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CHAPTER |
INTRODUCTION

1.1 Introduction

Bacterial cellulose (BC) is a polysaccharide-based material that can be
generated extracellularly by bacteria.[1] Its unique characteristics include a three
dimensional (3D) porous network structure having high-purity cellulose nanofibers,
high crystallinity, and good mechanical property. The as-synthesized BC exhibits
excellent hydrogel-like swelling property that makes it suitable for many applications
such as food industry[2], textile[3] and medicine[4]. Due to strong hydrogen bonding
among BC nanofibers, BC network would collapse upon drying and lose the ability to
rehydrate.[5] To overcome the problem, carboxymethyl cellulose (CMC) which is a
negatively charged polyelectrolyte was used to incorporate into the BC matrix. [6]
The resulting BC/CMC hydrogel shows a satisfactory reswelling property after drying.
With such favorable characteristics, it is anticipated that the same material can also
be used for other analytical applications in which high water absorption capacity is
demanded for aqueous-based analyte collection and also perhaps preconcentration.
Moreover, BC can be incorporated with nanomaterials[7] for specific applications
such as silver nanoparticle (AgNPs)[8, 9]. and gold nanoparticle (AuNPs)[10, 11] that

can be used for analytical applications.
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Figure 1.1 Biosynthesis (A) and downstream processing (B) of bacterial cellulose.[2]

In 2020, de Lima Fontes, et.al[12] developed BC/CMC biocomposites using
different degree of substitution (DS) of CMC from 0.7 to 1.2. The BC/CMC was
prepared by in situ modification of a static culture medium using Gluconacetobacter
xylinus bacteria. The result showed that the BC/CMC composite prepared from CMC
with DS of 0.7 exhibited the highest liquid uptake around 958%. The biocomposite
were loaded with methotrexate (MTX) which is a poorly water soluble drug used for
the topical treatment of psoriasis. The MTX-loaded hydrogel showed a typical burst
release effect in the first 15 min. However, the BC/CMC with DS of 0.9 promoted a

slight lowering of MTX release rate.
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Figure 1.2 Schematic illustration of the BC/CMC biocomposites preparation for
topical release of MTX.[12]

In 2021, Siripongpreda and coworkers[13] prepared BC/CMC hydrogel by direct
deposition of negatively charged polyelectrolyte, CMC into BC matrix. The BC
membrane was directly immersed in CMC solution which is a simple and low-cost
method without special tool requirement. The CMC diffuses in between BC fibers
that make the BC hydrogel reswellable after air-drying. The water absorption capacity
of the BC/CMC hydrogel as a function of the soaking time and CMC concentration.
The BC/CMC hydrogel was used as the non-invasive colorimetric sensor for sweat pH
and glucose. The fabricated BC/CMC based pH sensor exhibited a fast response over
a pH range of 4.0 — 9.0 by naked eye observation. Meanwhile, the fabricated BC/CMC
based glucose sensor was based on the color development of KI by hydrogen
peroxide from enzymatic reaction of glucose oxidase (GOx) which exhibited a low
limit of detection (LOD) of 25 uM and a wide linear detection range 0.0-0.5 mM by
portable spectrometer. The developed BC/CMC hydrogel is a potential platform for

non-invasive sensors for sweat pH and glucose on-skin health monitoring.
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Figure 1.3 Schematic representation of BC/CMC-based re-swellable hydrogel as

colorimetric sensor of sweat pH and glucose.[13]

In 2015, Li and coworkers[14] prepared BC-AuNPs hybrid nanofibers via
electrostatic-assembly in situ chemical reduction methods. AuNPs were successfully
deposited on the surface of BC nanofibers. Then, the BC-AuNPs hybrid nanofibers
were attached onto the glassy carbon electrode (GCE) surface. A certain amount of
laccase (lac) and Nafion were also deposited on the GCE to be used as working
electrode for biosensing. The electrochemical biosensor was performed to detect
hydroquinone which is an environmental pollutant. The developed biosensor can
detect hydroquinone in lake water with LOD as low as 5.71 nM and a linear range of

30 - 100 nM.

