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ABSTRACT

This study focuses on the development of a new paper-based microfluidic device
for the detection of lalP via ELISA. Recent studies proved that the concentration of
lalP is related to the mortality rate of patients who suffer from sepsis. The developed
device is able to determine the concentration of lalIP in a buffer solution where a low
concentration is an indicator for sepsis. Using a microfluidic valve, the reagents
needed to perform the ELISA can be loaded sequentially. The microfluidic device
consists of paper on which the channel geometry is printed with wax ink. Different
layers of the device are stacked together with double sided tape where paper is
biodegradable. After applying the reagents, the device produces the results
autonomously in form of a colored dot. The intensity of the dot is linked to the
concentration of the target analyte lalP. Two methods to distinguish the
concentration of lalP were conducted to decide which method is more appropriate
for this experiment. After optimizing the reagents with regards to reproducibility,
optimal signal to noise ratio and sensitivity a standard curve is produced that links
the intensity of a color dot to a concentration of lalP. Compared to other methods
like a blood test which needs 48 hours to deliver a result or microtiter-plates which
need large fluid volumes, the microfluidic paper device is able to obtain a result

within minutes as well as it uses smaller fluid volumes.
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1 CHAPTER 1 - Introduction

This chapter provides background knowledge for the reader on various Paper
Based point of care Devices (PBD) like Lateral Flow Devices (LFD), uPads and Enzyme-
Linked-Immunoassays (ELISA’s). Also, the principles of general immunoassay tests are
explained. Furthermore, the importance of sepsis detection and the role of Inter-

alpha inhibitor protein is discussed.

1.1 Sepsis an Introduction

The word sepsis has its origin in the Greek language with Sepsis (greek. ofjyLg)
meaning putrefaction and decay. It is a health problem in developing countries as
well as in the industrialized world [1]. Sepsis is listed 13th in the top 15 International
Classification of Disease with a 39.6% -hospital mortality rate with 1.8% of all in-
hospital deaths resulting from sepsis [2]. Septicemia therefore is a serious disease
and cause for lower life expectancy. Konrad Reinhart the chairman of the Global
Sepsis Alliance (GSA) said "Tens of millions of people die from sepsis each year,
making it the likely leading cause of death worldwide. Sepsis kills regardless of age,
ethnicity, location and access to care."

In many cases it is not trivial to recognize that a patient suffers from Sepsis, but it
is difficult to differentiate inflammation symptoms of the flu or other afflictions [1].
One method for characterization is to define the various stages of sepsis in the PIRO-
scheme (Predisposition, Infection, Response and Organ dysfunction), which was

introduced in 1991. Each category is evaluated with 0 to 4 points with each point



representing an increase in the risk for mortality by 30%-50% [3]. Many other
characterization schemes have also been established (e.g. Recombinant Human
Activated Protein C Worldwide Evaluation in Severe Sepsis (PROWESS) and
Promoting Global Research Excellence in Severe Sepsis (PROGRESS)). Unfortunately,
the existence of competing definitions makes it difficult to compare several
conditions or stages of sepsis [1].

In 2005 the international sepsis forum categorized the six most common
infections which can cause sepsis. These included pneumonia, blood-stream
infections, intra-abdominal infections, urological infection and surgical wound
infection [4]. One new understanding is that bacteria release certain toxins (e.g.
endotoxin) in case of cases of gram-negative sepsis, which attack certain organs and
several immune cells which then release mediators. Mediators can kill bacteria and
inactivate toxins but an inflammation is created as well [5].

The evolution from infection to a septic shock occurs quickly (couple of hours),
therefore, early detection and characterization is detrimental to reduce chances of

mortality. Therefore there is a need for a device that may rapidly detect sepsis [1].

1.2 The course of sepsis

An infection is called septic when a nidus which is a place in which bacteria have
multiplied, is formed in the body. It releases periodically pathogenic bacteria into the
human bloodstream. The pathogen causes subjective and objective complaints.

Subjective complaints are only noticeable by the affected person whereas objective



complaints are visible to other people as well [6]. Sepsis can be caused by many

different types of bacteria. Table 1-1 is a summary of sepsis nidi and pathogens.

