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This dissertation focuses on development of biopolymers by integrating
nanomaterials to improve the properties of pristine polymers for enhancing the
performances of chemical sensors and laser desorption/ionization mass
spectroscopy (LDI-MS) applied for food quality control health monitoring and
biomedical applications. The dissertation is divided into 4 parts: the first part,
polylactic acid and cellulose were used for dual detection platform of biogenic
amines for food spoilage indication. Highly porous PLA film is fabricated by
adding nanosized calcium carbonate resulted in high sensing element entrapment.
On another side of platform, pristine cellulose is modified with graphene oxide and
exploited a substrate for LDI-MS. This dual platform is used for food quality
monitoring. The second part, a bacterial nanocellulose hydrogel with reswelling
ability and high swelling ratio is fabricated by introducing carboxymethyl cellulose
into the nanocellulose network, and the obtained hydrogel is used as a colorimetric
sensor for sweat pH and glucose. The third part, the surface of a commercial contact
lens is modified with nanocomposite composed of levofloxacin and cellulose
nanofibrils to create a theranostic contact lens for ocular infection, which the
cellulose nanofibril helps improving drug entrapment, wettability and pH-
sensitiveness to the pristine contact lens in order to control the releasing amount of
levofloxacin depending on infection severity. The developed theranostic contact
lens also indicates severity of infection by colorimetric pH sensor. Lastly, fourth
part, chitosan is incorporated with developed titanium dioxide/nitrogen-doped
graphene nanocomposites to enhance laser-absorbing and desorption property,
leading to enhanced ionization efficiency of analytes without using an additional
matrix, and utilizes as a novel substrate of LDI-MS for biomolecules determination.
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CHAPTER |
INTRODUCTION

1.1 Introduction

Biopolymers are found to be useful in various applications, for example, food
packaging and biomedical applications (e.g., drug delivery and sensors), because they
are biocompatible and biodegradable. For example, polylactic acid has been used as
an alternative bioplastic for food packaging [1] since it has proper rigidity, impact and
tensile strength, barrier properties and biodegradability [2]. Cellulosic materials are
one of the most abundant polymers in nature appear in many forms. Bacterial
cellulose exhibits high mechanical strength, high water absorption capacity, and fine
fiber networks [3] so, it can be used in food, cosmetics, biomedical and drug delivery
industries [4]. Cellulose can be processed into cellulose nanofibrils having good
mechanical properties, biocompatibility, and tailorable surface chemistry making it a
potential material for biomedical including tissue engineering and wound dressings
[5].

To increase their versatility of biopolymer utilization, one approach is a
nanotechnology integration-the application of nanomaterials. The combination of
biopolymers and nanomaterials have physical and chemical properties that are
significantly different from the macroscale materials, that can improve or change the
properties of the polymer matrices. This is able to fabricate the novel biocompatible
polymers having attractive properties with desired physical and chemical properties
that can expand the usage of polymer nanocomposites.

An accurate expiration for smart food packaging has been gained attention in
food industry to reduce consumer’s health risks from low-quality foods and food
wastes disposal. Polylactic acid or PLA is a biodegradable and biocompatible polymer
that can be used food packaging because of its easy processability, and commercially
availability. PLA can be designed as highly porous films by adding calcium carbonate
nanoparticles to increase porosity of the films resulting in high sensing element
entrapment and offered high sensitivity to the fabricated food sensor. The porous
structure offers high surface area to entrap sensing element and the film can be

applied as on-packaging sensor.



Non-invasive wearable chemical sensors are attractive technology that
facilitate remote health/in home-based monitoring, offer real-time information, and
can be used without training. Biocompatible polymers, nanosized cellulose, are
potentially materials for biomedical application since it has good mechanical
properties due to its nano-sized fiber, and non-toxicity. Bacterial cellulose (BC) is a
natural cellulose nanofiber hydrogel with good mechanical, high-water absorption and
holding capability, however, BC lacks of re-swellability. Thus, tuning the properties
of pristine BC, the developed BC was found to be a promising biocompatible
substrate for enzymatic-based sensors since it has ability to preserve enzymes, and
exhibits high biofluid absorption for a non-invasive diagnostic platform for sweat or
other secretions.

Commercial contact lens was modified using cellulose nanofibrils to fabricate
a theranostic contact lens for ocular infection. The polymer-based contact lens was
chosen because it is wearable and made of 3D-network polymers providing
biocompatibility and high-water absorption. These characteristics benefit ability to
immobilized sensing elements and drug molecules. Cellulose nanofibrils was selected
to enhance theranostic performance by increasing wettability, drug entrapment and
acid-responsiveness due to its abundant functional groups. The theranostic contact
lens was successfully designed for simultaneous tear pH measurement and releasing
drug.

Moreover, this thesis also proposed chitosan-based thin film substrates for
LDI-MS. Since chitosan is a cationic polymer with film-forming ability, chitosan is
suitable for using as a carrier for the synthesized titanium dioxide/nitrogen-doped
graphene nanocomposites. This chitosan-based thin film with laser-absorbing
nanocomposites was able to be used for biomolecule determination using LDI-MS.

Herein, properties of pristine polymers were altered or improved by utilizing
nanomaterials, i.e., graphene oxide, calcium carbonate nanoparticles, and cellulosic
nanofibers, to be suitable for sensor, theranostic, and LDI-MS applications, for
example, porous structure, laser-absorption ability, water absorption, and wettability.

In summary, this thesis focuses on designing biopolymer nanocomposite and
utilizing nanomaterials to enhance performance of the chemical sensors for food

quality control, health monitoring and biomedical applications.



1.2 Objectives
To design and prepare biopolymer nanocomposite-based chemical sensors for
food safety and healthcare applications in 4 different platforms:
1. Dual on-package biogenic amine determination platform for quality control
using colorimetric sensor and LDI-MS
2. Non-invasive wearable sensors for sweat pH and glucose based on bacterial
cellulose
3. Theranostic contact lens for ocular bacterial infection based on cellulose
nanofibrils
4. Titanium dioxide/N-doped graphene nanocomposite-chitosan film for LDI-MS

detection of peptide biomarkers

1.3 Scope of research

This dissertation focuses on development of biocompatible polymeric
nanocomposites for chemical/bio sensors and theranostic application. For food
spoilage sensor, the sensor was developed to detect biogenic amines released from
food decomposition by using graphene oxide and calcium carbonate nanoparticles for
a quantitative and qualitative detection, respectively. For health monitoring wearable
sensor, bacterial nanocellulose/carboxymethyl cellulose composite was created as a
biocompatible hydrogel with high mechanical and re-swellability then, used for a
sweat sensor due to its ability to absorb large amount of sweat sample. Cellulose
nanofibrils/antibiotic drug nanocomposite was synthesized and applied for theranostic
contact lens to indicate severity of eye infection and release proper dose of antibiotic
drug depending on disease severity. Lastly, titanium dioxide/N-doped graphene
nanocomposite-chitosan film was fabricated and used as an LDI-MS matrix for

peptide biomarkers.



LDI-MS

pH sensor
Food sensor Sweat s?
Glucose sensor
Colorimetric sensor | Biopolymer Nanocomposites |

Theranostic Chitosan thN
contact lenses film for LDI-MS
Controlled drug
release Laser Biomolecules
\ ° \ !\f\_r\'\
Tear pH sensor — ﬁ, . - a
6’0 670 00|

Figure 1.1 Schematic overview of the dissertation




CHAPTER Il
THEORY AND LITERATURE REVIEW

2.1 Graphene and derivatives

2.1.1 Graphene

Graphene (G) is a monolayered carbon-based nanomaterial composed of sp2-
bonded in a honeycomb lattice. G possesses remarkably high electron mobility at
room temperature and good mechanical properties which its approximate stiffness of
300400 N/m, a breaking strength of 42 N/m, and Young’s modulus 0.5-1.0 TPa,
according to previous researches [6-8]. G can be reduced, oxidized, doped or
functionalized to obtain different allotropes having different properties, suitable for

different applications [9].

2.1.2 Graphene oxide

Graphene oxide (GO) is one of graphene derivatives derived by oxidation
resulting in altered function apart from pristine graphene. GO has abundant active
oxygen-containing functional groups (e.g., epoxide, carboxylic and hydroxyl), leading
to higher hydrophilicity compared to G, and ability to be functionalized by small
molecule or polymer intercalation [10, 11]. The functional group on GO sheets offer
reaction sies for interaction with small molecules, polymers, biomacromolecules, and
inorganic nanoparticles [12, 13]. The structures of G and GO prepared by oxidation

were shown in Figure 2.1.

Figure 2.1 Graphene and graphene oxide synthesized from oxidation reaction [10].

2.1.3 Nitrogen-doped graphene
Nitrogen-doped graphene (NG) is graphene sheets with nitrogen (N) containing
groups (i.e., quaternary N or graphitic N, pyridinic N and pyrrolic N), as shown in



Figure 2.2 [14, 15]. The NG presents different properties compared to graphene. For
example, carbon charge distribution that are influenced by the nitrogen dopants
inducing activation regions on the pristine graphene, and high positive atomic charge
density [16].

pyridinic'N—0O"

quaternary N pyrrolic N

Figure 2.2 Schematic illustration of nitrogen-doped graphene [14].

2.2 Calcium carbonate

Calcium carbonate (CaCOg) is the carbonic salt of calcium appearing as fine,
white and odorless power. CaCOs existed in 3 polymorphic forms, calcite, aragonite
and vaterite, which calcite is the most stable polymorph [17]. CaCOs is insoluble in
water but found to be soluble in acid condition. Otherwise, CaCO3s exhibits
hygroscopicity, the ability of solids to adsorb moisture microscopically [18], which
CaCOs exists as mono-, hexahydrate or anhydrous, depending on its polymorphic
forms [19].

ol 1

Figure 2.3 Chemical structure of calcium carbonate [19].

2.3 Nanocellulose

Cellulose is a renewable and sustainable material that can be obtained from
plants, algae, tunicates, and cellulose-producing bacteria, for example acetobacter. It
is composed of D-glucose units linked with B-1,4-glycosidic bonds. Nanocellulose



can be synthesized from native cellulose via pre-treatments of cellulose sources and
acid hydrolysis, respectively (Figure 2.4). Nanocellulose can be divided into various
forms, which are cellulose nanofibrils, cellulose nanocrystals, and bacterial cellulose,

depending on cellulose origins, processing, and pre- or post-treatments [20].
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Figure 2.4 A) Various sizes of cellulose extracted from biomass, B) Schematic
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diagram of nanocellulose preparation, and C) Bacterial cellulose from cellulose-

producing bacteria [21].

2.3.1 Bacterial cellulose

Bacterial cellulose (BC) is a three-dimensional structure of cellulose
nanofibrils synthesized extracellularly by cellulose-producing bacteria. BC
demonstrates high water-holding, capacity high crystallinity (84%-89%), high surface
area with fiber diameter of 20-100 nm, and high tensile strength with Young’s
modulus of 15-18 GPa [22]. BC-based nanocomposites can be produced by using 2
approaches, disturbed BC network or undisturbed BC network. The disturbed BC
network method requires BC disintegration before using it to form nanocomposites,



however, the undisturbed BC network method maintains the original BC network
structure. The undisturbed network method is exploited to enhance properties of BC
for the nanocomposite formation while maintaining the highly porous 3D-structure
network of BC [23].

2.3.2 Cellulose nanofibrils

Cellulose nanofibrils (CNF) can be prepared from native cellulose using various
methodologies, for instance, high pressure homogenization, ultrasonic treatment,
milling, and etc. CNF exhibited excellent mechanical properties and good
biocompatibility with large surface area and hydroxyl groups. Since CNF has
abundance of hydroxyl groups, the CNF surface modification mainly rely on 2
modification methods: the surface adsorption modification and the chemical grafting
[24].

2.4 Titanium dioxide

Titanium dioxide (TiO2) is inorganic materials widely used as a n-type
semiconductor and for photocatalytic application. TiO, occurs in 3 different
polymorphs, which are rutile, anatase, and brookite. TiO, consists of TiOs octahedra
with different distortion (Figure 2.5) where Ti—O bonds play significant roles the
properties of different polymorphs, for example, structural and electronic properties
(e.g., band gap) [25, 26]. Normally, rutile is stable but, in the solution, anatase
structure is more favorable. This is related to surface energy, especially in nano-scale
particles, which the surface energy of anatase is lower than rutile and brookite [27].
Nano-sized TiO2 can be applied in various applications, for instance, photovoltaic

cells, environmental, biomedical applications, biosensing, and drug delivery [28].



Anatase Rutile Brookite

Figure 2.5 Common polymorphs of TiO2 [29].

2.5 Laser Desorption/lonization Mass Spectrometry

Mass spectrometry (MS) is an analytical tool applied for mass-to-charge ratio
(m/z) measurement of analytes and presents the data output as spectrum. This
technique is based on generating multiple ions from the sample using electron
ionization to separate the ions derived from the specific mass-to-charge ratio (m/z)
then, measure ion abundance of each ion species. Laser Desorption/lonization Mass
Spectrometry (LDI-MS) is a soft ionization mass spectrometry technique, commonly
employed in MS-based analytical chemistry field because of its universal, sensitive,
and quantitative uses [30]. Besides, LDI-MS have been considered as successful
analytical method for small molecules [31]. As shown in Figure 2.6, the process of
LDI-MS is that the laser shines on the sample and ionizes the sample and matrix. The
matrix, used for radiation absorption which the analytes are not able to absorb,
transfers the energy to the analyte and assists ionization and desorption of the sample
[32].
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Figure 2.6 lonization and desorption processes of laser desorption/ionization (adapted
from [32]).

Conventional organic matrices commonly used in LDI-MS are a-Cyano-4-
hydroxy-cinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHBA). The
disadvantages of using organic matrices are that they produce matrix-related peaks in
the low molecular-weight region limiting small molecules (m/z < 700 Da)
determination [33]. Hence, inorganic nanomaterials have been developed to improve

the detection performance of small molecules.

2.5.1 Graphene and derivatives as an alternative matrix for LDI-MS
Nanoparticle-assisted LDI-MS have gained more attention and considered as a

promising technique because the using of nanomaterials as matrices/substrates for
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LDI-MS gives low background noise in low m/z region and high reproducibility.
Furthermore, this technique is able determine analytes in trace amounts that is
resulted from efficient desorption/ionization and also high surface area of the
nanomaterials that enrich the analytes [34].

Graphene and derivatives display many advantages over conventional organic
matrices. For example, high surface area, simple sample preparation procedures, good
reproducibility, high efficiency of desorption/ionization and ability to avoid the
fragmentation of analytes [35].

2.6 Chemical sensors and biosensors

Chemical sensors are devices that convert chemical or physical properties of
analytes into analytically measurable signals, that is normally to the analyte
concentration [36]. The typical principle of a chemical or biochemical sensor was
illustrated in Figure 2.7. The main functional units of the chemical sensors are
recognition unit (chemical recognition phase with receptor elements) and transducer
unit. The recognition unit is the part that interacts with or respond to analyte
molecules then, the transducer translates the chemical interaction into signals, which a

transduction element can be electrochemical, optical, and etc. [37, 38].
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Figure 2.7 Schematic diagram of the working principle of a chemical or biochemical
sensor [37].
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2.6.1 Colorimetric sensors

Colorimetric sensors show potential toward the detection of biomolecules, ions,
and other substances since they are easy to fabricate, exhibit high sensitivity and
selectivity, rapid detection, and easy naked-eye sensing [39]. Typically, colorimetric
sensors can be categorized depending on the interaction of analyte molecules:
chemical and biomolecules. They are classified as chemical sensors and biosensors,

respectively [40].

