Investigation of Polymer Films for E. coli Detection

Praewa Thongwon 63011277

A PROJECT SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENT FOR THE DEGREE OF BACHELOR OF
ENGINEERING IN BIOMEDICAL ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY
LADKRABANG
ACADEMIC YEAR 2023



SCHOOL OF ENGINEERING

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG

Project Title

Student Name

Degree

Project Advisor

Committee

Committee

Committee

Committee

Head of Department

PROJECT CERTIFICATE

Investigation of Polymer Films for E. coli Detection
Miss Praewa Thongwon Student ID.63011277

Bachelor of Engineering in Biomedical Engineering

Signed:

(Asst. Prof. Dr. Treesukon Treebupachatsakul)

Signed: ,g/é M/
(Assoc. Prof. Dr. Matthew Paul Gleeson)

Signed: ?g-, o ﬁ:é

(Asst. Prof. Dr. Jamie Alexander O’Reily)

A A

/(N
)

Signed: A\ Ao L7

(Asst. Prof. Dr. Pimkhuan Hannanta-an )

Signed:

(Dr. May Phu Paing)

Signed:

(Assoc. Prof. Dr. Sarinporn Visitsattapongse)



Project Title Investigation of Polymer Films for E. coli Detection

Student Name Miss Praewa Thongwon Student ID.63011277
Degree Bachelor of Engineering in Biomedical Engineering
Project Advisor Asst. Prof. Dr. Treesukon Treebupachatsakul
Academic Years 2023

ABSTRACT

Escherichia coli (E. coli) is gram-negative bacteria that can cause disease in humans via
the consumption or handling of food products. The traditional technique of E. coli detection of is
time consuming therefore we purpose to develop E. coli detection film by investigate on different
polymers for E. coli film fabrication. The film should be able to absorb liquids from food, be
resistant to liquid deconstruction, flexible and be able to emit fluorescence. The polymers used for
the investigation are including Polylactic acid (PLA) and agar, which include with 4-
methylumbelliferyl-B-D-glucuronide (MUG). The reaction between 4-methylumbelliferyl-p-D-
glucuronide (MUG) and B-glucuronidase (GUD) which is the enzymes secreted by E. coli, produce
4- Methylumbelliferone (4MU) as a product that emits blue spectral fluorescence. The fabrication
of PLA was conducted by (1) dissolved PLA film in solvent of ethyl acetate and (2) polymerization
of 85% lactic acid by condensation under microwaving technique. Then we coated the film with
500uM MUG, 4MU, gelatin mixed with 500uM MUG, and gelatin mixed with 4MU. Then
observing the result fluorescence emission of the product under a light source. For the film
fabrication from agar, glycerin was used as a plasticizer and 4-methylumbelliferyl-p-D-
glucuronide (MUG) was added to the solution. Then observing the fluorescence result under UV-
light and measure the fluorescent intensity with captured images in MATLAB program. Moreover,
tensile strength of the film was determined by tensile strength testing machine. For the results, the

medium range concentration of Agar-Glycerin was the optimal biopolymer using for E. coli



detection film fabrication. This concentration, the Agar-Glycerin film carried out the highest

fluorescent intensity, mechanical strength of Young’s modulus and tensile strength.
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CHAPTER 1

INTRODUCTION

This chapter introduces the background and information related to this project. This project
purpose to investigate the appropriate polymers for film fabrication. The materials used in fabricate
film include Polylactic acid (PLA) and agar. Moreover, film that is fabricated need to have an
ability to detect E. coli in food. The research objectives are followed by hypothesis and scope of

study related to this research.

1.1 Background and significance of the study

Escherichia coli (E. coli) is a bacterium which is discovered in the intestines of people and
animals. E. coli contamination is an indicator of hygiene in water and food products. The majority
of types of E. coli are harmless or cause relatively brief diarrhea. However, E. coli O157:H7 is one
type of E. coli, which is known for producing a toxin called Shiga toxin, which can cause severe
damage to the lining of the small intestine [1]. This can lead to symptoms such as abdominal pain,
diarrhea (often bloody), and vomiting. Moreover, humans can receive E. coli through the
consumption of contaminated food or water, or through contact with infected animals or their
feces. Identifying and quantifying E. coli contamination in food and water are essential, while
there are numerous techniques readily available [2]. Many traditional techniques used to detect E.
coli such as culture-based methods and biochemical tests have high sensitivity and selectivity, but

it is laborious and time-consuming [2].

The literature included in this review is a paper related to the E. coli detection techniques
and similar processes. Treebupachatsakul et al. 2021 [2] have developed a gelatin-based
microfluidic channel for quantitative E. coli detection. For this paper, there is some limitation
which is the expense of time required to capture the video recording for intensity level. Moreover,
the time required to hold the camera stationary for video recording of fluorescent product 4MU
makes it is not practical without a smartphone stand. Referring to the limitation of traditional
techniques used to identify E. coli, our research utilizes fluorescence emitted by 4-

Methylumbelliferone (4MU). The 4MU is the product of the reaction between B-glucuronidase



(GUD) secreted by E. coli. and its substrate 4- methylumbelliferyl- B -D-glucuronide (MUG). The
benefits of this project are to investigate an appropriate polymer film by including 4-
methylumbelliferyl-  -D-glucuronide (MUG) substrate to measure the existence of E. coli by the
presence of blue fluorescence [2]. The detection film is fabricated from polymer and biopolymer
materials; Polylactic acid (PLA) and agar, respectively. Polylactic acid (PLA) is a biodegradable
and compostable thermoplastic polymer that has high strength and water absorbable. Agar is
considered as natural polymer which derived from seaweed. It is relatively inert and also
biocompatible. Agar also has an ability to form gels which is useful as a solidifying agent.

Therefore, I decided to fabricate the film based on both polymer and biopolymer materials.

