT prototype are
depicted in following figures.

Figure D.1: Conceptual drawing of integrated NANODETECT prototype showing
how the cover could be open by users to change microfluidic devices, fill
up empty bottles or to carry out all necessary adjustments.
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Figure D.2: Drawing of the top view of the prototype.
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This image represents

required position of all components including the position between the

optical sensor and microchip holder.

As shown in this picutre, the

mirochip holder must be placed in front of the optical sensor as close as
possible to enhance measurement sensitivity.
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Figure D.4: Photo of the inside view of the prototype (first design).
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D.1 Post Processing in the Optical System

PMT post processing

PMT signals had values from 0 to 4095 in arbitrary units (u.a.) representing
measured fluorescent signals. The non-uniform signal was improved by two
parameters such as integration time and dead time having units as ——m sec.
The integration time specified the time, in which PMT read the fluorescent
signal from the sample. When reading sequence was finished, PMT waited for
an additional time specified in dead time. In this time, the detector was not
active and gave no response to a second incident. During the measurement of
the fluorescent signal, reading sequence was repeated with constant integration
time and dead time for 10 — 15sec. In order to simply the process, the
integration and dead time parameters were so selected that the sum of both
values was always 0.5sec. Another characteristic to be considered was the
relationship between the integration time and PMT output, which had always
a linear behavior [CigI]].

In order to get small fluctuations and thus obtain accurate measurement results,
the integration and dead time parameters were properly set. The setting of
the integration and dead time parameters was individually performed, because
each sample presents different background fluorescence intensity. Consequently,
every measurements were carried out in two stages. In the first stage, sample
fluorescence was roughly evaluated using some default integration and dead
time values, which must be low enough in order to avoid the damage of the
PMT. However, integration and dead times values must be high enough to get
measurable signals. Based on the default integration time and approximated
first PMT output value, the new integration time value was computed and
used in the second stage, in which real measurements were obtained. The fol-
lowing equations describe the whole measurement process, defining each of the
variables and describing the effects and errors that might cause uncertainty in
the final measurement. As mentioned previously, a linear dependence between
integration time parameter and PMT output value as follows:

tint = K- Ipyr (E.1)

being t;nt, integration time value; I'parr, PMT output signal and K, a constant.
Using equation rough integration time values (tin+1) and PMT output av-
erage (Iparr1) were obtained. Under the same conditions, the new integration
time parameter t;n:2 was calculated assuming ideal condtions, in which PMT
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output value (Iparrz2) should be 4095. According to these assumptions, new
linear equations were established.

tint1 = K-Ipmyr1 and  tinee = K- Ipyvte (E.2)

Using the last equation, it follows that:

tint1  tint2

K_

= = E.3
Ipmri IpmT2 (E3)

and subsequently, corrected PMT output signal can be obtained as follows:

tin
Ipvre = IpmT - o 22 (E.4)
intl

Photodiode post processing

The excitation laser was an another important aspect in the design of the optical
system, which influences significalty the measurement result. In order to obtain
accure measurement results, the excitacion laser must be stabilized appliying
a post processing method based on the measurement of laser intensity. The
excitation laser intensity was measured by using a photodiode connected to a
second RS232 port. The laser intensity value was between 0 and 1023 in arbri-
tary units. This measurement was performed simultaneously to the fluorescense
measurement, meaning that for every PMT output value, an excitation laser
intesity value was also stored.

First, PMT output signals were corrected by exciting laser light intesity values
to compensate laser fluctuation during the measurement and thus obtain direct
comparability of PMT output values from different measured samples [Cigl1].
Linear behavior between the laser intensity light and PMT output value was
also assumed.

I, =C - -Ipyr (E5)

where (I L) is the excitation laser light intesity; (I pmT) output values from the
PMT and C a numerical constant. From the last equation,

Ith=C-Ipym and Ipe =C-Ipyre (E.6)
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being C,

I I
o= dn e (E.7)
Ipvri IpymT2

and afterward, corrected PMT output signal is obtained as indicated in follow-
ing equation.

I
Ipo = Ipy - 2212 (E.8)
IpmT1
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E.1 Immunoassay Protocols

Following information was taken from the Deliverable Report D06 of the
NANODETECT project.
DO06: Protocols for the different immunoassays.
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1. Introduction

This deliverable provides the established protocols for quantitative detection of
specific contaminants in raw milk.

Each assay was individually developed and optimized to fulfil the required detection
limits. The assays are (currently) transferred to a microfluidic device and measured
with an optical laser detection system.