HAuC|,

Bacterial cellulose (BC) BC—gold nanoparticles

Figure 1.4 The BC-AuNPs hybrid nanofiber by in situ chemical reduction.[13]



In 2015, Morales-Narvdez and coworkers[15] developed various BC
nanopapers as optical sensing platforms which contained nanomaterial including of
AgNPs, AuNPs, CdSe@ZnS quantum dots and NaYF,Yb>@Er**&SiO, up-conversion
nanoparticles. The AgNPs/BC and AuNPs-BC were synthesized by using hydroxyl
groups of BC as reducing moieties for chemical reduction of Ag* and Au’,
respectively. The obtained AgNPs/BC was used as plasmonic nanopapers for
colorimetric detection by monitoring UV-vis absorption spectra after absorption of
methimazole and iodine. Meanwhile, the AuNPs-BC was used for sensing thiourea
and cyanide by a similar concept. Moreover, BC was modified by carboxylation to
generate carboxyl group (COOH). The carboxylated BC was therefore conjugated with
CdSe@ZnS quantum dots and NaYFq:Yb**@Er**&SiO, up-conversion nanoparticles to

produce photoluminescent sensing platform.
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Figure 1.5 Schematic of the nanopaper-based composites. (A and B) fabrication of
plasmonic nanopaper: (A) AgNPs/BC nanopaper; (B) AuNPs/BC nanopaper . (C and D)
fabrication of photoluminescent nanopaper: (C) CdSe@ZnS quantum dot/BC; (D)
NaYFq:Yb**@Er’* up-conversion nanoparticle/BC.[15]



Biomarkers are biological compound that are measurable in biological media
such as human tissue, cell, or fluids. Biomarkers have been used as indicator for
medical diagnosis or treatment of disease.[16] For example, glutathione (GSH) is a
thiol-containing peptide which is an important biomarker in human. GSH is an
antioxidant and a tripeptide composed of l-cysteine, glycine, and y-glutamic acid,
that can prevent damage to important cellular components caused by reactive
oxygen species such as free radicals and peroxides.[17] GSH level can be used as a
diagnostic biomarker of some diseases, such as Alzheimer’s, Parkinson’s, cancer,
aging and heart problem.[18] In Alzheimer’s patient, GSH level in plasma become
decreased to 84% as compared with normal.[19] Analysis of biomarker generally
requires sensitive analytical method such as electrochemistry[20], fluorescence
spectroscopy[21]. UV-visible spectroscopy[22], surface plasmon resonance[23] and
mass spectrometry.[24] Laser desorption/ionization mass spectrometry (LDI-MS) is a
widely used technique for biomarker identification due to its high sensitivity and
accuracy.[25] AuNPs, in particular, are suitable nanomaterials with high selectivity
towards thiol-containing compounds so that they can be used as selective probes of
thiol-containing biomarker for LDI-MS analysis. AUNPs absorb laser energy and transfer
to analyte in the ionization step that is appropriate for samples with low mass range
(300 - 1300 m/2).[26]

In 2013, Li et. al[27] developed AuNPs-modified mixed cellulose ester
membrane (AuNPs-MCEM) and used as substrate for LDI-MS analysis. The AuNPs-
MCEM was used for determination of iodide (I) ions when I" ions were deposited and
concentrated on AuNPs (32 nm) via Au™-I" interaction. The pulse laser radiation was
applied to induce the enhancement of the desorption and ionization efficiency of
gold-iodide hybrid cluster ions from the AuNPs surfaces. In addition, the AuNPs-
MCEM allow the accurate quantification of I ions in high-salinity real samples (i.e.,
edible salt sample and urine) with LOD as low as 50 nM that provides a simple and

rapid analysis for I ions with high sensitivity and selectivity in biological samples.
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Figure 1.6 Schematic representation of the preparation of the Au NPs-MCEM

substrate and its application for the determination of I” lons via LDI-MS.[27]

In 2013, Sangsuwan and coworkers[28] prepared poly(acrylic acid) (PAA)
brushes on glass surface via photolithography and surface-initiated reversible
addition—fragmentation chain transfer (RAFT) polymerization. The carboxyl groups of
PAA brushes can act as reducing moieties for in situ synthesis of AuUNPs to adsorb the
laser energy and transfer to analyte in ionization step for MS analysis which can also
function as concentrating and selective probes for thiol-containing peptide. The glass
surface-modified by PAA brushes and immobilized with AuNPs (AuNPs-PAA) were
used as a substrate for surface-assisted laser desorption/ionization mass
spectrometry (SALDI-MS), which is capable of detecting GSH and ICNKQDCPILE
peptide that has high sensitivity and selectivity with LOD as low as 0.1 and 0.05 nM,

respectively.
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Figure 1.7 Schematic illustration of patterned PAA brushes containing AuNPs
supported on a glass slide as a substrate for SALDI-MS analysis.[28]

Here in this research, the BC/CMC hydrogel was developed into a platform
that can specifically accommodate thiol-containing biomarker detection via LDI-MS
by incorporating in situ generated AuNPs into the hydrogel. It is anticipated that such
approach would avoid AuNPs from aggregation and the good distribution of AuNPs
within the matrix of the hydrogel should lead to effective sample ionization and
detection during LDI-MS analysis. The highly swellable BC/CMC hydrogel should also
allow for simultaneous sample collection from aqueous-based clinically relevant
media (i.e. sweat, saliva, urine). GSH was selected as a model of thiol-containing
biomarker to be analyzed as it is an important biomarker in some diseases, such as

Alzheimer’s, Parkinson’s, cancer, aging and heart problem.