1.2 Objectives
1.2.1 To investigate the appropriate polymer to fabricate the E. coli detection film which

are Polylactic acid (PLA) and Agar-Glycerin.

1.2.2 To investigate the appropriate ratio of agar and glycerin for film fabrication under
enzymatic reaction of 4-methylumbelliferyl-  -D-glucuronide (MUG) and B-glucuronidase
(GUD).

1.2.4 To examine the mechanical property of film fabricated by agar and glycerin.

1.3 Scope of the study
1.3.1 There are 2 polymer materials including Polylactic acid (PLA), glycerin and agar

used for fabricate film.

1.3.2 The detection of E. coli performs under the enzymatic reaction of 4-

methylumbelliferyl-  -D-glucuronide (MUG) and B-glucuronidase (GUD).

1.4 Report outline

The contents provided in this report is organized as follows:

Chapter 2 reviews the theory related in this comprehensive study



Chapter 3 describes the design and methodology involved film fabrication
Chapter 4 indicates the result and discussion

Chapter 5 reviews both result and discussion as well as conclude the key result related to this

research, along with suggestion for the future work.



CHAPTER 2

THEORY

This chapter provide the discussion of theory related to this comprehensive study,
background and design. In the section 2.1 clarify the polymer used for film fabrication. Plasticizer
used for film fabrication is mentioned in the section 2.2. Section 2.3, explain the enzymatic
reaction between 4-methylumbelliferyl-B-D-glucuronide (MUG) and B-glucuronidase (GUD)

secreted by E. coli. Lastly, the section 2.4 is the measurement tensile strength of the film.

2.1 Polymer used for film fabrication

2.1.1 Polylactic acid (PLA)

Polylactic acid (PLA) is a polymer of lactic acid as shown in figure 1, derived from
renewable resources, such as wheat and straw, which are completely biodegradable and
compostable thermoplastics. The mechanical properties of PLA vary from soft and elastic to stiff
and hard materials. It is considered as a stiff and brittle material; however, the speed and
crystallinity rate of PLA can be controlled [3]. PLA has a relatively low melting point temperature
and high glass transition temperature compared to other thermoplastics [3], as shown in the table
1. The glass transition temperature can affect the texture of PLA. PLA becomes softer when heated

through its glass transition temperature.

Table 1. Melting point and Glass transition temperature of different polymers [4]

Polymer Melting Point Temperature | Glass Transition Temperature
Polylactic acid 170 °C 55°C
Polypropylene 75 °C -10°C
Polyglycolide 220-225°C 35-40°C




Figure 1. Chemical structure of Polylactic acid [23]

PLA is mostly used in the food industry to package sensitive food products. The
permeability performance of food packaging against the transfer of substances and aroma is
important, as PLA has high performance in capturing aroma and providing a low barrier towards
water vapor and oxygen [3]. PLA also shows better water permeability compared to oriented

polystyrene.

The biodegradation process of PLA occurs naturally in the presence of bacteria and
algae. During this process, PLA is broken down into H,0, C0,, and other inorganic compounds.
To ensure the biodegradability of PLA, specific conditions including pressure, humidity, and
temperature need to be monitored. This is because these conditions have a significant effect on
speeding up or slowing down the rate of biodegradation [4]. There are two phases of
biodegradation, which are heterogeneous and homogeneous. Heterogeneous degradation takes
place on the surface of the polymer, while homogeneous degradation occurs intramolecularly.
Moreover, various factors such as melting point temperature, glass transition temperature,
molecular weight, chemical affinity, and many more influence biodegradation. For example, the

rate of biodegradation will be slower if the melting point is high.

In this comprehensive study, we have employed a PLA base material as a
fundamental building block to synthesize the thin film under investigation. As we mentioned about
the properties of PLA, the properties of PLA were mainly influenced by the structure of it.
Emphasizing the structure of PLA, as shown in figure 1, the properties of PLA can vary based on
structural factors, including component isomer, molecular weight, annealing time, and

temperature. Therefore, the crystallinity of PLA can be affected by stereochemistry and thermal



history. By influencing its crystallinity, other properties, such as hardness, tensile strength,

stiffness, melting point, and modulus, may also be impacted.

Increasing the molecular weight number can reduce the crystallinity of PLA;
however, it might also increase tensile strength and shear viscosity. The properties, including
tensile strength and shear viscosity, depend on the polymer chains in the chemical structure of
PLA. The chemical structure of PLA results in different forms depending on stereochemistry
variables, which can lead to either semi-crystalline or amorphous forms in PLA [5]. Moreover,
considering the stereochemistry variables, the ratio of D-content and L-content of PLA as shown
in figure 2 is also important. The D-content is an important parameter that enables the alteration
of PLA's properties in several ways. For instance, increasing the D-content in PLA can lead to a
lower rate of crystallization [5]. As the rate of crystallization decreases, it results in a lower melting

point too.

To improve the crystallinity properties of PLA, it can be blended with other
polymers such as starch or polyethylene glycol.

Figure 2. D-content and L-content in Polylactic acid [6]

Looking more into the stereoisomers of PLA, it consists of various stereoisomers
such as poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and poly (DL-lactide) (PDLLA). PLA
is one type of linear aliphatic thermoplastic polyester that belongs to poly-a-hydroxy acid.
Therefore, D and L content are factors that affect the enantiomeric form of PLA. The enantiomeric
form of PLA can be separated into three different categories, including levorotatory (L-),
dextrorotatory (D-), and meso(a combination of L- and D-) [6] as shown in the figure 3. These
categories of PLA forms depend on the source and process used to produce it. The main fraction
of PLA coming from biological sources is the L-isomer, which is considered a biological

metabolite. Therefore, PLLA has long degradation times along with high crystallinity. To reduce

6



crystalline formation, PLLA needs to be combined with a polymer or other material that consists

of L-lactic and D-lactic or L-lactic monomers.