For data processing and for calibration it is indispensable to perform the assay as
standardized process. Therefore, the protocols are written to standardize laboratory
methods and to ensure successful replication of results by others in the same
laboratory.

The detailed protocols include a list of required equipment and instruments as well as
information on safety items and the calculation of results, including statistical
analysis for data interpretation.

Formulas may also be included for preparation of reagents and samples required for
the work.



2. Task 2.1: Protocol for the pathogen detection unit (ttz)
-abandoned-

Since the assay does not fulfil required detection limits (8 x 103 instead of one cell in
25 g) and was not applied to the microfluidic device so far, the procedure is not
presented here. According to European Commission, 3 of 4 devices have to work in
the final offline NANODETECT system.

3. Task 2.2: Protocol for the mycotoxin detection unit (ttz)

-completed-

A direct binding inhibition assay was developed to detect aflatoxin M1 in untreated
raw cow milk samples.

The fluorescence immunoassay (FIA) was successfully developed in the 96 well
dishes and is currently transferred to the microfluidic device. Fluorescence
microscopy revealed that immobilization of the antigen on SU-8 did not work
sufficiently. However, this was successfully solved by increasing the hydrophilicity of
the surface material. Due to this, optimizing the performance in the microfluidic
device is delayed. Currently the results of this assay are evaluated with the optical
laser detection system by Optotek.

The current detection limit in the microwell format is 0.08 ppb in 50 pl milk;
however, in the microfluidic device the sensitivity can be further increased by
applying a bigger sample volume which is planned for further optimization.

The assay principle is given in figure 3. R-phycoerythrin (R-PE) labelled anti-AFM1
antibody was pre-incubated with the free analyte. Remaining free R-PE antibody can
bind to the immobilized antigen after application to the microwell.



Blocking: Free hinding sites were blocked
with 0.01 % BSA in PBS

Coating: AFM;-BSA hapten was immo-
bhilized on the MTP surface

Washing: Unbound BSA was washed away
with TBS 0.05 % Tween” 20

1

1

Sampling: AFM; was added to 50 pl i
milk and blended with 50 ul i o ®

R-PE labeled anti-AFM, antibody i

solution and added per well. '_-i-_“"_i'_‘_-_-_'

Waching: Free-AFM) boundedantibodies ¢\ 777 >.>~.
as well as R-PE was washed
out with TBS 0.05 % Tween® 20

Reading: The remaining signal of solid-phase
bounded antibodies in TBS 0.05 %
Tween®™ 20 was measured at exc.
530 nm. em. 390 nm

Figure 1: Principle of binding inhibition FIA for AFM1 detection: the assay involves six
steps; the reaction requires 1 h.



Material

Chemicals
AFM1-BSA (1 mg) Art. No. A6412, Sigma-Aldrich
GmbH, Munich
AFM; (5 pg) Art. No. A6428, Sigma-Aldrich
GmbH, Munich
BSA Art. No. A3294, Sigma-Aldrich

GmbH, Munich
Ceric(IV) ammonium

nitrate Art. No., Sigma-Aldrich GmbH,
Munich

KCl Art. No. P017.1, Carl Roth GmbH
& Co KG, Karlsruhe

KH,PO4 Art. No. 104873, Merck KGaA,
Darmstadt

NaCl Art. No. 106404, Merck KGaA,
Darmstadt

Tween 20 Art. No. A44112, Sigma-Aldrich

GmbH, Munich

Tris Art. No. 4855.1, Carl Roth GmbH
& Co KG, Karlsruhe

Anti-AFM1 antibody* BIOCULT, Leiden, the
Netherlands

R-Phycoerythrin (R-PE)  Art No. PK-PF-RPE-05, PromoCell

*Labelled according to Hardy (1986) with R-PE.