2.5.2 pH sensitive dyes
pH sensitive dyes or pH indicators are a moderately weak acids or bases exist
as natural dyes using for indicate the H* concentration (or pH) by color changes since
the ionic forms of the indicators show a color and constitution different from the
neutral form. In aqueous solution, the following equilibrium represents the acid-base

pair HI/I', where HI is an indicator acid and | represents indicator base form [41]:

HI + H.0 = I+ H30*

The examples of pH indicators were displayed in Table 2.1.
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Table 2.1 pH indicators and their molecular structures

- pH
pH indicator Molecular structure under pH changes o Ref.
Transition
o} OH
Bre.__CHs B /l\\\ _CHs
Bromocresol L p o | /—] a4 52-6.8 [42]
O o o —
/T \ 2 S\
purple 0 N E:[SP Yor
ls] \\O 5\0
Bromothymol 6.0-7.6 [43]
blue

Methy! red ol . ol 44-62  [41,44]
O T O

Thymol blue oo L e o e oL . 12-28 41
Y %L T Jl X 1{1“" .
T LT = TIL LT == 71 .7 80-96
& J J
Phenolphthalein 8.0-10.0 [41]

2.6.3 Cetyltrimethylammonium bromide

Cetyltrimethylammonium bromide (CTAB) is a cationic quaternary ammonium
surfactant which its structure was shown in Figure 2.8. CTAB has been used to
prevent dye leaching from textiles by forming micelles. Nadtinan et. al. (2019)
introduced CTAB in the pH indicator mixture for color fading prevention and used as
sweat sensor. The research reported that CTAB has ability to improve the interaction
between its cations and anionic indicator dyes and results in the micellar structures

formation that enhance durability of the color of the fabricated sensor [45].
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Br~
Figure 2.8 Chemical structure of CTAB [46].

2.6.2 Enzymatic glucose sensor

Glucose is a major energy source for cellular activity and commonly used a
target analyte since diabetes mellitus, glucose-related metabolic disorders, is one of
the most significant chronic diseases around the world. Thus, personal monitoring and
also control of the blood glucose level are crucial for an effective medical care that
leads to rapidly and continuously development of glucose sensors [47].

The system of the enzymatic glucose sensor applied in this thesis based on
bienzymatic H.O>—induced potassium iodide (KI) color development. The oxidation
reaction of glucose molecules is catalyzed by glucose oxidase (GOx) to produce
hydrogen peroxide (H202) and gluconic acid while, horseradish peroxidase (HRP)
catalyzes the hydrogen peroxide and KI reaction to produce iodine (I2) displaying
brown color. The cascade bienzymatic reaction of glucose was showed below [48,
49]:

Glucose + Oz + H20 + GOx (enzyme) — H>O2 + gluconic acid

H202 + KI + HRP (enzyme) — H-O + I> (brown color)

2.7 Non-invasive wearable sensors
Non-invasive wearable sensors have rapidly developed since they provide
health/in home-based health monitoring and provide real-time health information,

moreover, they can be used without special training.

2.7.1 Sweat
Recently, sweat has become a biofluid for non-invasive medical diagnostic for
clinical identification of diseases since it contains minerals, and other biomarkers that

are found in blood, for example, glucose. In addition, levels of several biomarkers in
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sweat are well correlated with the values that found in blood, the conventional

biofluids using for medical diagnostic [50].

2.7.2 Tear
Tear is an extracellular fluid covering the ocular surface [51]. Tear pH is one
of physio-chemical properties that can be used to determine the health condition of
eyes. According to previous report, normal tear pH is ranging from 6.5 to 7.6 [52],
and the average value is approximately 7.4 [53]. The shifting of tear pH to acidic pH
is related to various causes, for instance, conjunctival metabolism, and carbon dioxide

level as well as the microbial infections [54].

2.6 Smart food packaging

Food packaging is normally utilized as a barrier for food protection, and
according to specific requirements of specific type of food, superior quality packaging
materials has been developed [55]. Smart food packaging is new technology that is
newly developed by integrating sensors into the food packaging, such as, chemical
sensor or biosensor to monitor food quality. The sensors can be designed to determine
freshness, pathogens, leakage, carbon dioxide, oxygen, pH, or temperature. Thus,
smart food packaging is highly needed to control food quality to prevent adverse
effect to consumers and also to meet food regulations [56].

2.6.1 Polylactic acid

Polylactic acid (PLA) is a versatile, biodegradable polymer obtained from
renewable resources that is considered as an alternative material to petrochemical-
based plastics. PLA has been used in many applications, for instance, coating, fibers,

films, and packaging [57]. The chemical structure of PLA can be seen in Figure 2.9.

1"
{‘f‘ . O}
H O n

Figure 2.9 Chemical structure of polylactic acid (PLA) [58].
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2.6.2 Porous structure film formation: Breath-figure self-assembly

Breath figure self-assembly method is a process of porous film formation that is
widely used since it is simple, easy implementation with no complex setup and low-
cost [59, 60]. The mechanism of porous structure formation via breath-figure self-
assembly was shown in Figure 2.10. First, the surface of polymer solution dissolved
in organic solvent offers the cold surface (step 1) since the endothermic evaporation
of the solvent decreases the temperature of solution. Then, water droplets from high
humidity environment contact with cold surface of the solution leading to water
condensation on solution surface to form close-packed array (step 2-3). After that, the
porous structure is formed (step 4). In order to obtained 3D array, the new water
droplets deposit on the cold surface to form the array again (step 5-6). Lastly, after the
organic solvent is completely evaporated, the 3D porous structure film is formed (step
7) [61].

solvent

flow of moist air new generation of water droplets

evaporation

water condensation
(nucleation)

new close-packed array
templated by underlying layer

3D array remains after solvent and
water evaporate

Figure 2.10 Mechanism of breath-figure self-assembly resulting in porous structures
formation [62].
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2.6.3 Biogenic amines

Biogenic amines are basic nitrogenous compounds produced by bacterial
decarboxylation of amino acids in foods. As expected, all proteins containing foods or
free amino acids can be raw materials to create the biogenic amines, for example, fish
products, meat products, dairy products, including alcoholic beverages, vegetables,
fruits, and nuts. Because of the generated biogenic amines concentration from foods is
depended on hygienic of materials, microbial composition, fermentation condition
and duration [63, 64]. Thus, biogenic amines can be used as indicator for food quality

determination.

2.6.4 Putrescine and Cadaverine

Putrescine (butane-1,4-diamine, PUT) and cadaverine (pentane-1,5-diamine,
CAD) is formed by the decarboxylation of ornithine and arginine, and lysine,
respectively. In previous report, putrescine and cadaverine illustrated potential
indirect toxic effects to human by potentiating the toxicity of other biogenic amines.
Moreover, they have been considered as precursors of carcinogenic substances and

also involved in the oncogenic process [65].

H>N

i Tl P Putrescine

HaN /\/\/\ nH, Cadaverine

Figure 2.11 Chemical structure of putrescine and cadaverine [66].

2.7 Hydrogel

Hydrogels are water-insoluble three-dimensional polymer networks prepared
from crosslinking water-soluble polymers. The major characteristic of hydrogels is
that they are able to swell and hold large amount of fluids (for example, water) at least
20% and can reach values of 99% by weight, which the hydrogels that have ability to

absorb water more than 95% by weight can be considered as superabsorbent.
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Hydrogels can be divided into 2 types according to preparation process: physical
crosslinking and chemical crosslinking [67, 68]. The equilibrium swelling ratio of
hydrogels is used to illustrate the degree of swelling, commonly measured by
gravimetric method. The swelling ratio measurement can be achieved by immersing a
hydrogel sample in distilled water until the sample reaches equilibrium state, and get
rid of the excess water that is not absorb by the sample. Then, the swollen hydrogel
sample is weighted. The equilibrium swelling ratio (SReq) can be calculated using the
following equation [69-71]:

SReq = Ws ‘Wd / Wd

where W;is the weight of swollen hydrogel in equilibrium state

Wy is the initial dry weight of the hydrogel

Since the hydrogels can be respond to various stimuli, for instance, molecular
species, ionic strength, pH, and solvent composition, they can be designed and

adopted for numerous applications [72].

2.7.1 Carboxymethyl cellulose

Carboxymethyl cellulose (CMC) is a linear anionic cellulose derivative which
its repeating units are linked by B-(1—4) glycosidic linkage. In the CMC molecular
structure, anionic carboxymethyl groups (i.e., -CH2COOH) replace some original
hydroxyl groups on the pristine cellulose. There are many promising characteristics of
CMC, such as, biocompatibility surface properties, tunable hydrophilicity, rheological
properties, film forming ability, binding, thickening, stabilizing properties [73], as
well as stimuli responsive properties [74]. Thus, CMC have been used in numerous
industries and adopted for various applications, such as, biomedical, pharmaceutical,

textile, construction, food, plastics, cosmetics, paper, and oil industries [73, 75].
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Figure 2.12 Chemical structure of carboxymethyl cellulose [76].

2.8 Contact lens

Contact lenses are ocular prosthetic devices used for vision correction, and
cosmetic appearance. Contact lens materials significant affect to contact lens wearers
thus, the selection of materials is crucial for maintain a regular corneal metabolism,
and to preserve tear film stability in order to reduce adverse effects [77]. Materials
that are commonly used for contact lenses fabrication were shown in Figure 2.14.
Among various polymers-based hydrogels, the most common materials commercially
available in world market are 67% for silicone-based hydrogels and 20% for
hydrogels [78] because of their flexibility, and durability. Apart from the conventional
purposes of using contact lenses, contact lenses have been developed as a minimally

invasive platform for diagnostics and drug delivery [79].
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Figure 2.13 The chemical structures of common monomers and polymers utilized in

contact lenses manufacturing [80].

2.8.1 Hilafilcon B

Hilafilcon B (molecular formula: C29H43NO1o) is a hydrogel-based material

used for daily uses-soft contact lens production. The Hilafilcon B was developed, and

its patent is owned by Bausch & Lomb, USA. The reported water content of

Hilafilcon B-based contact lens is 59% [81].
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Figure 2.14 Hilafilcon B structure [82].
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2.9 Theranostics

Theranostics is the combination of therapeutics and diagnosis focusing on
individual patients care [83]. This technology has been intensively developed since it
provides personalized medicine instead of conventional medicine. This leads to
appropriate and efficient pharmacotherapy by offering the right dose as part of

personalized medicine without unnecessary treatment [84].

2.10 Levofloxacin

Levofloxacin (LFX) is a fluoroquinolone antibacterial drug that is one of the
most commonly used to treat a wide variety of bacterial infection [85]. LFX is
considered as a zwitterionic substance since its carboxylic and piperazine amino
functional groups in the structure can be charged in solution which depends on pH of
the solvent [86].

Figure 2.15 Chemical structure of levofloxacin [86].

2.11 Chitosan

Chitosan (CH) is a cationic deacetylated derivative of chitin having linear
polysaccharide of B-(1, 4)-linked N-acetylglucosamine, and contains nucleophilic
functional groups: C—NH2, and C—OH. CH is insoluble in neutral pH water and most
organic solvents but can be dissolved in acidic solutions and considered as a weak
polyamine with pKa of 6.5 imparting pH-responsiveness. The pH-sensitive property
of CH is from a change in the intramolecular or intermolecular force of the polymer

resulting from protonation of amino groups. CH offers good biocompatibility,
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biodegradability, non- toxicity, and availability that can be used in numerous
application [87-89].

HO HO

Figure 2.16 Chemical structure of chitosan, where X is degree of acetylation and n is

number of units [90].
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Abstract

Biogenic amines are the important markers for food spoilage, thus, an on-
package sensor for biogenic amine detection is crucial for food quality control. A dual
detection platform including colorimetry and LDI-MS was developed for screening
and quantitative determining of biogenic amines. Porous PLA film, was fabricated
using calcium carbonate nanoparticles to enhance film porosity leading to increased
surface area of colorimetric sensor. The color intensity significantly increases
depending upon the enhanced analyte concentration with a linear range of 2.0-10.0
mg/mL for putrescine, and 0.1-6.0 mg/mL for cadaverine. On another layer, graphene
oxide paper was applied as an LDI-MS substrate for sensitive quantification of
biogenic amines. LOD values measured on graphene oxide coated side by LDI-MS
were found to be 0.07 pM and 0.02 pM for putrescine and cadaverine, respectively.
This platform was successfully applied for the detection of biogenic amines in pork

samples with satisfactory results.

Keywords: Putrescine, Cadaverine, Food spoilage sensor, Calcium carbonate
nanoparticles, Dual detection
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1. Introduction

“Best before” dating is a standard expiration information on food packaging
that is mostly used nowadays to prevent consumer’s health risks from consuming of
low-quality foods. Nonetheless, this approach increases consumer disposal resulting
in increased food wastes, which is an international ethical, economic, and
environmental issues gained attention from the industrialized countries. Based on
these problems, an intelligent packaging that can directly sense the food spoilage is
one of the essential tools for controlling of food quality. During the spoilage of foods,
biogenic amines are produced from bacterial decarboxylation of amino acids in the
food products, in which histamine, tyramine, cadaverine, and putrescine are the most
common substances found in meat, fish, dairy products. Since the biogenic amines are
generated from spoilage and fermentation, an increasing of such compounds can be
used as a quality indicator to indicate the food spoilage [91-94]. Consuming the high
content of biogenic amines causes the adverse effects on human health, such as,
allergic and carcinogenic effects. The total volatile basic amine (TVBN) level is <20
mg of generated amines/100 g of meat, considered as acceptable value [95, 96].
Nowadays, putrescine and cadaverine, the amines of concern, is becoming interesting
biogenic amines because they are able to promote the toxicological effects of

histamine [97]. For raw pork meat, various studies show significant increasing of



25

cadaverine and putrescine levels during storage [98]. A suggested reasonable biogenic
amine index (BAI) is the sum of putrescine and cadaverine content which raw pork
meat with BAI >15 mg/1 kg of pork is considered as a spoiled meat [99].

Porous poly(lactic) acid (PLA) film is an interesting solid matrix due to its
ability to entrap the sensing elements, inexpensive and simple fabrication, which can
be applied for the development of food packaging sensors. PLA is a biodegradable
polymer, which has a potential to be used as biomaterial for food packaging due to its
easy processability and non-toxicity [100]. The porous PLA films can be easily
fabricated by using a breath figure method [101]. Furthermore, the addition of
calcium carbonate nanoparticles as a porogen significantly increases the porosity of
the PLA film providing higher surface area, which allows the sensing element to be
entrapped onto the surface of this sensor. Recently, many research groups have
developed the colorimetric sensor using pH-sensitive dyes-based indicator for real-
time monitoring of food quality as [95, 102-104]. An optoelectronic nose for squid
shelf-life assessment was designed to measure CO, and O2 by depositing dyes onto
aluminium oxide and silica gel supports [105]. A colorimetric sensor array for fish
spoilage monitoring was constructed by applying pH indicator solutions on silica gel
Kieselgel 60F254 plates. The sensor color changed when facing typical volatile
spoilage biogenic amines used to evaluate the fish spoilage [106]. A safe colorimetric
pH sensor using Clitoria sp and Brassica sp extracted dyes was fabricated and used
for determination of shrimp and durian freshness [107]. The polyvinyl
alcohol/cellulose-based pH sensor was fabricated for food safety monitoring, which it
changes the color from yellow to brown after exposing to the spoiled shrimp [108].
Although the pH-sensitive dyes-based sensor is a simple way to monitor food quality,
which can be observed by naked eyes; however, it provides only semi-quantitative
information and relatively low sensitivity.

To accurately and sensitively detect the toxic substances, laser desorption-
ionization mass spectrometry (LDI-MS) was chosen along with the colorimetric
sensor. LDI-MS is a soft ionization mass spectrometry, widely used in MS-based
analytical chemistry owing to its universal, sensitive, qualitative and quantitative uses.
This technique is also selective to organic molecules since the signals are obtained

from relative molecular mass [109]. To design the LDI-MS substrate, graphene oxide
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(GO), 1-dimentional carbon-based nanomaterial consisting of a one-atom thick planar
sheet of sp?-bonded carbon atoms with oxygen containing functionalities, has become
an interesting substance for analyte trapping. Furthermore, GO exhibits strong
adsorption capacity which can adsorb and desorb a variety of organic molecules in
LDI-MS [110]. Recently, GO nanosheet-modified N*-nylon membrane has been
prepared and used as a substrate for MS detection of malachite green, a carcinogenic
substance used to prevent protozoal infections in aquaculture industry owing to the
high surface area and high electrostatic interaction with analyte [111]. GO aggregate
was applied as the matrix for plasma triacylglycerol detection which the use of GO
provides rapid, selective and sensitive signals [112]. Based on the unique properties of
GO, it is a promising matrix for LDI-MS substrate [113].