L-lactide meso-lactide D-lactide

Figure 3.3 categories of enantiomeric form [24]

e Applications of PLA

1. 3D printing material filament

The 3D printing filament is an affordable and useable plastic. The material
should be easily used for prototypes and pattern making. As PLA produced from renewable
resources, it was become a widely used material due to its environmentally friendly material. PLA,
which comes in the form of wire, is easy to feed into the extruder head, where it melts the PLA
and extrudes it onto the printing tray [7]. Moreover, PLA shrinks less than Acrylonitrile butadiene

styrene (ABS) when cooling, which provides good stability during the manufacturing process.

Figure 4. 3D printer filament [25]



2. Medical implants

Referring to the properties of PLA showing that it is biocompatible and
biodegradable, PLA has become widely used as a biodegradable polymer in medical applications.
Once the polymer is exposed to biological media, it will break down and can be excreted through

urine and breath [4].

Figure 5. Medical implants [26]

3. Packaging industry

In the packaging industry, PLA is often used to produce plastic films and
food containers. As PLA is made from renewable resources and has various properties, it is suitable
to be used with food. Moreover, PLA is a natural polymer that is produced to substitute the use of

petroleum-based plastics such as polyethylene terephthalate (PET) [3].

Figure 6. Compostable PLA biodegradable film [27]



2.1.2 Agar
Agar is a natural polysaccharide derived from seaweed, especially red algae. Agar
is composed of agarose, which functions as the gel-forming component. Another composition of
agar is agaropectin that shown in figure 7, which is a branched, non-gelling component [8]. The

texture of agar comes in the form of a white powder a shown in figure 8 and soluble in hot water.

Figure 7. Chemical structure of Agarose and Agaropectin [28]

Figure 8. Agar powder [29]

Agarose i1s composed of repeating units that are between 3-linked [B-D-
galactopyranosyl (G) and 4-linked 3,6-anhydro-a-L-galactopyranosyl (LA) units. Agaropectin is
composed of a sulfated polysaccharide (3% to 10% sulfate), ester sulfate, D-glucuronic acid, and
some small amounts of pyruvic acid. The ratio between agarose and agaropectin varies depending
on the species of seaweed. To achieve agar gel, the gelling portion should have a double helical
structure. The helix is formed by three equatorial hydrogen atoms on the 3,6-anhydro-L-galactose
residues [9]. Then, the double helix structure will form a three-dimensional framework that holds

the water molecules inside the framework.



Agar is widely used in the food industry, pharmaceuticals, cosmetics, and is also
used as a gelling agent in microbiological culture. Due to its high gelling strength, agar is used to
solidify culture media. The melting temperature of agar is 90-95 °C, and it has a setting temperature
of 32-39 °C. Regarding its gelling power, agar gels can also be produced in very dilute solutions,
ranging from 0.5% to 1.0% of agar. However, most agars used in bacteriological work create firm
gels at a 1.5% concentration, which do not melt if the temperature does not exceed 85 °C [10]. The
strength of the gel created from agar can be influenced by various factors such as the concentration
of agar used, time, pH, and also sugar content. For instance, if the pH is too low, the gel strength
will be weakened as well. The wide range of gel-forming and melting points provides agar with
unique and useful properties. The significant difference in gel-forming is an important factor that
can be applied for various applications, such as creating gels or films with varying hardness.

Moreover, agar is also considered a non-toxic material that can be applied in different uses.

Even though agar does not dissolve in cold water, it swells considerably and absorbs
as much as its own weight of water. Agar also dissolves in a variety of solvents at room
temperature. Furthermore, the viscosity of agar also varies widely depending on the raw material
source. The viscosity of agar gel will start to become relatively constant at pH 4.5 to 9.0 after the
temperature exceeds its melting point. As the viscosity of agar can vary, adding different
plasticizers can enhance the viscosity rate of agar as well. The agar gels are quite stable, but their
stability depends on two factors, which are electric charge and hydration. If these two factors were
removed, there would be flocculation of agar occurring in the solution. Moreover, lengthening the
time of agar gels at high temperatures can degrade the solution and lower gel strength after the gel
is well formed. For that reason, agar solutions should be avoided from exposure to high
temperatures for long periods of time. Even though the dry solution is not prone to contamination

by bacteria or microorganisms, agar solutions and gels are suitable fertile media for bacteria.

10



e Application
1. Food industry

As agar solution is well soluble in hot water and swells considerably in
various solvents too, the different properties of agar make the gel very useful as an additive to use
in the food industry. Agar can be used as an additive with various products: milk, confectionery,
beverages, and bakery items. Here are some examples of products: ice cream, yogurts, candy bars,

refining of juices, sugar icing, and many more [8].

Figure 9. Agar dessert [30]

2. Medical and Pharmaceutical Industry

Agar gel has the property of inhibiting the liquefaction that occurs due to
enzyme action of microorganisms. This allows for a variety of applications in the medical and
pharmaceutical industries [11]. For instance, agar is used as a fertile medium for preparing
bacterial cultures in microbiology, a retarding agent and carrier in medicines, and also used as a

stabilizer in cholesterol solutions.

3. Biotechnology

In the field of plant biotechnology, agar has long been used as a solidifying
medium for plant tissue culture. Referring to the gelling properties of agar, it is one factor that is
important to the production operation. They help support the growth of cultures and the

development of roots.

11



Figure 10. Culture media [31]

2.1.3 Gelatin
Gelatin is considered a natural protein derived from raw collagen. As gelatin is
made from a natural polymer, it is usually produced from pig skins and beef bones because they
have a high concentration of raw collagen. It is a solid and translucent substance that is neutral in
color, taste, and odor. The production of gelatin also helps prevent food wastage. It is ensured that
gelatin is a safe and well-regulated material, as the manufacturing process of gelatin undergoes

strict testing to control the quality and safety [12].