Laboratory equipment and consumables

Axioskop 40 (AxioVision 4.6.3 Release

Software)

Glass slide providing a dark
underground

PharmaMed Ismaprene 2-stop tubes
(ID 1.52 mm)
Teflon-block

Microfluidic chips (PMMA/SU-8)

Microtiter plate (MTP) reader, Synergy HT,

KC4 Version 3.0 with PowerReports™
Peristaltic pump, Minipuls Evolution
Rocking shaker S4 SkyLine
Aluminium foil

Preparations

SU-8 blocking buffer, pH 7.4
MTP blocking buffer, pH 7.4

PBS buffer, pH 7.4 (in 1 L dist. H,0)

TBST buffer, pH 7.5 (in 1 L dist. H,O)

Carl Zeiss, Jena

Laboratory

Medchrom GmbH,
Florsheim-Dalsheim
IMSAS, Bremen
IMSAS, Bremen

BIO-TEK® Instruments
GmbH, Bad Friedrichshall

Gilson, Middleton USA
ELMI, Latvia

Local store

2 % (w/v) BSA in PBS
0.01 % (w/v) BSA in PBS
8 g NaCl

0.2 g KCl

1,44 g Na,HPO,

0.24 g KH,PO,4

6.057 g Tris

8.77 g NaCl

500 puL Tween 20



Aflatoxin standards

e 5 pg AFM1 were dissolved in 500 pL Methanol (= stock solution, 10.000
ng/mL).

e Standard series were prepared in raw milk with concentrations ranging from
100 to 0.001 ng/mL

AFM;-BSA coating

e 1 mg AFM1-BSA was dissolved in 1 mL PBS (= stock solution, 1 mg/mL)
e For a 4 mol AFM1/ mol BSA conjugate, 2 pg/mL coating solution was
prepared in PBS.

R-PE anti-AFM1 IgG

e R-PE labelled antibody was applied in an end concentration of 10 pg/mL.

e A 20 pg/ml working solution was prepared in PBS and 1 : 2 blended with the
AFM1 standard samples.

e Before application, the samples were vortexed and pre-incubated in the dark
for 15 min.

SU-8 activation solution

e 10 % (w/v) ceric(IV) ammonium nitrate in 4 % (v/v) acidic acid



Binding inhibition fluorescence immunoassay in the microwell format

Method

100 uL of AFM1-BSA conjugate were added to each. For blank values, 100 uL
of MTP blocking buffer were applied.
The plate was incubated at 37 °C for 1 h covered with aluminium foil.
AFM1-BSA conjugate was removed with a pipette.
200 pL of MTP blocking buffer were applied with a multichannel pipette to
each well and blocked for 1 h at 25 °C.
Blocking buffer was removed and each well was washed twice with 200 pL
TBST buffer using a multichannel pipette.
Afterwards the plate was dried by turning it upside down on a paper towel.
The samples were finally applied and incubated for 1 h on a rocking shaker
(50 rpm, d = 8) in the dark.
In the following step, the plate was washed 6 times as described above.
Note: After adding the washing buffer, the plate was shaken 5 s by
hand, and then the washing buffer was smoothly removed with the
same pipette tips as used for adding. Pipetting off was started at the
blank wells and continued to the next higher concentration. Tips were
changed after each step.
200 pL TBST buffer was finally added to each well.
The fluorescence signal was measured with the MTP-reader
Programme KC4 was opened:

WIZARD was selected in the browser and READING PARAMETERS
opened
wizard.. |
Plste Settings | B.asic Anslysis | Advanced Anslysis | Dutputs |

Descrpifion
Allows the definition of aszay prampts that will appear each time a plate is read

|| Reading Farameters

Allows the definition of reading parameters, thess includs fiters, shaking,
| temperature contiol, lag time before r=ading kinetic time parameters and scaing
of kinetic aiaphical display [aptions availsble are 1sader dependernt],

£ avout X
Allows to define positions of samples, controls, standards. 1)
Dptions allow automaic or manual filing, replication and

assigning of dilution's and concentrations where appropriate.

<Beck | mests | k| we |

FLUORESCENCE was check marked and excitation wavelength set to

530 nm and emission wavelength to 590 nm.
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OPTIONS was pressed and “Automatic Sensitivity Adjustment” check
marked. The HIGH WELLS field was check marked and the well in which
the highest signal was expected, entered e.g. G1 (for 0 ppb AFM1
sample).

Measurement Options - Filter Set # 1 x|

- Measurement Mods

Hb Samples per wel -
Dielsy before sampling 0 = msee _ Camal |
Delay between samples: |1 msec Help

~ ¥ Automatic Sensitivity Adjustment

@ ScaletoHighwells " Best Signal to Noise Ratio

" Scaletolowwells € Use first filter set sensitivit

High Wiells: al
High VW alue: 80000
Starting Sensitivity: |35

LAYOUT was selected and the wells for determination marked as following:
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All WIZARD settings were confirmed and the READ-button in the browser

pressed.

Evaluation (with Microsoft Excel)

= START READING and insert the plate was selected.

