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ABSTRACT

Escherichia coli (E. coli) contamination in food product issues has existed for a long
time. Therefore, foodborne pathogen standard in food products has developed a
detection method. The E. coli detection method nowadays has various techniques;
however, the most general detection method based on enzymatic reaction is detecting E.
coli from biomarker, which is enzyme activity secreted from E. coli. In this thesis research,
the blue fluorescence emitted by 4-methyl-umbelliferone (4MU) was used to quantify
the number of E. coli colonies. The enzyme B-D-glucuronidase (GUD), which is secreted
by various strains of E. coli, and its substrate 4-methylumbelliferyl- B-D-glucuronide
(MUG), catalyzes a reaction to produce the 4MU. This thesis has used this enzymatic
reaction and provided straightforward technology for label-free, in-situ, quantitative E. coli
detection. This detecting platform setup includes a MUG-suspended gelatin-based
microfluidic channel, smartphone camera, and ultraviolet light source. The proposed E.
coli detection mechanism is the passive diffusion of secreted GUD enzyme and the MUG
substrate suspended in the gelatin. In addition, this research has also presented a laser
printer-based fabrication technique for creating the MUG-suspended gelatin microfluidic
channels. This research demonstrated that the 4MU fluorescence emission, which was

stimulated by the UV light on the gelatin film, can be recorded using a smartphone



camera. As the base-line signal, distilled water was also employed as a negative control,
while 1700 U/ml of the GUD enzyme served as a positive control. Due to the delay of
the diffusion mechanism and the enzymatic reaction, the detection framework required
at least 2 hours to detect the fluorescence product from cultivated E. coli at a variable
concentration under the gelatin channel with the sensor readout time below 7 seconds.
E. coli colonies can be counted using the indicated E. coli detection method without
sophisticated equipment, cell culture, inoculation, or liquid sample. Additionally, the

proposed method has a trade-off between reaction time and detection limit.

Surface plasmon resonance has traditionally been the standard method for label-
free biomedical and biochemical measures, including protein binding kinetics and
protein-protein interactions. The theory of surface plasmon resonance has a strong basis
and has proven to be extremely sensitive to detecting tiny molecules, proteins, and
nucleotides. However, the E. coli surface plasmon resonance detection results have not
yet demonstrated an outstanding detection limit. Around 10> CFU/ml is the average F.
coli detection limit using the traditional surface plasmon platform. A secondary binding
agent to E. coli, such as conjugated nanoparticles, can increase the detection limit of the
SPR sensor. So, | have proposed a theoretical framework based on effective refractive
index theory to explain the detection method and provide insight into the underlying
challenges that reduce the detection limit of surface plasmon resonance. The effective
refractive index model based on the Kretschmann configuration was applied to find the
detection limit of surface plasmon resonance for detecting E. coli. | have used the
experimental result to validate the model from Vaisocherova-Lisalova et al. [1] literature.
The result was that the simulation using an effective refractive index model shows good
agreement with the 2 cases of experimental results of the Vaisocherova-Lisalova et al.
literature. We discovered from the investigation that the thickness of the binding site

could decrease the sensitivity, and the detection limit was around 10%%%7-10°%** CFU/ml.
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CHAPTER 1
INTRODUCTION

1.1 Background and Significance of the research

Foodborne pathogens consist of bacteria, parasites, or even viruses that can cause a
foodborne illness by contaminating food and consumption. Escherichia coli, or E. coli, are
typical foodborne pathogens. Generally, E. coli can be discovered in the digestive tract of
warm-blood animals and humans. However, E. coli can cause a foodborne illness due to its
high concentration. The symptoms that occur from consuming some E. coli strain
contaminated in food can range from mild to severe such as diarrhea, stomach pain,
nausea, vomiting, etc. [2]. E. coli infection in humans can also be brought on by consuming
contaminated food and drinking water, such as undercooked or raw meat products, fresh
products like vegetables, and unpasteurized or fresh milk contaminated with the pathogen
[3, 4]. In 2011, an E. coli outbreak in Central Europe caused around 4,000 people to be
infected, over 900 of Hemolytic Uremic Syndrome (HUS), which damages an infected
person's kidney and blood clotting capabilities, and 54 deaths [5, 6]. Therefore, one of the
biggest problems facing the agricultural industry involves the issue of food safety. E. coli
contamination in food products can be an indicator of hysiene that public health focuses on
and is concerned about. At the same time, bacterial contamination can also happen at any
point in the food supply chain. Bacteriological verification and prevention are required to
decrease the danger of bacterial contamination that can result in dangerous infections.
Microbiological screening and avoidance are essential in order to decrease the severe
chance of bacterial infection, which can cause life-threatening illness. According to ISO 9308-
1:2014 (the International Organization for Standardization), drinking water, decontaminated
pool water, or completed water from water treatment plants must contain coliform
bacteria, including E. coli, with less than 100 total colonies on chromogenic coliform agar [7].
The World Health Organization also has defined safe drinking water as having 0 E. coli per
100 ml of water, 1-10 MPN/100 ml as riskless, 11-100 MPN/100 ml as a medium risk, and
more than 100 MPN/100 ml as hazardous [8].



There are several E. coli detection methods that have been reported. In Table 1.1, |
have reviewed and summarized the usual time of E. coli detection techniques. The
detection time ranges from around 16-1 hour, 12 hours, a day, several days, or a week
depending on the technique. The proposed technique takes 2 to 3 hours, which is better
than most of the methods described in the literature, as will be demonstrated and
discussed later. The fact that it can be performed in situ without the need for cell culture or
inoculation gives it significant advantages over other analytical techniques, even though it
does not demonstrate an excellent response time compared to those analytical techniques
with a response time of less than an hour. The proposed method might be a preferable
option in the future for packaging technology coupled with an E. coli detection mechanism
when compared to the published analytical techniques.

Table 1.1 Show the detection limit with the detection time for several E. coli detection

techniques
Method Detection limit Detection time Reference
Plating/culturing Low CFUs 1 day to 1 week
Biochemical tests Low CFUs 1 day to several days
ELISA 10-100 CFU/ml 12 hours to 2 days
Fluorescent
10-100 CFU/ml 10 hours
bacteriophage assay
Time-resolved
fluorescence 10-100 CFU/ml 6 hours
immunoassay
Deisingh AK et al. [9]
Capillary
0.5-1 CFU/ml 7 hours
immunoassay
2-24 hours,
PCR 10%-10° CFU/ml depending on the
enrichment
Integrated systems
10%-10* CFU/ml 16-45 minutes
(lab-on-a-chip)
RT - PCR 10" CFU/mL 6-12 hours




Microarrays 55 CFU/ml Less than 1 hour
SPR biosensor 5x10" CFU/ml 1 hour
1-6 hours,

Molecular beacon

1-10% CFU/ml

depending on the

enrichment
Multiplex PCR 1-2 CFU/ml 24 hours
1 hour and 20 Hongying Zhu et al.
Quantum dot 5-10 CFU/ml
minutes [10]
Stefania Mura et al.
FTIR nano biosensors 1x10? CFU/ml 30 minutes "
11
Nano platinum-
Yu-Wen Zhao et al.
graphene paper 4 CFU/ml 12 minutes "
12
aptasensor
Hand-held
Wildeboer et
fluorescence 10%-10% CFU/ml 30 minutes
al. [13]
detector
Sorbitol MacConkey S B March et
Low CFUs 24 hours
agar (SMAC) medium al. [14]
Membrane-Based
Ming Soon Cheng et
Electrochemical 10-10° CFU/mL 90 minutes

Nanobiosensor

al. [15]

The catalytic reaction is widely used for investigating the E. coli from the enzyme of -

D-glucuronidase (GUD) activity produced by E. coli and binds explicitly with substrate 4-

methylumbelliferyl-B-D-glucuronide (MUG) to form the blue fluorescence product 4-methyl-

umbelliferone (d4MU) [16]. Furthermore, the GUD enzyme is produced by 94-96% of the E.

coli strains [17, 18]. The GUD enzyme could therefore be employed as a fluorescence

biomarker to differentiate between different strains of E£. coli [19]. The 4MU fluorescence

intensity could be used to quantify the quantity of £. coli, similar to the rt-PCR method [13],




by examining the fluorescence in the conventional medium that added MUG substance
under the ultraviolet light (UV) [20, 21].

This research aims to develop a fluorescence-based technique that can detect E. coli
by measuring the activity of the GUD enzyme from the emitted blue fluorescence under the
substrate MUG suspended in a gelatin-based microfluidic channel. In this research, the
simple hardware MUG suspended gelatin-based microfluidic was fabricated for detecting E.
coli from the blue fluorescence of the catalytic reaction product. The components that are
required for this platform consist of (1) a MUG-suspended gelatin microfluidic channel, (2) a
smartphone camera for recording fluorescence signal, (3) a UV light source for stimulated
fluorescence product, and (4) a sample. As a result of the gelatin channels being indirect
contact with the sample, the liquid sample can be drawn into the microchannels by passive
capillary force due to the tiny channel size. Here, the E. coli produced GUD enzyme can
pass through the permeability gelatin material and react with the MUG substrate in gelatin
to form a blue fluorescence 4MU product. Quantitative detection of E. coli is possible due
to the blue fluorescence intensity's relationship to E. coli concentration. The 4MU can be
excited and emitted at a wavelength of 355 and 450 nm, respectively, under the UV light
source [13]. Without the requirement for an extra optical filter, the 2 mm of gelatin fluidic
channel and smartphone camera can filter UV background light and record the 4MU
fluorescence light, which will be reported later.