Figure 11. Gelatin powder [32]

As the gelatin is extracted from collagen and is composed of the repetition of Gly-X-Y as shown

in figure 12 and 13 which are glycine, proline, and hydroxyproline respectively [13]. The structure

12



of gelatin consists of cationic groups, anionic groups, and hydrophobic groups in approximately

the same ratio. Expanding further on each group, within the polypeptide chains, there are

approximately 13% of positively charged amino acid residues, 12% of negatively charged amino

acid residues, and around 11% of hydrophobic residues.

CHs

CH, CHe e NQ
CH, ¢c=o © ©

b { -
é =NH, ©
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Figure 12. Chemical structure of gelatin [33]
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Figure 13. Chemical structure of a fragment of gelatin [34]

Gelatin has a melting point at 31.7 - 34.2 °C, which means it melts around body

temperature. As gelatin comes from a natural product, which makes it is a perfect clean label

ingredient. Gelatin is a pure protein, so it is non-allergic, cholesterol-free, and fat-free. Moreover,

gelatin has unique properties of thermo-reversibility [14]. The solution containing gelatin

concentration becomes a gel when cooled down and returns to a liquid state when exposed to heat

for a long period of time. This reversible transformation can be repeated and does not show

13



significant changes in characteristics. As mentioned, gelatin comes in the form of a solid and
translucent material, so when gelatin is hydrated, it produces a flavorless and flexible film or

transparent gel.

e Applications

1. Pharmaceutical Field

In this field, gelatin gives various applications, for example, the production
of capsules or tablets, components of wound dressing, and blood volume substitutes. Due to its
unique adhesive, gelling, and film-creating properties [15], gelatin is an important excipient for
the manufacturing process of capsules. Using gelatin-containing capsules, the medicine or

supplement is well-preserved and given a long shelf life as well.

Figure 14. Gelatin capsules [35]

2. Food industry

In the food industry, gelatin has been used for different purposes. Gelatin
has been widely used as a development component of edible films and coatings. The concept of
edible films and coatings stems from environmental issues. Edible coatings usually come in a
liquid form for dipping or spraying on fruits or vegetables. As gelatin is extracted from collagen,

it has biodegradability, good antibacterial, and antioxidant properties.
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Figure 15. Edible coating in fruit [36]

2.2 Plasticizers used for film fabrication

2.2.1 Glycerin
Glycerin, or glycerol, is a mixture of sugar and alcohol, resulting in an organic
alcohol. It is colorless, odorless, and non-toxic to nature. Glycerin has a chemical formula that
contains three hydroxyl groups as show in figure 16, so it is soluble in water. Due to its properties,
glycerin is widely used in various manufacturing processes such as pharmaceuticals and as a
sweetening agent in different applications. The molecular weight of glycerin is normally around
92.09 g/mol, with a boiling point of 290 °C and a melting point of 17.8 °C [16]. Under standard

conditions of both temperature and pressure, glycerin forms miscible mixtures with water.

OH
HO OH

Figure 16. Chemical formula of Glycerin [37]

Glycerin can be manufactured from different materials: plant-based materials,
animal-based materials, and synthetic materials. Glycerin that is derived from plant-based

materials is considered natural glycerin and is obtained from oils and fats of coconut and palm.
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Because it is an organic material, its texture is similar to syrup, and it is also vegan. Glycerin made
from animal-based materials is derived from fat. During the manufacturing process, the hardened
mixture needs to be boiled to remove excess water and impurities. Lastly, glycerin produced from

synthetic materials is made from petroleum-based sources and cane or corn syrup as well.

2.3 Enzymatic reaction

In Escherichia coli, also known as E. coli, it contains an enzyme called B-glucuronidase.
This enzyme is responsible for the hydrolysis of glucuronide compounds and has the ability to
serve various purposes, including the metabolism of sugars, detoxification, and as a research tool
[17]. Sugars can be used as carbon sources for the growth of E. coli, and B-glucuronidase functions
in the metabolism of glucuronide sugars. Moreover, this enzyme can also detoxify harmful
compounds. If toxic substances enter the cell, they will bind with glucuronic acid, resulting in
glucuronide compounds. When glucuronides occur within a cell, B-glucuronidase can hydrolyze
these compounds to release the toxic substances and expel those substances out of the cell. Lastly,
B-glucuronidase is widely used in molecular biology and microbiology research, mostly as a

reporter gene [17].

4-Methylumbelliferyl-B-D-glucuronide, or MUG, is a fluorescent substrate of -
glucuronidase. MUG is a synthetic substrate commonly used to assess the presence and activity of
glucuronidase enzymes. As MUG is a synthetic substrate, the appearance of it is crystalline
powder; therefore, the physical state of it is solid. Due to its appearance, MUG powder needs to
be stored in the freezer, and the container needs to be closed tightly, then kept in a dry and well-
ventilated place. Moreover, materials that are known as strong oxidizing agents, strong acids, and

strong bases are incompatible materials with MUG.

Figure 17. 4-Methylumbelliferyl-p-D-glucuronide (MUG) chemical formula [38]
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This reaction occurs when the glucuronidase enzyme is active. Then, the 4-
Methylumbelliferyl-B-D-glucuronide is cleaved by B-glucuronidase, resulting in the release of the
blue fluorescence of 4-methylumbelliferone (4MU) as the reaction shown in figure 18. 4-
methylumbelliferone (4MU) is the product resulting from the reaction between GUD and MUG,
and the blue fluorescence emitted by 4MU can be observed under UV light [2].

Figure 18. Enzymatic reaction of GUD and MUG

4MU is a fluorescent compound that emits light in the blue spectral range at 450 nm and
when excited by light is around 355 nm as shown in figure 19. The detection of 4MU fluorescence
product can be quantified using different techniques such as fluorescence plate readers or other
fluorescence-based techniques. Moreover, the intensity of the measurable fluorescence (4MU) is

directly proportional to the amount of f-glucuronidase.

