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Synthesis of Natural Products-Stabilized Nanopatrticles and Their Potential Applications in
Wound Dressings and Medical Diagnosis of Cysteine/Cystine Related Renal Diseases
CAIl Gen, FUNG Tin-yau, ZHANG Jiacheng

1 Abstract

The aim of this project is to optimize the methodology of the preparation of natural products-stabilized
metal nanoparticles, and to assess their antibacterial and antifungal properties, their application on the
synthesis of hydrogels, and the detection of cysteine. In this project, silver nanoparticles (AgNPs) and
copper nanoparticles (CuNPs) were synthesized in an eco-friendly way using different reducing agents
and naturally-occurring capping agents. Current methodologies 'make use of ready-made, and sometimes
inorganic, chemicals as the capping and reducing agents of the nanoparticles. Apart from using these
chemicals, our study also made use of various natural products, such as/extracts of okra plants and
avocado seeds, to synthesize Ag and CuNPs, such that they were more eco-friendly and more

biocompatible %,

Various parameters, namely the type of metal ion, the type and concentration of the capping agent and
reducing agent, and the reaction temperature, were varied to'produce different types of nanoparticles.
Chitosan, alginate, okra mucilage and starch-chelated AgNPs were successfully synthesized with
excellent stability. However, CuNPs were unstable and oxidized spontaneously. Potassium iodide
was added to stabilize the CuNPs by formingrimpermeable Cul layers, but they were still oxidized and

underwent a colour change from wine red to yellow within 24 hours at 4°C.

Successfully synthesized nanoparticles were tested for their antibacterial and antifungal properties.
Starch-chelated AgNPs (Starch/AgNPs), alginate-chelated AgNPs (Alginate/AgNPs) and Chitosan-
chelated AgNPs (Chitosan/AgNPs) were used to synthesize hydrogels. Multiple crosslinking

mechanisms were, proposed.

In our preliminary“section,“it was found that Chitosan/AgNPs, Starch/AgNPs and Alginate/ AgNPs
exhibited!a.significant ‘antibacterial effect, with the minimum inhibitory concentration being 4.17 ppm,
which was less than half of the commercial value °. Only at a high concentration, namely 100 ppm,
could the nanoparticles exhibit a notable antifungal effect. Moreover, the nanoparticles were found to

be-able to crosslink with PVA to form hydrogels.

It is found that the interaction between AgNPs (conc. of 100 ppm) and cysteine (CsH;NO,S) molecules
resulted in a sharp, instant colour change at [Cysteine] > 20 ppm. Furthermore, it is found that cystine,

(CsH412N,0,S,) did not exhibit the same result when interacting with AgNPs; however, a buffer

2-
containing SO; was developed for reducing cystine to cysteine, allowing the detection of cystine. This
method could be used for screening several diseases relating to the abnormalities in the cysteine and

cystine levels, such as cystinuria ®, hyperhomocysteinemia and other renal diseases ’.



Keywords: silver nanoparticles, copper nanoparticles, okra, alginate, chitosan, starch, antibacterial,
wound dressings, hydrogels, cysteine, cystine, cystinuria, hyperhomocysteinemia, renal diseases.
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Introduction

AgNPs are«receiving increasing attention from researchers due to their excellent
antibacterial'properties, which can be used in disinfecting open wounds on the skin.
Furthermore, traditional antibiotics are ineffective against drug-resistant bacteria
strains. The USA Centers for Disease Control and Prevention have predicted more
deaths from-antimicrobial-resistant bacteria than all types of cancers combined by
2050 8 _Therefore, AgNPs, being a non-antibiotic-based material, can be used to
resolve the problem. They have an especially high potential in treating burn and
chronic wounds as their healing process are slow, and the chance of infections is
high.

Among the various capping agents of AgNPs, natural polymers, such as chitin,
alginate and starch, are desired because of their high biocompatibility 8. AgNPs are
also capable of being functionalized with hydrogels. A hydrogel is a three-
dimensional, hydrophilic, crosslinked insoluble polymeric matrix with the ability to
extend and retain a significant fraction of water within its structure. Hydrogels are

usually synthesized by the crosslinking of hydrophilic polymers by the reaction



between functional groups and external chemicals. The AgNPs-hydrogel composite
often features properties like high porosity, hydrophilicity, swelling capacity and
lack of toxicity, which is desired in an ideal wound dressing °.

K. K. Y. Wong et al. also reported that the healing process of second-degree burn
wounds was accelerated in BALB/C mice when they are treated with AgNPs. It has
been shown that AgNPs can modulate the cytokines involved in the wound-healing

process and give a better cosmetic appearance.

Currently, the exact mechanism of AgNPs’ antibacterial effect is.not completely
understood, but there are several proposed mechanisms. AgNPs can physically
penetrate the bacterial wall and membrane, leading to celllysis™, and interact with

thiol-containing proteins.

0]

Equation 1: a demonstration of the HO)J\;/\SH
interaction between AgNPs and |:=.|H2 @ ﬁ
N

thiol groups (in red colour) using 0
L-cysteine as a model.

HO - sf Agz0 layer

NH,
In addition, AgNPs can/continuously release Ag* ions which kill bacteria. Ag* ions
can destroy the cell wall,and membrane by denaturing outer membrane structures,
such as thiolscontaining proteins **2. This enhances the permeability of the cell
membrane and causes bacteriolysis. Inside the cell, Ag* ions can react with the thiol
groups ({<SH) of proteins **and bind with their active sites, resulting in reduced
enzymatic activities in the organism. For example, the thiol groups of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an important enzyme for
glycolysis, and malate dehydrogenase (MDH), a key enzyme in the central oxidative
pathway **, were bonded to Ag* ions and this resulted in reduced activities **. The
ions can initiate the generation of reactive oxygen species (ROS), such as Oz, sOH,
and H,0,, causing oxidative stress ! Furthermore, ROSs can cause damage
within DNA pairs, especially GC base pairs, interrupting cell replication and
inhibiting the growth of the bacteria. The enzymes required in the repair of DNA,
such as GAPDH Y/, are also inhibited.