Arithmetic means and standard deviations (SD) as well as relative standard
deviations (RSD) of each AFM1 concentration (triplet determinations) and for
blank values were calculated (compare table 1)
Blank values were subtracted and the data normalized to the highest signal
obtained (analyte free sample).
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Table 1: Example for data evaluation

AFM1 ]

[ppb] Mean SDo RSD ¢ [%] Value Value [%]
100 |38778.500| 644.174 1.661 851.500 2.085
10 52231.000 | 2409.820 4.614 14304.000 35.031
1 63473.500| 2211.123 3.484 25546.500 62.564
0.1 71976.000 | 1934.644 2.688 34049.000 83.387
0.01 |76728.500| 3261.884 4.251 38801.500 95.026

0.001 |78759.500| 2174.353 2.761 40832.500| 100.000
0 74683.000 | 2074.651 2.778 36756.000 90.017

Blank |37927.000| 1185.111 3.125 0.000 0.000

e Graphics were plotted as shown in figure 4:

120
100
80

g

2 60

@
40
20
0
0,000 0,001 0,01 01 1 10 100

T

c(AFM1)[ppb]

Figure 2. Dose-response curve in the microwell format

Figure 4 shows the assay performance in the microwell format. The detection limit
was 0.08 ppb AFM1 in 50 pl milk.
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Binding inhibition fluorescence immunoassay in the microfiuidic device

Method

Chips were put into a Petri dish and 10 pL of SU-8 activation solution were
added with a pipette. Incubation was carried out for 1 h at RT.

Chips were rinsed with distilled water and dried at 37 °C.

AFM1-BSA conjugate was applied to the inlet of a chip (see fig. 5) and
incubated at 4 °C over night. The Petri dish was saturated with water soaked
tissues next to the chips to keep a hydrated atmosphere. For blind value ~ 10
HL of blocking buffer were applied to the chip.

Inlet

Figure 3: Chip with microchannel and inlet opening

AFM1-BSA conjugate was carefully removed and the chips were filled with
blocking buffer as done with coating solution and blocked for 2 h at room
temperature.

The blocking buffer was removed and each chip was put into the holder of the
microfluidic device to accomplish the washing step (figure 5).

Pump

Waste

Figure 4: Experimental setup of a 4 channel microfiuidic device containing 4 chips.

Each chip was washed (with TBST) with 0.5 mL/min. (2 mL in total) in parallel
progression.

The chips were loaded with the samples (0.5 mL/min.) and incubate for 1 h at
room temperature covered with aluminium foil to prevent the samples from
light.

The chips were washed as described above

14



e After the washing step, the chips were removed from the microfluidic device
and dried with slight air pressure (see fig. 7)

-
Figure 5: Drying the chip with air pressure

e The assay performance was controlled with a fluorescence microscop

e The settings were 5x objective, green filter unit and object slide providing a
dark underground (compare fig. 8).

o Image acquisition occurred with 15 s shutter speed.

Dark
underground

Figure 6. Fluorescence image acquisition of a chip
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Results and conclusion

The following figure 9 presents the fluorescence acquisition series with fluorescence
microscopy from the inlet to the outlet of a non-contaminated chip. Fluorescence
intensity was strong which was expected for the non-contaminated sample after
surface activation. Therefore the assay principle was successfully transferred to the
microfluidic device. Since we cannot quantify fluorescence intensity, chips with
standard samples were sent to Optotek for quantitative laser detection. Results will
be expected in month 26.

Outlet Inlet

Figure 7: Fluorescence images of a chip from the inlet to the outlet of a non-
contaminated sample

4. Task 2.3: Protocol for the drug residue detection unit (RIKILT)
-partly finished-

Sandwich immunoassay for the detection of drugq residue

Protein-drug conjugates were prepared for coupling to the sensor surface and the
monoclonal antibodies were labelled with the fluorophore R-phycoerythrin (PE)
and/or Alexa. These reagents were tested for their quality and performance in buffer
and milk in the Luminex system which uses protein-drug conjugates coated beads
and the fluorescent labelled antibodies. These results will be used to transfer the
application to the final prototype of the NANODETECT device.