Here, the presented E. coli detection platform has different features over previous
4MU-based techniques [22], such as (1) A simple, cheap, and environmentally friendly
production method can fabricate the MUG-suspended gelatin-based microfluidic channel. (2)
The reaction channel requires a smaller sample volume of about 0.3 ml, proceeded on lab-
on-a-chip microfluidic technology. (3) Complex equipment is not necessary. Moreover, (4)
The smartphone camera can quantify fluorescence emission and compare it to GUD activity
in the colony-forming unit (CFU/ml), allowing for the quantitatively rapid detection of E. coli.

The Surface plasmon resonance (SPR) is a restricted electromagnetic wave
phenomenon that occurs on the surface of noble metals like silver (Ag), copper (Cu), and
gold (Au) [23]. Various E. coli detection techniques have been developed and reported. The

SPR is also one of the recent and low-cost used in the foodborne pathogens detection



technique, including E. coli [24, 25]. The conventional SPR setup, also known as the
Kretschmann configuration, is the widely used procedure for surface plassmon measurement.
According to the Kretschmann configuration, polarized coherent light is used to illuminate
the plasmonic sensor through a prism and then reflect off a metal surface. An optical
camera or a photodiode can be used to measure the reflectance. Even though the theory
underlying SPR is relatively well known, it has not been researched why the SPR is
unfavourable for food pathogens. Therefore, using optical simulation and modelling, the
following theoretical analysis was suggested to explain the impacts of each component in
the SPR sensor on the detection limit and the sensitivity of the SPR for E. coli detection.

This has never been documented in the literature, as far as my knowledge.

1.2 Objectives
1. Apply gelatin-based microfluidics for E. coli detection under enzymatic reaction.
2. To investigate the relation between the amount of E. coli and fluorescence product
collected from a smartphone.
3. To express the rapid E. coli detection by using a smartphone camera.

4. To find the detection limit of surface plasmon resonance for E. coli detection.

1.3 Research hypothesis
1. Microfluidic made from gelatin can be used as an E. coli sensing instrument.
2. Smartphone cameras can measure fluorescence and trace it back to quantify the
amount of E. coli in the colony-forming unit (CFU).
3. The Surface Plasmon Resonance has sufficient detection limit to quantify £. coli in

low units that conform to food safety quality.

1.4 Research scope

This research applied engineering, biochemistry, and microorganism knowledge to
quantify the quantity of E. coli by measuring the fluorescence product (4MU) from the GUD
enzyme secreted by E. coli with its substrate MUG. A gelatin microfluidic with MUG

suspended was used as a sensing instrument, which is green technology, cost-effective, and



low-cost, applied with simple instruments such as a smartphone camera for recording the
fluorescence signals. The SPR simulation with effective refractive index theory that uses
electromagnetic wave phenomena can be used as the E. coli detection and find the

detection limit.

1.5 Research plan

Table 1.2 Present research plan within 2 years

Research progress / 2 months

Operation plan
24|68 |10(12|14|16|18|20 (22|24

1. Research preparation and

literature review.

2. Establish a research plan and

research procedure.

3. Experimental calibration and

create a calibration curve.

4. Cultivate E. coli and find the
relationship of the colony-forming

unit.

5. Preparing a microfluidic channel

and study characteristics.

6. Applied microfluidics with E. coli

detection.

7. Record and evaluate the

experimental simulate data.

8. SPR E. coli detection

9. Prepare a paper manuscript and

publish




CHAPTER 2
RELATED THEORIES

2.1 Foodborne pathogen

2.1.1 Introduction to Foodborne pathogens

Foodborne pathogens, which generally consist of bacteria, viruses, or parasites, cause
severe foodborne illnesses [26]. Foodborne illness occurs when the human host consumes
food that has a foodborne pathogen and produces a toxin. The most common pathogenic
bacteria are Escherichia coli, Salmonella spp., Shigella spp., Staphylococcus aureus, etc. It
can cause symptoms mild to severe such as nausea, vomiting, diarrhea, abdominal pain,
fever, insomnia, muscular pain, labour breathing, and respiratory paralysis. It has been
reported that the foodborne outbreak in European Union (EU) in 2015 resulted in more than
45,000 patient sickness cases, over 3,800 hospitalizations, and 17 deaths due to the
foodborne illness. The prevention and management of all emerging foodborne diseases, a
global concern, need a coordinated approach from all nations and the appropriate
international organizations. Even though their biology, analysis, and epidemiology are
complicated, most foodborne illnesses are preventable. It is necessary to combine
knowledge and abilities from several areas. To avoid food contamination on farms, during
processing, in restaurants, and in homes, public health organizations, resulatory authorities,
the food industry, and consumers must continuously attempt to prevent it. The number of
cases of foodborne diseases might be reduced with appropriate education programs for

everyone concerned [27].

2.2 Escherichia coli

Escherichia coli or E. coli is one of the most common foodborne pathogens and is
generally found in the environment, foods, and intestines of mammals. £. coli is a Gram-
negative, non-spore-forming rod; some rods have flagella while others do not (Figure 2.1).

Most E. coli strains are harmless, but some have developed characteristics, such as the



capacity to produce toxins, that make them pathogenic to mammals. According to the

pathogenic mechanism, six categories of pathogenic E. coli have been identified: (1)

Enteropathogenic E. coli (EPEC); (2) Enterohemorrhagic E. coli (EHEC), widely known as Shiga

toxin-producing E. coli [STEC]; (3) Enterotoxigenic E. coli (ETEC); (4) Enteroaggregative E. coli

(EAggEC); (5) Enteroinvasive E. coli (EIEC); and (6) Attaching and Effacing £. coli (A/EEC) [27,
" » i o b

28].
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Figure 2.1 Show E. coli gram staining observed under a microscope with a magnification of
100x [29].

According to Table 1.1, there are several techniques for E. coli detection, for example
culturing in media culture as a traditional method, biochemical test, RT-PCR, quantum dot,
Surface Plasmon Resonance, nano biosensor, or enzyme activity. Since a laboratory-based
technique is typically employed for its evaluation, detecting and counting E. coli typically
needs a long period to obtain the results. The traditional technique, culturing, requires 24-72
hours after sampling. Although more rapid methods for detecting £. coli in water, such as
Polymerase Chain Reaction (PCR) and Enzyme-Linked Immunosorbent Assay (ELISA), have
been developed, their widespread use in water quality detection is still constrained by the
need to transport samples from water sources to laboratories, high costs, complicated

equipment usage, and complex procedures [30].



2.3 Microfluidic channel

A Microfluidic channel is a device that manipulates and controls the small fluid of the
sample. The main reason for the rapid development of microfluidic systems has been their
potential for a wide range of biological applications, such as pharmaceutical and single-cell
or molecular analysis. There are many applications for microfluidics, siven its ability to
significantly reduce sample volumes and carry out the reaction, separation, and detection

quickly and sensitively at a fraction of the typical time and cost [31, 32].

Figure 2.2 Example of the microfluidic channel

Microfluidic devices can be applied in various applications. Since the 1960s, test strips,
or "lateral flow assays," have achieved wider recognition in the diagnostic industry thanks to
their low-cost production of billions of units. Although in terms of the quantity of
commercially available devices, this may be regarded as the most successful microfluidic
platform for lab-on-a-chip applications (e.g., diabetes testing, pregnancy testing, etc.) [33]. It
has also been reported that microfluidic can be applied for manipulating, concentrating, and
separating bioparticles in biological labs, including fluorescence or magnetically activated
cell sorting, centrifugation, filtration, and manipulations and separations based on electric
fields [34].

For the fabrication of microfluidics, a variety of materials make an effort to achieve
these characteristics, including transparency, biocompatibility, chemical compatibility with
the indicated reagents, and the possibility for surface functionalization. Glass, silicon, metals,

polymers, and ceramics are standard materials. Due to its easy availability, chemical
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compatibility, and thermostability, silicon is among the top choices for fabricating
microfluidic devices. Glass-based microfluidic can withstand chemical reactions that call for
challenging circumstances, including high pressures, high temperatures, and acidic solvents,
and also has excellent optical transparency, a reduced-cost material. PDMS, an elastomer
with outstanding microchip fabrication properties, is one of the most significant materials for
fabricating microfluidic devices. With optical transparency, gas permeability, biocompatibility,
low autofluorescence, natural hydrophobicity, and high elasticity, PDMS is inexpensive,
simple to mold, and suitable for prototyping. These characteristics make PDMS useful for
bio-related research studies, such as longer cell cultures, cell screening, and biochemical

experiments [35].