There are several advantages of using AgNPs over AgNO3 and silver sulfadiazine,
such as their extremely slow release of Ag* ions and them being less irritative . More

importantly, AgNPs have extremely low toxicity towards animals, with a median
lethal dose (LDso) of 250 — 350 mg/kg . Nevertheless, there are still a lot of
unknown impacts of AgNPs on human health &,

Figure 1: the antibacterial activities oft\AgNPs. (1) AgNPs perforate the bacteria cell wall, leading to bacteriolysis; (2) one
possible route for generating ROSSs;-which involves Ag*-caused mitochondrial dysfunction; (3) AgNPs and Ag* ions
denature the membrane proteins by binding with the thiol group; (4) Ag* ions act as enzyme inhibitors by binding to the
active site of enzymes; (5)"Ag* ions denature ribosomes and inhibit protein synthesis; (6) Ag* ions and ROS cause DNA
oxidation. Generated from BioRender

In this repart, AgQNPs were synthesized in a green way with different natural capping
agents,7and their antibacterial and antifungal properties were investigated. The
approach to forming nanoparticle-hydrogel composite was brought by the gelation
of the synthesized nanoparticles in hydrogel-forming polymers by crosslinking long
polymer chains of PVA with mainly nanoparticles and a significantly low amount of

borax.



5 Synthesis of nanoparticles

5.1 Experimental
5.1.1 Materials

The materials used for the synthesis of nanoparticles include silver nitrate, copper(ll)
chloride 2-hydrate, starch, sodium borohydride, L-ascorbic acid and potassium
iodide (purchased from Uni-Chem), sodium alginate (purchased from Uni-Chem and
Philip Harris), chitosan (purchased from J&K Scientific), cysteine (purchased from
Alfa Aesar), acetic acid and ammonia solution (purchased from'VWR Chemicals),
pH10 buffer solution (purchased from Hanna Instruments), sodium hydroxide
(purchased from Fisher Scientific), glucose (purchased fram Sinopharm) and various
extracts of natural products. Okras, aloe vera and avocado seeds are bought from

local shops, green tea bags are bought from Rickshaw Chinese Teabag.

5.1.1.1 Okra
There were various methods of extraction for the okra, which made use of different
structures of the plant.
5.1.1.1.1 Entire okra

To extract the okrawusing all of its structures, 200 g of the plant was boiled and put
into a blender with 200 mL of distilled water. After blending, the mixture was filtered,
such that-only-soluble substances were retained. The concentration of the solution

was then ‘'measured.
( I/V <
SN 9

<

Picture 1: putting the okra into the blender.
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5.1.1.1.2 Mucilage

To extract the mucilage of the okra, the plant was put in boiling water briefly. Then,
200 mL of the mucilage was squeezed out of the central axis and then centrifuged to

remove impurities. The concentration of the solution was then measured.

73

o

Picture 2: extracting the okra mucilage from its central axis

5.1.1.1.3 Central axis

To obtain an extract of the-central axis of the okra, 200 g of the central axis was
removed from the okra and putinto a blender with 200 mL of distilled water. After

blending, the mixture‘was filtered and centrifuged, such that the soluble substances

were retained. The concentration of the solution was then measured.
WA )
~
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Picture 3: removing the central axis from the okra

5.1.1.1.4 Seed

Picture 4: removing the seeds from the okra.

To obtain an extract of the seeds of the okra, 200 g of the seeds were removed from
the okra and put into a blender with 200 mL of distilled water. After blending, the
mixture was filtered and centrifuged, such that the soluble substances were retained.
The concentration of the solution was then measured.

11



5.1.2 Silver nanoparticles
For the synthesis of silver nanoparticles, a 5000 ppm AgNOs solution was prepared

and used for all set-ups to produce 100 mL of 100 ppm AgNPs solution.

5.1.2.1 Starch

Picture 5: addition of starch-chelated silver
ions into the sodium borohydride solution in
an ice bath

To synthesize Starch/AgNPs; 0.5 g of starch was dissolved in 48 mL of boiling
distilled water. 2 mL ‘of the 5000 ppm AgNO; solution was added to the starch
solution and stirred at. room temperature. Then, 0.105 g of NaBH.4 was dissolved in
50 mL of distilled water in an ice bath. The mole ratio of Ag*:NaBH, was 1:30, such
that the reducing agent was in excess. Then, the starch-chelated silver ion solution
was added. dropwise to the NaBH, solution in the ice bath with stirring. The above
procedures were repeated by adding the starch-chelated silver ion solution dropwise

to 50 mL of 2%'tea extract solution at room temperature with stirring.

5.1:2.2 "Alginate

To synthesize Alginate/AgNPs, 0.5 g of sodium alginate was dissolved in 48 mL of
distilled water. 2 mL of the 5000 ppm AgNO; solution was added to the alginate
solution and stirred at room temperature. Then, 0.105 g of NaBH,4 was added to 50
mL of distilled water in an ice bath. The mole ratio of Ag*:NaBH4 was 1:30, such
that the reducing agent was in excess. Then, the alginate-chelated silver ion solution

was added dropwise to the NaBH4 solution in the ice bath with stirring.

12



5.1.2.3 Chitosan

To synthesize Chitosan/AgNPs, 0.5 g of chitosan was added to 48 mL of distilled
water. 0.3 mL of acetic acid was added to the mixture to dissolve the chitosan. 2 mL
of the 5000 ppm AgNOs solution was added to the alginate solution and stirred at
room temperature. Then, 0.105 g of NaBH4 was added to 50 mL of distilled water in
an ice bath. The mole ratio of Ag*:NaBH4 was 1:30, such that the reducing.agent
was in excess. Then, the chitosan-chelated silver ion solution was added dropwise to
the NaBH, solution in the ice bath with stirring. The above procedures were repeated
by adding the chitosan-chelated silver ion solution dropwise to.50.mL of 2% tea

extract solution at room temperature with stirring.

5.1.2.4 Okra extract

To synthesize okra-reduced-and-chelated AgNPs, various amounts of the 4 types of
okra extracts were prepared and diluted to a solution of 50 mL, such that they
contained 0.5 g and 0.25 g of okra extracts\respectively. For each concentration of
each type of okra extract, 2 mL of the 5000 ppm AgNO; solution was made up to 50
mL, and added to the okra. extract solution dropwise at room temperature with

stirring.