Herein, a highly porous PLA film was prepared as a colorimetric sensor to
detect the biogenic amines (e.g., putrescine and cadaverine) released from the food
spoilage. For another layer, GO-coated filter paper was fabricated and used as a LDI-
MS substrate for sensitive detection of such compounds. The colorimetric responses
were measured by using a spectrophotometer. Furthermore, LDI-MS was used to
sensitively detect the biogenic amines to identify the food spoilage. Eventually, this
platform was successfully applied for monitoring of putrescine and cadaverine

produced from pork spoilage.

2. Materials and methods
2.1 Materials and reagents

Biogenic amines (e.g., putrescine and cadaverine) were purchased from
Sigma-Aldrich (St. Louis, MO). Phosphate buffer was prepared by using disodium
hydrogen phosphate (Na2HPO.) from Carlo Erba Reagents S. A. S (Val de Reuil,
France), and adjusted to pH 8 by using hydrochloric acid (HCI) and sodium hydroxide
(NaOH) obtained from QReC (New Zealand) and Merck (Darmstadt, Germany).
Porous PLA films were fabricated by using poly-lactic acid in pellet form, grade
2002D, purchased from NatureWorks, and calcium carbonate nanoparticles (NCC)
were prepared by a precipitation technique. Dichloromethane (CH2Cl2) used as a
solvent was purchased from Fisher Scientific (Loughborough, UK) and RCI Labscan
(Bangkok, Thailand), respectively. Bromocresol purple (C21H16Br20sS), pH-sensitive
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dye with pH range 5.2 - 6.8, used as sensing elements was obtained from Tokyo
Chemical Industry (Tokyo, Japan). Absolute ethanol was purchased from Carlo Erba
Reagents S. A. S (Val de Reuil, France). For GO-coated filter paper preparation, GO
dispersion (Ultra HC-Graphene oxide, aqueous solution, concentration of 6.2 g/L) and
filter paper grade no.l were purchased from Graphene Supermarket (USA) and
Whatman, respectively. The fresh pork meat samples were purchased from local

supermarket for spoilage trial study.

2.2 Fabrication of porous PLA-based colorimetric sensor

To prepare substrate of the sensor, porous PLA film was fabricated using a
breath figure method [114]. First, three grams of PLA pellet were dissolved in 100
mL of dichloromethane and 1.0 % (w/w) of NCC was dispersed in the solution using
magnetic stirrer. After that, PLA-NCC mixture was sonicated using ultrasonication
(20 kHz, 750 W) for 1 min. The mixture was poured onto 17x13 cm glass mold and
left to dry at 99% of relative humidity then, porous PLA film was obtained.
Bromocresol purple was immobilized on the porous PLA substrate by using
adsorption method. The procedure was carried out by soaking the porous PLA film in
0.1 % (w/v) bromocresol purple dissolved in absolute ethanol for 24 hrs, and dried at
room temperature before washing with deionized water until the water was clear in
order to remove the excess pH indicator. Then, the film was left to dry at room

temperature overnight.

2.3 Preparation of GO-coated filter paper for LDI-MS

Preparation of GO-coated filter paper was obtained and adapted from previous
research [110]. Filter paper no.1 was washed with acetone and distilled water and,
dried at 60 °C. GO dispersion was diluted using distilled water to obtain concentration
of 2.0 g/L, and sonicated by ultrasonication bath (60 Hz) for 30 min. The clean filter
paper was immersed in the diluted GO dispersion under bath sonication for 20 min
and dried at 120 °C for 20 min. The coating process was repeated for 3 times before
washing the coated filter paper with deionized water to remove an excess GO and the

GO-coated filter paper was dried at 100 °C overnight.
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To assembly a dual detection platform, the GO-coated filter paper was
immersed in dichloromethane and attached to the non-porous side of the porous PLA

substrate. Finally, the dual detection platform was obtained (Figure S2.1).

2.4 Material characterization
The morphologies of the colorimetric sensor and the GO-coated filter paper were
observed by scanning electron microscope (JEOL Model IT 500 HR). Energy
dispersive X-rays spectroscopy (EDX) (JSM-6400; Japan Electron Optics Laboratory
Co., Ltd., Japan) and X-ray photoelectron spectroscope (XPS) (Kratos Model Axis
ultra DLD) were applied for the chemical analysis. The specific surface area of the
porous PLA substrate was measured by Brunauer—Emmett-Teller (BET) analyzer

(Micromeritics ASAP® 2420 Accelerated surface area and porosimetry system).

2.5 Cytotoxicity testing

MTT cytotoxicity assay was used to investigate the cellular response with
PLA-based colorimetric sensor. Firstly, the PLA-based colorimetric sensor was
extracted by cutting the sensor into 1.5x1.5 cm, adding MEM medium, and incubating
at 37°C for 24 hrs. L929, mouse fibroblast cells, were incubated at 37°C for 24 hrs in
MEM medium prior to testing to obtain monolayer of cells in a well-plate. Then, the
MEM was replaced with the extract of the prepared colorimetric sensor then
incubated at 37°C for 24 hrs. After incubation, the viable cells were stained with MTT
and incubated at 37°C for 2 hrs. MTT was removed and DMSO was added to each
well. The absorbance was measure using a microplate reader (EASYS, UVM340 S/N
ASY54180) at 570 nm. Thermanox coverslip was used as a negative control and
polyurethane film containing 0.1% zinc diethyldithiocarbamate was used as a positive

control. The viability was calculated as a following equation:
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Viability = 100 ODs70a/ODs70p

Where ODs70, = optical density of 100% extracts of test sample
ODs7o0n = optical density of 100% extracts of the blank

2.6 Color change of PLA-based sensor toward biogenic amines

The biogenic amine vapors were collected by a static headspace sampling
method. Firstly, the stock solutions of putrescine and cadaverine were prepared by
dissolving of 10.0 mg/mL in deionized water. The stock solutions of biogenic amines
were diluted to various concentrations from 0.1 to 8.0 mg/mL. After that, 1.0 mL of
the prepared solutions were added to 30 mL plastic container with the colorimetric
sensor attached on the container lid. The added solution was left to vaporize at 30 °C
for 30 min, 1, 2, 4, 8, 24, and 48 hrs. The color change responses of the colorimetric
sensors were measured by using a portable spectrophotometer (Datacolor CHECK3,
Datacolor, USA). The color changes were given in hue angle (h°) referring to the

dominant wavelength was calculated and used for the analysis.

2.7 LDI-MS detection of biogenic amines on GO-coated filter paper

For LDI-MS detection, each GO-coated filter paper was attached onto a
stainless steel MALDI target by using a conductive carbon tape. Then, 10 uL of each
biogenic amine solution was deposited on to each GO-coated filter paper substrate
and dried at a room temperature 255 °C prior to inserting into a MALDI mass
spectrometer for the analysis. All LDI-MS experiments were performed on a Bruker
Autoflex 111 MALDI-TOF mass spectrometer with 30% N2 laser (337 nM) intensities

and 30 laser shots.

2.8 Pork spoilage trial
The fresh ground pork was purchased from the local supermarket. Ten grams
of the ground pork meat sample was immediately placed and enclosed in 30 mL
plastic container with the dual detection platform attached on the container lid. The

pork meat samples were stored in the refrigerator (4 °C) for 5 and 3 days before
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measurement of the colorimetric response of the sensor and LDI-MS detection,

respectively.

3. Results and discussion

3.1 Material Characterization

The photographs (Figure 3.1) show the appearances of a dual detection
platform having 2 layers, the porous PLA based colorimetric sensor (Figure 3.1a-
3.1c) and GO-coated filter paper for LDI-MS detection (Figure 3.1d- 3.1e). The
porous PLA film used as a sensor substrate shows white color, opaque and rough
surface indicating its porosity (Figure 3.1a). After soaking the porous PLA film in
bromocresol purple solution, the colorimetric sensor was obtained. The original
sensor exhibits yellow color and suddenly changes to purple color upon exposing to
the basic compounds, as shown in Figure 3.1b and Figure 3.1c, respectively. For the
bottom layer of the dual detection platform, Figure 3.1d displays the uncoated filter
paper in white color and it turns to dark grey color after coating with GO solution
(Figure 3.1e).

Colorimetric
detection

Porous PLA with
GO coated paper
substrate

1cm

Figure 3.1 Photographs of the dual detection platform, a) porous poly(lactic) acid
film, b) poly(lactic) acid-based colorimetric sensor before exposing to amines, c)
poly(lactic) acid-based colorimetric sensor after exposure, d) uncoated paper, and e)

graphene oxide-coated filter paper.
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The surface morphology of the porous PLA based colorimetric sensor and
GO-coated filter paper was characterized by scanning electron microscope (SEM).
Figure 3.2a shows the microporous structure of PLA film prepared without using
NCC. The non-uniform pore size was observed with an approximate diameter ranging
from 6 to 82 um. In contrast, the porous PLA film with adding NCC shows the higher
porosity with uniform three-dimensional structure as shown in Figure 3.2b. The pore
size of the film was decreased to 0.6 - 9 um leading to increased specific surface area.
BET was used to determine the specific surface area of the porous PLA film and PLA
film prepared with adding NCC shows 10 times higher surface area, 89 m?/g, than
PLA film without adding NCC, 9 m?/g. The porous structured film offers high sensing
element entrapment. Therefore, it was considered as a suitable substrate for
colorimetric sensor with enhanced sensitivity.

From SEM-EDX spectrum as shown in Figure 3.2c, the high intensity of C
and O with low intensity of Ca verifies that there are some of calcium carbonate
successfully embedded in PLA film containing mostly C and O. On another side of
the substrate, Figure 3.2d displays the fibrous structure of cellulose filter paper
without any modification, and Figure 3.2e shows the thin layer of GO covering on the
cellulose filter paper surface which clearly differs from an original fibrous cellulose
structure. In addition, XPS spectrum of C1S of GO coated paper (Figure 3.2f)
showed the 2 dominant peaks at 284.6 eV of C-C, and 286.2 of C-O. The presence of
peaks around 287.1 - 288.4 eV was corresponded to C=0 [115, 116]. This verifies
that GO is successfully coated on the cellulose filter paper surface.
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Figure 3.2 SEM images of a) poly(lactic) acid film without calcium carbonate
nanoparticles, b) porous poly(lactic) acid film with calcium carbonate nanoparticles,
c) EDX spectrum of porous poly(lactic) acid film, d) uncoated filter paper, €)
graphene oxide-coated filter paper, and f) XPS spectrum of graphene oxide coated

paper.
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3.2 Cytotoxicity testing

To confirm the compatibility and safety for using this material substrate as food
packaging sensor, the colorimetric sensor was subjected to MTT cytotoxicity assay
based on ISO 10993-5 [117] to evaluate the cellular response of the colorimetric
sensor extract by calculating viability of the viable cells. If viability is less than 70%
of the blank, it indicated that the specimen has a cytotoxic potential [118]. For the
developed colorimetric sensor, the percent of viability of the sample was 100%
compared to negative controls which do not produce a cytotoxic response to the
cultured L929 of mouse fibroblast cells (Table S3.1). Thus, it can be concluded that
our developed colorimetric sensor is safe and it has a potential to be used in real food

spoilage sensor applications.

3.3 Colorimetric responses toward biogenic amine exposure

The prepared colorimetric sensor was exposed to vapor from 1 mL of 5.0
mg/mL of putrescine and cadaverine at different time interval, to investigate the
degree of colorimetric response of the sensor. The color changes of the sensor were
measured in A h° value. As a result, the colorimetric sensor exposed to cadaverine
changed its color at 30 mins, whereas the sensor started to change its color at 8 hrs
towards putrescine. The sensor color changes increased over time since the amine
solutions vaporize leading to increase of pH in the headspace. After the amine vapors
contact to the sensor, bromocresol purple changes its color from yellow to purple,
which is a changing from acidic form to basic form of pH indicator. The A h° values
of putrescine and cadaverine steadily increased and almost reached a plateau after 24
hrs of exposure indicating the sensor saturation (shown in Figure S3.2). Therefore, 24
hrs of exposure time was applied for all further experiments.

To investigate an effect of analyte concentration on the sensor color, the sensor
was exposed to amine vapors from 0.1 to 10.0 mg/mL for 24 hrs before measurement.
The color of the sensor started to change when exposing to 1.0 mg/mL and 0.1
mg/mL for putrescine and cadaverine. After that, the A h° values tend to increase with
the increase of biogenic amines. As shown in the Figure 3.3a and Figure 3.3b, A h°

values of the sensor increased linearly with putrescine concentration in a range of 2.0
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—10.0 mg/mL and with cadaverine concentration in a range of 0.1 - 6.0 mg/mL. The
linearity of A h° value versus the amine concentrations with the coefficient of
determination (R?) of 0.9920 and 0.9912 were obtained for putrescine and cadaverine,

respectively.
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Figure 3.3 The standard color charts and plots of biogenic amine concentration versus

the A he° values for a) putrescine and b) cadaverine.
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3.4 LDI-MS detection of putrescine and cadaverine

LDI-MS was used for specific identification, and sensitive detection of
putrescine and cadaverine on GO-coated filter paper attached on another layer of the
porous PLA film. Previously, it was reported that graphene and its derivatives have
been used as the matrices that can promote the ionization and detection of small
molecules by LDI-MS [119-121]. Herein, GO was selected to adsorb and pre-
concentrated putrescine and cadaverine due to its high surface area and active surface
functionality. The biogenic amines with different concentrations ranging from 0.01 to
0.1 pM were directly dropped and adsorbed on GO-coated filter paper for LDI-MS
detection with 30% N laser intensities and 30 of N2 laser shots. Linear ranges were
0.05 - 100 pM, and 0.01 - 100 pM for putrescine and cadaverine, respectively (shown
in Figure S3.3). Limit of detection (LOD) values (S/N > 3) of putrescine and
cadaverine with the molecular ion (M*) of 88.15 and 102.18 were found to be 0.07
pM and 0.02 pM, respectively on GO-coated filter paper substrate as shown in Figure
3.4.

2000
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Figure 3.4 LDI-MS spectra of 0.07 pM of putrescine and 0.02 pM of cadaverine

measured on graphene oxide-coated filter paper.
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35 Pork spoilage trial

The potential application of this developed dual detection platform were placed
in the sealed containers with ground pork samples at 4°C for 5 days for exposing to
biogenic amines generated by the pork spoilage. The responses of the colorimetric
sensor were given in A h° values as shown in Figure 3.5. The color gradually changed
for the first 2 days of exposure. Afterward, the drastic change of the color has been
observed, especially between day 2 and 3, which the color obviously changed from
yellow to purple and it became darker purple at day 4. The color change of the sensor
dropped and became lighter purple on day 5. This can be related to CO; releasing
from food spoilage which affects to the change in color of the colorimetric sensor by
decreasing in pH in the headspace [105, 106]. However, this colorimetric sensor
offers non-selectively responses on the total amount of amines, rather than selectively
response to specific amines. These results verify that our colorimetric sensor can be
successfully applied in real matrices of pork samples as the food spoilage indicator in

the food container.

Color chart for ground pork spoilage trial

Ah°

Storage time (days)

Figure 3.5 Color changes of the colorimetric sensor from yellow to purple upon the

exposure to the ground pork samples stored at 4°C.
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As for LDI-MS analysis of the real pork samples, there are several unknown
interferent ion peaks adsorbed on the GO-coated filter paper as shown in the Figure
3.6. However, 0.1 pM of putrescine and cadaverine spiked into the real matrices of
pork are clearly observed on our detection platform as shown in the asterisks of
Figure 3.6. Additionally, the ground pork samples were spiked with 0.1 pM of
putrescine and cadaverine and stored at 4°C for 3 days to get spoiled prior to LDI-MS
detection. The putrescine and cadaverine found in the samples at day 3 were 5.46 and
5.30 pM, respectively. The putrescine and cadaverine found in the samples at day 3
were 5.46 and 5.30 pM, respectively. The LDI-MS spectra of the amines in real
sample were illustrated in Figure S3.4.

The LDI-MS detection of these two biogenic amines spiked in real sample
verified the powerful of this approach, which two putrescine and cadaverine adsorbed
on the GO coated paper on the porous PLA film can be sensitively detected and

specifically identified at the trace level in real pork and pork spoilage samples.
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Figure 3.6 LDI-MS spectra of 0.1 pM of putrescine and cadaverine spiked into the

ground pork samples measured on graphene oxide-coated filter paper.
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Hence this porous PLA and graphene oxide substrate used in a dual detection
platform developed in this study might be very useful tool for the screening as well as
the specific identification of the biogenic amines and other food toxins in the smart

packaging application.