1.2 Objectives

1. To prepare and characterize the BC/CMC/AuNPs composites.
2. To study the usage of the BC/CMC/AuNPs for analyte collection and as a
substrate for LDI-MS analysis.



1.3 Scope of investigation

Sl

The stepwise investigation was carried out as follows
Literature survey for related research work.

Preparation and characterization of BC/CMC hydrogel.
Preparation of characterization of BC/CMC/AuNPs composite
LDI-MS analysis of GSH on BC/CMC/AuNPs composite.
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CHAPTER Il
EXPERIMENTAL

2.1 Materials

Bacterial cellulose (BC) produced by Acetobacter xylinum was obtained from
Thai-nanocellulose Co. Ltd. (Phatthalung, Thailand). Carboxymethyl cellulose (CMQ),
as sodium salt with a typical M,, of 250,000 ¢ mol" and degree of substitution of
1.20, hydrogen tetrachloroaurate (HAuUCl;3H,O) and trisodium citrate dihydrate
(C¢HsNazO72H,0) were purchased from Sigma-Aldrich, USA. Sulfuric acid (H,SOy),
Hydrochloric acid (HCU), nitric acid (HNO;) and acetonitrile (CH;CN) were commercially
available from Merck, Germany. L-Glutathione in reduced form (GSH) was purchased
from Tokyo Chemical Industry Co. Ltd. (Japan). Human plasma from pooled human
blood in lyophilized form was purchased from Sigma-Aldrich, USA. Ultrapure distilled
water (MilliQ water) was obtained after purification using a Millipore Milli-Q system
(USA) that involves reverse osmosis, ion exchange, and a filtration step (18.2 MQ cm

resistance).

2.2 Characterization

2.2.1 Attenuated Total Reflectance-Fourier Transform Infrared

Spectroscopy (ATR-FTIR)

The freeze-dried BC hydrogels were characterized by attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) using a Nicolet Impact
6700 FT-IR spectrometer with 32 scans at resolution 4 cm. A frequency of 500-4000

cm™ was collected by using TGS detector.
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2.2.2 Dynamic Light Scattering (DLS)

The particle size of AuNPs formed in solution by chemical reduction was
analyzed by dynamic light scattering (DLS). The AuNPs suspension was placed in a
cuvette and measured at 25 °C three times for each sample using Malvern Nano ZSP

Instruments Ltd., UK to determine the intensity average size distribution of AuNPs.

2.2.3 UV-Visible Spectroscopy

The swollen BC hydrogels with a dimension of 10x30 mm? were adhered to
the inner wall of a quartz cuvette (10 mm) which was filled with MilliQ water. UV-
visible absorbance of the swollen BC hydrogels having AUNPs was determined by UV-

visible spectrometry (Agilent 8453 UV-vis spectrometer, USA).

2.2.4 Field Emission Scanning Electron Microscopy (FE-SEM)

The morphology of BC hydrogels dried in a critical point dryer (Leica EM
CPD300, Leica Microsystems, Germany) was observed under a field emission scanning
electron microscope (FE-SEM; JEOL JSM-7610F, Oxford X-Max 2, Japan). The size of
fibers of BC hydrogel was calculated by averaging from 100 randomly measured

fibers measured by FE-SEM using SemAFore software.

2.2.5 Transmission Electron Microscopy (TEM)

The morphology and size of AuNPs were analyzed by transmission electron
microscope (TEM; Philips TECNAI 20, UK). To investigate the morphology of AuNPs by

TEM, the frozen BC hydrogels having incorporated AuNPs were broken into pieces
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followed by an addition of 100 uL of MilliQ water to prepare suspension. A 10 UL of
the suspension was dropped three times on a carbon-coated copper grid which was
then dried in a desiccator before TEM analysis. The size of observed AuNPs was
calculated by averaging from 50 randomly measured particles analyzed by TEM using

SemAFore software.

2.2.6 X-ray Diffraction (XRD)

The crystallinity of the freeze-dried BC hydrogels was characterized by x-ray
diffractometer (XRD; SmartLab 30 kV/PC, Rigaku, Japan). with Cuka radiation operated
at 40kV and 30mA. The measurements were recorded in a 20 range of 5-80 degree
with a scan rate of 2 degree/min. The percentage of crystallinity of BC was calculated

using the following equation;

Area of crytalline peaks
Crystallinity (%) = x100 (eq2.1)

Area of all peak

2.2.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) of the freeze-dried BC hydrogels was
performed using a Pyris 1 TGA thermal analyzer (Perkin Elmer, USA). Samples were
cut into pieces and filled in a Teflon pan. TGA was performed with a heating rate of
20 °C/min over a range of 50-700 °C under a flowing nitrogen atmosphere at 20.0

mL/min.
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2.3 Experimental Procedure

2.3.1 Preparation of BC/CMC Hydrogel

BC sheet was cut into spherical shape (0.5 cm diameter). CMC solution ((0.5%
(w/v)) was prepared by dissolving CMC (0.5 g) in MilliQ water (100 mL) at 60°C for 1 h.
The cut BC hydrogel was immersed in a 24-well plate each containing 1 mL CMC
solution. The 24-well plate containing BC hydrogel was shaken for 3 h at room
temperature. The resulting BC/CMC hydrogel was stirred in MilliQ water for 3 days to
get rid of excess CMC.