To synthesize AgNPs using mixed okra extracts, 2 mL of the 5000 ppm AgNOs;
solution was<made, up to 50 mL, and added respectively to 3 sets of mixed okra
extract solution dropwise at room temperature with stirring, such that the resultant
solutionscontained 0.25 g of okra central axis extract with 0.25 g of okra seed extract,
0.25 grof okra,central axis extract with 0.125 g of okra seed extract and 0.125 g of

okra central axis’‘extract with 0.25 g of okra seed extract, respectively.

To 'synthesize okra-chelated AgNPs reduced by sodium borohydride, the 2 okra
extracts that made use of the entire okra and its mucilage respectively were prepared
and diluted to a solution of 48 mL, such that the mixtures contained 0.25 g of okra
extracts each. 2 mL of the 5000 ppm AgNOs solution was added to the okra solution.
Then, 0.011 g of NaBH, was added to 50 mL of distilled water in an ice bath. The
mole ratio of Ag*:NaBHj, is 1:3, such that the reducing agent was in excess. Then,
the okra-chelated silver ion solution was added dropwise to the NaBH4 solution in

the ice bath with stirring.

13



5.1.2.5 No capping agent

As a control, silver nanoparticles were also synthesized without any capping agent.
2 mL of the 5000 ppm AgNO:s solution was added to 48 mL of distilled water. Then,
0.105 g of NaBHjs is added to 50 mL of distilled water in an ice bath. The mole ratio
of Ag":NaBH. was 1:30, such that the reducing agent was in excess. Then, the silver
ion solution was added dropwise to the NaBH, solution in the ice bath with stirring.

5.1.3 Copper nanoparticles

For the synthesis of copper nanoparticles, a 5000 ppm copper(I1)-chloride solution
was prepared and used for all set-ups to produce 100 mL of 100;ppm CuNP solution.
During and after the preparation of nanoparticle solutions, they were covered with

aluminium foil to prevent oxidation of the CuNPs ingthe air to form copper(ll) ions.

5.1.3.1 Starch

To synthesize starch-chelated CuNPs, 0.5'g of starch was dissolved in 48 mL of
boiling distilled water. Then, 2 mL of 5000 ppm CuCl, solution was added into the
starch solution at room temperature. Next, 0.832 g of L-ascorbic acid was added to
50 mL of distilled water. The'mole ratio between copper(ll) ions and L-ascorbic acid
was 1:30, such that the reducing agent was in excess. Then, the solution of L-ascorbic
acid was added dropwise to the starch-chelated copper(ll) ion solution at 80°C with

stirring.

5.1.3.2 Chitosan

To synthesize chitosan-chelated CuNPs, 0.5 g of chitosan was added to 48 mL of
distilled.water.” 0.3 mL of acetic acid was added to the mixture to dissolve the
chitosan...Then, 2 mL of 5000 ppm CuCl; solution was added into the chitosan
solution. Next, 0.832 g of L-ascorbic acid is added to 50 mL of distilled water. The
mole ratio between copper(ll) ions and L-ascorbic acid was 1:30, such that the
reducing agent was in excess. Then, the solution of L-ascorbic acid was added

dropwise to the chitosan-chelated copper(Il) ion solution at 80°C with stirring.

5.1.3.3 Okra extracts

To synthesize okra-reduced-and-chelated CuNPs, extracts of the okra mucilage and
seeds were prepared and diluted to a solution of 50 mL, such that they contained 0.5

g and 0.25 g of okra extracts respectively. For each concentration of each type of

14



okra extract, 2 mL of the 5000 ppm CuCl solution was made up to 50 mL, and added
to the okra extract solution dropwise at room temperature with stirring.

To synthesize okra-chelated CuNPs reduced by sodium borohydride, the 2 okra
extracts that made use of the okra seed and okra body respectively were prepared
and diluted to a solution of 48 mL, such that the mixtures contained 0.05 g of okra
extracts each. 2 mL of the 5000 ppm CuCl; solution was added to the okra solutien.
Then, 0.018 g of NaBH, was added to 50 mL of distilled water in an ice bath. The
mole ratio of Ag*:NaBHj is 1:3, such that the reducing agent was in excess. Then,
the okra-chelated copper(I1) ion solution was added dropwise to the' NaBH4 solution

in the ice bath with stirring.

To synthesize okra-chelated CuNPs reduced by L-ascorbic acid, the 2 okra extracts
that made use of the okra seed and okra central axis respectively were prepared and
diluted to a solution of 48 mL, such that the mixtures contained 0.05 g of okra
extracts each. 2 mL of the 5000 ppm CuClz'solution was added to the okra solution.
Then, 0.139 g L-ascorbic acid was added to 50 mL of distilled water. The mole ratio
of Ag*:L-ascorbic acid was 1:5;"such that the reducing agent was in excess. Then,
the L-ascorbic solution was”added dropwise to the okra-chelated copper(Il) ion

solution at 80°C with canstant stirring.

5.1.3.4 L-ascorbic acid

To synthesize.L-ascorbic acid-reduced-and-chelated CuNPs, 0.832 g of L-ascorbic
acid was'dissolved in 50 mL of distilled water. The mole ratio between copper(Il)
ions and L-ascorbic acid was 1:30, such that the reducing agent was in excess. Next,
2 mL of 5000 ppm CuCl; solution was added to 48 mL of distilled water and heated
to 80°C..Then, the L-ascorbic acid solution was added dropwise to the copper(ll) ion

solution with stirring.

5.1.3.5 No capping agent

To synthesize copper nanoparticles without capping agents while using potassium
iodide as a stabilizing agent, 0.022 g of CuCl;-5H,0 was dissolved in 25 mL of water.
0.017 g or 0.002 g of KI was dissolved in 25 mL of distilled water respectively, such
that the mole ratios of Cu**:Kl to be added were 1:1 and 10:1 respectively. The KI
solutions were then mixed with the Cu?* solution. Then, 0.114 g of NaBH4 was

dissolved in 50 mL of ice-bathed water, such that the mole ratio of Cu?*:NaBH. was

15



1:6. The iodide and copper(ll) ion solutions were added to ice-bathed NaBH4
solutions respectively with constant stirring.