Conclusions

This work successfully created a novel porous PLA and graphene oxide
substrate used in a dual detection platform to monitor the food quality by detection of
putrescine and cadaverine released from the pork spoilage samples. The colorimetric
sensor provides easy-to-use and safe smart food packaging for costumers due to its
inexpensive, simple, portable size, while the GO coated paper for LDI-MS provides
specific and highly sensitive determination of such compounds with LOD values of
0.07 pM and 0.02 pM for putrescine and cadaverine which can be used for quality
controlling in food industry, respectively. The response of the colorimetric sensor
showed the linear relationship with putrescine and cadaverine concentrations and
capable to use in real pork samples. This substrate along with a dual-detection
technique might be useful for screening of food expiration date in the smart packaging
and it will be applied for the sensitive detection of other trace level toxins and

biomarkers in various applications in the future.
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Figure S3.1 Schematic diagram of dual detection platform preparation.

Table S3.2 Percentage of cell viability using MTT cytotoxicity assay testing.
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The average of

Sample
OD 570 nm %Viability
Blank 0.663 100
Negative control 0.657 99
Positive control 0.000 0

PLA-based Colorimetric sensor 0.668 100
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Figure S3.2 The rate of colorimetric sensor response upon exposing to putrescine and
cadaverine vapors vaporized from 5.0 mg biogenic amines at 30 °C at different time

length.
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Figure S3.3 Calibration plots of a) putrescine and b) cadaverine analyzed by LDI-
MS.
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Figure S3.4 LDI-MS spectra of ground pork with spiking 0.1 pM of a) putrescine,

and b) cadaverine after stored at 4°C for 3 days.
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Abstract

Direct deposition of the negatively charged polyelectrolyte, carboxymethyl
cellulose (CMC), into a bacterial cellulose (BC) matrix was used as a simple route to
fabricate a re-swellable and biocompatible cellulose-based hydrogel. As a result of
this non-destructive approach, the physical and mechanical property of the original
BC were well-preserved within the resulting BC/CMC hydrogel. As a BC/CMC-
based colorimetric pH sensor, it exhibited a rapid response with an easy color
differentiation between each pH by the naked eye, and wide linear range of pH 4.0—
9.0 with good linearity. For the detection of glucose in sweat, the BC/CMC-based
colorimetric glucose sensor provided a low limit of detection (25 uM) with a wide
linear detection range (0.0-0.5 mM) and high accuracy. These BC/CMC based
sensors could potentially be applied as non-invasive semi-quantitative sensors for on-

skin health monitoring.

Keywords: Biocompatible hydrogel, Carboxymethyl cellulose, Semi-double network,

Non-invasive sensor
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1. Introduction

Non-invasive diagnostics is an analytical approach for health monitoring, disease
screening, and athletic performance evaluation with minimal incision to the body. It
provides less trauma to the skin, nerves, muscles, and tissues, and reduces bleeding,
pain, and infection risk after the sampling. Sweat is one of the interstitial biofluids
containing minerals and clinical biomarkers, found in blood. Since sweat sampling
can be done non-invasively and the levels of several biomarkers in sweat are well
correlated with those in the blood [50], it is an interesting alternative biofluid for
medical diagnostics. Glucose is one of the biomarkers found in all interstitial fluids
that can be used for the diagnostics of various diseases. A concentration of 0.3 mM
glucose in sweat corresponds to 300 mg dL™* glucose in blood. As a result, glucose
analysis in sweat is a promising approach for the diagnosis of hyper-/hypo-glycaemia
and diabetes mellitus [122].

To fabricate a highly specific and sensitive glucose sensor, enzymatic reactions
have been commonly utilized. Nevertheless, enzyme-based sensors still have some
limitations due to the loss of enzymatic activity upon storage that potentially affects
the sensor’s performance [123]. The use of a biocompatible hydrogel for enzyme
entrapment was found to protect the enzyme from denaturation and to retain the
activity [124]. Furthermore, the pH of sweat is another interesting indicator that can
reflect the physical conditions of the person, such as dehydration, sweat rate, muscle
fatigue, faint [45, 125], and skin-related diseases [122]. The normal sweat pH lies in
the range of 4.0-7.0 whereas an abnormal pH can reach up to 9.0 [50, 126-128].
Various forms of cellulose, namely textile, thread, and filter paper can be used to
collect sweat samples for the development of non-invasive sweat sensors [45, 125,
129]. Nonetheless, the small sample volume and rapid evaporation of sweat limits the
sensitivity and reliability of the sensors. Therefore, a suitable substrate for sweat
sensors should be able to effectively collect and store the small amount of excreted
sweat [130].

Cellulose is the most abundant natural polymer, and can be synthesized by a large
number of living organisms ranging from bacteria to plants [131]. Recently, we have
explored cellulose-based materials in sensors including a cotton textile-based non-

invasive sensor for sweat pH and lactate [45], a cellulose paper-based sensor for
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creatinine detection [132], and a kenaf cellulose-based three-dimensional printed
device for a Ni(ll) sensor [133].

Bacterial cellulose (BC) is another potential carbohydrate-based material
synthesized extracellularly by bacteria. The production is found to be most effective
in Gluconacetobacter, such as G. xylinum, G. hansenii, and G. pasteurianus, [23].
Currently, BC has been used for various biomedical applications owing to its
biocompatibility, non-toxicity, low immunogenicity, high mechanical property, and
low cost [23, 134, 135]. Despite its favorable characteristics, the fibrous structure of
BC tends to collapse upon drying in ambient conditions resulting in a lack of ability to
re-swell due to strong hydrogen bonding among the BC nanofibers [136]. For this
reason, BC is often fabricated in the form of composites.

There are two general approaches for preparing BC composites, namely the
disturbed and undisturbed methods [23]. For the disturbed approach, the original BC
structure is modified by disintegration, being extracted as whiskers, crosslinking, or
derivatization. On the other hand, the original BC matrix structure is maintained in the
case of the undisturbed approach. The second matrix is introduced to the existing BC
network by incorporation during BC production or after via in situ polymerization,
crosslinking to form a double network, or matrix deposition by direct BC matrix
immersion in the designated matrix.

To overcome the problem of the BC network collapsing and being unable to
rehydrate upon drying, carboxymethyl cellulose (CMC), a negatively charged
biocompatible polyelectrolyte, was in situ incorporated by addition into the culture
media used for BC production [137, 138]. The added CMC generated small
microfibrils which could then interfere with the BC crystallization by preventing the
packing of microfibrils or cellulose ribbons during bacterial growth [139]. The
negative charges along the CMC backbone introduced repulsion that loosened the BC
network packing. The steric hindrance imposed by CMC also blocks the H-bonding
among microfibrils. This in situ modification yielded a BC/CMC hydrogel with a
satisfactory reswelling property, but with an unavoidable decrease in mechanical
strength and crystallinity [137].

Herein, the BC/CMC hydrogel was prepared to generate a reswellable hydrogel
using a simpler protocol based on matrix deposition, one of the undisturbed methods.
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Generally, the BC membrane was directly immersed in a CMC solution, allowing
CMC to diffuse in-between the BC network. This proposed method is safe, of low
cost, and easy, and does not require special tools, chemicals, or prior BC
modification. In other words, the BC/CMC hydrogel can be obtained from any
commercially available BC and CMC, regardless of their origins. Culturing method
that strictly requires hygienic condition for microorganism handling is not certainly
required. This definitely reduces the process time and complication. The fabrication
process therefore becomes more practical than the in situ BC incorporation from
commercial point of view.

The swelling behavior of the BC/CMC hydrogel as a function of the soaking time
and CMC concentration was systematically evaluated. Physical, mechanical, and
cytocompatibility of the BC/CMC hydrogel was also determined. The developed
hydrogel was then incorporated with a universal pH indicator or glucose oxidase
enzyme (GOx) and applied as colorimetric pH or glucose sensor, respectively. The
color differentiation performance of the pH sensor was determined over a pH range of
4.0-9.0 and the enzymatic glucose sensor was tested with glucose-spiked artificial

sweat to confirm its sensing performance.

2. Experimental

2.1 Materials and reagents

The BC produced by Acetobacter xylinum was obtained from Thai-
nanocellulose Co. Ltd. (Phatthalung, Thailand), while CMC, as the sodium salt with a
typical M, of 250,000 g mol? and degree of substitution of 1.20, cetyltrimethyl
ammonium bromide (CTAB), methyl red, thymol blue, bromothymol blue,
phenolphthalein, GOx from Aspergillus niger [Type II, > 15,000 units (U) g solid],
horseradish peroxidase (HRP), phosphate buffer saline (PBS) tablet, potassium iodide
(KI), and Starch Assay Kit (based on amylase/amyloglucosidase method) were
purchased from Sigma-Aldrich, USA. Absolute ethanol, sodium hydroxide (NaOH),
and hydrochloric acid were purchased from Merck, Germany. D (+)-Glucose
anhydrous was from Carlo Erba Reagents S.A.S., and simulated sweat was obtained
from Moulage Sciences & Training, LLC (USA). The 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay reagent
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was obtained from Promega (USA). All chemicals were used as received without

additional purification.

2.2 Preparation of BC/CMC hydrogel

Firstly, the BC sheet (2 x 2 cm) was soaked in deionized (DI) water for 1 h with
constant stirring before immersing in CMC solution (0.1-1.0% w.vt) for the desired
period of time (0.5-48 h). The obtained BC/CMC hydrogel was dried at room
temperature (RT; 25 £ 2 °C). The dried hydrogel was rinsed with DI water to get rid
of excess CMC and dried at RT to give the BC/CMC hydrogel.

2.3 Characterization of BC/CMC hydrogels
2.3.1 Swelling behavior
The prepared dry BC/CMC hydrogel was weighed (W) and then put into a tea
bag (10.0 x 8.0 cm) before being immersed in DI water or artificial sweat for 1, 3, or
24 h. After that, the tea bag carrying the swollen hydrogel was hung for 10 min to
remove excess water. The swollen hydrogel was removed from the tea bag and then

weighed (Ww). The swelling ratio of the hydrogel was calculated according to Eq. (1),

Swelling ratio (%) = (Ww - Wag)/Wjg x 100 Q)

2.3.2 Physical properties

The pristine BC and the BC/CMC hydrogels were immersed in DI water for 3
h to reach an equilibrium swelling. The swollen hydrogels were then dried using a
critical point dryer (Leica EM CPD300, Leica Microsystems, Germany). The surface
of the samples was sputter-coated with gold. The morphology of the hydrogels was
characterized using field emission scanning electron microscopy (FESEM; JEOL
JSM-7610F, Oxford X-Max 20, Japan). The crystallinity of the hydrogels was
determined after being air-dried by X-ray diffraction (XRD) (Rigaku, SmartLab 3o

kV/PC X-ray diffractometer, Japan), operated at 40 KV and 30 mA. The range of
diffraction angle (Two-Theta) was set at 5-80° with a scanning speed of 10° min-1. The

percentage of crystalline was calculated from Eq. (2);
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Crystallinity (%) = (Areacrystalline)/(Areaall peaks) x 100 2

where Areacrystalline is the area of the crystalline peak and Areaall peaks is area
of all the peaks (crystalline + amorphous).

Thermogravimetric analysis (TGA) of all samples was performed using a Pyris 1
TGA thermal analyzer (Perkin Elmer, USA) with a heating rate of 20 °C min-1 over a

range of so-700 °C under a flowing nitrogen atmosphere.

2.3.3 Mechanical properties
The tensile test was performed using the LLOYD Universal Testing Machine
(UTM LS1). The air-dried pristine BC and BC/CMC hydrogels were cut into 1 x 5
cm rectangles. The measurements were performed in triplicate at RT at a strain rate of

0.01 mm.min! to a maximum strain of 0.7 (%).

2.3.5 Cytocompatibility

The cytotoxicity of any leaching substances from pristine BC and BC/CMC
hydrogels was tested against L929 cells using the MTS assay. In brief, the hydrogels
were immersed in complete medium [CM: minimum essential medium (Gibco)
supplemented with 10% v.v* fetal bovine serum (Bio West) and 1.0% v.v! antibiotic-
antimycotic (Gibco)] at 37 °C under 5% v.v'! carbon dioxide (CO2) for 24 h. Then,
100 pL of the CM incubated with the designated hydrogel was removed and added
into a 96-well plate containing the precultured L929 cells (5000 cells.well-1.100 pL-1
CM) at 37 °C under 5% v.v' CO2 for 24 h. After 20 h incubation, 10 uL of MTS
solution was added and continuously incubated for 4 h. The absorbance of each well
was detected at 492 nm (A492) using a microplate reader (Multiskan FC,
Thermoscientific, USA). The relative cell viability (%) was calculated from Eq. (3);
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Relative cell viability (%) = (A492 of sample) x (A492 of control)™ x 100 3)

where As92 of sample is the absorbance of cells treated with the designated

hydrogel and A492 of control is the absorbance of untreated cells.

2.3.6 Determination of starch in BC
The starch content of BC was determined by destructive analysis and consisted
of washing the BC in ethanol to remove residual glucose, followed by a two-step
enzymatic digestion of the starch, and subsequent glucose assay. The procedure was
modified from a previously published procedure [140], and is detailed in the

Supporting Information.

2.4 Fabrication of the BC/CMC-based colorimetric pH sensor

The pH indicator solution was prepared by a method modified from a previous
published procedure [141] by dissolving four pH indicators, methyl red (0.625% w.v-
1y, thymol blue (0.25% w.v't), bromothymol blue (3.0% w.v'), and phenolphthalein
(5.0% w.v1) in 50% v.v'! ethanol/H20, and neutralized with NaOH. After that, CTAB
was added to the solution which was then vortexed until the CTAB was completely
dissolved. The final CTAB concentration in the solution was 0.1% w.v*. To fabricate
a colorimetric pH sensor, the BC/CMC hydrogel was immersed in the above prepared
pH indicator solution for 15 min, rinsed with DI water to remove excess pH indicator,
and then air-dried at RT.

The performance of the fabricated pH sensor was determined by adding various
known pH buffers on the sensor, and the color change of the sensor was measured in
terms of the hue angle value by a portable spectrophotometer (Datacolor CHECKS3,
Datacolor, USA).

2.5 Fabrication of BC/CMC-based colorimetric glucose sensor
The colorimetric glucose sensor was based on the color development of Kl by
hydrogen peroxide (H202) from enzymatic reaction of GOX. The enzyme mixture was

prepared by combining GOx and HRP solutions dissolved in PBS at a ratio of 120:30
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U.mL™. Briefly, 10.0 pL of 0.5 M KI was dropped onto the BC/CMC hydrogel,
followed by 2.5 uL of the enzyme mixture to generate the BC/CMC-based glucose
sensor.

To investigate the color intensity development with different glucose
concentrations, D-glucose was dissolved in PBS in a concentration range of 0.00-0.50
mM. Then 10.0 uL of the specific glucose solution was dropped onto the BC/CMC-
based glucose sensor and incubated at RT for 10 min before measuring the color in
K/S’s value, which expresses the color strength, using a portable spectrophotometer.
Moreover, the accuracy of the fabricated BC/CMC-based glucose sensor was also
evaluated by measuring glucose levels in the artificial sweat that was spiked with

known standard concentrations (0.05, 0.10, and 0.20 mM) of glucose.