Table 1-1: Nidi and pathogens of sepsis [7]

Organ Infection Typical pathogen
ear, nose and e s . Streptococci, pneumococci and
Tonsillitis, sinusitis, otitis . . . . .
throat area meningococci, Bacillus fusiformis
. Pneumococci, Haemophilus
Lung pneumonia .
influenzae
intestine Peritonitis Salmonella, E. coli, enterococci
- " E. coli, Enterobacteriaceae,
Biliary tract Cholangitis
anaerobes
gynecological | Postpartum sepsis or Streptococci, Clostridium
area arbortum perfringens

Genitourinary E. coli, enterococci, Klebsiellen,

urinary infection

system Proteus, Pseudomonas
Skin Wound infection, burned Staphylococci, streptococci, gram-
skin negative bacteria (Pseudomonas)

Many organs could become a nidus of septic infection when several pathogens
are present. However, not all infectious nidi lead to sepsis. Although the issue is not
fully understood, one possible source might be from people who have a weakened
immune system as a result of recent surgery. The proportion of and aggressiveness of
a pathogen to the body’s defense also seems to be important in determining
whether a patient will develop sepsis or not [5].

Possible symptoms of sepsis are a body temperature more than 38 °C or less than
36 °C, a cardiac frequency over 90 beats/min, a respiratory frequency over 20
breaths/min and a leucocytes level higher than 12000/ug (leukocytosis) or less than

4000/ug (leucopenia). A patient is said to be septic when they have at least two out



of four symptoms. Due to the expansion of the peripheral vessels, blood pressure
decreases and a higher cardiac frequency may incur a septic shock. Therefore, if the

disease is not trated correctly, mortality will be imminent [5].

1.3 The role of Inter-a-Inhibitor proteins

Within the realm of paper-based-microfluidic device a possible target is Inter-a-
inhibitor-proteins (lalP). The lalP belongs to the family of protein-glycosaminoglycan-
protein complexes (PGP). It was first discovered in the 1960’s and isolated from
human plasma. The lalP is located in plasma also in urine [8]. It is named after the a-
region through where it passed when an electrophoresis is performed [9]. In a
healthy organism the concentration in human plasma is 400-800 mg/liter [10]. The

structure of lalP is shown in Figure 1-1.

#® GIcNAc
0 GalNAc
o GIcUA
A Galactose 45
<+ Xylose

4s C4-sulfation
¥ N-glycan

Q@ O-glycan bikunin

Figure 1-1: Inter-a-inhibitor proteins [8]
It consists out of two heavy chains. One is called heavy chain 1 and the other is
called heavy chain2 (HC1 and HC2). Additionally, a light chain (bikunin) linked with a

glycosaminoglycan chain (black and white chain) is present [8]. Many physiological

4



and pathological processes in the body are performed with the help of lalP’s.
Inflammation, wound healing and stabilization of the extracellular matrix occur with
the mediation of lalP’s [11].

lalP’s are synthesized mainly in hepatocytes in the liver. The lalP is needed later
on to form for example the Serum-Derived Hyaluronan-Associated-Protein-complex
(SHAP-HA-complex), which is present can be found in the synovial fluid in inflamed
knee joints. During an illness synthesis rate in the liver decreases by 20-90% from its
original rate [12]. The synthesis of laIP’s and the SHAP-HA-complex is shown in Figure

1-2.

\Q:rans Golgi

bikunin HA-rich
= tissue
“
hepatocyte
)( transesterification
1 SHAP HA l

aggregation

= b
‘ Cable-like HA fiber

Figure 1-2: Synthesis of lalP and the SHAP-HA complex [8]



Therefore bikunin and the two HC’s are linked together in the Golgi apparatus.
The three components of the lalP have different tasks whereas the task of the heavy
chains is currently not fully understood [13]. Bikunin is responsible for the serine
protease inhibitory activity. Bikunin is inactive as long as it is bound in the protein
complex between the two heavy chains. In a proteolytic degradation the lalP is split
into smaller polypeptides (HC1, HC2 and bikunin) and amino acids
(glycosaminoglycan chain) [11]

As explained earlier, the lalP can fight inflammation. Hyaluronan is the main
glycosaminoglycan in synovial fluid. In a recent study, several probes were taken
from knee joints of patients who suffer from active rheumatoid arthritis, ie. people
who have a constant onset of inflammation. In comparison to normal synovial fluid
the rheumatoid fluid contained a higher amount of bound lalIP’s. The lalP’s are linked
to Hyaluronan (HA) in a trans-esterification to a SHAP-HA-complex [8]. This study
shows that the amount of lalP’s decreases during an inflammation [14]. Several
studies were performed by Chaaban et. al. [12], Lim et. al. [14] and Opal et. al. [15] to
find a correlation of the concentration of lalP in the plasma and the mortality rate of
a person who suffers from sepsis.