5.1.4 UV-Vis spectroscopy

For the successfully synthesized silver nanoparticles, a UV-Vis spectroscopy was
conducted using an analyzer with the wavelength ranges from 300 nm to 900 nm,
such that the successful formation of silver nanoparticles could be verified.

5.1.5 Nanoparticle tracking analysis

5.2 Results

For the successfully synthesized silver nanoparticles, a nanoparticle tracking
analysis (NTA) was conducted using a ZetaView nanoparticle tracking analyzer,
such that the successful formation of silver nanoparticles could be verified, and their

particle size and dispersity could be estimated.

5.2.1 Silver nanoparticles

5.2.1.1 Starch

Using starch as a capping.agent and sodium borohydride as a reducing agent, a clear
brownish solution of Starch/AgNPs with no precipitates was obtained (Picture 6). It
was generally. stable,but precipitates were observed after about 1 month of storage
at 4°C.

The 'UV-Vis absorbance spectroscopy showed that the curves of different
concentrations all showed an absorption peak at 402 nm (Figure 2). The NTA carried
out showed that the diameters of the Starch/AgNPs were mainly at 82.5 nm (Table
1).

On the other hand, using starch as a capping agent and tea extract as a reducing agent

produced an unclear solution of greenish-brown colour with precipitates (Picture 7).
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Picture 7: starch-capped and
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Peak analysis of NTA of Starch/AgNPs

Diameter / nm Particles / mL FWHM / nm Percentage / %

82.5 2.4E+6 152.3 100.0

Table 1: peak analysis of NTA of Starch/AgNPs
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5.2.1.2 Alginate

Using alginate as a capping agent and sodium borohydride as a reducing agent, a
clear brownish solution of Alginate/AgNPs with no precipitates was obtained
(Picture 8). It was generally stable, but a very small amount of precipitates were
observed after about 1 month of storage at 4°C.

The UV-Vis absorbance spectroscopy showed that the curves of different
concentrations all showed an absorption peak at 404 nm (Figure 4). The NTA carried
out showed that the diameters of the Alginate/AgNPs were mainly at 84.8 nm (Table

2).
Picture 8: the sodium-borohydride
reduced Alginate/AgNPs.
Absorbance of Alginate/AgNPs A calibration cuve of Alginate/AgNPs at 404nm
1.2 1.2
y=0.1138x - 0.0029
| . R? = 0.9998
0.8 08
= ¥ ©
£ 06 2 06
£ <
Z 04 1 ¥ 2 0.4
Z =
0.2
2 B T q 0 '...
) 1;00 400 500 600 700 800 900 1000 ) 5 4 6 8 10
- wavelength (nm) -0.2 AeNPs (ppm)
—1ppm —2.5ppm 5 ppm 10 ppm

Figure 4: Left: the absorbance of Alginate/AgNPs.
Right: the calibration curve of Alginate/AgNPs at 404 nm.
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Peak analysis of NTA of Alginate/ AgNPs

Diameter / nm Particles / mL FWHM / nm Percentage / %

84.8 3.0E+6 196.1 100.0
Table 2: peak analysis of NTA of Alginate/AgNPs

5.2.1.3 Chitosan

Using chitosan as a capping agent and.soedium borohydride as a reducing agent, a
clear dark brownish solution of Chitosan/AgNPs with no precipitates could be
obtained (Picture 9). It was verystable, no precipitates were observed after about 1

month of storage at 4°C:

The UV-Vis absorbance spectroscopy showed that the curves of different
concentrations showed an absorption peak at around 408 nm. On the other hand,

using chitosan as a capping agent and tea extract as a reducing agent produced an

unelear solution of dark greyish colour with precipitates (Picture 10).

Picture 9: the sodium-borohydride-
reduced Chitosan/AgNPs. Picture 10: chitosan-capped and tea-extract-reduced Ag mixture.
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Absorbance of Chitosan/AgNPs A calibration cuve of Chitosan/AgNPs at 408nm

y =0.0536x + 0.0204
R?=0.9986

Absorbance
Absorbance
(=]

oo

800 900 1000 0.2

wavelength (nm) 0 5 10 s 20 2‘;
—Ilppm —25ppm —5ppm 10ppm —25ppm —350 ppm AgNPs (ppm)

Figure 6: Left: the absorbance of Chitosan/AgNPs.
Right: the calibration curve of Chitosan/AgNPs at 408 nm.

5.2.1.4 Okra extract

Different concentrations of different types of okra extracts'produced different results.
When using okra mucilage as both the capping agentand the reducing agent, it was
found that a 0.5% weight to volume ratio produced.a clear reddish solution of silver
nanoparticles with no precipitates (Picture=11), which was very stable, no
precipitates were observed after about 3 months of storage at 4°C. A 0.25%
concentration produced an unclear. solution of orange colour with precipitates
(Picture 12).

Picture 11: AgNPs capped Picture 12: AgNPs capped and
and reduced by 0.5% okra reduced by 0.25% okra mucilage.
mucilage.

When using okra seeds as both the capping agent and the reducing agent, a 0.25%
concentration produced a clear dark brownish solution of silver nanoparticles
(Picture 13), while a 0.5% concentration produced an unclear solution with a similar

colour (Picture 14).

The UV-Vis absorbance spectroscopy showed that the curves of different
concentrations all showed an absorption peak at 416 nm (Figure 7). The NTA carried
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out showed that the diameters of the okra seed-chelated silver nanoparticles
(Okra/AgNPs) were mainly at 254.3 nm and 76.6 nm (Table 3).

a\
Picture 13: AgNPs capped and Picture, 14: AgNPs capped and
reduced by 0.25% okra seed reduced by 0.5% okra seed.
Absorbance of Okra/AgNPs Aealibration curve of Okra/AgNPs at 416nm
18 18
1.6 / 16 v =0.0634x +0.0105
4 R® = 0.9998
: fa
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206 2
04 N/ \\: 0.6
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e—————— s — Va 0.2
02300 400 500 600 700 800 900 1000 o b
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Figure 7: Left: the absorbance of Okra/AgNPs.
Right: the calibration curve of Okra/AgNPs at 416 nm.