2.3.2 Preparation of BC/CMC/AuNPs Composites

Following the method reported by Kusolkamabot, et al.[29], the prestine BC
and BC/CMC hydrogels were immersed in a round bottom flask containing HAuCl,
solution (25 mL) of different concentration (0.024, 0.120, and 0.240 mM) for 30 min.
The HAuUCl, solution containing the hydrogels were heated to boil and 1 mL of tri-
sodium citrate solution of different concentration (1, 5, 10 mg/mL) was added. The
solutions were then heated to 100°C for 3 h. The resulting BC/AuNPs or
BC/CMC/AuNPs composites were taken out from the solution, rinsed with MilliQ

water then kept at 4°C in MilliQ water until use.

2.3.3 Measurement of Swelling Ratio

The swelling ratio of hydrogels was estimated following the Japan Industrial
Standard (JIS) K8150[30]. The dried BC hydrogels were weighed (W) and immersed in
MilliQ water for 1, 3 and 24 h at room temperature. The swollen hydrogels were
placed on a stainless steel net of 30 meshes, blot-dried by lint-free paper (Kimtech
Science Kimwipe, Kimberly-Clark, USA) and then weighed (W,). The swelling ratio was

calculated using the following equation:
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Swelling ratio = (W, — Wg)/W4 (eq2.2)

2.3.4 Determination of AuNPs Composition

AuNPs content in the BC/AuNPs and BC/CMC/AuNPs composites were
determined by Inductively coupled plasma atomic emission spectroscopy (ICP-AES).
The calibration curve of gold solution was generated from Au* solution having
concentration in a range of 0.1 — 15 ppm. Each piece of the freeze-dried composite
was digested in a test tube containing H,SO,4 (60 %w/v, 0.5 mL) at 60°C for 3 h. The
digested solution was added with 10 drops of aqua regia solution (1:3 (v/v) of HNOs:
HCL) before filtered through a PTFE syringe filter (0.45 um). The volume of the filtered
solution was adjusted to 10 mL with MilliQ water. The solution was then subjected
to ICP-AES analysis. The composition of AuNPs is reported in %w/w with respect to

the total weight of the composite.

2.3.4. LDI-MS analysis

LDI-MS analysis was performed by matrix-assisted laser desorption/ionization
mass spectrometer (MALDI-TOF; Autoflex I, Bruker, U.S.A). The BC/CMC/AuNPs
composite was tested as a preconcentration platform for GSH, a model of thiol-
containing biomarker. The GSH standard solution of varied concentration (50, 100,
500, 1000, 2500, 5000, 10000 nM, N = 3) were prepared. Then, 200 pL of GSH
standard solution was dropped on the freeze-dried composite. Afterwards, the
composite was soaked in MilliQ water for 24 h to wash excess GSH remained on the
surface of the composite. The composites uptaken GSH of varied concentration were
subjected to LDI-MS analysis to generate a calibration curve. For real sample analysis,
human plasma solution was spiked with GSH solution of varied concentration (1,350,
2,700, 5,400 nM) which is in a range of GSH level in plasma. The prepared GSH-spiked
human plasma solution was subjected to protein precipitation method[31] by firstly
adding acetonitrile with volume two third of the volume of the plasma solution. The

mixed solution was then centrifuged at 4000 rpm for 30 min. The supernatant was
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then dropped on the composite, rinsed with MilliQ water for 24 h and subjected to
LDI-MS analysis. The limit of detection (LOD) was calculated from standard deviation
of blank signal (SD) and the slope of calibration curve (S) using the following

equation:

LOD = 3.35D/S (eq 2.3)
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CHAPTER IlI
RESULT AND DISCUSSION

3.1 Preparation of BC/CMC/AuNPs composites

The BC/CMC hydrogel was obtained by soaking the BC sheet in CMC solution
(0.5% w/v). As shown in Figure 3.1, the BC/CMC hydrogel exhibits greater degree of
swelling than the pristine BC hydrogel which confirmed the enhancement of swelling
after CMC incorporation. Upon chemical reduction of HAuCly within the matrix of
both BC and BC-CMC hydrogels, in situ generated AuNPs were successfully
incorporated as verified by the pink-to red color of the resulting BC/CMC/AuUNPs
composites. The color became darker as a function of HAuUCl, concentration in both
BC (Figure 3.1, A1-A3) and BC/CMC (Figure 3.1, B1-B3) matrices implying that there
was greater quantity of AuNPs formed as the HAuCl, concentration increased. The
color intensity of the BC/CMC/AuNPs composites appear lighter than that of the
BC/AuNPs composites which may be explained by the better AuNPs distribution in

the former which is more swelling than the latter.