Opal et. al. [15] exposed lipopolysaccharide (LPS) activated peritoneal
macrophages to lethal toxin (LT) and varying concentrations of lalIP. The results of the

test are shown in Figure 1-3.
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Figure 1-3: Correlation between mortality rate and c(lalP) in mice [15]

The survival percentage is plotted over the time. It can be seen that the
mortality rate is proportional to the level of lethal toxin. When lalP is added to the
sample the mortality rate decreased. lalP is proposed to affect the activity of furin an
enzyme which is important for the formation of lethal toxin. Furthermore the
presence of the monoclonal antibody 69.31 (MAb 69.31), which is used by Lim et. al.
[14] to immobilize lalP increases the mortality rate again. The MAb 69.31 interacts
with bikunin the active site of the lalP which possesses the protease inhibitor
function [15].

In the previous section experiments were performed on mice. Lim et. al. [14]
conducted experiments on blood samples from patients with sepsis. The lalP was

immobilized with MAb 69.31 on a 96 well plate. Next a horseradish peroxidase (HRP)



labeled AB was attached to the protein and the absorbance of light at 405 nm was
measured on an ELISA plate reader. Figure 1-4 illustrates the correlation between the

concentration of lalPs and the mortality rate.
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Figure 1-4: Correlation between mortality rate and c(lalP) in humans [14]

The mortality rate decreases when the concentration of lalP increases. During
severe sepsis the synthesis of many other proteins is disturbed. In addition systemic
proteolysis induces the degradation of lalPs during sepsis. In contrast, patients with a
high level of lalP in their blood are less likely to develop septic shock. These findings
show that lalP’s are needed to effectively treat a septic patient [14].

Kaczmarczyk et. al. [9] points out the roles of lalP during an inflammation.
Tumor necrosis factor-inducible gene 6 protein (TSG-6) in combination with lalP
builds an extracellular matrix containing Hyaluronan. The reaction is illustrated in

Figure 1-5.
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Figure 1-5: Coating of extracellular matrix with Hyaluronan [9]

Hyaluronan usually binds to the cell surface receptor (CD44). From the split
lalP the HC1 and the HC2 connect to hyaluronan. Bikunin is not involved in the
reaction. After the TSG-6 molecule sticks to the HC’s and makes it possible that more
hyaluronan to bind to the cell surface. Crosslinking of hyaluronan molecules ends in a
stable structure [9]. This hyaluronan coat on the cell surface facilitates the cell

migration for leucocytes which improve the cure of inflamed tissues [16].

1.4 Enzymatic reactions on the chip

So far two different procedures have been proposed. These methods are
detection via ELISA or via immunosorbent assay. Of these, the assay which is more
promising for determining lalP in a sample will be used. Both methods are explained

and discussed in the next section



1.4.1 Enzymatic or Inhibitory assay

On an immunosorbent surface, enzymes are immobilized which are able to
capture certain proteins. When a sample flows over this surface, some of the
proteins, for which the enzymes have an affinity, will be immobilized [17]. In the
proposed chip, trypsin enzymes are immobilized on the filter nitrocellulose to
capture the previously discussed lalP. Those enzymes that have captured the
proteins are deactivated. Thus when the substrate flows over the test spot area, only
those enzymes which have not been deactivate by lalP will produce the color

product. BAPNA is the substrate typically used for trypsin enzymes.

1.4.2 ELISA
An alternative method is by Enzyme Linked Immunosorbent Assay (ELISA). An
ELISA uses antibodies and a substrate, which causes a color change, to identify a

certain target analyte. The scheme of a common ELISA Test is displayed in Figure 1-6.

Substrate ‘
Enzyme Enzyme U

|:>e - /ﬁ\ |:> /ﬂ\ |:> /ﬂ\

Analyte Analyte \ / \ /
Capture Capture
AB AB
Sample Pad | Nitrocellulose | | Nitrocellulose |

Figure 1-6: Scheme of an ELISA-Test
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Capture antibodies are immobilized onto a surface such as the bottom of a
plastic well or a nitrocellulose membrane in case of a PBD. The in-sample target
substance should bind to the capture antibody. In the next step, a detection antibody
which is tagged with an enzyme (Horseradish Peroxidase (HRP) or Alkaline
Phosphatase (ALP)), binds to the substance to form a complex that includes a capture
antibody-target substance-detection antibody sandwich. In the last step, a substrate
like 5-Bromo-4-chloro-3-indolyl phosphate nitroblue tetrazolium (BCIP/NBT) for ALP
or 3,3',5,5'-tetramethylbenzidine (TMB) for HRP is added to induce a color change.