1.2E+6 [N

1.1E+6
) 1.0E+
Figure 8: 9085 JHL

8.0E+5
Left: histogram® showing™the & 7%+ 8
distribution-of Okra/AgNPs by, 2 *=> 1= T ]
particle size; & T0ES [

4.0E+5 1

3.0E+5 I—‘
Right:» 'the NTA image of 2.0E45 7
Okra/AgNPs. 1.0E45 L

0.0E+0- Rt

0 100 200 300 400 500 600 700 800 900 1000
Diameter [/ nm

Peak analysis of NTA of Okra/AgNPs
Diameter / nm Particles / mL FWHM / nm Percentage / %
254.3 9.5E+5 147.1 58.0
76.6 1.4E+6 82.9 42.0

Table 3: peak analysis of NTA of Okra/AgNPs.
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All trials involving mixed okra extracts produced unclear yellowish solutions with
precipitates (Picture 15).

Using okra mucilage as a capping agent and sodium borohydride as a reducing agent,
a clear and very dark brownish solution of silver nanoparticles with no precipitates
could be obtained. Using an extract of the entire okra as a capping agent and sodium
borohydride as a reducing agent, a black solution with no precipitates couldbe
obtamed (Picture 16).

Picture 15: Left: Ag with 0.25% okra seed with 0.25% okra central axis (capping and reducing agent);
Middle: Ag with 0.25% okra seed with 0.125% okra'central axis (capping and reducing agent);
Right: Ag with 0.125% okra seed with 0.25% okra central axis (capping and reducing agent).

Picture 16:

Left: Ag with 0.25% okra mucilage (capping agent)
and sodium borohydride (reducingsagent);

Right: Ag with 0.25% entire okra (capping agent)
and-sodium borohydride (reducing agent).
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5.2.1.5 No capping agent

When the silver ion solution was reduced by a sodium borohydride solution without
any capping agent, its colour turned from colourless to yellow, brown and eventually
black, with precipitates (Picture 17).

T—

Picture 17: Ag with sodium
borohydride (reducing agent)

5.2.2 Copper nanoparticles
5.2.2.1 Starch

Using starch as a capping agent.and L-ascorbic acid as a reducing agent, a clear pink
solution was observed right after the addition of L-ascorbic acid had been completed.
A pale orange colour was spotted after an hour and a half of constant heating and
stirring while a golden“yellow colour was observed after two hours of stirring

(Picture 18). However, the stir bar was coated with reddish-brown copper

precipitates.

Picture 18: Cu with starch (capping agent) and L-ascorbic acid (reducing agent);
Left: right after the complete addition of all reactants;
Right: the solution after 1 hour of stirring and heating.

5.2.2.2 Chitosan

Using chitosan as a capping agent and L-ascorbic acid as a reducing agent, a clear
pale reddish solution with brownish precipitates was obtained after the addition had

23



been completed (Picture 19). The colour of the solution turned to golden yellow after
constant stirring and heating at 80°C.

Picture 19: Cu with chitosan (capping agent)
and L-ascorbic acid (reducing agent).

5.2.2.3 Okra extracts

Using the mucilage as both the capping and reducing agent, a clear light blue solution
was observed after the addition had been completed (Picture 20).

Picture 20: Cu with 0.25% okra mucilage

(capping and reducing agent)
Using ‘okra extracts as both the capping and reducing agent, the solution chelated
with 0.25% mass to volume ratio of okra seed showed a light green colour right after
addition, although an unclear brown solution was observed after a day of stirring and
heating at 80°C. A 0.5% concentration produced a bluish-green solution right after
completing the addition while an unclear dark brown solution was observed after a

day of stirring and heating at 80°C (Picture 21).

24



Picture 22: Left: Cu with 0.25% okra seed extract (capping and reducing agent);
Right: Cu with 0.5% okra seed extract (capping and reducing agent).

Using okra extracts only as the capping agent and sodium borohydride as the

reducing agent, the solution of copper nanoparticles chelated by 0.05% okra seed
extract showed a clear dark brown colour with no precipitates; while the one chelated
by 0.05% okra central axis extract showed a clear light.blue colour (Picture 22).

R : Tk 3
Picture 21: Left: Cu'with okra seed (capping agent) and sodium borohydride (reducing agent);
Right: Cu with okra central axis (capping agent) and sodium borohydride (reducing agent)

Using okra extracts only as the capping agent and L-ascorbic acid as the reducing
agent, the solution of copper nanoparticles chelated by 0.5% okra seed extract
showed.an unclear dark reddish-brown colour, while the one chelated by 0.5% okra
central ‘axis extract showed an unclear light yellow colour, both with reddish-brown

precipitates observed (Picture 23).

Picture 23: Left: Cu with okra seed (capping agent) and L-ascorbic (reducing agent);
Right: Cu with okra central axis (capping agent) and L-ascorbic (reducing agent).
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5.2.2.4 L-ascorbic acid

Using L-ascorbic acid as both the capping and reducing agent, a clear golden yellow

solution with reddish-brown precipitates was observed (Picture 24).

Picture 24: Cu with L-ascorbic acid (capping and reducing agent)

5.2.2.5 No capping agent

Using potassium iodide as the-stabilizing agent and sodium borohydride as the
reducing agent, both set-ups.showa clear colourless solution with a lot of precipitates.
Orange precipitates were observed in the solution with the mole ratio of Cu**:KI of
1:1. Green precipitates were observed in the solution with the mole ratio of Cu?*:KIl
of 10:1 (Picture.25).

Picture 25:

Left: Cu ‘with potassium iodide (stabilizing agent)
(Cu*:Kl» of 1:1)_and sodium borohydride (reducing ™
agent),

Right: Cu with potassium iodide (stabilizing agent)
(Cu?*:KI1 of 10:1) and sodium borohydride (reducing
agent).
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5.3 Discussion
5.3.1 Silver nanoparticles

5.3.1.1 Starch/Alginate/Chitosan/Sodium Borohydride

For the synthesis of silver nanoparticles, it is concluded that starch, alginate and
chitosan are reliable capping agents. The carboxylate ions and polar functional
groups of these compounds, namely the hydroxyl groups and the amine groups;-can
form dative covalent bonds with the silver ions, and interact with_the “hydroxyl
groups and silver and oxide ions on the surface of the reduced silver nanoparticles,
preventing them from collision and hence congregation *°. The following diagrams
show the proposed capping mechanisms for starch 2, alginate #, chitosan 2,

Figure 9:

Diagrams of silver nanoparticles chelated by
starch (upper),

alginate (lower left) and

chitosan (lower right) respectively.