Concentration of HAuCl, (mM)

0.024 0.120 0.240

A3
B3

Pristine BC

B1

Az.
- B2

Figure 3.1 Photographs of pristine BC (A) and BC/CMC (B) before and after in situ

BC/CMC

incorporating AuNPs using HAuCl, having concentration of 0.024 mM (Al and B1),
0.120 mM (A2 and B2) and 0.240 mM (A3 and B3), respectively.
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3.2 Swelling behavior of hydrogel

The swelling ratios of all hydrogels were estimated by Japan Industrial
Standard (JIS) K8150 as shown in Figure 3.2. Upon CMC incorporation, the swelling of
the BC/CMC hydrogels increased more than 50% of the original BC hydrogel at all
soaking time (1, 3, and 24 h). After 3 and 24 h of soaking, the in situ AuNPs
introduction using the HAuCly solution of at least 0.120 mM slightly increase the
swelling of the resulting BC/AuNPs composite. The HAuCly concentration to 0.120
mM yielded BC/CMC/AuNPs composite with good swelling property almost
equivalent to that of the BC/CMC hydrogel (with non-significant difference between
BC/CMC and BC/CMC/AuNPs composite at p < 0.05). The BC/CMC/AuNPs composite

prepared at this condition was therefore used for further study.

250
[JPristine BC Bl sccmc *
|7/ BCIAUNPS 0.024 mM BC/CMC/AuNPs 0.024 mM ns
200 ESJBC/AuNPs 0.120 mM BC/CMC/AuNPs 0.120 mM
o B BC/AUNPs 0.240 MM [BBBE BC/CMC/AUNPS 0.240 mM *
=
L
150 -
o
IE
g 100 -
» & 7| |E
50 = |
o = 2 |E
3 4

N

Time (hour)
Figure 3.2 Swelling ratio of hydrogels using Japanese Industrial Standard K8150
(IS K8150). *: significantly different at the p < 0.05. ns: non-significantly different at
the p < 0.05
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3.3 Characterization of BC/CMC/AuUNPs

Dried BC/CMC/AuNPs hydrogels were characterized by ATR-FTIR. The FT-IR
spectra (Figure 3.3) showed the C=0 stretching of carboxylate group (COO) at 1590
cm™ and C-H stretching of methylene group at 1415 cm™ of CMC. For BC, BC/CMC
and BC/CMC/AuNPs, the O-H stretching, and C-H stretching were observed at 3340
and 2890 cm, respectively, both of which are characteristic peaks of cellulose type
.[32] Moreover, the C-O-C stretching of 1,4—B—D—glucoside linkage was observed at
1162 cm™ and the C-O bending and C-O-C pyranose ring skeletal vibration were
observed at 1108 and 1054 cm?, respectively. The same bands were also observed
for pristine BC, BC/CMC and BC/CMC/AuNPs composite, indicating that the CMC and

AuNPs incorporation did not cause changes in the chemical structure of BC.

JI]

L~ B

1590

3340 1415 i}
162+ |
2890 1108 «— ;
1054
L e B e L S B S B S B S S B B B S S B B B
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure 3.3 FT-IR spectra of (a) pristine BC, (b) CMC, (c) BC/CMC, and (d)
BC/CMC/AuNPs prepared using 0.120 mM HAuUCl,.
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As evaluated by DLS, the average hydrodynamic diameter of AuNPs formed
concurrently in the solution was around 30 nm with narrow polydispersity index
(PDI). The PDI values in a range of 0.1 — 0.4 implied that the AuNPs are uniform in
size (Table 3.1). The size of AuNPs are quite independent of the HAuCl
concentration. The presence of AuNPs in the BC/CMC/AuNPs composite was verified
by UV-visible spectroscopy. As illustrated in Figure 3.4A. the characteristic peak of
AuNPs in the BC/CMC/AuNPs composite was observed at 527 nm, assignable to the
LSPR band of AuNPs.[33] Such peak was absent in the UV-Vis spectra of the pristine
BC and BC/CMC hydrogel. The morphology of AuNPs formed within the
BC/CMC/AuNPs composite was evaluated by TEM. As shown in Figure 3.4B, the
embedded AuNPs are spherical in shape and uniform in size with diameter around
13.27 + 2.00 nm. The AuNPs concurrently formed in the solution had diameter of
around 14.27 + 0.41 which is quite similar to the embedded AuNPs. Apparently, the
size of AuNPs evaluated by TEM was much smaller than that analyzed by DLS
implying that the AuNPs were highly swollen under hydrated condition. This is
unlikely if the AuNPs were stabilized by citrate ions. It is hypothesized that there may
be some CMC leaking out from the BC/CMC into the solution during the in situ AuNPs
formation. Such CMC may wrap around the AuNPs concurrently formed in the
solution so that the AuNPs exhibited much larger diameter than what is expected.