3. Results and discussion
3.1 Preparation and characterization of the BC/CMC hydrogel

Herein, CMC was incorporated into the BC network by a simple approach based
on matrix deposition. The soaking time and CMC concentration used for the
BC/CMC hydrogel preparation were found to have a strong impact on the swelling
behavior of the resulting BC/CMC hydrogel. As shown in Figure 4.1a, a longer
period of time used for soaking the BC network in 1.0% w.v! solution provided a
BC/CMC hydrogel with a higher swelling ratio, and this dramatically increased within
the first 3 h and then insignificantly increased upon prolonged soaking for up to 48 h.
As shown in Figure 4b, By elevating the CMC concentration from 0.1 to 0.5 and to
1.0 w.v?l, the swelling ratio of the obtained BC/CMC hydrogel proportionally
increased, implying that more CMC can be incorporated as a function of the CMC
concentration. This observation follows the same trend as that previously reported
based on the in situ incorporation of CMC during BC production [137]. However, the
BC/CMC hydrogel prepared from CMC concentrations higher than 1.00% w.v?,
exhibited a swelling ratio with an exceedingly large standard deviation. Consequently,
a soaking time of 24 h and a CMC concentration of 1.00% w.v* was selected as the
optimal condition for preparing the BC/CMC hydrogel for further characterization

and development of the colorimetric pH and glucose sensors.
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The content of incorporated CMC in the BC/CMC hydrogel was also evaluated by
gravimetric analysis. The results shown in Figure S4.1 (Supporting Information)
suggests that the content of CMC incorporated into the hydrogel proportionally
increases with the CMC concentration used in the preparation. At the optimal CMC

concentration of 1.0 % w.v!, the incorporated CMC was found to be 54.1 + 3.2%
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Figure 4.1 Swelling ratios of the BC/CMC hydrogels prepared by using (a) 1.0% w.v"
1 CMC solution with different soaking times, and (b) varied CMC concentrations with
a 24 h soaking time.
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The differences in the re-swellability of the pristine BC and the BC/CMC
hydrogel are shown in Figure 4.2. The pristine BC (Figure 4.2a) apparently
collapsed into a flat film upon air-drying (Figure 4.2b) and was unable re-absorb
water, and so remained as a white thin film (Figure 4.2c). In contrast, the thickness of
the freshly prepared (Figure 4.2d) and re-swollen BC/CMC hydrogel after drying
(Figure 4.2f) were quite similar (~ 4.0 mm), indicating that the developed hydrogel
BC/CMC was re-swellable and that the incorporation of hydrophilic CMC helped
prevent the collapse of the BC fibrous structure upon drying.

Morphological structures of both the pristine BC and BC/CMC hydrogels in fresh,
air-dried, and re-swollen stages were evaluated by FE-SEM. Incorporating CMC into
the BC seemed to alter the packing density of the BC fibrous network. The fibrous
network of the BC/CMC hydrogel (Figure 4.2D) was more loosely packed than that
of the pristine BC (Figure 4.2A). It should be noted that the fiber diameters of the BC
remained almost unchanged upon CMC incorporation (51.52 + 10.53 and 50.91 +
11.17 nm for BC and BC/CMC hydrogels, respectively). Once air-dried, both the
pristine BC (Figure 4.2B) and BC/CMC (Figure 4.2E) hydrogels showed a similar
collapsed fibrous network, as anticipated. A CMC film was also prepared as a control.
As shown in Figure S4.2 (Supporting Information), the dried CMC film showed
smooth surface. After re-swelling, the surface of the CMC film became rougher with
some shallow pores distributed evenly throughout the whole surface. This result
emphasizes that the fibrous morphology observed on the BC/CMC hydrogel
originates from the BC alone, not from the CMC.

Nevertheless, the air-dried pristine BC lacked the ability to re-swell, where the
collapsed fibrous network was still observed after hydration (Figure 4.2C). This may
be explained as a result of H-bond formation among the BC fibers [142]. On the other
hand, the BC/CMC hydrogel could re-swell once soaked in water and had a
morphology of a loosely packed BC network (Figure 4.2F) similar to that of the
freshly prepared BC/CMC hydrogel before air drying (Figure 4.2D). This
morphological analysis is consistent with the physical appearances of the gels
displayed in Figure 4.2a-f. The negative charges along CMC that covered the BC
fibers would introduce repulsion and so loosen the packing of dry BC fibers, as well
as increasing the hydrophilicity of the pristine BC [143]. This implied that the
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developed hydrogel was re-swellable and able to adsorb large amounts of aqueous-
based solutions, such as sweat and other aqueous-based biofluids, and should be very
useful for wearable sensing applications. Moreover, incorporating BC by soaking
directly into the CMC solution prevented packing of BC fibers but did not alter the

fibrous structure of the pristine BC.

Fresh Dry Re-swollen

BC

BC/CMC =

Figure 4.2 Representative (a—f) photographs and (A-F) FE-SEM micrographs
(20,000x of magnification) of pristine BC and BC/CMC hydrogels in (a, A, d, D)
fresh, (b, B, e, E) dry, and (c, C, f, F) re-swollen stages. The scale bar in micrographs

is1um.

X-ray diffraction analysis was performed to investigate the crystalline structure of
the BC, BC/CMC and CMC (Figure 4.3a). XRD pattern of the pure CMC powder
displayed a broad peak at 20 = 20.72° corresponding to the amorphous nature of the
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pure CMC. The BC and BC/CMC hydrogel exhibited three main characteristic
diffraction peaks at 15.5°, 17.4°, and 23.7°, which were assigned to the (110), (110),
and (200) reflection planes of the cellulose type | of BC [144]. This implies that the
incorporation of CMC did not change the crystalline nature of pristine BC. With the
XRD patterns of the two hydrogels being almost superimposable, the degree of
crystallinity of the BC/CMC hydrogel (72.57 %) was found to be only slightly lower
than that of the pristine BC (73.56%), implying that the CMC incorporation had no
significant effect on the crystallinity of BC. This outcome was in good agreement
with the morphological information, as evaluated by FE-SEM, in which the
nanofibrous structure and fiber size of BC/CMC was unchanged in comparison with
BC.

As shown in Figure 4.3b, both the BC and BC/CMC hydrogels showed a similar
slope in the linear range of stress-strain curves, suggesting their equivalent Young’s
modulus (1.89 = 0.06 and 1.84 + 0.10 GPa for the BC and BC/CMC hydrogels,
respectively). Yield stress was slightly elevated from 115.08 MPa of BC hydrogel to
121.77 MPa of BC/CMC hydrogel. This indicated that the incorporation of CMC into
the fibrous network of BC did not significantly affect the mechanical strength of BC.
This outcome is in contrast with that previously reported in a BC/CMC composite
prepared by the CMC incorporation in the media used for culturing bacteria during
BC formation [145]. This in situ incorporation should provide an intimate contact and
additional interactions between CMC and the fibrous network of BC, and the H-
bonding among the fibrous network of BC should be weakened [146]. Nevertheless,
an increase in the elongation at break was observed for the BC/CMC hydrogel (6.7%)
compared with the pristine BC (5.3%).

TGA and derivatized thermogravimetric (DTG) curves are demonstrated in
Figure 4.3c and 4.3d, respectively. Pure CMC exhibited a weight loss of 48% in a
temperature range of 260-350 °C. The pristine BC showed a major weight loss of 80%
at a temperature ranging from 280 to 410 °C. This result could be contributed to the
degradation of the main cellulose skeleton. In the case of BC/CMC, the degradation
profile was observed in a broader range of 255-410 °C (65% weight loss) that covers
decomposition of both BC and CMC. The BC was completely decomposed at 563 °C.
A 100% weight loss of BC/CMC hydrogel was noticed at a higher temperature (633
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°C) suggesting that the thermal stability was improved in the presence of CMC. [147-
149].
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Figure 4.3 (a) XRD patterns, (b) stress-strain curves, (c) TGA curves, (d) and DTG
curves of the CMC, BC and BC/CMC hydrogels.

To evaluate the cytotoxicity, L929 cells were incubated for 24 h in CM treated
with BC and BC/CMC hydrogels. As determined using the MTS assay in comparison
with untreated cells (set to 100% cell viability), the relative cell viability (%) of both
BC and BC/CMC hydrogels was higher than 80%, indicating a relatively good
biocompatibility. The fact that there was no significant statistical difference between
the relative cell viability of the BC hydrogel and that of BC/CMC hydrogel verified
that having CMC inside BC did not alter the cytocompatibility of the original BC.

3.2 BC/CMC-based colorimetric pH sensor
Previously, BC membranes have been developed into a paper-based sticker sensor

by introducing methyl red as indicator to assess the freshness of cut chicken meat
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[150], curcumin to detect volatile amines released during fish spoilage [151],
bromophenol blue to assess the freshness of guava fruit [152], and anthocyanin
extracted from Brassica oleracea as pH indicator in a pH range of 2-10 [153].
Although the success of employing BC membranes as pH sensing platforms have
been demonstrated, all these applications used BC membranes in a paper-like format
to monitor the target analytes in the gas phase or in enclosed systems in which high
water absorptivity is not critically required. Unlike the above-mentioned studies, this
research aimed to develop a BC/CMC hydrogel for a sweat pH sensor, in which high
water adsorption capacity is crucial to the efficiency to collect the sample and prevent
it from evaporation, and also to preserve the immobilized enzyme activity.

To determine whether the pH indicator remained stable inside the BC/CMC
hydrogel, the prepared BC/CMC-based pH sensors prepared with/without CTAB were
immersed in artificial sweat for 2 h. As shown in Figure 4.4a, the artificial sweat
turned yellow once soaked with the BC/CMC-based pH sensors prepared without the
surfactant (CTAB), indicating that there was leaching of the pH indicator. The color
of the BC/CMC-based pH sensor also faded away. In contrast, the color of the
artificial sweat soaked with the BC/CMC-based pH sensor prepared with CTAB
remained clear. This result emphasized the necessity of using CTAB to effectively
stabilize the pH indicator, which was accomplished via the electrostatic interactions
between the positively charged CTAB and the negatively charged indicator dyes [45,
154].

Furthermore, the CTAB addition together with the pH indicator solution also
enhanced the differentiation ability of the color change of the colorimetric sensor as a
function of the pH (Figure 4.4b). On the other hand, the color of BC/CMC-based pH
sensor prepared without CTAB showed no difference in color for pH 4.0-6.0, which
is in the crucial pH range of human sweat [126, 127]. According to previous studies,
CTAB shifts the pKa of free anionic pH indicators to a more acidic pH value, which
alters the color change behavior and color transition range of pH indicators [155,
156].
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Figure 4.4 (a) The appearance of artificial sweat after soaking with a BC/CMC-based
pH sensor prepared (Left) with and (Right) without CTAB, and (b) color changes of
BC/CMC-based pH sensor prepared without and with CTAB after being tested with
different pH buffers.

The fabricated BC/CMC-based pH sensor exhibited a fast response, with the
color change occurring immediately after the pH buffer solutions was added, and the
color change could be readily differentiated by naked eyes between each integer pH
value. At a low pH (pH 4.0), the sensor appeared orange, then turned to yellow and
green when the pH was increased to 5.0 and 6.0, respectively, and started to turn blue
at pH 8.0-9.0. As illustrated in Figure 4.5, the hue angle of the calibration plot
displayed a good correlation coefficient of determination (R?> = 0.9617). Furthermore,
the BC/CMC-based pH sensor showed its versatility towards various types of
biological fluids, for example, pH 4.0-9.0 for sweat [126], 4.5-9.0 for urine [157,
158], 5.0-8.5 for tears [159], and 5.5-7.5 for saliva [160, 161], due to its wide linear
detection range with a vivid color change.
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Figure 4.5 Standard color chart and a calibration plot of the BC/CMC-based pH

sensor over a pH range of 4.0-9.0. Data are shown as the mean = 1 SD (n = 5).

In addition, it should also emphasized that the BC/CMC-based pH sensor requires
much less amount of sample (10 uL) than the textile-based pH sensor (50 uL)
previously reported by Promphet et al. [45]. The former is also more sensitive in
detecting pH variation of 0.5 as opposed to 1.0 of the latter.

To demonstrate that the BC/CMC hydrogel is a superior substrate to the BC
hydrogel as pH sensor, the BC-based pH sensors were prepared by soaking both dry
and wet BC films in the pH indicator mixture overnight, dried at room temperature
and then washed with DI water. As shown in Figure S4.3 (Supporting Information),
the BC/CMC-based pH sensor gave the highest intensity of response towards pH 4.0
buffer solution as compared with the BC-based pH sensors (prepared from both dry
and wet BC). The BC/CMC hydrogel can effectively absorb large amount of sensing
element (pH indicators) and allowed the fluid sample (pH buffer) to penetrate through
the fibrous network of BC and interact with the indicators. On the contrary, the dry
BC could not absorb pH indicators right from the beginning resulting in the lowest
color intensity. Although the wet BC was able to absorb sensing element (pH
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indicators) while the network of BC was swollen in the wet state, the pH 4.0 buffer
solution could not penetrate into the collapsed BC network of the dried BC-based pH
sensor.

The comparison was also done with CMC hydrogels, prepared by crosslinking
CMC with AICI3-6H20 and citric acid and designated as CMC/AICI; and CMC/CA
hydrogels, respectively. Both CMC/AICI3 and CMC/CAs hydrogels in dry stage were
hard and brittle unlike the BC/CMC hydrogel which is soft and flexible. After soaking
both CMC hydrogels in the pH-responsive dye mixture and washing the excess dyes
with deionized water, the as-prepared CMC/AICI3 and CMC/CA hydrogels exhibited
orange-red color caused by acidic crosslinking agent, whereas the proposed BC/CMC
hydrogel displayed yellow-green color indicating its relatively neutral pH as shown in
Figure S4.4 (Supporting Information). It should be emphasized that CMC film
completely dissolved in the aqueous dye mixture so that the pH sensor cannot be
fabricated from CMC alone without undergoing crosslinking.

To investigate the color sensing performance, different pH buffer solutions (pH
5.00, 7.40 (PBS), and 8.00) were dropped onto the as-prepared pH sensors. It was
found that only BC/CMC-based pH sensor changed its color in response to pH
variation as shown Figure S4.5 (Supporting Information). Due to the residual acidic
crosslinking agent remained in the as-prepared hydrogels, the pH sensors based on
CMCI/AICI3 and CMC/CA hydrogels could not sense the pH in a range of 5.00 - 8.00.
Therefore, the CMC hydrogel is not suitable substrate for pH sensor.

3.3 BC/CMC-based colorimetric glucose sensor
Normally, colorimetric glucose sensing based on Kl oxidation by H,O from the
GOx enzymatic reaction changes the color from colorless to yellow-brown. In this
case, the reaction between the residual starch components within the BC obtained
from the bacterial cultivation process (3.65 + 0.42 % w.wstarch found in pristine
BC) and iodine results in a purple color [48, 162]. Inherently having starch inside BC
truly enhances the sensitivity of glucose detection in which the colorimetric assay

relies on iodine oxidation and the formation of starch-iodine complex.
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As shown in Figure 4.6, the color intensity of the BC/CMC-based glucose sensor
increased linearly with the glucose concentration (R? = 0.9930). The glucose sensor
exhibited a low limit of detection (LOD) of 25 pM and a wide linear detection range
of 0.0-0.5 mM, which covers the glucose levels observed in human sweat, saliva, and
ocular fluids [163].

For comparison, the BC-based glucose sensors were also prepared by dropping Ki
and the mixture of enzymes (GOx and HRP) onto dry and wet BC films. After that,
the glucose solution was dropped onto the BC-based glucose sensors and incubated
for 10 min before measuring the color responses in K/S’s value. It was found that
none of the KI and enzyme solution was absorbed by the dry BC so that the enzymatic
reaction and color development cannot take place on the BC-based glucose sensor
prepared from the dry BC due to its poor water absorptivity. The wet BC can absorb
some of Kl and the mixture of enzymes, however, its BC-based glucose sensor
exhibited only 73.8% of color intensity as compared with the BC/CMC-based glucose
sensor. Both CMC/AICI; and CMC/CA hydrogels were also fabricated into glucose
sensors using the same approach. Upon testing against 0.3 mM glucose in artificial
sweat, no color change was observed on both CMC/AICI; and CMC/CA-based
glucose sensors (Figure S4.6, Supporting Information). This may be explained as a
result of enzymatic denaturation caused by highly acidic chemicals used as
crosslinking agents for CMC/AICIz and CMC/CA hydrogels. Such problem does not
exist in the BC/CMC hydrogel which can be prepared without crosslinking agent. It is
biocompatible and has neutral pH so that incorporated enzyme can maintain its
function and reactivity. Unlike the BC/CMC hydrogel which can well maintain its
shape and texture as flat, soft and flexible film, both CMC/AICIs and CMC/CA
hydrogels lost their original shape and are hard so that they are definitely not suitable
substrates for on-skin colorimetric sensor of sweat pH and glucose.