2.4 Gelatin

Gelatin is a naturally present polymer formed by the hydrolytic degradation of
collagen protein obtained from animals. The primary sources of gelatin are the collagens
from pigs, cows, and fish. Gelatin can be dissolved at high temperatures [36], but the
structure will become gelatinous at temperatures below 35-40 °C. Additionally, the viscosity
and gel strength of gelatin change with the relative molecular mass distribution, while pH,
temperature, and electrolyte condition all may have an effect. The manufacturer has a

critical standard for evaluating the gel strength of gelatin [37].

Figure 2.3 Shows the gelatin powder image [38]

Gelatin can be applied in many applications, such as in food industries, cosmetics,
pharmaceuticals, hydrogel, scaffolds, nanoparticles, and nanofiber. Due to its ability to gel,

gelatin is an essential part of the food industry in modern cuisine, for example, dessert and
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canned meat, to retain lost juices. Gelatin is an excellent material for edible coating and
film because of its high nutritional value and film-forming ability. Gelatin is also crucial in the
medical field. It can be used as a hemostasis to prevent blood bleeding, make hydrogel,
carriers for cell transplants, nanomicrosphere containers, and nanofibers. Additionally, oral

gelatin consumption can enhance joint and bone health [37].

2.5 Ultraviolet

Ultraviolet (UV) is a form of electromagnetic radiation with shorter wavelengths than
visible light, ranging from about 380 nm to about 10 nm. Commonly, UV radiation is divided
into UVA, UVB, and UVC, which correspond to different wavelensths [39, 40].

UV radiation can be absorbed by various substances, including minerals, plants, fungi,
bacteria, and organic and inorganic compounds, and emit fluorescence. The material's
electrons move to a higher energy level due to absorption. Then, these electrons can

decrease to a lower energy level, emitting some of the energy they had previously absorbed

as visible light [41].

2.6 Logistic growth curve

It is popular to use the logistic growth curves (S-curves) model to research and predict
future changes with Equation (1), as shown in Figure 2.4. It is characterized as a
phenomenological description of the time behavior for quantities described using empirical
time series that has been optimized. The fitting model, a logistic S-curve, is essential

because it represents the natural growth pattern in the environment's interaction [42, 43].
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Figure 2.4 Schematic representation of a logistic S-curve with 3 parameters consisting of
saturation (L), growth rate (k), and midpoint (t;) with bell shape curve fitting as shown in

Equation (1).

L
f) = e )

Where L is the saturation point
k is the logistic growth rate
to is the mid-point (point of symmetry)

2.7 Principle of the enzymatic reaction of GUD and MUG

To indicate E. coli, the enzymatic reaction of B-D-glucuronidase (GUD) enzyme was
widely used as the E. coli biomarker. GUD enzyme activity is present in approximately 97%
of E. coli strains, indicating the organism's presence in environmental samples, particularly
water [22]. 4-methylumbelliferyl- B-D-glucuronide (MUG) was the substrate that can be
hydrolyzed by GUD and get the fluorescence product called 4-methyl-umbelliferone (4MU).
When 4MU is excited by a UV light source around 360 nm, the blue fluorescence will be
emitted at a wavelength of around 450 nm [13, 44].
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Figure 2.5 Structure of MUG and 4MU [44]

2.8 Cell culture

Cell culture is the process of growing and increasing the number of cells controllable
from an animal, plant, or microorganism such as bacteria by allowing them to develop in a
suitable artificial environment. Several techniques for cell culture or isolating the

microorganism include a streak and spread plate [45].

2.8.1 Spread plate technique

The spread plate technique is a common counting approach to identify or count the
microorganisms in a liquid sample. The technique allows you to calculate the number of
bacteria colonies distributed on the plate, which will be visible and countable in the

colony-forming unit (CFU) [46, 471].

Figure 2.6 Example of the E. coli colony on solid media agar by spreading plate technique.
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2.9 Principle of light

Light is one of the electromagnetic waves that have an extensive range. The visible
lisht ranges from 380 nm to 770 nm and purple to red light, respectively. Since light is an
electromagnetic wave, its characteristics, such as its magnetic field, electric field,
wavelength, speed, refractive index, reflection, diffraction, interference, and polarization, are

identical to those of an electromagnetic wave [48].

2.9.1 Magnetic field and electric field
Magnetic and electric fields which parts of light that are perpendicular to the
electromagnetic wave's direction of motion and each other. Figure 2.7 depicts how the right-

hand rule raw can determine the direction of the relationship between the magnetic field

and the electric field [49, 50].

Magnetic
field (B)

2.9

%~ Electric
&k field (E)

Propagation
direction

Figure 2.7 Show the relationship and the direction of the magnetic field and electric field

[51].

2.9.2 Refractive index

The Refractive index is defined as the ratio of the velocity of light divided by its
velocity as expressed in Equation (2); however, the light's wavelength and speed depend on
the material through which it travels [52]. The refractive index can change inside the same

medium if the electromagnetic wave frequency varies.

n_c_k
_v_7\.0

(2)
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Where n is the refractive index of the medium
c is the velocity of light in the vacuum
v is the velocity

A is the light speed in the free space

2.9.3 Reflection

One of the characteristics of light is reflection, which occurs when incident light
travels and contacts certain surfaces that do not absorb the energy of the light. The law of
reflection, depicted in Figure 2.8 and represented in Equation 3, indicates that this light will
reflect off of that surface and change direction, making the reflection angle equal to the
incident angle but in the opposite direction [53].

Normal

Point of incident

Figure 2.8 Shows the schematic of the incident ray and reflected ray by the law of

reflection.

Gi = Gr (3)
Where 6, is the angle of incidence in a unit of radian or degree

0, is the angle of reflection in a unit of radian or degree
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2.9.4 Refraction

Refraction is the term for bending light from its incidence direction as it passes
through transparent media with a different refractive index (it also occurs with sound, water,
and other waves). Figure 2.9 shows Snell’s law of the refractive of light and is expressed in
Equation (4). Additionally, this characteristic allows individuals to utilize magnifying glasses,

lenses, and prisms and to visualize the rainbow [54].

Incident Angle = 30°

Vacuum ?/ Medium 1

Diamond Medium 2

=
Refracted Angle = 11.83 A
=
=

Refraction Me

Figure 2.9 Shows the schematic of the refraction of light between vacuum (n=0) and

diamond (n=2.417) with an incident angle equal to 30 degrees [55].

n,sin (8;) = n,sin (6,) (4)
Where 6, is the angle of incidence in a unit of radian or degree
0, is the angle of refraction in a unit of radian or degree
n, is the refractive index of the medium where light is incident

n, is the refractive index of the medium where light is reflected

2.9.5 Polarization

The polarized light employed in SPR-based sensors has specified the direction of an
electric field. There are two different polarization properties: the first is the change in
transmittance and reflectance between P and S polarization, and the second is the change
in phase difference between P and S polarization (Figure 2.10). According to the direction of

the electric field, the polarization can also be divided into three types (1) linear polarization,
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which is utilized in SPR sensors, (2) circular polarization, and (3) elliptical polarization [56,

57].

Incident
light
S polarization

e

Figure 2.10 Shows the direction of electric field p-polarization (red-line) and s-polarization

(blue-line) [56]

2.10 Polarization and incident plane
The direction of light polarization affects both the surface plasmon resonance and

evanescent wave properties. P-polarization and s-polarization are the two main polarization

types identified through studies in the field of electromagnetics.

1. TM (Transverse magnetic mode) or called P (parallel) -polarization

A light wave is considered in TM-polarization when the electric field direction is
parallel to the incidence plane. Additionally, in isotropic media, the magnetic field is always
perpendicular to the electric field. As shown in Figure 2.11, this property causes the
magnetic field to be transverse and perpendicular to the incident plane [58].

T

E

surface

\J

Figure 2.11 Shows the direction of the electric (E) field that is parallel to the incident plane
in the TM-polarization and the direction of the magnetic field (H) [58].
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2. TE (Transverse electric mode) or called S (perpendicular) -polarization

A light wave that is TE-polarization has an electric field direction that is perpendicular
to the incidence plane. Figure 2.12 shows how the magnetic field exists parallel to the plane
of incidence because it is always perpendicular to the electric field in isotropic mediums

[58].

E Index n,

H H

» X

surface

B Index n;

H &7

Y L
z

Figure 2.12 Shows the direction of the magnetic field (H) and the direction of the electric
field (E) that is perpendicular to the incident plane in the TE-polarization [58].