Figure 19. 4MU fluorescence under the UV-light
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2.4 Tensile strength of the film

The ability of material to withstand the force before it breaks is consider as a tensile
strength of the material. Tensile strength is used to measure the maximum tensile stress of a
material [18]. The tensile strength can be measure by using the tensile strength testing machine to
determine the load strength. The basic principle of this machine is applying force to the material
in an axial load until those material break or fracture. Tensile strength is an essential factor using
in designing factors such as building or bridges. It is also use with the product which need to
withstand the force from pulling and stretching as well. It can be used to evaluate the material is
suitable for its application or not. For instant, tensile strength of material in the aerospace industry

is used to determine the safety of the aircraft [18].

There are various factors which affect the value of tensile strength in materials. Different
materials consist of different molecular structure. The molecular structure provides an
intermolecular force inside the material which helpful in binding the molecule. By changing the
molecular of the structure can mainly affect the tensile strength of materials. Not only molecular
structure that affect the tensile strength of material, temperature also one of these factors as well
[18]. Molecular structure of material is corresponded to the temperature, if the temperature of the
material increased, it will lead to enhance the bond strength of molecules. However, if the

temperature is low, in contrast the material might lose some of its bond strength or tensile strength.

Tensile strength relates to Young’s modulus. It is directly proportional to each other.
Young’s modulus is used to determine the elasticity of a material. This indicates that if the tensile
strength increase, Young’s modulus will also increase too. As a material which can withstand high
Young’s modulus, the material become stiffer and hard to be deform. Tensile strength provides the
data of load apply on the material and the displacement when the material was pulling by the
machine. This data can be used to calculate Young’s modulus as shown in the equation in the next

section [19].

This research uses tensile strength and Young’s modulus to determine the mechanical
properties of E. coli detection film fabrication. Tensile strength and Young’s modulus was used to

identify the ability of film deformation.
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Equations used to calculate Young’s modulus from data of tensile strength are shown as following

[17]:

o= A% (stress)
g= LTlo _ AL (strain)
Lo Lo

E = % (Young’s modulus)
o = stress
€ = strain
P = external tensile load
Ay = original cross-sectional area
Lo = original length
Ls = final length
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CHAPTER 3

METHODOLOGY

In this chapter, the preparation of Polylactic acid solution and agar solution for film
fabrication is mentioned. Moreover, the information about biomarker E. coli detection and

mechanical properties of the film are identify as well.

3.1 Film fabrication
3.1.1 Preparation of Polylactic acid (PLA) and gelatin film

Polylactic acid and gelatin are considered polymer, which can be used to make
polymer-based products, including films. The PLA used in this case is commercial PLA in the form
of strings. To facilitate its dissolution, the PLA needs to be cut into small pieces. Ethyl acetate is
used as a solvent to dissolve the PLA. The ratio of PLA to ethyl acetate is 5 g and 45 mL,
respectively. It is heated to 120°C with stirring until the solution becomes completely
homogeneous, as shown in figure 20. Afterward, pour the solution into glass petri dishes and glass
plates to achieved a thin film as shown in figure 21. The mixture of PLA and ethyl acetate needs

to be poured onto the glass surface because the ethyl acetate solution can dissolved the plastic petri

dishes.

Figure 20. PLA and ethyl acetate solution
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Figure 21. Solution pours into glass petri dishes

After the product has dried, cut it into small pieces and then immerse the particles
in ethyl acetate for 15 minutes to make the film's surface sticky. Next, coating 500uM 4MU and
500 uM MUG, and gelatin with 4MU and MUG at the same concentration on the film by
immersing film in the solutions. Then allow the film to settle in the solution for 5 minutes. The
purpose of coating the PLA film with gelatin is to increase the films absorbable. The ratio of gelatin

to distilled water is 2 g and 6 mL, respectively.

3.1.2 Preparation of Polylactic acid (PLA) synthesis
Another technique used to synthesize PLA involves microwaving lactic acid at a
high-power level. The material is prepared by microwaving 20 mL of 85% lactic acid at 950W for
9 minutes. During this process, water is removed lead to the condensation of the lactic acid.
Furthermore, this procedure effectively increases the molecular weight of the PLA. To raise the
pH of the PLA, 60 drops of sodium hydroxide (NaOH) were added, resulting in the pH was change
from 4 to 6. Afterward, pour the prepared solution onto filter paper and place it in a 90 °C oven

for 4 hours and 30 minutes to dry and solidify the sample as shown in the figure 22.
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Figure 22. Polylactic acid synthesis

3.1.3 Preparation of agar and glycerin

For this research, the ratio of agar and glycerin is separated into three different
ranges: high range, medium range and low range as shown in the table 2, 3 and 4 according to the
study of V. Ibarra, 2022 [20]. The mixture of agar, glycerin, and distilled water is prepared by
stirring and heating at 135 °C on the hot plate for 10 to 15 minutes until the solution becomes
homogeneous. Then, pour the solution onto the plastic petri dishes and let it settle for 3 days. After
the agar and glycerin solution dries up, the medium-range solution shows the most appropriate
film for this experiment, as shown in the figure 23. The medium range solution was also reduced
to 20 mL to ensure that one portion of the solution fits perfectly into the plastic petri dishes. To
prevent contamination during the process, another technique used to prepare the film is to place
the mixture solution inside an oven and turn on the heat to 40 °C, allowing the solution to settle
inside the oven for 2 days, this technique can prevent the contamination. Moreover, after we
decided to used the medium range solution to fabricated the film, the solution of MUG is added as

shown in the table 5 for further experiment.