The ELISA sandwich assay is applicable to all types of antigens or proteins
which can be captured with a certain antibody. Following this step, a colored signal
can be produced using a substrate and a detection antibody tagged with an enzyme
to indicate the presence of a target substance. Follscher et. al. [18] and Gerbers et.
al. [19] showed that their developed circuit is able to determine certain
concentrations of Rabbit IgG via a paper-based ELISA. The example of Murdock et. al
[20] shows that many other target analytes can be detected using ELISA on paper. In

their case they detected various concentrations of neuropeptide Y (NYP).

1.5 Point of Care devices

In recent years there has been a growing interest in the field of paper-based
devices. These devices are less complex and less expensive than previous gadgets
used for detection (e.g. an immunoassay test) [21]. The aim of this field of research is
to develop devices that satisfy the criteria of Point-of-Care devices (POC) and can be
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used in developing countries where no medical infrastructure is present [22]. POC
devices have to be “ASSURED: affordable, sensitive, specific, user-friendly, rapid,
robust, equipment free and deliverable for the end user [23]. An appropriate POC
device meets all of these requirements. One example is the device which is
introduced by Féllscher et. al. [18] and Gerbers et. al. [19].

The most common example for a POC-device is the Lateral Flow Test (LFT). LFT’s
are an appropriate method to establish POC-devices in developing countries because
e.g. they are cheaper than complex tests which need a lot of expensive
instrumentation [22]. Currently there are several lateral-flow-devices (LFD) on the
market. The most familiar LFD’s to the public are pregnancy tests, HIV tests and drug
tests [24]. As discussed before, all “ASSURED” criteria’s need to be fulfilled. A pape-
based LFT is therefore a suitable choice because it meets these requirements.

Paper is available everywhere in the world. It is inexpensive compared to other
materials and furthermore it is biodegradable [23]. Also, it is biocompatible with all
of the reagents tested so far [25]. Most of the tests require expensive equipment to
read out the results of a specific test or a pump to maintain the fluid flow inside the
device. PBD do not need mechanical equipment such as a pump due to the capillary
flow; this further reduces the need for expensive additional equipment to run test

[26].
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1.6 Justification

A bacterial infection has to be treated with an antibiotic which is specific to the
infection present in the human body [27]. As explained earlier treatment of sepsis
has to be done as rapidly as possible. In order to detect the specific pathogen, a
diagnostic result that produces a result faster than the current tests (24-48hrs) is
needed [28]. Unfortunately, according to Engel et. al. [29] the specific pathogen
which causes illness is correctly detected in only 57% of all cases. Almost every other
patient cannot be treated with a specific antibiotic. Therefore most of the patients
can be treated only with broad spectrum of non-specific antibiotics, regardless if they
are certain to combat an infection or not. Due to the possible use of ineffective
antibiotics, the pathogen may develop a resistance against the antibiotics [30].

As one can see, the need for a faster detection method than offered by the
microbiological blood analysis has to be developed. This is especially necessary in half
the cases where the pathogen can be identified correctly.

T2 Biosystems, Inc. has understood the implications of the aforementioned
problem and has focused on the development of the T2Candida®, which is able to
detect five species of the fungal infection candida. Candida is a fungal infection which
may also cause Sepsis. Previous tests took anywhere between two to five days to
return results, whereas the T2Candida® provides a result in approximately 3 hours.
The reduction of time decreases the mortality rate from 40% to 11% as well as the

hospitalization time of patients. The identification of the correct pathogen eliminates
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the need for treating the patient with broad spectrum antibiotics. The potential
savings are estimated to be $4.3 billion only in the U.S: healthcare system [31].

POC devices are therefore suitable to provide results faster than as many other
methods currently on the market. Féllscher et. al. [18] and Gerbers et. al. [19] show
that in case of PBD not only a qualitative results can be measured with these devices
but quantitative results as well.