2.11 Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a limited electromagnetic wave phenomenon that
occurs on the interface between the dielectric material and the noble metal surface. The
refractive index, absorbance, and fluorescence properties of analyte molecules can be
measured in SPR sensors to determine the desired quantity [59, 60]. The first SPR sensor
application occurred in 1982, while Nylander and Liedberg employed it for gas detection
and biosensing [61]. Then noble metals that are usually used in SPR sensors are gold (Au),
silver (Ag), and Copper (Cu). However, gold is typically used as a noble metal in biological
and biomedical studies because it provides an applied quantitative of coupling wavelengths
and angles for surface plasmon resonance. Gold is also chemically stable and

biocompatible, making it suitable for biological and biomedical applications [62].
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Figure 2.13 Shows the principle of the SPR sensor that detects the change in the refractive

index

The photons will illuminate the noble metal film layer in the sensor as they travel
through the optical source and hit the SPR-based sensor. Surface plasmons are the
oscillations of the noble metal interface and the excited electron that occurs when photons
hit the noble metal layer (Figure 2.13). As a result, the electric field will be created at the
interface instead of the hitting site. Then, the surface plasmons will generate an evanescent
wave, a similar field extending on both sides of the noble metal layer [63]. The refractive
index of the sensing area for the light, which is perceived as reflected due to a different
velocity in a different medium, is one of the characteristics of the medium that this
travelling electric field also depends on. Additionally, as the different medium compositions,
the velocity of the plasmons changes, affecting the angle of incident light at which the

resonance OCcurs.
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CHAPTER 3
METHODOLOGY

This chapter describes the materials and methodology of this research. As previously
mentioned, the enzyme GUD produced by E. coli reacts with its substrate MUG to
produce the fluorescent product of the catalytic reaction known as 4MU. This enzyme
activity technique widely uses GUD as a biomarker for detecting £. coli. The experimental
procedure performed the enzymatic reaction under the nutrient agar and then applied
MUG-suspended gelatin-based microfluidics to quantify the amount of £. coli in CFU
units. The SPR simulation will be proposed later with practical refractive index theory for

E. coli detection.

3.1 Enzyme-substrate reaction experiment on MUG-suspended nutrient agar

with cultured E. coli

This experiment aimed to determine if the enzyme GUD produced by E. coli can
diffuse through agar. This substance is likely to gelatinize and then bind with MUG substrate
suspended in nutrient agar, whether it can sufficiently bond with its substrate or not. So, the
nutrient agar was prepared by mixing 0.3% Yeast Extract (Himedia), 0.5% Peptone (Himedia),
0.5% NaCl (Ajex), and 1.5% Agar (Hemidia) sterilized by autoclave at 100 °C mixing with 125
uM of MUG (Sigma). Due to the substrate not being tolerant at high temperatures, MUG
sterilized was added later after sterilizing the nutrient agar using a filter. The E. coli (TISTR
527, ATCC 11775), purchased from the Thailand Institute of Scientific and Technological
Research (TISTR), was cultured in liquid media with the incubator at 150 rpm for 24 hours at
37 °C. After that, E. coli was cultured by streak and spread plate technique and incubated in
the incubator at 30 °C for 24 hours.
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3.2 Fluorescence and catalytic reaction calibration by using a fluorescence
spectrophotometer setup

In this experiment, the experimental setup was the fluorescence spectrophotometer
with significant components consisting of a smartphone camera (iPhone X.S. Max), UV light
source, 4 side-transparent plastic cuvette (VWR International Ltd.), and additional optical
filter as shown in Figure 3.1. All the below experiments in this section 3.2 will be tested

under this setup.

4MU and -

E. coli + MUG 1000 mM

Additional optical filter

= " Clear plastic cuvette

Smartphone =————> <+ UV light source

Post holder

Figure 3.1 Fluorescence spectrometer setup

In order to eliminate UV background light, transparent acrylic was used as an
additional optical filter, as depicted in Figure 3.2. The transmittance of this filter was
evaluated using a spectrophotometer (model V-5100/UV5100, METASH). According to Figure
3.2, an optical filter can filter all UV light wavelengths under 360 nm and allow the above
wavelength to pass through, including a 450 nm wavelength of 4MU. So, it was efficient to

use as an optical filter in this experiment.
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Figure 3.2 Spectral transmittance of additional optical filter measured by using the

spectrophotometer

3.2.1 Calibration for the 4MU intensity using fluorescence

spectrophotometer experimental setup

This experiment was set for calibrating the fluorescence intensity of 4MU as a
baseline trend. The iPhone camera was compared to find the proper setting of ISO, used for
controlling the amount of light by the sensor's sensitivity, for collecting a 4MU fluorescence
intensity signal. Due to the light intensity, the maximum number in MATLAB is 256, so the
highest concentration of dMU was used to find the proper ISO that got the fluorescence
intensity lower than 256. Here, 1 ml of 4MU (Aldrich) was prepared for 8 diluted
concentrations varying from 0.5 uM to 500 uM diluted with methanol. The fluorescence
spectrophotometer setup shown in Figure 3.1 was applied to evaluate each 4MU
concentration, and each fluorescence light emission was recorded 3 times. After converting
the fluorescent signal in MATLAB, plot the relationship between the 4MU concentration and

fluorescence intensity signal.
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3.2.2 E. coli colony counting

The colony counting technique calculated the number of bacteria in CFU/ml unit by
cultivating on solid media and counting the appeared colony on it. So, | have performed the
E. coli colony counting for calculated own E. coli concentration converting equation. The
procedure is to cultivate E. coli in a conical flask at 30 °C for 24 hours, as shown in Figure
3.3. Then diluted E. coli at a dilution factor of 10° 10°%°, 107, 107>, and 10® times and
cultivated in solid media agar repeated 3 times of each concentration with 100 pl. The
number of E. coli in CFU/ml units, which corresponds to the dilution factor, was calculated

using the colony counting technique after incubating at 37 °C for 24 hours.

N — . .
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Figure 3.3 E. coli cultivated in a shaking incubator at 30 °C for 24 hours

3.2.3 Calibration for the fluorescence intensity from different E. coli

concentration

The methods for calibrating the fluorescence of varied E. coli concentrations were
identical to those for calibrating with 4AMU. E. coli was grown in a conical flask for 24 hours
before being diluted at concentrations ranging from 2 to 500 times, or 6.79x10° CFU/ml,
3.53x10" CFU/ml, 7.17x10" CFU/ml, 3.73x10® CFU/ml, 7.58x10® CFU/ml, 1.94x10° CFU/ml,
and 3.94x10° CFU/ml, respectively. The equation from the section on the E. coli colony

counting experiment, which will be presented afterwards in the result section, was used to
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compute the various E. coli concentrations in CFU/ml units. 500 ml of 1000 uM of MUG was
mixed with 500 ml of each E. coli concentration under a transparent plastic cuvette. The
fluorescence intensity of the reaction was continuously measured every 15 minutes for 4
hours with the experimental setup depicted in Figure 3.1. The data recorded from the
smartphone camera were calculated in MATLAB and plotted the relationship between
fluorescence intensity signal and time. This experiment aimed to ensure that the

fluorescence signal was visible to the naked eye.

3.3 MUG-suspended gelatin-based microfluidic channel preparation

Laser printer ink

| W~

' > E_C | /& > —
Transparent plastic sheet Place the printed ink mold on the
petri dish
1__ Aqueous gelatin ‘
+ MUG
! [
+
f—— : et | s | —
Pour aqueous gelatin with MUG Place the nodes on the mold
‘ Cooled down ihehtold
until solidify
4
& —
} Thickness: 2 mm
Removed the printed ink mold and nodes t .
Glass slide

Figure 3.4 Gelatin-based microfluidic with MUG suspended fabrication diagram

My recently published paper Microfluidic Channel from Gelatin Using Laser Printer [64],
proposed procedures for fabricating microfluidic channels from gelatin using a laser printer.
The 3-point, or 1 mm, width and 3 cm in length straight-line channel pattern was designed
in Microsoft PowerPoint. The pattern was then printed 30 times on a transparent plastic
sheet (Hi-jet laser) by a laser printer (Canon LBP-6030) to increase the laser printer ink
thickness as the height of the channel. Gelatin powder (Gelita, Thailand) was dissolved in
warm distilled water at a ratio of 1 ¢ : 3 ml and the powder was thoroughly stirred until it
was completely dissolved. The MUG substrate (Sigma) at 500 uM was then added to the

gelatin solution, bringing the total concentration of the solution to 250 uM. Pour the
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warmed gelatin aqueous over the printed ink mold once it has cooled in the refrigerator,
enabling the gelatin to solidify into a gel, as shown in the fabrication diagram depicted in

Figure 3.4.

3.4 Experimental setup and measure the enzyme activity from E. coli under

MUG-based gelatin microfluidic

The MUG-suspended fluidic channel from the previous section was applied to detect
E. coli. The material and procedures of the microfluidic fabrication method described in
section 3.3 were used to prepare the 6 microfluidic channels. The experimental setup was
as shown in Figure 3.5 with components consisting of (1) iPhone X.S. max, (2) monopod, (3)

UV light source, and (4) 6 microfluidic channels.

Smartphone
Monopod l

~0d
[ = =
.~

o

UV light source

Glass slide Microfluidic channel

Figure 3.5 Experimental setup for measuring the enzyme activity from the different

concentrations of £. coli under gelatin microfluidic channel

6 samples were employed to test separately consisting of:
1. Distilled water as a negative control
2. Enzyme GUD at 1700 U/ml as a positive control
3. Cultivated E. coli at 3.94x10° CFU/ml
4. Cultivated E. coli at 3.53x10" CFU/ml
5. Cultivated E. coli at 3.16x10° CFU/ml
6. Cultivated E. coli at 2.83x10° CFU/ml
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The equation calibrated from the previous E. coli colony counting experiment was
used to determine all £. coli CFU/ml units, which were presented in the results section. In
order to evaluate the 6 samples, 0.3 ml of each sample was then fed through the separated
6 different straight-line microfluidics at the inlet node of the microfluidic channels, depicted

in Figure 3.6.