As compared with previous studies that used other types of sensing substrates, this
developed glucose sensor exhibited a relatively wider linear detection range with a
lower LOD. A comparison of the sensor performance is given in Table S4.1
(Supporting Information). For instance, the sensor based on cotton thread combined
with paper had a LOD for glucose of approximately 35 puM with a linear detection
range from 50-250 puM [129], which was a higher LOD and narrower linear detection
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range than the BC/CMC hydrogel-based sensor developed in this study. We have also
investigated the stability of the developed glucose sensor. The results displayed in
Figure S4.7 (Supporting Information) indicated that the BC/CMC-based glucose
sensor retained up to 86% of its initial response (expressed in term of %K/S’s) after
storage period of 7 days when tested against 0.01 mM glucose. This outcome suggests
that the developed BC/CMC hydrogel can act as a versatile platform that can

reasonably maintain enzymatic activity of both GOx and HRP.
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Figure 4.6 Standard color chart and a calibration plot of BC/CMC-based glucose
sensor in a concentration range of 0.00-0.50 mM glucose. The color intensity of the

sensor was measured in K/s’s value. Data are shown as the mean = 1SD (n = 5).

The developed BC/CMC based glucose sensor was also used to determine the
glucose level of glucose-spiked artificial sweat. Sweat was selected as a biofluid
sample model since sweat contains various biomarkers of diseases and the sampling is
non-invasive. The K/S’s values found in the artificial sweat samples with spiked

glucose were comparable to the K/S’s values from the calibration plot with a %



63

recovery in the acceptable range [164] (Table 4.1). For this reason, the proposed
sensing platform can be used as a semi-quantitative glucose sensor for medical
diagnosis in various designs, such as an on-body wearable sensor, wrist band sensor,

and smart belt sensor.

Table 4.1 Recovery (%) of artificial sweat samples with spiked glucose (n = 3).

Spiked glucose level (mM)  Found glucose concentration (mM) % Recovery

0.05 0.06 + 0.01 105.4+10.8

0.10 0.11 +0.02 100.6 +11.1

0.20 0.21 +0.00 100.0+ 2.2
Conclusion

This research demonstrated that a reswellable BC/CMC hydrogel can be
fabricated by a facile approach based on matrix deposition of water soluble and
biocompatible CMC into the BC network without the requirement for special physical
or chemical treatment. The crystallinity, thermal degradation, tensile property, and
cytocompatibility of the resulting BC/CMC hydrogel closely resembled those of the
pristine BC, supporting that the preparative method was truly non-destructive. The
high-water absorption capacity, a favorable characteristic for effective biofluid sample
collection, renders the developed BC/CMC hydrogel a potential platform for non-
invasive sensors for sweat pH and glucose, providing a high analytical performance,
including a wide linear detection range and a low LOD with low sample volume
requirement. The wide linear detection range of the pH and glucose sensors will also
be of benefit for application in various medical applications, such as it can be adapted
for glucose monitoring in diabetes patients, pH of the urine for urinary tract diseases,

and others.
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Supporting Information

Determination of starch in BC
The starch content of BC was determined using a stepwise procedure as follows.
Step 1: Sample preparation

Firstly, 100 mg of air-dried BC was soaked in 5.0 mL of 80% v.v! ethanol in
a centrifuge tube and incubated at 80° C for 5 min. An additional 5.0 mL of 80% v.v*!
ethanol was then added to the incubated mixture followed by centrifugation at 4,500
rpm for 10 min at room temperature (25 + 2° C). Then, the supernatant was then
discarded. Finally, the BC was subjected to digestion in the next step.
Step 2: Starch digestion

The starch digestion was used to convert starch in BC into glucose. Firstly, a
mixture of 0.2 mL of 80% v.v! ethanol and 3.0 mL of DI water was added to the BC
obtained from step 1. After that, 0.02 mL of a-amylase was added into the solution
mixture and incubated for 5 min in a boiling water bath, then cooled down to room
temperature. The volume of the solution mixture was adjusted to 10.0 mL with DI
water. Next, 1.0 mL of the solution mixture was mixed with 1.0 mL of
amyloglucosidase and incubated in a water bath at 60 °C for 15 min. After cooling the
incubated sample down to room temperature, the solution was diluted to 10.0 mL with
DI water in a centrifuge tube and used for glucose determination (step 3). The same
digestion was also performed on standard corn starch (10 mg).

Step 3: Glucose assay
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After the digestion (step 2), the amount of glucose was analyzed using an
enzymatic glucose assay. To start the reaction, 2.0 mL of the glucose assay reagent
containing the o-dianisidine reagent and the glucose oxidase/peroxidase reagent was
added to 1.0 mL of the digested solution mixture obtained from step 2, the reagent
blank (the solution mixture used for starch digestion), standard blank (DI water), and
glucose standard. Each mixture was mixed thoroughly and incubated at 37 °C for 30
min. Sulfuric acid (12 N, 2.0 mL) was added to stop the reaction, and the absorbance
of each sample was then measured at 540 nm. The percentage of starch was calculated
using Egs. (S1)—(S3):

AAstandard = Astandard — Astandard blank (S1),

AAtest = Atest — Areagent blank (SZ),
%Starch = (AAtest X DF x MWF x 100)/(AAstanparp X Sample weight) (S3),
where Astandard 1S the absorbance of the standard glucose reagent, Atest is the
absorbance of the sample solution, DF is a dilution factor, and MWF is thea molecular

weight of the starch monomer divided by that of glucose.

60 +

50 +

40 1
30 ¢+
20 1
10 ¢+
0 -
0.25 0.5 1 15 2

CMC concentration (%w.v-1)

%CMC content

Figure S4.1 CMC content in the BC/CMC hydrogel prepared using different CMC

concentration (n = 3).
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Figure S4.2 FE-SEM micrographs of dry (left) and re-swollen (right) CMC films.
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Figure S4.3 Intensity percentage calculated from K/S’s value (n = 3) of the BC- and
BC/CMC-based pH sensors when tested against a pH 4.0 buffer solution.
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Figure S4.4 Appearance of the as-prepared CMC- and BC/CMC-based pH sensors.



CMC/AICI; CMC/CA BC/ICMC

pH 5.00 Q @
pH 7.40 .. 4 w &y
pH 8.00 9 s Q

1cm

Figure S4.5 Color responses of the CMC and BC/CMC-based pH sensors.
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Figure S4.6 Color responses of the CMC and BC/CMC-based glucose sensors

towards 0.3 mM glucose in commercial artificial sweat.
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Figure S4.7 %K/s’s of BC/CMC-based glucose sensor upon detecting 0.01 mM

glucose (n=5) as a function of storage time for up to 7 days.
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Table S4.1 Comparison of the developed BC/CMC based glucose sensor to other

previously reported sensors based on different substrates.

Glucose sensor performance

Sensor substrate LOD Linear range Ref.
(mM) (mM)

Filter paper 0.2 N/A [165]

Filter paper 0.1 0.5-5.0 [166]

Filter paper, cotton thread 0.035 0.05-0.25 [129]

Paper 0.4 0.5-10.0 [167]

Nanocellulose cryogels 0.1 N/A [168]

BC/CMC hydrogel 0.025 0.00 - 0.50 This work
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Abstract

Ocular bacterial infection is one of the causes of tear pH decrease; nonetheless,
common topical drugs give low bioavailability. For simultaneous diagnosis and
treatment, theranostic contact lens integrated with cellulose nanofibril/levofloxacin
nanocomposite is developed. Cellulose nanofibrils is selected to increase surface area
with hydroxyl groups which improves drug binding efficiency without significant lens
surface roughness alteration, and also increase hydrophilicity of the contact lens. The
as prepared contact lens exhibits the satisfied results of both diagnosis and drug
releasing. The sensing function of the lens shows sensitive responses towards tear
with R? of 0.9601, and also illustrates vivid color change when tear pH decreases
indicating the infection severity. At healthy eye condition, the lens displays vibrant

green color while turns orange-red color at infections condition. Theranostic contact
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lens offers pH-responsive releasing behavior with high content of levofloxacin (up to
106.49 + 0.77 ug over 24 h) resulted from drug-CNF interaction that releases in acid
condition of infection state, yet the drug content substantially decreases when pH
increases. Furthermore, the cellulose nanofibrils-based theranostic lens offers non-
cytotoxicity confirmed by MTT. This platform might assist both ophthalmologists and

patients by offering diagnosis and treatment without invasive procedure.

Keywords: Cellulose nanofibrils, Levofloxacin, Theranostics, Ocular bacterial

infection, Colorimetric sensor
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1. Introduction

Tear pH is one of the most important physio-chemical properties of tear film
that can indicate the physiological condition of eyes. Healthy tear pH values range
from 6.0 to 7.6 [52, 169], which an average is approximately 7.4 [170, 171]. The
alteration of tear pH is related to mucin secreted by the conjunctival goblet cells,
Meibomian glands secretion, transudation, conjunctival metabolism and carbon
dioxide level including the infectious condition of eyes, which the neutral tear pH
shifts to acidic pH [171-173]. Ocular bacterial infection is the most common cause of
infectious keratitis and related to various types of ocular infections [174]. The
infectious pathogens can potentially cause serious intraocular infections leading to
visual impairments and blindness [175]. Utilization of antibiotics is commonly treated
in form of topical installations (e. g. eye drop, ointment) as it is the most convenient
and non-invasive route of drug administration [176]. Furthermore, the antibiotics have
been prescribed for treatment and prevent of post-surgical infection from eye
surgeries. The common operation performed to treat visual disturbance ocular disease
IS cataract surgery. Although, antibiotic may cause ocular surface adverse effect to
the patients and promote antibiotic resistance [177]. Generally, most ocular diseases
for the eye rely on the topical installations, which levofloxacin (e.g. 5 mg/mL™*
QUIXIN®) is an antibiotic drug that is frequently used [178]. According to previous
report, the conventional topical medication is inefficient with low bioavailability

(~5%) since the applied drug is quickly reduced leading to low drug residence time

[179]. To increase bioavailability, high frequency of the drug administration is
required causing the risk of side effects because of drug overdose and toxicity, and
interferes with patient daily activities due to frequent instillation [178, 180].

Recently, wearable technologies integrated with sensors have been growing
drastically with higher number of publications [181, 182]. Soft contact lenses have
become a high-potential alternative platform for ophthalmic drug delivery due to
comfortability to wearers and biological tissue compatibility. Moreover, the drug
bioavailability offered by contact lenses under ideal conditions (~50%) is
dramatically higher than bioavailability offered by eye drops [183]. The use contact
lenses in ophthalmic drug delivery has been investigated [184], nonetheless, there is
main obstacle of drug loading using soaking method, which is the rapid drug
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diffusion. In the past, contact lens for delivering ophthalmic drug have been
developed resulting much longer drug residence time compared to topical delivery
[178, 180]. Moreover, the contact lens attaching to the eye surface offers continuous
monitoring of eyes physiological condition with minimal invasiveness [79]. For the
detection, colorimetry is easy to be monitor without the specific equipment for
interpretation which is beneficial to both doctors and home users. Consequently, to
simultaneously diagnose and customized therapy, the contact lens was a promising
wearable platform for theranostic of ocular bacterial infection. Theranostic integrating
diagnoses and therapeutics in a single platform [185], has gained tremendous attention
because there is inter-individual variation in drug responses [186], thus efficiently
deliver the right amount of drug is crucial for personalized treatment [187].

Cellulose-based nanomaterials have attracted much interest in biomedical
application [188, 189], for example, using as hydrogels or substrates for
electrochemical [190, 191] and colorimetric sensors [192-194] for increasing sensing
sensitivity, water absorbency or mechanical property [195], since it offers abundance
of functional group and high specific surface area. Cellulose nanofibrils (CNF)
demonstrate notable tendency to form entangling networks facilitating the hydrogel
formation [196]. The promising characteristics of the cellulose-based nanomaterials in
drug delivery are due to its biocompatibility, and high surface area to volume ratio
[197, 198] including stimuli-responsiveness, for example, pH, and ionic strength [198,
199]. CNF also possesses large specific surface area for positive drug-CNF interaction
[200] (e.g., levofloxacin) causing high level of drug binding capacity [201]. From the
previous reports, the nanocellulose-based composites have been used to control drug
release [202, 203]. Hence, CNF is selected for tuning drug release performance and it
has been exploited to sustain drug release, such as, anti-inflammatory [204] and anti-
cancer drugs. However, the reported works need to modify or grafting the nanosized-
cellulose with polymers or drugs to achieve the desired properties, which requires
complicated procedures and chemicals [205-207].

Herein, we demonstrated a proof-of-concept for theranostic contact lens,
which is the combination of diagnosis and therapy, using commercial contact lens
modified with cellulose nanofibrils/levofloxacin nanocomposite for pH-responsive

with dual-function including continuous diagnosis and treatment for oscular bacterial
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infection. This approach was facile, yet, provided desired stimuli-responsiveness.
Furthermore, MTT assay was conducted for biocompatibility verification. This
platform might become a novel wearable theranostic approach facilitating the

patients, and ophthalmologists to follow-up and treat the disease.

2. Experimental

2.1 Materials and chemicals

Softlens with aspheric optics (-1.00) daily disposable contact lens was bought
Bausch + Lomb Incorporated, USA (Made in Ireland). Levofloxacin, LFX (>98.0%,
HPLC), phosphate buffer saline tablet (PBS), cetrimonium bromide (CTAB), methyl
red, thymol blue, bromothymol blue, and phenolphthalein were purchased from
Sigma-Aldrich. Sodium hydroxide (NaOH), hydrochloric acid (HCI) and acetic acid
(CH3COOH) were obtained from Merck, Germany. Sodium chloride (NaCl) was from
CARLO ERBA reagent, Italy. Cellulose nanofibrils (CNF) prepared by supermass
colloider was purchased from Cellulose Lab, Canada. Commercial eye drop was from
Alcon Laboratories Inc., USA.

2.2 Preparation of pH-responsive dye-micelle embedded contact lens

The commercial contact lenses were washed with deionized water to remove
salts and dried at room temperature before further use. The mixture of pH-responsive
dyes was composed of 0.0125% w v! methyl red, 0.0050 % w v thymol blue,
0.0600% w v* bromothymol blue, 0.1000% w v* phenolphthalein, and 0.1% w v of
CTAB were dissolved and vortexed in 50% v v* ethanol/water with NaOH to form
micelles. The contact lens was immersed in the dye-micelle mixture for 24 h and
washed with deionized water to get rid of the unentrapped dyes. Then, the pH-
responsive dye-micelle embedded contact lens (pH sensor-based contact lens) was

dried at room temperature.

2.3 Fabrication of a therapeutic contact lens
The as-prepared pH sensor-based contact lens was used as a substrate for drug
immobilization, which was carried out by soaking method. First, an LFX loaded
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contact lens was prepared by soaking method, which the contact lens was immersed in
1.0 mg mL™ LFX solution for 7 days before blotting and drying at room temperature.
For CNF-drug loaded contact lens, the CNF slurry was diluted and dispersed in DI
water before adding LFX and using ultrasonication to homogenous dispersion of
CNF/LFX nanocomposite. The final concentration of CNF and LFX in the prepared
nanocomposite were 0.1% w v and 1.0 mg mL™, respectively. The as-prepared pH
sensor-based contact lens was immersed in the nanocomposite dispersion for 7 days
then, the contact lens was blotted and dried at room temperature. The preparation

process of the theranostic was illustrated in Figure 4.1.

Cellulose nanofibril/Levofloxacin

pH indicator-CTAB micelle DI water nanocomposite

Immobilization by soaking Washing Immobilization by soaking
for24 h for 7 days

Commercial contact lens pH sensor Theranostic lens

Figure 5.1 Preparation process of the pH-responsive theranostic in ocular bacterial

infection based on cellulose nanofibrils/levofloxacin nanocomposite.

2.4 Material characterization

The appearance of the theranostic contact lens was observed and the
morphology of the fabricated theranostic contact lens was investigated using scanning
electron microscope or SEM (SU3500, Hitachi, Japan). The samples were sputter-
coated with gold before the SEM observation. A Hitachi/s-4800 transmission electron
microscope (TEM) was used for CNF characterization. The chemical characteristic of
materials and composite was studied by using Fourier-transform infrared
spectroscopy (FTIR) (Nicolet iZ10, ThermoFisher Scientific). Atomic force
microscopy, AFM, (Bruker Icon AFM) was performed to determine the roughness of
the contact lens surfaces. Water contact angle measurement was conducted (3
replicates) using a contact angle goniometer (rame-hart, model 200-F1) using 20 pL
drop of water.
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2.5 Solid-state UV-visible spectroscopy

The color response towards different pH of the pH-responsive dyes embedded
contact lens was evaluated by using a portable spectrophotometer (Datacolor’
CHECKS, Datacolor, USA), which the response was measured in CIE h (hue) value.