This hypothesis needs to be proven by TEM analysis of the organic-stained AuNPs.
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Table 3.1 Particle size and PDI of AuNPs formed in solution using varied

concentration of HAUCl, during the preparation of BC/AuNPs and BC/CMC/AuNPs as

evaluated by DLS.
Hydrogels HAuCl, (mM) Particle size (nM) PDI
BC/AuNPs 0.024 31.94 + 1.47 0.289
0.120 29.51 + 0.59 0.128
0.240 29.46 + 0.49 0.260
BC/CMC/AuUNPs 0.024 31.56 + 1.88 0.233
0.120 30.37 + 0.46 0.217
0.240 31.54 + 0.80 0.388
A 0.30 — B gy
g °‘25'_ kil i
\<; 0.20
2 0.15-\4 \\
<
g 0.10 4
o J
2 o054
- R
0,00 TR T T e e
400 550 660 700
Wavelength (nm)
c
[ ]
L]
50 nm

Figure 3.4 UV-visible spectra of BC, BC/CMC hydrogel and BC/CMC/AuNPs composite

(A), TEM micrograph of embedded AuNPs in the BC/CMC/AuNPs (B) and formed

AuNPs in solution (Q).



21

Morphological structures of the BC, BC/CMC and BC/CMC/AuNPs were
evaluated by FE-SEM. Figure 3.5A-C showed fibrous network of BC with diameter of
the fibers of around 25 + 2.4 nm. The BC fibers of the BC/CMC and BC/CMC/AuNPs
(Figure 3.5B-C) seemed to be more loosely packed than those within the pristine BC
(Figure 3.5A). However, the packing of BC fibers became slightly denser after the
AuNPs incorporation (Figure 3.5C). Figure 3.5a-b show the physical appearance of
hydrogels. The thickness of pristine BC hydrogel (Figure 3.5a) was around 3 mm and
increased to 4.5 mm after CMC incorporation (Figure 3.5b) but decreased to 3.5 mm
after AuNPs fabrication (Figure 3.5¢). This thickness variation agrees quite well with

the fiber packing.

Figure 3.5 FE-SEM micrographs and photographs of pristine BC (A, a), BC-CMC (B, b)
and BC-CMC-AuNPs (C, c).

To confirm the crystal structure of BC and AuNPs, XRD analysis was
performed. XRD pattern of CMC powder displayed a broad peak at 20.7°
corresponding to the amorphous nature of the pure CMC. The dried BC displayed
three diffraction peaks with 28 at 14.5° 16.8° and 22.6° corresponding to the (110),
(110), and (200) planes of cellulose 1[34], respectively (Figure 3.6A). The degrees of
crystallinity of BC/CMC and BC/CMC/AuNPs were found to be only slightly lower than
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the pristine BC, suggesting that the high crystallinity of BC was maintained despite the
incorporation of CMC and AuNPs (Table 3.2). The fact that the XRD patterns as well
as their corresponding peak intensity of all hydrogels did not significantly change
implied that the crystal structure of BC remained unaltered after CMC incorporation
and in situ chemical reduction to generate AuNPs. XRD pattern of the BC/CMC/AuNPs
in Figure 3.6B exhibited a peak at 38.5° which can be assigned to the (111) crystal

planes of gold.[35] verifying the presence of AuNPs formed within the composite.
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Figure 3.6 XRD patterns of CMC, BC, BC/CMC, BC/CMC-AuNPs (A) and magnified XRD
pattern of BC-CMC-AuNPs in the 26 region of 35-45° (B).

Table 3.2 Crystallinity of BC, BC/CMC and BC/CMC/AuNPs hydrogels

Sample %Crystallinity
Pristine BC 72.41
BC/CMC 71.02
BC-CMC-AuNPs 71.59

TGA and derivatized thermogravimetric (DTG) curves are demonstrated in
Figure 3.7A and B, respectively. The pristine BC exhibited a weight loss of 93% in a

temperature range of 250 — 400°C which was the degradation of the main cellulose
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skeleton. The degradation profile of BC/CMC appears in a similar range with 90%
weight loss suggesting that the degradation is dominated by the BC. The
BC/CMC/AuNPs composite exhibited a weight loss of 95% in a higher temperature
range of 275 — 430 °C suggesting the presence of AuNPs in BC/CMC matrix improves
the thermal stability of hydrogels. The BC, BC/CMC and BC/CMC/AuNPs were
completely decomposed at 501, 535 and 730 °C, respectively.
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Figure 3.7 TGA curves (A) and DTG curves (B) of BC, BC/CMC, and BC/CMC/AuNPs
hydrogels.