Figure 3.6 6 samples were fed througsh MUG suspended gelatin channel observed under

Figure 3.5 experimental setup

The blue fluorescence light stimulated under the UV ligsht source, as in the
experimental setup shown in Figure 3.5, was then measured and compared using a
smartphone camera to record a time-lapse video of the fluorescence emission for 5 hours
within the gelatin channels. In MATLAB, the blue light intensities recorded for each video
frame along each gelatin channel were subtracted from the red and green color intensities

recorded in the red-green-blue (RGB) format to analyze the video.
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3.5 Surface Plasmon Resonance with Effective refractive index theory

nbuffer
Binding site (n,)

Gold layer (n,,
Titanium layer (n;) ==

Figure 3.7 E. coli with the Kretschmann configuration

In this research section, | have reported the simulation and modelling of the effect of
E. coli detection by using the SPR sensor with detection limit and the sensitivity of the SPR.
To propose the sensitivity and detection limit for quantitative £. coli detection SPR model. A
Kretschmann configuration was made up of a 50 nm uniform plasmonic gold sensor with a
gold refractive index of ny,, reported by Johnson and Christy in 1972 [65] coated on a BK7
glass substrate with a glass refractive index of 1.51 and illuminated by a p-polarized optical
configurable laser source at incident angle 0. Figure 3.7 shows a titanium adhesion layer with
a 5 nm thickness between the glass substrate and the gold layer. This layer has a refractive
index of ny; [65]. E. coli can bind specifically to the gold sensor surface due to a binding site
and molecules with the refractive index n; and thickness h; shown in Figure 3.7. The
surrounding buffer solution has a refractive index of 1.336 [66], while E. coli has a refractive

index of 1.384 [67], with an approximate diameter of 1 um and a length of 2 um [68].
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Figure 3.8 Configuration of the effective refractive index

E. coli colony modelling is restricted by the orientation of each E. coli on the binding
site and random arrangement, along with the colony's measurement in the CFU/ml unit.
Nevertheless, as the E. coli binding is distributed on the sensor surface density and not the
volume density, this unit does not accurately represent the number of E. coli present on
the sensor surface. In order to depict E. coli's random orientation and distribution, optical
modelling needs a complicated calculation technique.

In this study, | have proposed an effective refractive index model [69] to calculate the
E. coli colony as a uniform layer with an effective refractive index m.sr as indicated in
Equation (5) and a thickness of 1 m equivalent to the average diameter of E. coli Dy coii

[68].

2 2
n __ E. coliME. colit(DE. co1i(ds*+DE. coli) =g coti)Mbusfer (5)
eff =
7 DE. co1i(ds+DE. coti)

Where ng. o1 is the refractive index of E. coli

d, is the cell density level

D coli
Tg. coti 1S the E. coli cross-sectional plane's radius, which is equal to ETZ
The E. coli surface density can be calculated from Equation (5).
1
Lg. co1i(ds+DE, coti)

Where Lg. o is the E. coli cell body length, which is approximately 2 mm [68].

SE.coli density —
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3.6 Simulation methodology and detection limit

Fresnel equations and the transfer matrix method were used to model the reflectance
spectra of the p-polarization for £. coli measurements using the Kretschmann configuration
and the effective index theory shown in Figure 3.7. The modelling software was developed
and performed using parallel processing in MATLAB 2021a.

For comparison with experimental results published in the article, the plasmonic
coupling wavelength's movement in nm over the CFU/ml unit is used to compute the
sensitivity or S. The CFU/mL threshold that corresponds to the typical bulk refractive index
of 10 refractive index units (RIU) for intensity detection is known as the limit of detection

(LoD) [70].
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Enzyme-substrate reaction experiment on MUG-suspended nutrient agar

with cultured E. coli

Using the streak and spread plate procedures, E. coli was cultured on nutrient agar
mixed with MUG. The result is shown in Figures 4.1b and 4.1d, observed under a UV light
source found that in the nutrient agar plate suspended with MUG occur, the fluorescence
emitted around the E. coli colonies. On the other hand, as depicted in Figures 4.1a and 4.1c
for the spreading and streaking techniques, the nutrient agar without the MUG enzyme
resulted in no fluorescence around the colonies. Therefore, these investigations
demonstrated that the GUD enzyme is released extracellularly by E. coli. This enzyme can
be employed as a biomarker for identifying E. coli by measuring the blue fluorescence of
the 4MU products produced by the enzymatic reaction of GUD and MUG. As demonstrated
by these experiments, it is also established that GUD was secreted extracellularly by E. coli

and can diffuse through an agar bond with a substrate and cause a reaction.

(b) (© (d)

Figure 4.1 Nutrient agar with (a) without MUG suspended in nutrient agar; and (b) mixed with
MUG which E. coli was cultivated by spread plate technique; Nutrient agar with (c) without
MUG suspended in nutrient agar; and (d) mixed with MUG which E. coli was cultivated by

streak plate technique;
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4.2 Fluorescence and catalytic reaction calibration by using a fluorescence

spectrophotometer setup

4.2.1 Relationship of fluorescence intensity and different 4MU

concentrations

This experiment aimed to demonstrate the correlation between the concentration of
4MU and the intensity of the blue fluorescence emission. The 4MU 500 uM was used for
calibrating the smartphone camera ISO setting by measuring the fluorescence intensity and
was then calculated in MATLAB. The explanation is that since | utilized the highest
concentration of 4MU in this experiment, 500 pM, the fluorescence intensity in this
experiment should be at its highest. Figure 4.2 demonstrates the outcome, which indicated
that the ISO was adjusted from 25, 40, 100, 200, 500, 1000, and 2000. The top line should
be equal to or less than 256 since, as described in section 3.2.1, the maximum light intensity
in MATLAB was 256. The fluorescence intensity index of 500 uM of 4MU is shown in Figure
4.3. The I1SO 500, 1000, and 2000 indexes were more significant than 256 in every cuvette
area, while this ISO was higher than 200. To summarize, ISO 200 worked perfectly to

measure smartphones' fluorescence intensity signal in this experiment.

Figure 4.2 The fluorescence of 4MU concentration 500 uM recorded by smartphone camera

at (@) ISO 25; (b) 1SO 40; (c) 1SO 100; (d) I1SO 200; (e) ISO 500; (f) ISO 1000; and (g) ISO 2000
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Figure 4.3 4MU fluorescence intensity measured index under MATLAB range from (a) ISO 25;

(b) 1SO 40; () 1SO 100; (d) I1SO 200; (e) ISO 500; (f) ISO 1000; and (g) 1SO 2000

Then the 4MU concentration varying from 0.5 pM to 500 uM diluted in methanol was
recorded fluorescence intensity and calculated in MATLAB. The relationship between
normalized fluorescence response and 4MU concentration is shown in Figure 4.4. Each
concentration was measured repeatedly 3 times and shown the error bar as & one standard
deviation of the three measurements. The result has shown that the fluorescence intensity
signal was increased linearly as a proportion of the 4MU concentration's logarithmic scale.
This linear curve fitting relationship had a coefficient of determination R? of 0.90, as

expressed in Equation (7).
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Figure 4.4 Show the relationship between the fluorescence signal of 4MU concentration

Normalized fluorescence intensity, (a.u.)

between 0.5 pM to 500 pM, along with the linear curve fitting equation

f([4MU]) = 0.345log([4MU]) + 0.017 (7)

Where f; is the normalized fluorescence signal in an arbitrary unit (a.u.)
[4MU] is the dMU concentration in uM.

It has been demonstrated that the fluorescence signal is linearly proportional to the
concentration on the logarithmic scale. Note that the purpose of the experiment was to
show a relationship between the 4MU concentration and the intensity of the blue
fluorescence. Experimental and measurement errors could be the cause of the variation
from the straight line. Due to the previously noted measurement inaccuracy, the

relationship in Equation (7) was not used to calibrate the sensor in the following sections.

4.2.2 E. coli colony counting
E. coli was cultured in solid nutrient agar for colony counting with 5 dilution times
corresponding to 10, 10°°, 107, 107°, and 10® times by spread plate technique. Each

concentration was done 3 times, and the colony counting result is shown in Figure 4.5.
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(m) (n 7 (o)
Figure 4.5 Show the E. coli spread plate cultivated for colony counting with concentration

at dilution time corresponding to (a) Platel; (b) Plate2; and (c) Plate3 of 10° times, (d)
Platel; (e) Plate2; and (f) Plate3 of 10%° times, (g) Plate1; (h) Plate2; and (i) Plate3 of 107, (j)
Platel; (k) Plate2; and (1) Plate3of 10", and (m) Platel; (n) Plate2; and (o) Plate3of 108 times



35

Then the results of the colony counting were summarized and plotted against the dilution
factor and the CFU/mLl E. coli concentration on a logarithmic scale, as depicted in Figure 4.6.
The number of times the initial £. coli colony is diluted is referred to in this experiment as
the dilution factor. In the logarithmic scale, a dilution factor of 2 indicates a 10% or 100-
times dilution of the initial E. coli concentration. This was acknowledged that the
relationship between bacterial colonies and their dilution factor is linear on the logarithmic

scale. The colony counting equation was shown in Equation (8) with an R? of 0.98.

log(CFU/ml) = —1.024log(Dilution factor) + 9.5955 (8)
6 . . . , .
5.5 ¢ Experimental results
] — Linear equation fitting
3 Linear: y = - 1.024*x + 9.5955
=45] R? = 0.98471
E 4
L 3.5
ohe
D 3
®)
m
2+
18
1 1 |

4N\ 45 . ST OD TR0 81 T8 A
log(Dilution factor)

Figure 4.6 Relationship between E. coli concentration in CFU/ml unit and dilution factor in

logarithmic scale and linear curve fitting.