2.6 Levofloxacin release experiment

For in-vitro drug release profiling, all prepared contact lens was placed in the
well plate then, 3.0 mL of 0.01 M buffer solutions with controlled ionic strength (pH
5.0, 7.4 and 8.0) were added into each well, and 1.0 mL of sample solution was
collected from the medium at different time intervals. After each collection, the 1.0
mL of fresh buffer was replaced to the well. The released drug concentration was
determined by a UV-Visible spectrophotometer (Agilent CrossLab 8453), which

standard absorbance curve for LFX was plotted using Amax.

2.7 MTT cytotoxicity assay

The experiment was carried out using method in ISO 0993-5, which L929
mouse fibroblast cells were incubated at 37°C for 24 h in MEM medium, which the
medium was replaced with the extract of the samples and incubated at 37°C for 24 h.
Next, the viable cells were stained with MTT and incubated at 37°C for 2 h. The MTT
was replaced with DMSO in each well. The absorbance at 570 nm was measured
using a microplate reader (EASYS, UVM340 S/N ASY54180). Thermanox coverslip
was used as a negative control and polyurethane film containing 0.1% zinc
diethyldithiocarbamate was used as a positive control. The %viability was calculated

from the following equation:

%viability = (ODs70a/ODs70p) x 100

Where ODs70a is the optical density of 100% extracts of the sample, and
ODs7op is the optical density of 100% extracts of blank.
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3. Results and discussion
3.1 Appearance and roughness of theranostic contact lens

Initially, the morphology of cellulose nanofibrils (CNF) used to fabricate
CNF/LFX nanocomposite was characterized by transmission electron microscopy to
ensure the nano-size with well dispersion as shown in Figure 5.2a. Appearance and
roughness of the contact lenses was observed using AFM since the CNF/LFX
nanocomposites attachment might cause an alteration of surface roughness of the
lens. Commercial contact lens was washed with DI water to remove salts and dried
at a room temperature prior to surface modification. The clean unmodified contact
lens was displayed in Figure 5.2b, it was clear and slightly blue in color. The
average Ra of the unmodified contact lens was found to be 31.66 + 3.97 nm (Figure
5.2c). After soaking in a mixture of pH-indicator/CTAB, the contact lens became
clear and green, as presented in Figure 5.2d. The intensity of color at the edges of
the lens was greater than middle area because of the higher thickness of the
substrate. To fabricate the theranostic contact lens, the as prepared pH-
indicator/CTAB loaded contact lens was immersed in the CNF/LFX
nanocomposite, which the slightly change in color was found, and the
nanocomposite agglomerates were not observed on the lens surface as shown in
Figure 5.2e. It was found that no significant change in Ra was found in presence of
0.10% CNF/LFX nanocomposite which the average Ra of the 0.10% CNF/LFX
loaded contact lens was found to be 33.91 + 5.55 nm, respectively. This might be
corresponded with the thin coating of LFX/nano-sized polymer on the unmodified
lens surface and slightly increased Ra of the unmodified lens. Accordingly, this
suggested that the drug-nanocomposite loaded contact lens can provide the comfort

wear to the user.
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Figure 5.2 TEM micrograph of a) cellulose nanofibrils, and photograph of b)
unmodified contact lens and ¢) AFM image of the unmodified contact lens,
photographs d) pH-indicator/CTAB loaded contact lens, €) theranostic contact lens

and f) AFM image of the theranostic contact lens.

3.2 Optimization of cellulose nanofibrils concentration in CNF/LFX

nanocomposites

As illustrated in Figure 5.3, the CNF/LFX nanocomposite prepared using
0.10% w v CNF that was loaded onto contact lens exhibited pH-sensitive drug
release ability, which the accumulative amount of released LFX at pH 5.0 was higher
than pH 7.4 and 8.0, respectively. Although, the CNF/LFX nanocomposite contact
lenses prepared from 0.01% w v and 0.05% w v CNF did not show significant pH-
responsiveness or acid-triggered drug release characteristic. Accordingly, the CNF
concentration of 0.10% w v! was used for preparation of the further CNF/LFX

nanocomposite, and fabrication of theranostic contact lens.
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Figure 5.3 Total cumulative release (ug) of LFX released from CNF/LFX loaded
contact lenses prepared from 0.01%, 0.05% and 0.10% w v! cellulose nanofibrils at
24 h (n=23).

3.3 Surface characterization of theranostic contact lens

SEM micrographs demonstrated the different surface morphologies between
before and after the modification from the pristine contact lens to the theranostic
contact lens. The unmodified contact lens showed the smooth surface (Figure 5.4a).
After loading the pH-indicator/CTAB micelles, the small particles of pH-
indicator/CTAB agglomerates were found to be attached to the lens surface (Figure
5.4b). The surface of the theranostic contact lens displayed wrinkled layer of the
nanofibers from the CNF/LFX nanocomposites covered on the surface (Figure 5.4c).
The micrographs confirmed that CNF/LFX nanocomposite was successfully attached
onto the contact lens surface throughout the preparation including blotting process. In
swollen state, the unmodified and the theranostic contact lens were subjected to
freeze-drying prior to the observation. As presented in Figure 5.4d, the freeze-dried
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commercial contact lens showed the smooth surface with porous structure, which the
average pore size was approximately 8.85 um. For the theranostic contact lens, the 3D
fibrous structure of the CNF was observed showing interconnected 3D network
nanostructure, and the size CNF fiber was approximately 37 nm in width, as shown in

Figure 5.4e.

Figure 5.4 SEM micrographs of a) the unmodified contact lens, b) pH-
indicator/CTAB loaded contact lens, c) the theranostic contact lens, d) the freeze-
dried unmodified contact lens, and €) the freeze-dried theranostic contact lens with

magnification of 50,000.

Water contact angles of the contact lenses were carried out to study
hydrophilicity of the lens surfaced after modifying the pristine contact lens with
CNF/LFX nanocomposite. It was found that water contact angle of the unmodified
contact lens approximately 75.2° and the CNF/LFX modified contact lens was 52.4°,
as displayed in Figure 5.5. This indicated that the CNF increased hydrophilicity and
wettability of the pristine contact lens. This result suggested that the modification can
increase the ability to entrap the drug molecules and the water absorbency, which led

to higher sensitivity in pH sensing response.
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Figure 5.5 Water contact angle photographs of a) the unmodified contact lens, and b)
the CNF/LFX loaded contact lenses.

3.3 FTIR of the CNF/LFX nanocomposite and the nanocomposite-loaded
contact lens
FTIR spectra of CNF, LFX, an CNF/LFX nanocomposite were demonstrated

in Figure 5.6a. The significant peaks obtained from cellulose-containing substances
were the —OH stretching is located at wavenumber between 3600 - 3200 cm™ and the
C—H stretching vibration approximately at 2909 - 2846 cm™, which can be seen in the
spectra of CNF and CNF/LFX nanocomposite [208, 209]. The peak at 2949 cm™ was
corresponded to the C—H stretching vibration of cellulose which is polysaccharide
[209]. In the spectrum of LFX, 3247 cm™, and 1720 cm™ represented the aromatic
ring, and C=0O stretching in —COOH functional group in the drug structure,
respectively [210-212].

The shifts and intensity of the spectrum of CNF/LFX nanocomposite was
correlated to the intermolecular interaction between drug and polysaccharide (CNF),
such as, hydrogen bonding and electrostatic interaction. For example, —OH stretching
of CNF of cellulose from 3517 cm™ to 3528 cm™ and, and —OH stretching of LFX
from 3247 cm™ to 3272 cm™, and C=0 stretching in —COOH from 1720 cm™ to 1709
cm* of the nanocomposite spectra.

For the unmodified contact lens, LFX loaded contact lens, and CNF/LFX
loaded contact lens, FTIR spectra were illustrated in Figure 5.6b. Since the Hilafilcon
B (the unmodified contact lens) is commercial silicone, the structure of Hilafilcon B
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was predicted using the FTIR spectrum. All the spectra showed -OH stretching is
located at wavenumber between 3600 - 3200 cm, however, the 3535 cm™ of the
unmodified contact lens spectrum indicated the O-H stretching, which shifted to 3518
cm™ in the LFX loaded contact lens. At wavenumber 3100 - 2800 cm™, and 1719 -
1620 cm™ represent the aliphatic carbon (-CHz, -CH3) and C=0, C=C stretching,
respectively, which presented in all spectra. Moreover, at wavenumber between 1230
- 1020 cm? is dominated by C-N stretching that presented in all spectra but the
wavenumber and peak intensity changes was found in the CNF/LFX loaded contact
lens [213, 214]. The shifting of the peak and changes in intensities in the spectra of
the CNF/LFX loaded contact lens might be correlated to interaction between the lens
and the CNF/LFX.
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Figure 5.6 a) FTIR spectra of cellulose nanofibrils (CNF), levofloxacin (LFX), and

CNF/LFX nanocomposite, and b) FTIR spectra of unmodified contact lens,

levofloxacin (LFX)-loaded contact lens, and CNF/LFX nanocomposite-loaded contact

lens.

3.4 Visible colorimetric response towards different pH

The performance contact lens-based pH sensor was investigated by

immersing the theranostic contact lens in the buffer solutions with different pH e. g.
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5.0, 7.4, and 8.0 and measured the color using solid-state UV-Visible spectroscopy
technique. The incorporating of CTAB in pH-indicator mixtures helps preventing
leakage of pH-responsive dyes that can cause harmful effects, as reported previously
[45] and also alter pKa of the dyes giving highly sensitive color changes towards pH
[215]. In effect, the dyes embedded contact lens demonstrated a distinctive color
changed from orange to green when pH was varied from 5.0 to 8.0, which is the range
of tear pH [216], as shown in Figure 5.7. The color of the contact lens was measured
in hue value. It was found that the calibration plot of the obtained value showed a
good correlation coefficient (R?) of 0.9601, which will assist the precisely follow-up
and diagnostic procedure by observing highly sensitive color change towards pHs.

As for the infectious condition, the acidic shift in tear pH from approximately
7.2 - 7.4 was reported [170, 171, 173, 217]. Thus, the contact lens should change from
green to yellow-red when the eye is infected, which the color can screen the infection

and track the disease severity.
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Figure 5.7 Color response and calibration plot of contact lens-based pH sensor (n =
5).
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3.6 Levofloxacin releasing profiles

The in-vitro drug release profiling of LFX-loaded and theranostic contact
lens was performed in acetate and PBS buffer solutions (pH 5.0, 7.4, and 8.0) with
controlled ionic strength and determined the LFX concentration in media using UV-
visible spectrophotometer. The rapid release of the LFX loaded contact lens was
found within 30 min, after that, the slightly increasing of LFX until 1 h was observed.
The significant increasing of LFX concentration was not found after 1 h, as illustrated
in Figure 5.8a. Likewise, the 0.10% CNF/LFX loaded contact lens exhibited the rapid
release of the LFX displayed 30 min, however, the increasing of cumulative LFX
until 6 h of releasing time was observed with low SD. Moreover, the amount of
released LFX was higher than the LFX loaded lens. Upon the increasing of pH to 7.4,
which is the physiological pH of healthy eyes as shown in Figure 5.8b, LFX from of
LFX loaded lens showed the similar trend as the releasing at pH 5.0 but the amount of
LFX was relatively higher than LFX amount released from the 0.10% CNF/LFX
loaded contact lens. At pH 8.0, the drug releasing behavior the LFX loaded lens was
the same as that of 0.10% CNF/LFX loaded lens (Figure 5.8c). Compared with the
drug release at different pH, the pH 8.0 demonstrated the lowest amount of drug
releasing for both prepared drug-loaded lenses. This relatively low cumulative release
behavior of LFX at pH 8.0 from both lenses was related to the lower solubility of

levofloxacin under basic condition [205].
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As shown in Figure 5.9a and Figure 5.9b, the absorbance value of the
released LFX reduced over the time for both LFX-loaded and theranostic contact lens
at all pH. The value of the absorbance is proportional to LFX concentration, as
described by Beer-Lambert Law [218]. In Figure 5.9a, the absorbance at pH 7.4 was
relatively high than pH 5.0 and 8.0, while the theranostic contact lens composed of
CNF/LFX nanocomposite exhibited higher absorbance at pH 5.0 than high pH values
(Figure 5.9b). These spectrums displayed good correlation with the accumulative
concentration. The total cumulative release (ug) of LFX loaded contact lens prepared
by soaking method was presented in Figure 5.9c. In 24 h of releasing time, the
cumulative concentration of LFX towards pH buffers were found to be 89.4 + 4.99,
100.6 + 1.15, and 73.81 + 0.89 ug for pH 5.0, 7.4 and 8.0, respectively. On the
contrary, 0.10% CNF/LFX loaded contact lens presented acid-responsive
characteristic of drug release, which the maximum cumulative drug concentrations
over 24 h took place at pH 5.0, 7.4 and 8.0 were 106.49 + 0.77, 82.28 + 1.56, and

70.53 £ 0.39 ng, respectively.
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The noticeable pH-responsive characteristics 0.10% CNF/LFX loaded contact
lens was related to the interaction between CNF and zwitterionic forms of LFX.
According to its structure, LFX is zwitterionic compound with pKaz of 5.7 and pKaz of
7.9 suggesting that the most stable form of LFX was approximately at pH 7.4 [219],
which is related to the highest releasing drug of LFX loading lens. In case of 0.10%
CNF/LFX loaded contact lens, the presence of CNF led to high amount of released
LFX compared with the LFX loaded lens since hydrogen bond between CNF and
LFX was created.

In addition, the significant reduction in LFX cumulative concentration over 24
h for the 0.10% CNF/LFX loaded contact lens when pH increased was affected by
electrostatic interaction of the functional groups of LFX and CNF. LFX that contains
carboxylic group moiety having pKa around 6.24 [205] exhibited deprotonated form
and became negative charge which form the repulsive interaction with the cellulose
nanofibrils carrying abundant hydroxyl groups at high pH (7.4 and 8.0). In the
preparation process, the pH of the LFX and CNF/LFX solutions were approximately
7.0 -7.1. This created high repulsive force between CNF and LFX attached onto the
contact lens surface, which higher pH provides higher repulsive interaction. In
consequence, the drug and CNF were hard to bind together, and the entrapped drug
was easily removed by blotting process while the network of the nanofibrils was
expanding in wet condition. This resulted in low releasing behavior and low LFX
cumulative concentration at pH 8.0 which this behavior both drug-loaded contact
lenses. It is possible that the high cumulative concentration of antibacterial drug from
the proposed theranostic contact lens compared with other works [220, 221] might be
related to the nanofibrous structure of CNF providing high surface area and aspect
ratio for facilitating drug interaction.

Furthermore, binding energies of LFX with CNF was calculated using Density
Functional Theory or DFT. The calculated binding energy of protonated LFX and
deprotonated LFX with CNF was -2825.614 and -2687.894 kcal/mol, respectively.
This indicated that at pH 8.0 exhibited low drug binding. The optimized structure of
CNF-LFX complex was displayed in Figure 5.10.
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Figure 5.10 The optimized structure of Levofloxacin with cellulose nanofibrils

complex.

Additionally, the relatively high standard deviation of total cumulative release
of LFX loaded contact lens compared with the CNF/LFX loaded contact lens at 24 h
was observed verifying that LFX-CNF interaction helped slow down the drug

releasing, as previously described in FT-IR discussion.