3.4 Determination of AuNPs Composition

To quantitate the gold content in the BC/AuNPs and BC/CMC/AuNPs
composites, all samples were digested in the H,SO, to transform fiber into sugar and
prevent the trapped gold ion inside the BC matrix followed by an addition of aqua
regia to digest AUNPs into Au®* ions. The samples were determined by ICP-AES by
using Au’* standard solution of varied concentrations (0.1 — 15 ppm, N=3) to generate
a calibration curve as shown in Figure 3.8. According to ICP-AES analysis, the gold
content of BC/AuNPs composite increased proportionally as a function of HAuCls
concentration as shown in Table 3.3 By employing the same HAuCl, concentration,
the quantity of gold nanoparticles in the BC/CMC/AuNPs composite was
approximately half of that in the BC/AuNPs composite. This may presumably be
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explained as a result of lower local concentration of Au®" within the more swollen
BC/CMC/AuNPs  composite  than  that  within  the BC/AuNPs  composite.
The BC/CMC/AuNPs composite that was further used for LDI-MS analysis was
prepared using HAUCl4 concentration of 0.120 mM. This substrate contains 1.24 + 0.22

%W/ W.
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Figure 3.8 Calibration curve of Au®* standard solution for determination of AuNPs by

ICP-AES.

Table 3.3 Gold content in the BC/AuNPs and BC/CMC/AuNPs composites prepared

using varied HAuCl, concentration

AuUNPs content (%w/w)

HAuC|, concentration (mM)

BC/AuNPs BC/CMC/AuNPs
0.024 0.52 + 0.08 0.27 + 0.35
0.120 2.10 £ 0.17 1.24 + 0.22

0.240 4.10 £ 0.50 1.93 £ 0.26
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3.5 LDI-MS analysis

The BC-CMC-AuNPs composite was tested for GSH absorption, a model of
thiol-containing biomarker by being immersed in GSH standard solutions of varied
concentrations (50 - 10,000 nM, N = 3). From the mass spectrum of GSH 500 nM
(Figure 3.9), there are three dominant peaks of [GSH+H]+ (m/z 307.9), [GSH+Nal+
(m/z 307.9) and [GSH+K]+ (m/z 307.9). The calibration curve showing a linear
relationship between ion abundance and GSH concentration (Figure 3.10) strongly
suggested that the developed BC/CMC/AuNPs composite can potentially be used as
a sample collection platform for quantitative analysis of GSH. A high sensitivity of
GSH detection with a low limit of detection (LOD) of 54.1 nM which was calculated
using eq 2.3. and a wide linear detection range of 50 - 10,000 nM can be reached
with a good linear correlation (R2 = 0.9961). This also covers GSH level in human
plasma [19]. To evaluate the feasibility of the method for the analysis of real
samples, the composite was applied to the determination of GSH in human plasma
with varied concentration. GSH was spiked into human plasma samples. Recoveries
of the spiked amount of GSH in the diluted human plasma samples were obtained in
a range of 91.36 — 103.98% (Table 3.4) These results indicated the good reliability of

the method for GSH analysis in complicated biological samples.
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Figure 3.9 Mass spectra of GSH 500 nM by using optimized BC/CMC/AuNPs as

substrate.
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Figure 3.10 Calibration curve of GSH standard solution as analyzed by LDI-MS using

BC/CMC/AuUNPs composite as the preconcentration/sample collection platform.
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Table 3.4 Recovery percentage of GSH spiked in diluted human plasma with varied

GSH concentration.