These capping agents are best paired with sodium borohydride, a reliable reducing

agent. However, it is noted that the sodium borohydride used must be largely in
excess and be in an ice bath, or it will react with atmospheric air and be oxidized

quickly, without reducing the silver ions.

Equation 2 2Ag™ +2BH;,” — 2Ag+2BH; + H,

27



The UV-Vis absorbance spectroscopy conducted all showed absorption peaks at
around 400 nm, indicating the successful formation of silver nanoparticles. However,
it was noted that Starch/AgNPs had the most uniform dispersity according to the
result of NTA, followed by Alginate/AgNPs, while those chelated by 0.5% okra seed

extract have the most non-uniform dispersity.

5.3.1.2 Okra extracts

Figure10:

Diagrams of silver,nanoparticles chelated by

oligosaccharides present in the okra mucilage

It is suggested that the oligosaccharides present in the okra mucilage,«such as the
homogalacturonan and the rhamnogalacturonan, can exhibit both-capping and
reducing capabilities. Their polar functional groups, such as the hydroxyl and ether
groups, can form dative covalent bonds with the silver ions,.and interact with the
hydroxyl groups and silver and oxide ions on the surface of the reduced silver
nanoparticles, preventing them from collision and-henece congregation. On the other
hand, their aldehyde ends can act as a reducing agent. As the sizes of these
oligosaccharides lie between that of disaccharides and polysaccharides, they
simultaneously possess sufficient capping lone pairs and reducing aldehyde ends,
allowing one-pot synthesis. The following diagram shows the proposed capping

mechanisms.

Homogalacturonan

Rhamnogalaturonan
Sodium borohydride is apparently a suitable reducing agent for okra-chelated silver

ions as well. It is noted that when okra extracts are used as the reducing agent, the
reduction of the silver ions takes a longer time when compared to other set-ups

involving sodium borohydride.
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Peak analysis of NTA of Starch, Alginate and Okra/AgNPs
Diameter / nm Particles / mL FWHM / nm Percentage / %
Starch/AgNPs 82,5 2.4E+6 152.3 100.0
Alginate/AgNPs 84.8 3.0E+6 196.1 100.0
Okra/AgNPs (Peak 1) | 254.3 9.5E+5 147.1 58.0
Okra/AgNPs (Peak 2) 76.6 1.4E+6 82.9 42.0

Table 4

A NTA was conducted on the Starch/, Alginate/ and Okra/AgNPs. It was noted that
the full width at half maximum of the peak of Starch/AgNPs was smaller than that
of the Alginate/AgNPs, while the Okra/AgNPs even showed two peaks of different
particle sizes, so it was concluded that the ones synthesized with starch had the most

uniform dispersity, followed by the ones with-alginate, and then okra.

5.3.1.3 No capping agents

The control set-up with no capping agent resulted in a black colour, indicating that

a capping agent is indeed-necessary.

5.3.2 Copper nanoparticles

With, respect to the experiments done, unlike silver nanoparticles, copper
nanoparticles are unstable. It is concluded that copper nanoparticles will oxidize
quickly once they are in contact with air to form copper(l) oxide. The copper(l) ions
then oxidize to produce CuO?" ions, which decompose into copper(l1) ions and super
oxide ions, as shown in the equation below %,

4Cu+ 0y — 2Cuy0
Cu’™ 4+ 0y — CuOsy ™"
CuOs" — Cu?" + 0y~
An aluminium foil must be used to cover the mouth of the conical flasks containing

Equation 3

the CuNPs during the experiments. Although they can be synthesized, if they re-
oxidize while being applied onto the hydrogels, they will not possess any
antibacterial properties. Therefore, its sterilizing properties are not to be examined

in the bacterial experiments.

29



5.3.2.1 Starch/Chitosan/L-ascorbic acid

Two main reducing agents, namely sodium borohydride and L-ascorbic acid, had
been selected to reduce copper(ll) ions into CuNPs. Yet, for the set-ups using sodium
borohydride, most of them failed as the reducing power of sodium borohydride was
too strong, creating a lot of reddish-brown copper precipitates. Therefore, L-ascorbic
acid, which possesses sufficient reducing power when the temperature reaches 80°C,
is preferred for the synthesis of copper nanoparticles.

In general, it took about 16 h of constant heating and stirring for copper-nanoparticles
to form. Furthermore, no matter what capping agents and reducing agents were
adopted, reddish brown precipitates were often observed, either-on the stir bar or on
the periphery of the conical flask. This indicated the'loss of a certain amount of
copper metal. Nevertheless, clear solutions in a golden‘yellow colour are observed
when starch, chitosan and L-ascorbic acid were“used as the capping agents with L-

ascorbic acids as the reducing agent, indicating the presence of copper nanoparticles.

5.3.2.2 Okra extracts

For the okra extracts, only the-okra seed extract was proved to be capable of capping
the copper nanoparticles“as shown in the set-ups using an okra seed extract as the
capping agent and sodium borohydride as the reducing agent. On the other hand,
when the other okra extracts involving its mucilage, seed and central axis, were used
as the reducing agent and capping agent simultaneously, the appearance of the
solutions<did not indicate the successful formation of copper nanoparticles. The one
with the okra-mucilage turned out with a blue colour, showing that the copper(ll)
ions were not reduced, while the ones with okra seed and central axis extracts
developedian unclear brown colour. In short, the okra seed extract is a suitable
capping agent for the formation of copper nanoparticles when a strong reducing
agent such as sodium borohydride is used, but it itself is not a good reducing agent
for copper nanoparticles. For the mucilage and central axis extracts, no evidence has
been found to show that they are good capping agents for the synthesis of copper

nanoparticles.

5.3.2.3 No capping agents

The control set-up with no capping agent resulted in a lot of precipitates, indicating
that a capping agent is indeed necessary. lodide ions react with copper(ll) ions to
form a layer to Cul to stabilize. Yet, side reactions occur and CuNPs are not

successfully capped.