4.2.3 Relationship between the fluorescence intensity from different E.

coli concentration and time

Here, the E. coli 7 different concentrations, 6.79x10° CFU/ml, 3.53x107 CFU/mlL,
7.17x10" CFU/m\, 3.73x10® CFU/ml, 7.58x10® CFU/ml, 1.94x10° CFU/ml, and 3.94x10°
CFU/mL, while CFU/ml was calculated from Equation (6), was mixed with 1000 uM of MUG in
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cuvette as using the experimental setup in Figure 3.1. Each concentration recorded

fluorescence intensity continuously every 15 minutes for 4 hours,

relationship shown in Figure 4.7.
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Figure 4.7 Normalized fluorescence intensity signal of each E. coli 7 concentration measured

every 15 minutes for 4 hours.

Following that, a logistic growth model [71] with an R? of 0.99 was utilized to curve-fit the

normalized fluorescence signals. This model is depicted in Figure 4.8 and is expressed in

Equation (8). All £. coli concentrations showed increased fluorescence intensity over time

with varying time delays. The delay time constant 8, which is proportional to the amount of

time needed for the GUD and the MUG to form the enzyme-substrate complex, is the time

it takes for the fluorescence intensity to reach 0.5 on the normalized fluorescence intensity

scale.
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Figure 4.8 Logistic growth curve fitting of fluorescence intensity signal in Figure 4.7 with

N

Equation (9)

) 1
fs(t, [E. coli]) = 1+e-0075(t-AlE.colil) (9)

Where f; is the normalized fluorescence signal in an arbitrary unit (a.u.)

t is time in minute
[E. colil is E. coli concentration
L is the model delay time constant given by
P(Dilution factor) = 88.741 X log(Dilutionfactor) + 25.378 (10)
Which can be related to the linear fitting colony counting equation in Figure 4.6 and
Equation (8)
A(E. coli]) = =86.661 X log (=) + 856.93 (11)
The fluorescence intensity signal of distilled water showed zero intensity level, while E. coli
showed an S-shaped curve. It is known that the logistic growth curve can be used to explain
why the colony growth of microorganisms, like E. coli, exhibits an S-shaped curve because

there is a lack of nutrition and available space for forming colonies [72].
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4.3 MUG-suspended gelatin-based microfluidic channel preparation

Here, a straightforward method for creating microfluidic channels using a laser printer
that was created and just recently reported [64] was used in this study. A straight-line
pattern with a 1 mm width and 3 cm length was created and printed 30 times on the
transparent plastic sheet. Vernier calliper and microscope measured the deposited ink layer
on the plastic film cut in the cross-sectional plane. For the 30 times of printing, the printed
ink had a height of 190 um and a width of 1.78 mm, as shown in Figure 4.9. As you can see,
the channel's width widened by 1.78. The printer's paper feeding mechanism error and the
plastic sheet's thermal expansion were caused for the expanded channel. To create six
microfluidic channels in section 3.4, the printed pattern depicted in Figure 4.9 was adopted
and used once again. Note that the ink layer on plastic film can reuse as the mold for

fabricating a gelatin-based microfluidic channel.

Laser printer ink

Transparent plastic sheet

Width: 1.78 mm Transparent plastic sheet

(a) (b)
Figure 4.9 (a) Cross-sectional of ink layer on plastic film under the microscope; (b)

Schematic explanation of Figure 4.9 (a)

The spectrophotometer was used to prepare and characterize the 2 mm thick gelatin
film, and Figure 4.10 displays its optical transmittance and the spectral sensitivity of the
iPhone camera [73]. The UV filtering property of the gelatin and the smartphone camera
sensitivity allows the transmittance at higher than 455 nm to pass through it but filter out all

wavelengths below 400 nm.
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Figure 4.10 The UV light source spectrum with enzyme-substrate emission spectrum, the

optical spectrum of the 2 mm gelatin fluidic, and iPhone’s camera spectral sensitivity

Even though the 50% UV transmittance of the gelatin film is insufficient to block the
excitation wavelength of 355 nm, as measured and illustrated in Figure 4.10, this wavelength
is essential for fluorescence excitation. The fact that the incident light went through the
gelatin film twice must be underlined. To clarify, the UV light source's excitation wavelength
passed through the gelatin film and excited the blue fluorescence in the channels with 50%
of its optical power first. The power of the blue fluorescence would be lowered if the UV
absorption inside the gelatin film were too high. After that, the excitation wavelength was
reflected off the gcelatin film's opposite way. The excitation wavelength's optical intensity
was further decreased by at least a factor of 4 as the reflected light propagated to the front
surface. Recall that at the interfaces, optical power was also lost.

However, because the 4MU fluorescence emission was excited inside the channels,
the wavelength of the 4MU fluorescence emission, mainly based around 460 nm, only
passed through the gelatin film once with a higher transmittance of 75%, as shown in Figure
4.10. Moreover, the high fluorescence quantum yield of 70% [74] of 4MU leads to a stronger
fluorescence signal than the UV background. Additionally, the iPhone camera's spectral
responsiveness can filter out the background and only capture the blue fluorescence light,

as shown in Figure 4.10. Consequently, the excitation and emission wavelengths of the 4MU
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are suitable with these optical filtering effects and the optical transmittance [20], enabling
straightforward instrumentation without the need for an additional optical UV filter for the

proposed enzymatic E. coli detection method.

4.4 Results of the enzymatic reaction from E. coli under MUG-based gelatin

microfluidic and quantification

This experiment demonstrates that the microfluidic channel can carry out the identical
enzymatic reaction covered in chapter 4.2.3 while requiring a smaller sample volume and
expressing quantitative E. coli detection instrumentation. So, the experiment was created to
determine whether the enzyme GUD secreted by E. coli in liquid culture could produce the
blue fluorescence of 4MU. The first step involved creating the six straight-line gelatin fluidic
channels using the procedures outlined in section 3.3. 0.3 ml of 6 samples consisting of
distilled water, 1700 U/ml of GUD, E. coli 4 different concentrations were fed separately in
each channel. After that, blue fluorescence was stimulated using a UV light source. The
smartphone camera and the built-in video recording app were used to record the

fluorescence emission of the six channels at 30 frames per second for 5 hours.

0

200
BLUE _ 100
. - 0
@ (b © @ (@ ®

Figure 4.11 Show fluorescence response at the experiment’s 5™ hour (a) distilled water; (b)
1700 U/ml of the GUD enzyme; (c) Cultured E. coli 3.94x10° CFU/ml; (d) Cultured E. coli
3.53x10" CFU/mL; (e) Cultured E. coli 3.16x10° CFU/ml; and (f) Cultured E. coli 2.83x10°
CFU/mL.
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After a 5-hour experiment, 3 color channels (red, green, and blue) were visible in the

recorded video file, as depicted in Figure 4.11. The red, green, and blue pixels in the
second, third, and fourth rows of Figure 4.11 are also depicted independently from the
other two colors. Since 0.3 ml of distilled water was fed into the first channel in Figure
1.11a, no fluorescence light appeared during the experiment. As a positive control
experiment, 0.3 ml of the GUD enzyme at 1700 U/ml was fed into the second channel in
Figure 4.11b. As stated in section 4.1, the nutrient agar control experiment also
demonstrated the emission of blue fluorescence light. 3.94x10° CFU/mL of the grown E. coli
were added to 0.3 ml of the third channel in Figure 4.11c and the presence of blue
fluorescence light after 2 hours.
Similarly to the third channel, the fourth to sixth channels likewise displayed blue
fluorescence in the microfluidic channels, specifically for blue pixels, as depicted in Figures
4.11d to 4.11f. As seen in the second and third rows of Figure 4.11 compared to the fourth
row, there was no fluorescence emission recorded in the red and green color camera pixels.
Although there was no strong fluorescence signal apparent to the human eye in the pictures
of Figures 4.11e and 4.11f, it will be demonstrated later that the fluorescence signals are
there and significantly more robust than the background noise.