3.7 Cytotoxicity

The cytotoxicity of theranostic contact lens for ocular bacterial infection was
investigated by MTT assay to verify the biocompatible of the theranostic contact lens.
According to ISO 0993-5, the viability of fibroblast cells tested with the sample
extract that is higher than 70% compared to the blank indicates non-cytotoxic
response production of cells. For theranostic contact lens, %viability was found to be
85%, which suggested that our proposed theranostic contact lens based on CNF/LFX
nanocomposite can be a potential theranostic wearable lens for applying with real
patients facing oscular bacterial infection. The viability of samples was demonstrated
in Table 5.1.
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Table 5.1 Cell viability evaluated by MTT cytotoxicity assay based on ISO 10993-5

The average of

Sample

OD 570 nm Viability (%0)
Blank 1.017 100
Negative control 1.024 100
Positive control 0.000 0
Unmodified contact lens 1.002 98
Developed theranostic contact lens 0.865 85

3.8 Commercial eye drop media

The performance of the developed theranostic contact lens was investigated in
preservative-free commercial eye drop media in order to confirm the ability to
measure tear pH and releasing drug of the theranostic contact lens. As shown in
Figure 5.11, the color of the lens indicated that the pH of eye drop was neutral. For
the LFX release study, the theranostic contact lens exhibited ability to prolong LFX
release, which the LFX concentration increased rapidly at 0 — 1 h then continued to
release to 6 h of releasing time. It was found that the cumulative concentration of LFX
was 110.88 + 0.77 pg at 24 h of releasing time. These results confirmed the

theranostic performance of the developed contact lens to be used in real matrix.
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Conclusion

Theranostic contact lens for oscular bacterial infection were successfully
prepared by incorporating CNF/LFX nanocomposite for tuning pH-responsive drug
release behavior. CNF/LFX nanocomposite containing theranostic contact lens
exhibited the pH-responsive levofloxacin releasing, which the highest cumulative
concentration of drug was presented at pH 5.0, 7.4, and 8.0, respectively. This
obtained contact lens provided high drug content at low pH (106.49 + 0.77 pg at pH
5.0 over 24 h) and the longer drug residence time compared with conventional eye
drops, leads to an improved treatment of the infection since it enhanced drug
bioavailability. Meanwhile, the contact lens also displayed sensitive and vivid color
change from green to orange when tear pH decreased corelated with eye infection that
is useful for the disease diagnosis. These functions were provided by cellulose
nanofibrils that increased hydrophilicity, surface area and functional groups on the
contact lens surface leading to pH-responsive drug release behavior with high drug
entrapment. Furthermore, this developed contact lens was fabricated from the
commercial contact lens with biocompatible reagents and non-cytotoxic confirmed by
MTT testing.
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Abstract

Laser desorption-ionization mass spectrometry or LDI-MS is a powerful
technique for quantitative and qualitative detection of biomolecules such as amino
acids, peptides, proteins which can be used as the biomarkers for early disease
diagnosis. Herein, titanium dioxide/nitrogen-doped graphene nanocomposite
(TiO2/NG) was synthesized and spin-coated on silicon wafer using chitosan as a
polymeric support to create a polymeric nanocomposite thin film. The developed thin
films were exploited as a self-matrix of LDI-MS for peptide detection without the use
of conventional organic matric. The result showed that the developed thin film was
able to determine various peptides (i.e., bradykinin, angiotensin I, angiotensin II,
bombesin, renin substrate, adrenocorticotropic hormone) with high intensity and high
signal to noise ratio. Thus, this novel polymeric nanocomposite thin film might be a

potential LDI-MS self-matrix for biomarker determination for medical diagnosis.
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1. Introduction

Several peptide molecules have been used as biomarkers for disease diagnosis.
For instance, bradykinin can indicate angioedema [222], cartilage degradation and
inflammation in the synovial fluid [223], and etc. Renin-angiotensin system is
composed of angiotensinogen, angiotensin | that is converted to angiotensin Il by
renin substrate, which angiotensin 1l triggers inflammation, coagulopathy,
vasculopathy, fibrosis, oxidative stress, and thrombosis. According to previous report,
it is related to pneumonia, sepsis, acute respiratory distress syndrome, diffuse
thrombosis, and multi-organ damage in severe acute respiratory syndrome
coronavirus-2019 (COVID-19) [224]. Thus, angiotensin I, 1l and renin, especially
angiotensin Il, can be used as COVID-19 biomarkers and severity prediction.
Adrenocorticotropic hormone (ACTH) is a peptide hormone related to Cushing and
Addison syndrome which resulting in high levels of secreted or circulating ACTH
[225, 226]. Bombesin is another interesting peptide that is recently proposed as a
biomarker for early detection of bronchopulmonary dysplasia in infants [227].
However, some peptides need complicated procedure like enzyme-linked
immunosorbent assay (ELISA), for example, bradykinin. Hence, laser desorption-
ionization mass spectrometry (LDI-MS) was chosen for the biomarker determination.
LDI-MS is a soft ionization mass spectrometry that is selective to organic molecules

since the signals are obtained from relative molecular mass, but this technique needs
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laser-absorbing matrices, such as cyano hydroxycinnamic acid, sinapinic acidfor
transferring energy to target molecules [109].

Titanium dioxide (TiO2) is a promising for LDI-MS matrix and common
semiconductor applied in the field of photocatalysis, because of its strong light
absorption, chemical stability, low cost, and non-toxicity [228]. There are 3 different
forms of TiO,, which are anatase, rutile, and brookite that consist of interconnected
TiO: octahedra with different degree of distortion [25]. Although, anatase form offers
the most stability in the nanoscopic scale and exhibits photocatalytic activity over
rutile. Therefore, anatase is considered more suitable for photocatalytic applications
[229]. Graphene is an allotrope of carbon in the form of a single layered hexagonal
lattice with sp? hybridization [230] having high conductivity, high stability, and a
large specific surface. Doping nitrogen atoms into graphitic structure to create
nitrogen-doped graphene (NG) provides functional groups, catalytic activity, with
large surface area and increased free carrier density. From previous report, NG offers
a clearer matrix background, better salt tolerance, and higher detection sensitivity
compared with other graphene-based materials [33]. By integrating TiO2 and NG
nanomaterials together, the proposed hybrid nanomaterials having high surface area
of nanostructures provide active sites for analyte desorption/ionization and signals
with less background mass peaks related to the matrix molecules at low m/z [231].
Chitosan (CH), a cationic polymer which its charge density depends on the degree of
acetylation and pH of the solvent [232], was selected for using as a polymeric support
for the nanocomposites since it possesses biocompatibility, biodegradability and film-
forming ability.

Herein, titanium dioxide/nitrogen-doped graphene nanocomposites (TiO2/NG)
were synthesized using simple hydrothermal reaction. The TiO2/NG nanocomposites
was combined with CH and spin-coated on silicon wafer to prepare TiO2/NG-CH thin
films. The TiO2/NG nanocomposites was characterized and the TiO2/NG-CH thin
films utilized in as a substrate and self-matrix of LDI-MS for sensitive detection of

disease biomarker facilitating the proper therapeutic decision.
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2. Experimental

2.1 Materials and instrument

Titanium dioxide nanopowder (TiO», anatase with <25 nm particle size) was
purchased from Sigma-Aldrich, USA. Nitrogen-doped graphene (NG) was obtained
from ACS material, USA. Chitosan, Chitoclear® Cg-10 (Mw: 60 kDa and degree of
deacetylation: 87%) was received from Primex ehf., Iceland. Glacial acetic acid,
isopropanol (IPA), ethanol, methanol, and toluene were purchased from Fisher
scientific, USA. N-type, oriented silicon wafers (dopant Ph, 10—20 Q- c¢m resistivity,
single side polished) were purchased from Silicon Quest International. Peptide

calibration standard Il was obtained from Bruker, Germany.

2.2 Characterization
Scanning transmission electron microscope (S/TEM, JEOL F200) was used for
sizes and morphology observation of nanomaterials and elemental mapping to

confirm the obtained nanocomposite composition.

2.3 Synthesis of the titanium dioxide/nitrogen-doped graphene (TiO2/NG)

nanocomposites

TiO2 nano-powder and 2.5% w-w? NG flakes were sonicated with ultrapure
water for 8 h. Then, the dispersion was added to a 100 mL hydrothermal reactor and
heat-treated at 180°C for 24 h. After the hydrothermal reaction, the obtained
nanocomposite suspension was centrifuged at 8000 rpm for 15 min, and ethanol for 3

times. Then, the nanocomposite was dried at 60°C.

2.4 Preparation of chitosan films with TiO2/NG nanocomposites

Chitosan power was dissolved in 50% v-v! acetic acid (1.0% v-v!) and IPA.
TiO: or TiO2/NG nanocomposites was added to the chitosan solution, sonicated for 3
h and filtrated with 0.22 um filter. Silicon wafer was cut into 1.0 x 1.0 cm? and

washed with methanol and toluene then, dried with N,. After that, 50 uL of the
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prepared dispersion was dropped onto the clean silicon wafer and spin-coated using

5000 rpm for 1 min.

2.5 Laser desorption ionization mass spectrometry (LDI-MS) of chitosan film
with TiO2/NG
First, 2 pL of standard peptide solution (2 pM-uL™t) was dropped onto the as-
prepared spin-coated wafer and dried at a room temperature 255 °C prior to
attaching to target plate and inserting into a mass spectrometer. All LDI-MS
experiments were performed on a Bruker Autoflex Max MALDI-TOF mass

spectrometer with 30% N laser (337 nM) intensities and 30 laser shots.

3. Results and discussion
3.1 Characterization of TiO2/NG nanocomposite

As shown in Figure 6.1a, the pristine TiO, were rod-shaped particles with hetero-
dispersity, and the particle sizes were found to be 22-35 nm. However, it was found
that the synthesized TiO2/NG nanocomposite (Figure 6.1b) exhibited round-shaped
with smaller particle size, approximately 20 nm in diameter, and also showed higher
homo-dispersity compared to the pristine TiO2. According to pervious report, the
high temperature of the hydrothermal reaction affected to the shape and dimensional
size of TiO2 [233].

Carbon grid

NG sheet

Figure 6.1 TEM images of a) TiO2 nanoparticles, b) NG sheet, and ¢) TiO2/NG
nanocomposites with magnification of 250k.
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EDX spectrum of TiO2 and TiO2/NG nanocomposites were shown in Figure
6.2. In Figure 6.2a. the spectra showed the peaks of Ti and O of pristine TiO:
nanoparticles, which the inset displayed only Ti and O element. After the
hydrothermal reaction with NG (Figure 6.2b), the high intensity of Ti and O with
lower intensity of C and N verifies that there are NG successfully coated onto TiO>
nanoparticles. This confirmed by the elemental mapping inset that illustrated C, and N

from the introduced NG.
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Figure 6.2 EDX analysis and elemental mapping of a) TiO2 and b) TiO2/NG

nanocomposites.

3.2 Chitosan and chitosan with TiO2/NG nanocomposites thin films

As shown in Figure 6.3, the solvent using for spin-coating chitosan affected

the thin film formation. The spin-coated chitosan using 1% acetic acid as solvent
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(Figure 6.3a) showed poor film quality and nonuniformity that might be caused by
low viscosity of the chitosan solution. Since NG is well dispersed in IPA [234], IPA
was selected to use in the solvent mixture (1% acetic acid with 50% IPA). It was
found that the thin films of chitosan (Figure 6.3b) and chitosan with nanocomposite
(Figure 6.3c) exhibited higher film quality with uniformity. The better film formation

using the acetic acid/IPA solvent mixture was due to the gelation of chitosan by IPA.

a) Chitosan b) Chitosan c) TiO,/NG-chitosan
in acetic acid in acetic acid/IPA in acetic acid/IPA

1cm

Figure 6.3 Photographs of spin-costed silicon wafer appearance of a) chitosan
dissolved in acetic acid, b) chitosan dissolved in acetic acid/isopropanol, and c)

chitosan with TiO2/NG nanocomposite dispersed in acetic acid/isopropanol.

3.3 Laser desorption ionization mass spectrometry (LDI-MS) of chitosan film
with TiO2/NG
Figure 6.4 showed the performance of the TiO2/NG in order to identify
peptides using LDI-MS. As displayed in Figure 6.4a, the uncoated wafer showed
relatively low S/N ratio (signal to noise ratio) compared to the TiO2/NG
nanocomposite-chitosan coated silicon wafer. The TiO2/NG nanocomposite-chitosan
coated silicon wafer was able to identify peptides which are bradykinin, angiotensin
I1, angiotensin I, bombesin, renin substrate, ACTH (18-39) with the molecular ion
(M%) of 791.276, 1017.094, 1294.569, 1633.144, 1757.133, and 2462.141,
respectively (Figure 6.4b). Moreover, the silicon wafer with the developed
nanocomposite-chitosan thin films provided high intensity of m/z with high S/N ratio

with low background and interfering signals, implying that TiO2/NG nanocomposite-



102

chitosan thin film can be used as a matrix for LDI-MS in order to determine

biomarkers for medical diagnostic application.
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Figure 6.4 LDI-MS spectra of standard peptides determined using a) uncoated silicon

wafer, and b) TiO2/NG nanocomposite-chitosan coated silicon wafer.
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Conclusion

Herein, TiO2/NG nanocomposite-chitosan thin film was successfully
fabricated on silicon wafer by spin-coating process for utilizing as LDI-MS matrix for
peptide biomarker determination. The TiO2/NG nanocomposite synthesized by
hydrothermal method exhibited round-shaped with smaller particle size and higher
homo-dispersity, compared to the pristine TiO.. The developed thin film was
subjected to LDI-MS to evaluate the peptide determination performance which the
thin film can identify each type of peptides from standard peptide mixture with high
intensity and S/N ratio. This might be concluded that the TiO2/NG nanocomposite-
chitosan thin film can be used as an alternative LDI-MS self-matrix for peptide

biomarker determination for medical diagnosis.



CHAPTER VII
CONCLUSIONS

In this dissertation, the properties of biopolymers (i.e., PLA, cellulose,
chitosan) were altered by incorporating of nanomaterials (i.e., nanosized calcium
carbonate calcium carbonate nanoparticles, graphene oxide and N-doped graphene)
and bio-based nanomaterials. These biopolymer nanocomposites were applied for
chemical sensors and substrates for laser desorption/ionization mass spectroscopy
which can be exploited in food and healthcare application.

Part I: Colorimetric sensor and LDI-MS detection of biogenic amines in food
spoilage based on porous PLA and graphene oxide

Highly porous PLA film was successfully fabricated by breath figure method
integrated with nanosized calcium carbonate (NCC) addition. The NCC increased
porosity of the film leading to higher entrapment efficiency for sensing element and
higher color intensity of the colorimetric sensor towards putrescine and cadaverine.
On the other side of dual platform, cellulose was employed as a substrate for LDI-MS
by coating with GO providing specific and highly sensitive determination. The dual
detection platform can be used for screening of food expiration date on smart
packaging.

Part I1: Bacterial cellulose-based hydrogel for colorimetric sensor of sweat pH
and glucose

Bacterial nanocellulose (BC) was used for hydrogel preparation, then utilized
as colorimetric sensor of sweat pH and glucose. Carboxymethyl cellulose (CMC)
penetrated into bacterial nanocellulose network and coated on BC fibers resulting in
high swelling ratio and re-swelling property. The colorimetric sweat pH and glucose
sensors exhibited a rapid color change response, wide linearity with low LOD, and
high accuracy. Hence, the BC/CMC hydrogel can be applied an alternative platform
for non-invasive sensors for health monitoring.

Part 111: Theranostic contact lens based on cellulose nanofibrils for ocular
bacterial infection

Commercial contact lens, a polymeric substrate, was modified with cellulose

nanofibrils-based composite and pH-sensitive dyes to create a theranostic contact lens
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for ocular infection. Cellulose nanofibrils-levofloxacin nanocomposite was
synthesized and deposited onto the tear pH-sensor based on commercial contact lens.
The developed theranostic contact lens exhibited acid-responsive levofloxacin
releasing with high drug content, and the contact lens displayed the vivid color change
from green to orange when tear pH decreased corelated with infection severity that is
useful for the disease diagnosis and treatment.
Part IV: Novel nanocomposite-chitosan film based on titanium dioxide/nitrogen-
doped graphene nanocomposite for LDI-MS

Cationic chitosan thin films were prepared by spin-coating process on silicon
wafer. By incorporating titanium dioxide/nitrogen-doped graphene nanocomposites
(TiO2/NG) having laser-absorbing property, which were readily synthesized using
hydrothermal reaction, the obtained nanocomposite-chitosan thin films can be utilized
in as a substrate of LDI-MS for sensitive and selective biomolecules determination.

Overall, incorporating of nanomaterials to biopolymers presented in this
dissertation offers increased surface area, increased ionization efficiency and
increased functionalities allowing for substantially improved detection efficiency in
both chemical sensors and LDI-MS technique towards target analytes in food and

healthcare.
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