30



6 Antibacterial activity test

6.1 Experimental

6.1.1 Materials

To make 1 L lysogeny broth, or Luria-Bertani medium (LB), 10 g tryptone
(purchased from aladdin), 5 g yeast extract and10 g NaCl (purchased from-UNI-
CHEM) were added to 1L of distilled water and boiled. To make LB agar, the 1 L
LB solution were added with 15 g of agar powder (purchased from UNI-CHEM) and
boiled to obtain a clear solution. The solution was poured into the Petri dish and the
agar formed after cooling. All apparatus was sterile and the "experiment was

conducted in a sterile environment.

6.1.2 Modified disc-diffusion assay

Picture 27
Chitosan/AgNPs

precipitated out in LB.

A modified disc-diffusion method was carried.out to determine the antibacterial
activity of the synthesized NPs. Gram-negative bacteria E. coli was used as the
bacterial model in the test. 50 uL.ef.E. coli cultured LB, was added to each of the
Petri dishes containing LB agar and'spread evenly. 10 uL of each of the test samples
was added vertically and directly onto the agar, and the Petri dishes were incubated

at 36°C for 24 h. Thezones of inhibition were observed and their diameters were

measured.

Picture 26: Left: adding E. coli into cuvette;
Middle: measuring the OD600;
Right: cuvettes added with micromagnetic stir bars.
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6.1.3 ODeoo quantitative analysis

Equation 4

To quantitively evaluate the antibacterial effect of the synthesized NPs, and monitor
their antibacterial process, ODggo quantitative analysis was carried out.

To determine the inhibition ratio and minimum inhibitory concentration MIC,
optical densities at A = 600 nm (ODsqo) of E. coli added with various test samples,
were measured in cuvettes at regular time intervals. 600-nm wavelength was chosen
as it is not harmful to E. coli, and is usually not absorbed by LB. The cultured E. coli
was diluted with LB to obtain an ODeqo Of about 0.2. Each cuvette was added with
2.5 mL of the E. coli solution, followed by 0.5 mL of the test samples, respectively,
as listed below:

Type Cone. Unit
100
50
Starch/AgNPs and 25
NP solution 10| ppm
Alginate/ AgNPs 5
2.5
1
100
Bac;l;glgc;)und Starch, slon (0.5%) and 50 % (V)
. Algmate soln (0.5%) 10]
solution 1
Alcohol (isopropanol) 0.75 %
Distilled water
Control LB

A micromagnetic stir bar was added to each cuvette and the solution was stirred on
a magnetic stir plate at 1500 rpm. All cuvettes were incubated at 36°C, and the ODggo

were measured every hour (Picture 28) . The first recorded values were treated as
zero for correction purposes (as the addition of the test samples would affect the

ODswo), and the accumulative changes of ODggo 0f each set were measured. The

inhibition ratio was calculated as shown in the following equation:

ODcontrol - ODtest sample
oD control

Inhibition Ratio = x 100%

The MIC was determined by finding the set with the lowest concentration of AgNPs

that experienced no ODggo increment in the test.
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In this test, Okra/AgNPs were not included because of their low antibacterial effect
in the disc-diffusion assay. Chitosan/AgNPs were also not included, but it was due
to the low solubility of chitosan in neutral pH (with LB having a pH around 7).
Furthermore, Chitosan/AgNPs precipitated out when added into LB, forming red
insoluble clusters in the cuvette (Picture 26).

6.2 Result
6.2.1 Modified disc-diffusion assay

The diameters of inhibition zones are listed in Table 4. Notably, 0:5% of chitosan
solution with acetic acid had an inhibition zone of 5 mm but this was significantly
smaller than the one with 100 ppm of Chitosan/AgNPs+(11 mm). The Petri dishes
were further incubated at 36°C for another 8 days and no changes in the diameters

of the inhibition zones were observed (Picture-29).

Test Samples Conc. Diameter (mm)
100, ppm 13
Starch/AgNPs 50 ppm 10
25 ppm 8
100 ppm 10
Alginate/ AgNPs 50 ppm 10
25 ppm 8
100 ppm 11
Chitosan/AgNPs 50 ppm 10
25 ppm 10

10 ppm
[\Okra-0.5%/AgNPs_| 100 ppm
Okra-0.25%/AgNPs 100 ppm 12
Starch Soln 0.50% 0
Alginate Soln 0.50% 0
Chitosag Solp with 0.50% 5
acetic acid

Okra extract 0.50% 0
Isopropanol 75% 11
distilled water 0

Table 5: the results of the disc-diffusion essay. Except for the highest concentration, test samples with zero inhibition zones
are not shown.
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Picture 29: the Petri dishes of the disc-diffusion essay

6.2.2 OD600 quantitative analysis

In aqueous media,“Starch/AgNPs showed a 100% inhibition ratio in the
concentrations of 4:17,.8.33 and 16.7 ppm, with slightly negative OD600 changes
(Figure 11). Starch/AgNPs of 1.67 ppm, which had a mean inhibition ratio of 58.8%,
divided ,the, graph into two halves: the samples below it were those that totally
inhibited the growth of E. coli; the samples above it were those that exhibited little
or no inhibitory effect. A negative inhibition ratio was recorded in the E. coli co-
culturedwith.0.083% starch solution, showing a faster bacteria growth in the starch
solution than in LB (Figure 15).

The MIC of Starch/AgNPs was 4.17 ppm. However, the 100% inhibition ratio was
reached after the fourth hour of incubation (Figure 19). In contrast, the NPs of 8.33,
16.7 ppm reached a 100% inhibition ratio in the first hour of measurement (data not
shown). Notably, the inhibition ratios of the NPs below the MIC (0.17, 0.42, 0.83
and 1.67 ppm) showed a decreasing trend over time in general, especially in 1.67
and 0.83 ppm (Figure 17).
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Mean inhibition ratio of Starch/AgNPs
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A very similar result (Figure 12) was obtained in Alginate/ AgNPs, except a relatively
strong inhibition ratio (15.6%) was obtained in the E. coli co-cultured with 0.083%

alginate solution (Figure 16), which was higher than that of 0.17 and 0.42 ppm of

Alginate/ AgNPs.

Besides, in the MIC (4.17 ppm) of Alginate/AgNPs, the 100% inhibition ratio was
reached after the third hour, earlier than that of the MIC of Starch/AgNPs, and the
inhibition ratio rose continuously throughout the first 3 hours (Figure 20). Similarly,
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concentrations below the MIC (0.17, 0.42, 0.83 and 1.67 ppm) also showed a
decreasing trend over time (Figure 18).