Spiked GSH Recovery
concentration (nM) (%)
1350 103.98
2700 91.36
5400 101.69

The comparison of analytical performance between this platform together
with the LDI-MS analysis and other methods is presented in Table 3.1. In general,
GSH determination in human plasma requires highly sensitive and selective methods
of which LODs are in a range of nM. For the GSH analysis by colorimetry using AuNPs
and 2,2'-azino-bis(3-ethylbenzothiazoline—6-sulfonic acid) (ABTS) oxidized by Ag* ion
[37, 40] exhibited a linear range of 500 - 1,250 nM and 500 - 4,000 nM with LODs of
500 and 59 nM, respectively. The fluorescence analysis using dual-mode carbon
quantum dots (CQDs) and AuNPs[31] also exhibited a lower LOD of 50 nM with a
linear range of 100 - 600 nM. For the method having higher sensitivity, High-
Performance Liquid Chromatography (HPLC) coupled with electrochemical detection
[39] cave a wider linear range of 500 - 10,000 nM with LOD as low as 200 nM.
Moreover, spectrofluorimetric method using graphene as adsorbent for solid-phase
extraction and N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
yUmethyl)iodoacetamide (BODIPY FI-C1-IA) as a fluorescent probe [36] to derivatize
GSH yielded a low LOD of 0.01 nM with a linear range of 0.05 - 200 nM. Unlike the
methods mentioned above, the LDI-MS analysis employing the developed
BC/CMC/AuNPs composite as a platform for sample collection not only can be used
for quantitative analysis of GSH with a favorably wider linear range and the low LOD,
but the analysis can also be done without the requirement for extra steps of

extraction and/or preconcentration prior to analysis.
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Table 3.5 Analytical characteristics of different methods used for GSH analysis in

human plasma.

Materials or sensing Linear range  LOD
Ref. Methods
elements (nM) (nM)
BODIPY FL-Cy-IA
Solid-phase extraction
[36] Spectrofluorimetry 0.05 - 200 0.01
using graphene as
adsorbent
[37] Colorimetry AuNPs 500 - 1,250 500
Nickel hexacyanoferrate
[38] Electrochemistry film/CTAB/AuUNPs Pt 200 - 1,000 80
electrode
[31] Fluorescence CQDs and AuNPs 100 - 600 50
HPLC- Screen-Printed Gold
[39] 500 - 10,000 200
Electrochemistry Electrodes
[40] Colorimetry Ag® ion and (ABTS 100 - 4,000 59
This work  LDI-MS BC/CMC/AuUNPs 50 - 10,000 54.1
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CHAPTER IV
CONCLUSION AND SUGGESTIONS

In summary, we have successfully developed BC/CMC/AuNPs composites by
incorporating CMC and AuNPs via simple soaking the pristine BC in CMC solution and
HAuCl, solutions, respectively and followed by heating to induce in situ chemical
reduction. The amount of in situ generated AuNPs can be varied as a function of the
HAuCl, concentration from ICP-AES analysis. The swelling of BC/CMC/AuNPs hydrogels
increased more than 50% of the original BC hydrogel. The BC/CMC/AuNPs were
characterized by FT-IR, UV-visible spectroscopy, FE-SEM, TEM, XRD and TGA. The
crystallinity and fibrous nature of the original BC was not significantly affected by the
CMC and AuNPs incorporation with fiber size around 25 nm. TGA and DTG data
suggested that the presence of AuNPs in in BC/CMC matrix improved the thermal
stability of hydrogel with higher decomposition temperature. The embedded AuNPs
are uniform size with diameter around 13 nm in BC matrix which also confirmed from
crystal plane of gold by XRD analysis and the characteristic absorption band of
AuNPs in UV-vis spectra. The BC/CMC/AuNPs composite prepared using 0.120 mM
HAuCly was found to be the appropriate condition for GSH biomarker absorption
because of its good swelling property. The composite was tested to generate a
calibration curve by using LDI-MS. The quantitative analysis of GSH which is a
biomarker for Alzheimer’s diagnostics via LDI-MS exhibited high sensitivity and low
LOD of 54.1 nM and the linear range of 50 — 10,000 nM which covers GSH level in
human plasma. Moreover, this platform could be used for GSH analysis in spiked
human plasma which good recoveries. Our on-going investigation is to determine pre-
concentration efficiency.

According to all result mentioned above, all experiments indicated that the
developed BC/CMC/AuNPs composites could be prepared by simple protocol with
low cost of materials. Moreover, the composites had a potential to be a sample
collection platform for quantitative analysis of biomarker and applied for medical

diagnostics in the future.
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Figure Al FT-IR spectra of BC/AUNPs prepared using (a) 0.024 mM, (b) 0.120 mM and

0.240 mM HAUCL,.
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Figure A2 FT-IR spectra of BC/CMC/AUNPs prepared using (a) 0.024 mM, (b) 0.120 mM

and 0.240 mM HAuCl,.
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Figure A3 Mass spectra of angiotensin I (0.1 nM) by using BC/CMC and

BC/CMC/AUNPs as substrate.
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Figure A4 Mass spectrum of GSH standard solution (50 nM) by using optimized
BC/CMC/AuNPs as substrate.
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Figure A5 Mass spectra of 10x diluted human plasma by using optimized
BC/CMC/AuUNPs as substrate.
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Figure A6 Mass spectrum of GSH spiked in 10x diluted human plasma (1250 nM) by

using optimized BC/CMC/AuNPs as substrate.
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Figure A7 Mass spectrum of GSH spiked in 10x diluted human plasma (2700 nM) by

using optimized BC/CMC/AuNPs as substrate.
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