The goal is to develop a fluidic circuit which makes it able to determine the
concentration of lalP by conducting ELISA on a paper based platform by measuring
the color intensity on the detection spot. The color is measured using the program

Imagel®.

1.7 Objective and Outline of the Thesis
The structure of the thesis is as follows:

Chapter 1 — Introduction — gives a brief introduction covering the illness sepsis
and introduces the function and advantages of Point-of-Care devices. Furthermore,
two methods to detect lalIP are discussed.

Chapter 2 — Literature Review — discusses the current state of the art. Several
fields of application, production methods of POC devices and a detailed review of
immunoassay test are shown. Furthermore different types of fluid flows are

reviewed.
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Chapter 3 — Methodology — illustrates the experiments which were done during
the thesis. Biological spot test, development of a fluidic circuit and assay
development are found in this chapter.

Chapter 4 — Findings — shows and discusses the results of the experiments
mentioned in chapter 3.

Chapter 5 — Conclusion — summarizes the findings and proposes future directions

of this research.
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2 CHAPTER 2 - REVIEW OF LITERATURE

This chapter is about the state of art in the development of paper based
microfluidic devices. First of all, the elements of a fluidic circuit are discussed and
different techniques to modify the paper surface to make it suitable for biological
reagents are explained. Furthermore, the performed ELISA test is illustrated. Finally,
the fluidic system research is summarized along with different methods to fabricate a

PBD.

2.1 Elements of a fluidic circuit
The most commonly known point of care device is the lateral flow strip;
Pregnancy tests or simple drug test are examples of LFS. In Figure 2-1 a typical lateral

flow device is displayed.

Sample Port )
Test Line

Control Line

Cassette

Figure 2-1: Typical lateral flow device [32]

A lateral flow test is mostly surrounded by a plastic housing. This housing stores
the complex paper strip. It also prevents the fluid from evaporation and
contamination. Furthermore, applying a sample is facilitated through the sample

port. A cutout in the housing allows users to view the test and control line. When the
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fluid is applied to the sample port it wicks through the sample pad to the wick or
absorbent pad. By flowing down the strip, the sample interacts with the labeled ABs
which were previously dried onto the conjugate pad. The test and control lines are
located on the nitrocellulose membrane. Nitrocellulose paper has a high affinity for
proteins because of the potentials for electrostatic charge. Every time the test is
completed successfully the control line should be visible or change color regardless of
the outcome of the test line. The test line only changes color or becomes visible

when the analyte is present in the sample, otherwise no color should be present [32].

2.1.1 Nitrocellulose

Nitrocellulose is formed by exposing cellulose fibers to nitric acid. It is
commonly used in the antigen-antibody in pregnancy tests as a detection area. The
detection areas are key functional units in a lateral flow device [33]. The antibodies
usually remain bound to the nitrocellulose through electrostatic binding forces.
These forces act between the nitrocellulose fiber (left) and the protein (right). The

forces are illustrated in Figure 2-2.

0
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Figure 2-2: Electrostatic binding on nitrocellulose [33]
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A nitrocellulose fiber is a cellulose fiber with nitrate ester. Nitrogen and
oxygen form strong dipoles which interact with the peptide bonds of the protein.
These electrostatic forces are not influenced by altering the pH-value.

Fluid runs over the membrane and the analyte which has to be detected e.g.
lalP binds to the immobilized AB. The correlation between the capillary flow rate and
the sensitivity of the lateral flow test is inversely proportional; meaning the faster
fluid flow over that spot will result in a decreased sensitivity. Furthermore, a strong
signal compared to the background noise is required; otherwise a satisfactory result

may not be determined [33].

2.1.2 Conjugate Pad

The conjugate pad is a storage area for the detection antibodies, which are
labeled with colored nanoparticles or an enzyme like alkaline phosphatase or
horseradish peroxidase (HRP). An ELISA test uses detection AB. These ABs are usually
dried onto this pad and are released during interaction with the sample. The sample
solution contains the analyte e.g. an antigen which binds to the labeled AB. An
immuno-complex of analyte and AB is formed. According to Healthcare [33] an ideal

conjugate pad has to fulfill the following attributes:

18



(1) Low non-specific binding

The dried detection reagent has to be re-mobilized easily when the
sample runs over the pad. If it cannot be re-mobilized, there will be no
immunocomplex at the test line.

(2) consistent flow characteristics,

The reagent needs to be solubilized steadily to have a uniform signal
development. Streaks on the membrane are indications of a non-uniform
flow.