RIKILT used the Luminex100 flow cytometer in combination with the Multi Analyte
Profiling (xMAP) technology. This system is closest to the theoretical design of the
NANODETECT system which is also based on fluorescence detection using the
fluorescent protein R-phycoerythrin (PE). The xMAP technology uses small
carboxylated polystyrene microspheres (5.6 pm beads), which are internally dyed
with a red and an infrared fluorophore. By varying the ratio of the two fluorophores,
up to 100 different color-coded bead sets can be distinguished, and each bead set
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can be coupled to a different biological probe. In combination with flow cytometry, it
is possible to simultaneously measure up to 100 different biomolecular interactions in
a single well. The carboxylated bead surface allows simple chemical coupling of
capture reagents such as antibodies or drug-protein conjugates. The binding of PE-
labeled antibodies to the beads can be measured by the fluorescence intensities. In
the following experiments, the relatively new magnetic beads of Luminex (MagPlex)
were used, because they are easier to work with.

Material

The following primary antibodies were successfully applied:
(Dihydro)streptomycin (Mab F62)
Gentamicin (Pab 422)
Sulfonamides (Mutant M.3.4)

Protein-drug conjugates were prepared for coupling to the Luminex beads, and later
on to the NANODETECT sensor surface.

Following secondary antibodies were used for detection:
Goat anti-mouse (GAM) labelled with R-PE
Goat anti-rat (GAR) labelled with R-PE

Streptavidin labelled with R-PE (SAPE)

17



Method

Protocol for drug residues:
40p Isample + 10 p 1 Mab in 5x PBSAT
10 min incubation +
1000 beads in 10 y | (1x PBSAT)

30 min incubation and wash
+ 70y I reporter 1x FESAT)

15 min incubation and wash
+70u IPBS
Measure 100 beads

Figure 8: Optimized protocol for the Luminex100 flow cytometer to prepare
calibration curves of the drug residues in the inhibition immunoassay format using
drug-protein coated magnetic beads and bound antibodies are detected with a
second antibody labeled with PE. 5xPBSAT is 5x concentrated PBS buffer with the
addition of BSA (0.5 %) and Tween-20 (0.05 %).

Results and conclusion
(Dihydro)streptomycin

The affinity purified and concentrated batch of Mab F62 could be used in a 64000
times dilution (320000 final dilution in the well) and the reporter antibody (goat anti-
mouse (GAM)-PE) was diluted 700 times in combination with the protocol as
described in Figure 9. Under these conditions, the calibration curves for streptomycin
in buffer and diluted goats’ milk are shown in Figure 11. The observed matrix effect
resulted in a higher sensitivity in diluted milk compared with the curve in buffer. With
this assay, streptomycin and dihydrostreptomycin can be detected at levels above 10
ng/ml in 10 times diluted milk which is sensitive enough to control at the Maximum
Residue Limit (MRL) level of 200 pg/L in milk.
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Figure 9: Calibration curves of streptomycin in the Luminex100 flow cytometer in the
inhibition immunoassay format using streptomycin-BSA coated magnetic beads in
combination with Mab F62 (newest batch) and GAM labeled with PE for the
detection. Calibration curves were prepared in buffer and in 10 times diluted goat’s
milk.

Gentamicin
With this Pab, gentamicin can be detected at the MRL using ten times diluted milk
samples (figure 12).

Calibration curv es Gentamicin and 422

100 & buffer
Y | Marvel
A 04-539
- ¥ geit
2 50
U-

0.001 0.1 04 1 10 100 1000 10000
Log conc ngl/mi

buffer | Marvel | 04-99 [ geit
IC50 4973 | 6.781 | 7959 | 1079

Figure 10: Calibration curves of gentamicin in the Luminex100 flow cytometer in the
inhibition assay format using gentamicin-BSA coated magnetic beads in combination
with Pab 422 and GAR labeled with PE for the detection. Calibration curves were
prepared in buffer and in 10 times diluted milk samples.
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Sulfonamides

Mutant M.3.4 was used in combination with beads towards the sulfonamide
derivative (TS), used as hapten, was coupled directly (without a protein). This
mutant is biotinylated and streptavidin-PE (SAPE) was used as reporter. Results
obtained with this mutant were shown in (Figure 13).

[ ® PBSAT-(buffer)
100 B 1/10x-cows'milk

B/BO
50 4

0.001 0.01 0.1 1 100 1000 1000 10000
Log-conc..-ng/mf

Figure 11: Calibration curves of sulfathiazole in the Luminex100 flow cytometer in
the inhibition immunoassay format using the mutant (M.3.4) anti-sulfonamide
antibodies and TS-coated magnetic beads and SAPE for the detection. Calibration
curves were prepared in buffer and in 10 times diluted cows’ milk.