Table 2. 100 mL of High range solution concentration [20]

Condition Agar Glycerin Distilled water
1 8.00¢g 5.35mL 94.65 mL
2 4.00 g 10.70 mL 89.30 mL
3 8.00¢g 10.70 mL 89.30 mL
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Table 3. 100 mL of Medium range solution concentration [20]

Condition Agar Glycerin Distilled water
1 3.00 g 1.25 mL 98.75 mL
2 2.00¢g 1.88 mL 98.12 mL
3 3.00 g 1.88 mL 98.12 mL
Table 4. 100 mL of Low range solution concentration [20]
Condition Agar Glycerin Distilled water
1 1.00 g 0.31 mL 98.69 mL
2 0.50¢g 0.63 mL 98.87 mL
3 1.00 g 0.63 mL 98.37 mL
Table 5. 20 mL of Medium range solution concentration
Condition Agar Glycerin MUG Distilled water
1 0.6g 0.25 mL 250uM, 10 mL 9.75 mL
2 04¢g 0.376 mL 250uM, 10 mL 9.624 mL
3 0.6g 0.376 mL 250uM, 10 mL 9.624 mL

Figure 23. Thin film achieved from medium range solution
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3.2 Biomarker E. coli detection
3.2.1 Biomarker E. coli detection for Polylactic acid and Polylactic acid synthesis
film
For the preparation of MUG solution, the concentration of MUG initially prepared
at 500 uM in 0.05 M phosphate buffer. The preparation of GUD solution is similar to the MUG
solution, as we also used the diluted phosphate solution. So, 99.99 mL of the diluted phosphate
solution is mixed with 10 L of GUD solution. The solution obtained is 100 mL of 1700 GUD.

During the process of detecting the E. coli biomarker GUD in the PLA film and
PLA synthesis film, they were separated into four categories: coating the film with 500uM MUG,
4MU (control), gelatin mixed with 500uM MUG, and gelatin mixed with 4MU (control). After
soaking the film in ethyl acetate for 15 minutes, the surface of the film became sticky. The films
were separated for each category and soaked in each solution for another 15 minutes. Then, the
solution of GUD was dropped on top of the film, allowing the film to absorb the solution for 5

minutes, and fluorescence was observed under UV light as shown in the figure 24 and 25.

Figure 24. Fluorescence emitted from PLA film in each category observed under UV-light
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Figure 25. Fluorescence emitted from PLA synthesis film in each category observed under UV-
light

The next step is to confirm whether the MUG solution has leaked out and is causing
the reaction outside of the film. After observing the film under UV light, we removed the excess
solution from the top of the film and examined it under UV light. If fluorescence is present under
the UV light, this indicates that there is MUG leaked out from the film and MUG-GUD reaction

has occurred outside of the film as shown in the figure 26.

Figure 26. Solution of MUG leaked from the film

3.2.2 Biomarker E. coli detection for Agar film
For the process of detecting the biomarker E. coli in agar film, the MUG solution
is already mixed with the agar film solution. After the agar film has dried up, 100 ul of GUD is
dropped on top of the film, and wait for the reaction to occur for 10 minutes. Afterward, the film

is observed for fluorescent color under the UV-light.
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The preparation of the film to test the reaction involved cutting the film into 8 pieces
for different conditions. According to table 3-5 To measure the fluorescent intensity, the film is
separated into 8 pieces: 4 for the control group, where MUG is not added to the agar solution, and
the other 4 pieces are for observing fluorescence resulting from the enzymatic reaction of MUG
and GUD at reaction times of 5 minutes, 10 minutes, 20 minutes, and 30 minutes. The intensity of
the resulting fluorescence is measured using the MATLAB program with the images captured.
The images used for analyzing fluorescent intensity are captured from both the solution of MUG
leaked from the film and the film that has been removed excess solution. Since 4MU emits blue
fluorescence, the code is designed to eliminate other colors and analyze only the blue color emitted

from the film as shown in the figure 27.

Figure 27. Image after analyze the blue color emitted from MUG-GUD reaction

3.3 Process of testing agar film mechanical properties

The machine used to test the mechanical properties of the film is the machine which can
measure the tensile strength. For the film preparation, the film needs to be cut into a bone shape
as shown in the figure 28 so the machine can grip the top and bottom part of the film. The working
fundamental of this machine is to pull the specimen according to the set-up speed. To measure the
tensile strength of the film, set-up speed is 2 mm per minute [22]. After setting up the machine,
the film needs to be manually stretched until the load appears on the screen, and then start running
the machine. Next, wait until the film is torn apart from each other and collect the data for further
calculation. Repeating this step for each specimen from all conditions, all of the data will be used

to calculate the modulus of different conditions

26



In this procedure, stress and strain are used to calculate the value of Young’s modulus. Stress can
be calculated by using the data of external tensile load divided by the value of the original cross-
sectional area of the specimen. Each condition has the same value of original cross-sectional area
but different external tensile load depending on the amount of agar and glycerin. For the value of
strain, this can be identified by using the original length of the specimen divided by the final length
after it has been pulled apart. By calculating these values, amount of Young’s modulus can be

defined by using stress divided by strain.

It can be represented by the equation shown following:

o= ™ (stress)
g= YTl _ AL (strain)
Lo Lo

E= % (Young’s modulus)
o = stress
€ = strain
P = external tensile load
Ay = original cross-sectional area
Ly = original length
Ls = final length

Figure 28. Bone shape model for film mechanical test
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CHAPTER 4

EXPERIMENTAL RESULT AND DISCUSSION

In this chapter, the results of film fabricated from Polylactic acid (PLA) in ethyl acetate
soluble, Polylactic acid (PLA) synthesis and agar with glycerin as a plasticizer are presented. The
film fabrication parameters, such as time, concentration of each solution and containers used for
stored fabricating film were examined. Moreover, the results of the GUD-MUG reaction,
fluorescent intensity and tensile strength are also mentioned in this section as well. Additionally,

the fluorescent intensity from GUD-MUG reaction is measured with different reaction time period.