There was no glare light from other sources accessing the container since the
experiment was performed in a closed container, dark room as the setup was shown in
Figure 3.5, containing only the UV light source that was centered at 365 nm, as described
and depicted in Figure 4.10. It is critical to note that smartphones typically come with
artificial intelligence (Al) based camera software to improve an image, which is the primary
distinction between scientific and smartphone cameras. In contrast to the blue pixels, the
red and green pixels in Figure 4.11 show a strong-intensity backdrop with no fluorescence
light visible inside the microfluidic channels. The 3 colors were offset by the built-in Al
software, which caused the intense backdrop. Several research studies have discussed the
problem of utilizing an iPhone as an optical detector [75, 76]. In order to calibrate the
intensity baseline to zero and normalize the highest intensity level to one for comparisons,

the blue pixel intensities were subtracted by their offset background level.
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recorded from 0 minutes to 300 minutes for (a) distilled water; (b) 1700 U/ml of the GUD
enzyme; (c) Cultured E. coli at 3.94x109 CFU/ml; (d) Cultured E. coli at 3.53x107 CFU/mL; (e)
Cultured E. coli at 3.16x105 CFU/mL; and (f) Cultured E. coli at 2.83x103 CFU/m
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From the first minute to the 300™ minute or 5 hours of the experiment, for each of
the 6 fluidic channels, Figure 4.12 shows the blue fluorescence light intensity profiles
extracted from the blue pixels of the video-timelapse file. As depicted by the red lines in
Figure 4.12, 6-line scans were performed here to locate the 1 mm wide channel in the
middle of each fluidic channel. There was no fluorescence light inside or outside the gelatin
fluidic for the distilled water sample, as depicted in Figure 4.12a. The time series data for
the GUD enzyme at 1700 U/ml are presented in Figure 4.12b. The time series data for the
cultivated E. coli at 3.94x107? CFU/ml and 3.53x10" CFU/ml, respectively, are shown in
Figures 4.12c and 4.12d. The gelatin fluidic channel had no fluorescence light at the start of
the experiment. It took at least 2 hours for the enzyme GUD secreted from E. coli to diffuse
into the MUG-suspended gelatin channel, forming the 4MU product and emitting the blue
fluorescence light. Due to the diffusion process, the blue fluorescence light emission region
grew during the experiment. Compared to the 1700 U/ml case, the fluorescence signal
intensity of E. coli was weaker. The fluorescence intensities of the lowest two E. coli
concentrations, 3.16x10°> CFU/ml, and 2.83x10%, will be discussed and shown later o be
significantly higher than the gelatin backeround region and the distilled water baseline, even
though they are not visible when plotted on the normalized intensity from 0 to 1 in time

series data as shown in Figure 4.12e and 4.12f.
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—E. coli 3.16x10% CFU/m|
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Figure 4.13 The normalized fluorescence intensities of the 6 microfluidic channels, as
depicted by normalized line scan time-series data of the fluorescence responses

(continuous lines) and logistic growth models (dashed lines)
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The 6 channels' time-series data are displayed in Figure 4.13, along with 200 camera
frame averages that total the intensities inside each red line, as shown in Figure 4.12. The
measurement noise was reduced by using the averaging approach. Later in the following
topic , it will describe and discuss how the average camera frames affected the results. As
shown in Figure 4.12, The equilibrium of enzyme GUD at 1700 U/ml was used to normalize
the total light intensity with the other data. The experiment data reported in Figure 4.13
(continuous line) were fitted curves using the logistic growth model (dashed line) described
in section 4.2.3. This logistic growth equation, which has an average coefficient of

determination R? of 0.96, is defined in Equation (12).
1

fs(t, [E.coli]) = 1+e-0022(t—AE-coli]) (12)
Where the model time delay fis given by
P(Dilution factor) = 88.741 x log(Dilutionfactor) + 25.378 (13)

Which can be related to the linear fitting colony counting equation in Figure 4.6 and

Equation (8)

PE. coli]) = —44.582 X log (°) + 642.59 (14)
g 0.035 ‘ ‘ :
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Figure 4.14 Shows the experimental signal zooming results for the concentrations of

3.16x10° CFU/ml, 2.83x10% CFU/mL E. coli, and distilled water.



45

The experimental results for the E. coli concentrations of 3.16x10° CFU/ml and
2.83x10° CFU/ml compared to distilled water are shown in Figure 4.14 on a zoomed scale
from 0 to 0.035. The experiment's lowest E. coli concentration, 2.83x10° CFU/ml, had a
fluorescence signal strength substantially more robust than the distilled water case's
baseline intensity signal. The sensor's detection limit will be analyzed and discussed later on

in the following topic.

4.5 Analysis of the detection limit of the sensing instrument

Equation (11) was expanded in this section to examine the proposed methodology's
detection limit. Figure 4.15 shows the fluorescence intensity output for a range of E. coli
concentrations, from 2 CFU/ml to 4x10° CFU/ml, and a range of measurement periods, from
1 hour to 5 hours. It is generally known that averaging the images throughout several frames
can improve the detection limit in optical sensing [77, 78]. Of course, it thus the cost of
measurement time or sensor readout effectively averages out the measurement noise at
the time. As determined from the experimental results in Figure 4.12 for the distilled water
case, the horizontal lines in Figure 4.15 show the measurement standard deviations (o) for

varying the number of averaging frames, from none to 25,600 frames.
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Figure 4.15 Specifies the detection limits for a range of camera frame averages from 0 to

25,600, along with the fluorescence intensity level determined by Equation (8).

The detection limit can be improved by using more average frames; however, doing so

comes at the cost of more time spent capturing the video recording to determine the
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intensity level. Below 10 seconds of read-out picture data are typically used to read a
barcode or a QR code [42]. The underlying detection limit for the suggested method is
established in this study using the frame averaging 200 frames per data point, or 6.67
seconds of video recording at a frame rate of 30 frames per second. Due to the increased
quantity of produced 4MU, the detection limit of 100 CFU/mL, as reported in the regulation
EC No. 2073/2005 for food safety and microbiological safety by the Health Protection
Agency (UK), could be achieved at the measuring time of 2 hours and 40 minutes. The
World Health Organization (WHO) reported that drinking water safety standards [79] specify
that coliform contamination must be below 10 CFU/ml and 1 CFU/ml for medium risk and
low risk of fecal contamination, respectively. As depicted in Figure 4.15, the detection limits
of 10 CFU/ml and 1 CFU/ml may be reached for experiments spanning 3 hours 25 minutes
and 4 hours 10 minutes, respectively.

The enhancement limit for the frame averaging technique, which is 4.2x10° for the
blue fluorescence intensity level when averaging at 25,600 frames, or a 14-minute readout
period, is apparent. In other words, capturing videos without a smartphone stand is
impractical since it takes so long to hold the camera still. Above 25,600 frames, the amount
of averaging frames did not further increase the detection limit. Within an hour of the
experiment, this hard video recording can reach the detection limit of < 10 CFU/mL.
Therefore, there is a trade-off between the measurement detection limit, readout time, and

response time.

4.6 Model evaluation

4.6.1 Unit conversion

In this experiment, the SPR response of E. coli detection, optical layers, and
refractive indices was extracted from the recent experimental results for measuring various
E. coli concentrations using a Kretschmann-based wavelength scanning SPR system have
been published by Vaisocherova-Lsalova et al. [80]. The extracted result is shown in Table
4.1. The experimental setup used in Vaisocherova-Lsalova et al. [80] included BK7 glass, a Ti
adhesion layer of 5 nm, and uniform gold at a thickness of 50 nm. There were two binding

layer cases reported in the article:
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1. In Vaisocherova-Lsalova et al. [80] article, the layers were formed with a single
layer with hy of 34 nm thickness and n; of 1.45, made of 12 nm of poly (3-
acryloyl amino-propyl) -(2-carboxy-ethyl)-dimethylammonium) or pCBAA, and
10 nm of antibodies.
2. The modeled binding layer was h;, of 90 nm thickness of pCBAA, and n, was
1.45 in the second case.
Table 4.1 Show data of E. coli concentration in CFU/ml unit with the plasmonic wavelength

shift Ak, in NM

CFU/mL [80] | AL, (nm) [80]
1.1x10* 0.05
4.0x10* 0.10
1.1x10° 0.20
8.0x10° 0.30
1.1x10° 0.60
8.0x10° 1.30
1.1x10” 1.50
1.1x108 4.40

To find the relationship between E. coli concentration and cell distance between unit
cells, the different E. coli concentrations, dg, the relationship of dg value and its plasmonic
wavelength shift Aly, were plotted and depicted in Figure 4.16a. The logarithmic function
was employed with linear equation curve fitting to find the relationship equation as
expressed in Equation (14) with the coefficient of determination R* of 0.99. The Al
acquired from Vaisocherovalsalova et al. [80] can be substituted in Equation (15) to obtain
ds and shown in the Table 4.2 at 3™ column corresponding Al from the model can be

found in the 4™ column.

log(ds) = —1.0013681 log(AA, ) + 2.0123733 (15)
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Figure 4.16 Show (a) the relationship between Ak, and its d value; (b) relationship of

Figure 4.16(a) in logarithmic scale with linear curve fitting function.