(3) consistent bed volume

The amount of detection fluid which is loaded in sample the pad needs to
be the same every time the test is performed, if quantitative results are
desired.

(4) low extractables

There must not be any other particles which might bind to the analyte or
the detection antibodies.

(5) Good web handling characteristics and consistent compressibility

These two characteristics facilitate high yield manufacturing and ensure

an overall good connection between and the various membranes.
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2.1.3 Absorbent Pad
The absorbent pad is important to ensure a sufficient and continuous flow. It needs
to have a sufficient size with a big absorption volume to ensure a continuous capillary

fluid flow.

2.2 Biology Research

As discussed earlier the PBD’s consist mostly of paper. The involvement of
dipolar forces in paper can cause problems regarding biological reaction. The goal is
to minimize unwanted interactions which affect biological processes on the chip. The
following abstract presents ways how the reagent paper interactions can be

minimized.

2.2.1 Paper Surface Treatment

Paper provides certain advantages in comparison to the 96-well plates which
are commonly used for ELISA. On the one hand ELISA can be conducted on paper in
less than an hour with far less fluid (for example 20ul). The incubation time is shorter
compared to plastic wells because the surface to volume ratio is much higher, which
allows the reaction to take place faster. The overall time can be reduced to a couple
of minutes. With the help of certain color enhancer, the result is readable by eye or
can be evaluated using a desktop scanner. No expensive plate reader is needed. On
the other side, the reaction conducted on paper is opened to the air which makes the

result highly dependent on temperature and humidity. These are reasons why the
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LOD of PBD’s is not as low as with 96-well plates. Nowadays, the order of magnitude
with respect to LOD is three times higher than with 96-well plates [34].

The use of a paper-based materials changes the way an ELISA test is
conducted. This change is challenging because paper has a different surface structure
than that of a well in a microtiter plate. Many reagents are used in the area of
biological testing, like proteins and enzymes [35]. In general when paper is used its
surface needs to be modified in a certain way to counteract certain effects which can
influence biological processes. Proteins interact with paper fibers due to e.g. Van-
der-Waals forces and the resulting dipole moments. Consequentially, non-specific
binding can occur [33].

It is very important to minimize these interactions on the nitrocellulose to
obtain a high quality result in the form of a clearly visible concentrated spot. Many
groups have been researching methods to minimize non-specific binding. So far the
approaches fit into two main strategies: surface modification or adsorption of a
secondary protein [36].

The first strategy is to graft the surface or adsorb hydrophilic molecules on
possible binding areas. The modified surface interacts only weakly with the detection
antibodies [37]. The other method is to treat the paper with a secondary protein e.g.
bovine serum albumin (BSA). This step prevents the non-specific binding of proteins

to areas other than the already immobilized proteins [38]. One explanation is that
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BSA blocks vacant binding sites on the nitrocellulose membrane so that antigens and
antibodies can be react more uniformly so that more “sandwiches” are formed [39].
A third approach is to treat the paper with amino (NHs) and carboxyl (COOH)

altered silicon dioxide (SiO;). Figure 2-3 shows the influence of NH3 and COOH-SiO,

blocking.
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Figure 2-3: Effect of SiO2 blocking [40]

With the antibody concentration is increased, the mean intensity increases
because more sandwich structures are formed. The signal on the SiO, treated paper
is seven times higher than on untreated paper, whereas the effect of NHs-SiO; is
higher than the COOH-SiO,. With increasing concentration of ABs the mean intensity
variation vanishes between treated or untreated paper. However, the concentrations
should always be kept as low as possible to increase the LOD later on.

Wang et. al. [41] reports on a chemiluminescence ELISA (CL-ELISA) on

Chitosan modified paper. Using Chitosan wet-strength and the ability to bind
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antibodies onto paper is improved. Chitosan and cellulose are structurally closely
related and therefore more compatible [42]. Furthermore the mechanical strength is
improved [43]. Wet-strength means that when the material gets wet it maintains its
shape whereas mechanical strength might be affected by chemical reagents which
make it brittle. In chemiluminescence reactions visible or ultraviolet light is emitted
during the chemical reaction. Larsson et. al. [36] shows that viruses (M13
bacteriophage) can be detected on paper. To adsorb viruses electrostatically onto
paper polyelectrolyte multilayers (PEM) are used in combination with anionic poly-

acrylic acid (PAA) and cationic poly-allylamine hydrochloride (PAH).