4.1 Polylactic acid (PLA)
4.1.1 The result of film fabrication from Polylactic acid (PLA)

The sample of PLA dissolved in ethyl acetate solution was a white powdery solid.
According to its properties, PLA undergoes heated at the temperatures above its glass transition
temperatures which can increase the strength of PLA. However, the sample might also become
brittle as well. On the contrary, some of the results turn out to be transparent film which requires

the solution to be cooled down rapidly and the layer of the film should be thin enough.

To examine the thin film fabrication of PLA dissolved in ethyl acetate, dissolved
PLA solution was pouring on different containers including glass plate, beaker, glass petri dish,
plastic petri dish and aluminum foil. Different containers produced different textures and thickness
of the film. The table 6, shows the result of film fabrication from PLA by pouring on different
containers. It was found that different containers affect the texture and thickness of the PLA film.
Pouring on the glass plate, the texture of the film resulted in thin layer because the glass plate pass
through the water at room temperature before pouring the dissolved PLA on the glass plate.
Moreover, the sample could be easily peeled off with rinsing of the water. For the beaker, the
dissolved PLA solution was pouring on the bottom part of the beaker resulted in thin layer white
powdery solid. The glass petri dish also has similar texture of film as the beaker. However, the
sample produced from the glass petri dish gave out slightly thicker layer as the glass petri dish has

a smaller surface to poring the PLA solution. For the plastic petri dish, this container could not be
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used because the ethyl acetate solution can dissolve the plastic as well. Lastly, the sample produced
from the aluminum foil came out as a brittle film. In summary, glass plate and glass petri dish are

suitable container for fabricating the PLA film.

Table 6. Various containers used for film fabrication from Polylactic acid (PLA)

Container Product

Glass plate

Beaker

Glass petri dish

Plastic petri dish
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Aluminum foil

4.1.2 GUD-MUG reaction of Polylactic acid (PLA) by coating with gelatin S00uM

MUG

The product was split into 2 categories which are 4MU and MUG and gelatin mixed
with MUG and 4MU. The gelatin is used to enhance the absorbability ability of the film as the
gelatin has a great property of absorbing water. Moreover, the film coated with 4MU, gelatin mixed
with 4MU were the control group of this experiment. After we observed the result samples under
the UV light, the samples coated with 4MU and MUG showed some fluorescence. However, for
the samples coated with gelatin mixed with 4MU and MUG showed more fluorescence as shown
in table 7. This is because gelatin can absorb more water. The experiment was also conducted on
the film produced from glass petri dish and glass plate. Looking into the result of the film produced
from these two containers, thinner texture film produced by pouring on glass plate showed more
fluorescence product compared to the film produced by pouring on glass petri dish. While
observing the fluorescence result, there are some excess solutions on top of the film so I decided
to observe the fluorescence result from the excess solution as well. After observing the excess
solution under the UV-light, it showed some fluorescence as shown in table 7. This indicates that
some of the MUG solution leaked out from the film and GUD-MUG reaction occurred outside the
surface of PLA film.
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Table 7. GUD-MUG reaction of Polylactic acid (PLA) film

Condition Product

Product of PLA film produced from
glass petri dish

Product of PLA film produced from
glass plate

Excess solution including MUG leaked out

from the film

4.2 Polylactic acid (PLA) synthesis by microwaving technique
4.2.1 Film fabrication from Polylactic acid (PLA) synthesis by microwaving
technique
The film fabrication from Polylactic acid (PLA) synthesis by used microwaving
techniques for condense the lactic acid to polymerize the PLA. The sample’s consistency became

more solidified and viscous than its typical texture after it placed into 90°C oven for 4 hour and 30
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minutes as shown in the figure 29. Even though the sample was prepared at a high temperature, it
had to be cooled down to the room temperature before use. However, the PLA synthesis sample

after annealed was sticky and could not remove from the paper.

Figure 29. PLA synthesis after annealed was sticky and could not remove from paper

4.2.2 GUD-MUG reaction of Polylactic acid (PLA) synthesis by microwaving

technique

The product was separate into 2 categories which were the product without
adjusting pH, which was in pH of 3 and the product that adjust the pH to 6. For the first product
with pH of 3, no fluorescence was observed under UV-light as shown in the figure 30. This could
be due to the lower pH of the sample affects the reaction of GUD. The suitable pH for GUD-MUG
reaction is typically between 5.5 to 7.5, and the pH below or above this range reduces the reaction
rate and fluorescent intensity [21]. Therefore, the product with pH of 6 indicates more fluorescence
product after observed under the UV-light as shown in figure 31. In summary, the film fabrication
from PLA synthesis by microwaving technique was not suitable for E. coli detection film

fabrication according to the result of very low fluorescent product of 4MU.
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Figure 30. Fluorescence product from the film with pH 3

Figure 31. Fluorescence product from the film with pH 6

4.3 Agar-Glycerin
4.3.1 Film fabrication from agar-glycerin
The film fabricated from medium range concentration of agar and used glycerin
as a plasticizer of all 3 conditions (Table 5) show a similar texture and thickness as shown in
table 8. The film fabricated from medium range concentration visualized in thin transparent film
with some strength. To investigate the best condition for E. coli detection film fabrication,

measuring tensile strength and fluorescent intensity of each condition were required.