Table 4.2 Show the SPR response for various E. coli concentrations under the experimental

casel
CFU/mL from the ALy, (nm) from
Equivalent d, (um) Al (nm) model

article [80] the article [80]
1.1x10* 0.05 2062.0400 0.05
4.0x10* 0.10 1030.0200 0.10
1.1x10° 0.20 514.9600 0.20
8.0x10° 0.30 342.8409 0.30
1.1x10° 0.60 170.8035 0.60
8.0x10° 1.30 78.3732 1.30
1.1x10’ 1.50 67.8639 1.50
1.1x10°8 4.40 22.7321 4.40

Then the data in Table 4.2 allows us to discover the relationship between CFU/mL (the

1% column) and dy (the 3™ column) which showed the plotted relationship in Figure 4.17.
The data in Table 4.2 were approximated from experimental results, although it is crucial to

note that there may be discrepancies in the Algp data reading. The significant linear
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relationship between the CFU/ml and d; logarithm scale, however, is shown in Figure 4.17

and is stated in Equation (16) with an R? of 0.9871.

log(d), log(p:m)

3.5

257)

0.5

log(d;) = —1.0013828log(AA,, ) + 2.011056578

——Extracted E. coli concentration (CFU/mI)
\ linear

\ Linear: y = - 0.4824034*x + 5.232336

\\ R? =0.9870901

\\
S N
\\
4 5 6 7 8 9

log(CFU), log(CFU/mI)

(16)

Figure 4.17 Show the relationship between E. coli concentration in CFU/ml unit and dg

According to Equation (16), we were able to discrepancies brought on by the

approximate reading graph data from the article, as presented in Table 4.3. The new 3"

column data of Table 4.3 presents the adjusted dg values determined by Equation (6);

therefore, the new corresponding Alsp data can be found in the new 4" column. Equation

(5) can be used to determine the cell density levels for each d,, which are shown in the 5™

column of Table 4.3. A corresponding change in the sample region's refractive index is

depicted in Figure 4.18 and Table 4.3, 6™ column. This change has the same Algp shifts as

the effective refractive index model. Note that the RIU sensitivity should be around 10~ RIU

for intensity detection.
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Table 4.3 Show the SPR response for various E. coli concentrations under the experimental

casel with adjusted dg and AL, model values

CFU/ml from Ahg, (nm) New New Al Equivalent
Cell density
the article from the Equivalent (nm) RIU bulk
in cells/pm?

[80] article [80] ds (um) model sensitivity
1.1x10* 0.05 1917.5838 0.0539 260.61 2.14x107
4.0x10* 0.10 1028.6948 0.1005 485.58 3.96x107
1.1x10° 0.20 631.4674 0.1636 790.55 5.78x107
8.0x10° 0.30 242.4741 0.4249 2053.61 1.06x10*
1.1x10° 0.60 207.9446 0.4951 2392.98 1.16x10™*
8.0x10° 1.30 79.8476 1.2794 6184.48 2.02x10*
1.1x10’ 1.50 68.4769 1.4902 7196.64 2.20x10*
1.1x108 4.40 22.5497 4.4449 21231.69 3.95x10*
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4.6.2 Cross-validation of the model

AX_,nm
sp

Figure 4.18 Equivalent A, in RIU unit

We have established the relationship between the effective refractive index model

parameter dg and the E. coli concentration by a cross-validation or reverse-engineering
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procedure, the first case of experimental results published by Vaisocherova-Lsalova et al.
[80]. Of course, validating the obtained model with an independent measurement is
essential in order to determine whether the model can accurately predict the SPR response
under various operating conditions and settings. Another set of studies was published by
Vaisocherova-Lsalova et al. [80], employing 80 nm of pCBAA layer as the experimental case
(2) instead of 24 nm. For the 80 nm of pCBAA case, we performed a forward problem to
calculate the AAsp from the effective refractive index model; the results are shown in the
fourth column of Table 4.4 in comparison to the experimental Alsp obtained from
Vaisocherova-Lsalova et al. [80] and shown in the second column of Table 4.4. The table
shows that the model and experimental results correspond quite well. We also reported
the comparable RIU that corresponds to the bulk sensitivity measurement.

Table 4.4 Shows the SPR response for various E. coli concentrations under the experimental

case?
CFU/ml from Ahg, (nm) A, Equivalent
Equivalent Cell density
the article from the (nm) RIU bulk
d (um) in cells/pm?

[80] article [80] model sensitivity
1.1x10* 0.04 1917.5838 0.04 260.61 3.28x107
4.0x10* 0.07 1028.6948 0.07 485.58 5.24x107
1.1x10° 0.10 631.4674 0.11 790.55 7.29x10°
8.0x10° 0.30 242.4741 0.30 2053.61 1.30x10*
1.1x10° 0.40 207.9446 0.35 2392.98 1.43x10*
8.0x10° 0.90 79.8476 0.90 6184.48 2.45x10*
1.1x10’ 1.30 68.4769 1.04 7196.64 2.65x10™*
1.1x108 3.10 22.5497 3.10 21231.69 4.74x10*

4.7 Sensitivity and detection limit

After that, the sensitivity was calculated by plotting a linear sensor response with the
Alsp with the E. coli concentration CFU/ml from the data from the model in Tables 4.3 and
4.4, as depicted in Figure 4.19. The sensitivity is indicated by the slope of Figure 4.19, which

equal to 0.4849 %;nl with the coefficient of determination R? of 0.9997 for the experiment
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nm-ml
CFU
0.9997 for the experiment 2™ case that h, of 80 nm. Consequently, the binding site layer’s

1%t case that h, of 24 nm and 0.4768 with the coefficient of determination R? of

height (h,) could be affected to decrease the sensitivity, so it is suggested to use a binding

layer thickness that is as thin as possible.

10" ‘
{ |—Binding site (hb) =24 nm| l
| —Binding site (h,) = 80 nm

10* 10° 108
E. coli concentration, CFU/ml

Figure 4.19 Show the sensitivity of SPR wavelength scanning response of h,=24 nm and

h,=80 nm cases.

Figure 4.20 shows the relationship between the corresponding RIU bulk sensitivity and
E. coli concentration in CFU/ml can also be used to determine the detection limit. The limit
of detection for the h, of 24 nm and 80 nm experimental cases, respectively, were
estimated by extrapolation and polynomial curve fitting to be equal to 10**** CFU/ml and

10%8%7 CFU/ml.

1073
[ ‘—Binding site (hb) =24 nm

| |—Binding site (hb) =80 nm

f
:

oo |
1074

10* 10° 108
E. coli concentration, CFU/mI
Figure 4.20 Show the correlation between E. coli concentration in CFU/ml with RIU

response for h, of 24 nm and 80 nm experimental cases to determine the limit of detection
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CHAPTER 5
CONCLUSION

This thesis research has proposed the E. coli detection method by measuring the
fluorescence product of 4MU from the catalytic reaction that occurs under the MUG-
suspended gelatin microfluidic channels, which is cost-effective and environmentally
friendly. The blue fluorescence molecule 4MU can be used to quantify £. coli due to the
enzymatic reaction between the MUG and the GUD secreted by E. coli. The MUG-
suspended gelatin fluidic channels, the UV light source, and the smartphone were the
components of my experimental setup, which was used to record the blue fluorescence
lisht emitted by the 4MU product. The experiment was done by fed distilled water as a
negative control, 1700 U/ml of the GUD enzyme as a positive control, and cultured E.
coli at varying concentrations into the MUG-suspended gelatin fluidic channels and
observing the blue fluorescence emitted under the UV light source in the dark room.
Compared to the commercial GUD enzyme and the GUD secreted by culturing E. coli,
which both showed high fluorescence emissions, there was no blue fluorescence
emission in the distilled water condition. These results indicated that the enzymatic
reaction produced 4MU is available for quantifying E. coli'in a sample due to the diffusion
and the enzymatic reaction mechanism to form the enzyme-substrate complex, the
sensing platform required at least 2 hours for fluorescence emission. According to the
identical experiments that were also performed using a fluorescence spectrophotometer,
the fluidic channels responded similarly to the full-scale cuvette-based measurement.
Still, a fluidic channel approach required a longer reaction time. By analyzing the noise
and variations in optical intensity, we could determine the standard deviation of the
recorded blue fluorescence, which allowed us to discuss the detection limit of the
proposed methodology. With a measurement time of 4 hours 10 minutes for the 1
CFU/ml detection limit and 2 hours 40 minutes for the 100 CFU/ml detection limit, and a

sensor readout time under 7 seconds, the proposed method can achieve the detection
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limit of 1-100 CFU/ml following drinking water standards of the WHO and food safety
standards of the Health Protection Agency (UK) and the regulation EC No. 2073/2005.

This thesis also proposed a theoretical framework for analyzing the sensitivity and
detection limit of the SPR measurement for detecting £. coli quantitatively. This thesis
has also proposed a straightforward optical model that utilizes the effective refractive
index theory to reduce the complexity of simulating microbes. The experiment results
and the model showed good agreement. The detection limit and estimated sensitivity
were within the parameters indicated in the thesis. | have discovered through the
investigation that the thickness of the binding site may decrease the sensitivity. The

detection limit range is between 10%%" and 10*%** CFU/ml.
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