The measurement ranges of the calibration curves for sulfathiazole in buffer ranged
from 1 to 10 ng/ml for the mutated recombinant antibody (Figure 13). This
sensitivity was reported before in a biosensor-based assay (Bienenmann-Ploum et al.
(2005)). The calibration curves in 10 times diluted cows’ milk showed improved
sensitivities which still have to be evaluated.

For sulfamethoxazole, the measurement range of the calibration curve in buffer
ranged from 1 to 100 ng/ml (Figure 14), which is comparable with the performance
in the biosensor immunoassay (Bienenmann-Ploum, M. (2005)). Also here, the
calibration curve in diluted milk showed an improved sensitivity.
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Figure 12: Calibration curves of sulfamethoxazole in the Luminex100 flow cytometer
in the inhibition assay format using the mutant (M.3.4) multi-sulfonamide antibodies
in combination with TS-coated magnetic beads and SAPE for the detection.
Calibration curves were prepared in buffer, in 10 times diluted cows’ mitk and in a
buffer containing 0.1 % cows’ milk.

From the two model systems for drug residue detection ((dihydro)streptomycin,
gentamicin and sulfonamides), three different immunoassays were demonstrated to
work in the Luminex system under the conditions proposed and proved to be
sensitive enough for the detection at or below the Maximum Residue Limits (MRL's)
in milk. Experiments on SU-8 were not (yet) performed with the drug tests because
the results cannot be quantified in the present detection system using microarray
scanner. The assay will be transferred to the final prototype expected in month 26.

5. Task 2.4: Protocol for the fraud detection unit (RIKILT)
-completed-

Sandwich immunoassay with the NANODETECT microfiuidic device

A quantitative sandwich immunoassay was developed to detect 2 % cow milk in goat
milk:

Material
e PMMA-SU-8 (2 mm) fluidic devices IMSAS, Bremen
e Peristaltic pump, Minipuls 3 Gilson, Middleton USA
e Ethanol
e Phosphate buffered saline (PBS)
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e Phosphate buffered saline with 0.05 % Tween-20 (PBST)
e Monoclonal antibody 6A10/Alexa 532
e Samples

1. 100 % cow's milk

2. 50 % cow's milk
3. 10 % cow's milk
4. 2 % cow's milk

5. 100 % goat's milk
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Experimental setu

a: Serial connection

b: Parallel connection

Figure 13: The NANODETECT device with 5 slides used in RIKILT in serial (a) and
parallel (b) connections.
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Method

The 2 mm fluidic devices from the remaining diameters (1 mm, 2 mm and 4
mm) were chosen.

The slides were placed in the fluidic device (figure 1) and washed with ethanol
in the serial setting (Figure 1a) for 10 minutes.

The slides were then washed with water for 10 minutes in serial setting and
after that another 10 minutes with PBS.

100 pl of Mab6A10 was added to 1900 pl of PBS and 1.7 ml was introduced
into the serial fluidic device setting. Then the inlet and outlet were connected
to make the serial system circular and the solution was pumped around
overnight at room temperature.

The serial setting was made parallel again and the device was washed and
blocked using PBST-BSA for 60 minutes.

The buffer was switched to PBST and the slides were washed for 10 minutes.
With the connections in parallel, the different samples were introduced in each
slide. The tubing was then made circular and the samples were pumped
around for 2 hours.

The samples were then drained from the slides and the system was washed in
parallel with PBST still in parallel setting for 15 minutes.

The system was made serial again and washed with PBS for 5 minutes.
Mab4G10/Alexa 532 conjugate (20 pl) was added to 1980 pul of PBS. This was
introduced in the system (1.7 ml) and pumped around for 1 hour.

The non-bound label was drained from the slides and the system was washed
in parallel setting with PBST in serial setting for 15 minutes.

The system was washed with PBS for 10 minutes.

The system was washed with double distilled water for 10 minutes.

The slides were taken out of the device and the remaining double distilled
water was removed from the slides with pressured air. The slides were ready
for measurement and send to Optotek.
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Results and conclusion

Slides were sent to Optotek and the measurement results are shown in Figure 2.

Fraud microchannel samples fluorescence (2nd iteration)
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Figure 14: Dose-response curve of the fraud unit as obtained at Optotek.

Apart from the 10/90 % point, the individual cow/goat milk concentrations points are
well defined and comfortably detected. “White spot”, however, can cause problems
and preventing it happening would improve the results even further.

We can confidently detect 2 % or more cow milk in goat milk (figure 2), that's why
the measurement can be considered successful.
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