Table 5. 20 mL of Medium range solution concentration

Condition Agar Glycerin MUG Distilled water
1 0.6¢g 0.25 mL 250uM, 10 mL 9.75 mL
2 04¢g 0.376 mL 250uM, 10 mL 9.624 mL
3 06¢g 0.376 mL 250uM, 10 mL 9.624 mL
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Table 8. Film fabrication from 20 mL of medium range solution concentration

Condition Product

4.3.2 Fluorescent intensity of Agar-Glycerin film

The resulted product from each condition under the medium range concentration
were observed under the UV-light and measured the fluorescent intensity in MATLAB program.
The result of all 3 conditions as shown in the table 9, 10 and 11, respectively. The fluorescent
intensity were getting on the film that removed excess GUD solution and the MUG solution leaked
out from the film. The excess solution on top of the film was also measured as well to ensure
whether the MUG solution was leaked out from the film or not. Looking into the graph comparing
all 3 conditions as shown in the figure 32, the results of fluorescent intensity product showed that

condition 1 has the highest fluorescent intensity comparing to the other 2 conditions. Moreover,
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the fluorescence intensity of condition 2 and 3 seem to be fluctuated at reaction time more than 20
minutes. However, the fluorescent product of condition 2 and 3 show the similar intensity as shown

from the graph in figure 33.

Table 9. Fluorescence intensity measured from condition 1

Fluorescence Fluorescence from
Condition 1 result occur on the | MUG leaked from Intensity
film the film

5 minutes 323007
10 minutes 326481
20 minutes 327665
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30 minutes

361814
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Table 10. Fluorescence intensity measured from condition 2

Fluorescence Fluorescence from
Condition 2 result occur on the | MUG leaked from Intensity
film the film
5 minutes 314593
10 minutes 320617
20 minutes 318290
30 minutes 309600
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Table 11. Fluorescence intensity measured from condition 3

Fluorescence Fluorescence from
Condition 3 result occur on the | MUG leaked from Intensity
film the film
5 minutes 307694
10 minutes 314833
20 minutes 319705
30 minutes 318944
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Figure 32. Fluorescent intensity of the film that removed excess solution

Figure 33. Fluorescent intensity of MUG leaked out from the film

4.3.3 Tensile strength of Agar-Glycerin film

The data collected from the tensile strength machine of all 3 conditions under the
medium range concentration were graphically plotted as shown the figure 34. Condition 1 has the
highest strength among 3 conditions which the final displacement after pulled by the machine of
condition 1 is 13.98 mm. As this condition has the highest amount of agar and lowest concentration
of glycerin. For the condition 2 shown in the figure 35, this condition has the lowest strength
among 3 conditions which the final displacement after pulled by the machine of condition 2 is 5.16
mm. This is because condition 2 has the lowest concentration of agar. Lastly in the figure 36,
condition 3 has the highest elasticity among 3 conditions which the final displacement after pulled
by the machine is 15.20 mm. This is because condition 3 contain highest amount of both agar and

glycerin.
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Figure 34. Tensile strength graph of condition 1

Figure 35. Tensile strength graph of condition 2

Figure 36. Tensile strength of condition 3

The value of stress, strain and Young’s modulus of all 3 conditions were also calculated as
well. The tensile strength machine was set to collect 10 data per 1 second which means that there
were more than 100 data collected from each condition. The equation below was used to calculate

the value of stress, strain and Young’s modulus on of EXCEL program. The Young’s modulus
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values were calculated by using the value of maximum stress divided by maximum strain. The

value of Young’s modulus of all conditions were 0.0477, 0.0179 and 0.0247, respectively.

Young's modulus calculation by using maximum stress and strain:

Comparing all data from each condition, the condition 1 showed the highest values of
Young’s modulus and strength. Even though, the final displacement of condition 3 is 15.20 mm
which was slightly higher than condition 1 but the value of Young’s modulus of condition 1 is
higher. Moreover, condition 2 showed the lowest strength according to its final displacement and

Young’s modulus value which were lower than the other 2 conditions.
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CHAPTER 5

CONCLUSION

In chapter 5, the results related to this research was summarized. The suitable polymer and process
of film fabrication was calculated, along with the factors which affect the film properties. This
conclusion summarized the result related to the objectives of this research, along with the

recommendation for the improvement.

5.1 The E. coli detection film fabricated

According to the results of PLA dissolved in ethyl acetate and PLA synthesis by
microwaving techniques showed that this polymer was not suitable for E. coli detection film
fabrication. This is because the film fabricated from PLA appeared in a thin white powdery solid
which the film should be clear transparent film. For the result of film fabrication of PLA synthesis
by microwaving techniques indicated that even though the film was prepared with high
temperature, the solution coming out as sticky solution which cannot be removed from the paper.
In this experiment, the medium range concentration of Agar-Glycerin at was the optimal
biopolymer for film fabrication, as observed from the results in table 8. Furthermore, the
experiments detailed in table 9, 10 and 11 provide support for the conclusion that E. coli detection

film can be fabricated from Agar-Glycerin.

5.2 The optimal ratio for E. coli detection film fabrication from Agar-Glycerin

In this experiment, there was 3 conditions in medium range concentration of Agar-Glycerin
as shown in table 5. Based on these results, the florescent intensity from each conditions showed
that condition 1 has the highest fluorescent intensity comparing to the other 2 conditions. The result
of tensile strength of Agar-glycerin film also provide support to this conclusion as well. This is
because condition 1 showed the highest tensile strength among 3 conditions which the final
displacement after pulled by the machine of condition 1 is 13.98 mm. Even though, the final
displacement of condition 3 is 15.20 mm the value of Young’s modulus getting from condition 1

which is 0.0477, is highest among 3 conditions.
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From the results and experiments of fabricating the E. coli detection film by Agar-Glycerin.
In accordance with the results of fluorescent intensity and mechanical properties of the film
fabricated from Agar-Glycerin. The optimal ratio for E. coli detection film fabrication was
condition 1 from medium range concentration of Agar-Glycerin at 0.6 g agar and 0.25 mL glycerin

in 10 mL total solution.

5.3 Suggestions

For the suggestions to enhance the properties of the E. coli film involve the process of film
fabrication and GUD-MUG reaction. During the process of film fabrication, drying the solution
inside the 40°C oven is important in order to prevent any contamination to occur on the film.
Another suggestion is to investigating more about chemical functional group to trap MUG storing

in the film.
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