2.2.2 Signal Enhancement

ELISA tests are commonly performed using a 96-well microtiter plates. The
bottom surface is coated with a protein or antibody. Afterwards reagents are added
and incubated at a certain temperature. Finally the plate is inserted into a microplate
reader and illuminated with appropriate wavelength light. The reflected light is then
measured. The wavelength indicates which kind of light is absorbed and the intensity
of the color spot correlates to the concentration of the target substance.

Experiments conducted in microtiter plates have been expanded for use on
paper-based devices. ELISA on paper was first conducted by a group from Harvard
University, Cheng et. al. [34]. In general POC must not rely on expensive equipment.
Therefore, a visible, readable detection scheme that does not rely on expensive
equipment is most preferred. At the least, this may come in the form of a color
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gradient to evaluate different concentrations. So far the limit-of-detection (LOD) for
Rabbit IgG, for examples, is about 5 ng/mL which is demonstrated by Gerbers et. al.
[19] and Follscher et. al. [18]. There is still a difference of one to two orders of
magnitude between paper and microtiter plate. At the very low levels of
concentration, the color spot on the detection membrane cannot be read with the
naked eye. In the following section, the use of color enhancer and rinse steps are
illustrated

Evaluation methods performed by Chaaban et. al. [12] do not need an
amplified signal because variations in the wavelength of a couple nanometers can
easily be observed using a 96-well plate reader. But the use of signal amplification
and rinse steps are necessary to develop a Point-of-Care device from which results
can be evaluated without any extra instrumentation.

Fu et. al. [44] searches for new method to enhance the color signal on the
detection spot. She proposes a rinse step and a chemical amplification step to get a
stronger and clearer signal. A rinse step is needed to remove unbound proteins,
which could interfere with the results. If these unbound proteins are not removed,
the substrate will have more opportunities to bind to an AB and will result in an
unclear color spot is slightly all over the detection area. The rinse step washes all
unbound antibodies away to which a colored AB can bind which reduce the area

where a color change is induced and the signal is more concentrated on one spot.
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Another opportunity to strengthen the signal is the use of color particles. The
enhancement of a detection spot with gold particles is adapted by [45] . In Figure 2-4
the influence of an amplification step is illustrated and in Figure 2-5 the signal

strength is plotted over the analyte concentration with and without a rinse step.
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Figure 2-4: Signal amplification using gold Figure 2-5: Effect of a rinse and amplification
particles [44] step [44]

The sandwich structure of analyte and antibodies illustrate how the signal is
amplified. Below it can be seen that the gold enhancement facilitates the visual
detection whether there is a positive reaction or not. The signal of the spot which is
not washed and amplified with gold particles has a lower signal than the rinsed and
amplified spot. The magnitude of the signal with a rinse step is up to four times
higher than without a rinse [44].

An alternative method to enhance the colored spot onto the detection area is
performed by Murdock et. al. [20]. They use different substrates in their ELISA-test in

order to detect less concentrations of NYP. The use of different substrates which
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induce a color change at the AP-labeled detection antibodies is varied. In Figure 2-6

the difference between two different substrates is illustrated.
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Figure 2-6: Rabbit IgG detection using BCIP/NBT (left) pNPP (right) [20]

The Red-Green-Blue (RGB) intensity is plotted over the concentration of
Rabbit IgG. It can be seen that the LOD for the pNPP is much lower than that of
BCIP/NBT. Murdock et. al refer to the fact that the alteration of BCIP/NBT is a two-
step process where BCIP is immediately hydrolyzed by AP. Then it transforms NBT to
the final product NBT-formazan indigo colored dye final whereas pNPP is directly
hydrolyzed to form the yellow end-product, p-nitrophenol. The paper matrix might
cause problems regarding the diffusion of the formed NBT-formazan. Another
explanation is that AP creates different rates of hydrolysis using different substrates

which increase the intensity of the detection spot.

2.2.3 ELISA-Test to determine lalPs
The ELISA-test to determine the concentration of lalP uses antibodies, which

only bind to lalP, and a subsequent color generation by induced by the use of
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horseradish peroxidase (HRP) enzyme and the 3,3'-diaminobenzidine (DAB)
substrate. The color spot’s intensity, in relation to the background on the
nitrocellulose membrane, corresponds to the concentration lalP within the sample.

In Figure 2-7 the s