6.3 Discussion

6.3.1 Modified disc-diffusion assay

With respect to the minimum concentration that could inhibit bacteria growth, itwas
found that Chitosan/AgNPs had the strongest inhibitory effect against E. coli,
followed by Starch/AgNPs and Alginate/AgNPs. Okra-0.25%/AgNPshad very little
effect on E. coli, but Okra-0.5%/AgNPs exhibited no inhibitory effect.against E. coli
at the concentration of 100 ppm.

It is believed that the size has a strong influence on the ‘antibacterial activity of
AgNPs. On one hand, the smaller the particles; ‘the easier they can physically
penetrate E. coli. On the other hand, the smaller the size, the larger the surface area

to volume ratio, and hence the faster the.release of Ag™ ions.

From the results of the particle tracking’analyzer, the diameter of Starch/AgNPs and
Alginate/ AgNPs were mostly around 80 nm. However, Okra/AgNPs were mainly of
2 diameters, 254.3 and_76.6=nm, and they are roughly of equal number. Hence,
AgNPs with a diameter~of 254.3 nm are of a larger volume, which have a low
antibacterial effect. Therefore, Okra/AgNPs had a much lower antibacterial effect
than the other NPs in this test. Nevertheless, the Okra extract can be further purified
to obtain a stitable capping agent which may have a better stabilizing effect to

enhance the antibacterial activity in future research.

When compared by the structure of their cell walls, gram-negative bacteria are more
susceptible to the attack of AgNPs, as gram-positive bacteria have thicker

peptidoglycan composed of short peptides cross-linked by linear polysaccharides .
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Figure 21: the simplified cell wall structure of (Left) gram-positive bacteria and (Right) gram=negative bacteria. Generated from
BioRender.

Equation 5

Cytosol Cytosol

The formation of the inhibition zone in the one added with chitosan/acetic acid
solution is due to its known antiseptic effect. This might be caused by acid stress
assaulting the E. coli, in which the acetic’ acid.molecules diffuse into the cell
membrane of E. coli, ionizing intracellularly and lowering the intracellular pH .

This would then denature the proteins-inside and disturb the intracellular metabolism.

However, it is proposed that.the acid stress did not play an important role in the
antibacterial effect of Chitosan/AgNPs. As the Chitosan/acetic acid/Ag* mixture was
added to the NaBH, solution, the acetic acid continued to ionize to produce H* ions,
which then readily«neutralized with the OH" ions formed by the reaction between
NaBH; and H,0.

CH;COOH 7 H* 4+ CH;COO~

BH,” + H,O — BH3 + OH™ + H,
]:'I+ + OH — HQO

As‘a result, most of the acetic acid was consumed in the process, hence the
concentration of acetic acid molecules present in the Chitosan/AgNPs was very low.
The inhibitory effect of Chitosan/AgNPs could be solely explained by the
antibacterial property of AgNPs.

To explain why Chitosan/AgNPs had a higher inhibitory effect, it is proposed that
the pH of Chitosan/AgNPs (pH =~ 4.5) is significantly lower than that of the others

(pH =~ 7), hence promoting the release of Ag*ions ™.
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6.3.2 ODeoo quantitative analysis

The results of both of the NPs were very similar, indicating that they had a similar
antibacterial property and effect, which was also reflected in the disc-diffusion assay.

In the concentrations of 4.17, 8.33 and 16.7 ppm, the accumulative changes in ODego
were negative (Figures 11 and 12), leading to inhibition ratios over 100% (Figures
15 and 16). Hence, a control experiment using 100 ppm Starch/AgNPs as a_test
sample, without adding E. coli (LB only), was carried out to determine whether or
not the E. coli was the factor leading to the negative ODggo. However, a.non-negative
ODs0oo change was observed after 1 hour of incubation (data not shown). Therefore,
it was hypothesized that the negative value was due to" the adhesion between
AgNPs/Ag" ions and the E. coli organelles, via various mechanisms mentioned in

the previous section.

From the results, the antibacterial activity.can be'divided into the stage of inhibition
and sterilization %. In the inhibition stage, AgNPs firstly perforate the cell wall and
membrane, resulting in bacteriolysis.and the disturbance of cell replication. The rate
of death of E. coli is roughly-equal to the rate of reproduction, which is very likely
the reason for the non-increasing inhibition ratio of Starch/AgNPs at MIC in the first
2 hours (Figure 19). However, the inhibition ratio of Alginate/AgNPs continued to
increase (Figurey,20), showing a stronger antibacterial effect. In the stage of
sterilization, AgNPs Kill the rest of the E. coli.

In the E..coli co-cultured with distilled water, LB, alcohol and AgNPs with
concentrations) between 0.17 and 0.83 ppm, a significant log phase (exponential
growth).was observed between the first and the third hour (Figures 11 and 12). In
the concentration of 1.67 ppm, it could be clearly seen that the E. coli was in the log
phase from the second to the eighth hour. The log phase of E. coli was delayed and
prolonged in this concentration. From Figures 17 and 18, the general decreasing
inhibition ratio may reflect that the antibacterial activities of NPs are not catalytic.
Hence, further research could be carried out to enhance the antibacterial effect by
using dye-sensitized NPs which can continue to generate ROSs, such as H,O,, from

the exited electrons when absorbing visible light.

The resultant MIC, 4.17 ppm, was less than half of that of commercial AgNPs (10
ppm) as reported by Li et al. °. In addition, the synthesis was one-step and green,

which indicated that the NPs are a better option economically.
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Although the Chitosan/AgNPs precipitated out in this test, its outstanding
performance in the disc-diffusion method should not be overlooked. It is proposed
that the ODeoo analysis could be modified by adding pH buffer to obtain a suitable
pH for both Chitosan/AgNPs and the growth of E. coli.

Furthermore, gram-positive bacteria, such as Staphylococcus aureus, should also be
used as a bacterial model in future studies, to obtain a more accurate MIC of AgNPs

for general sterilization purposes.

7 Antifungal activity test

7.1

Experimental
7.1.1.1 Materials

The fungi solution was prepared by scraping thes-mold from a moldy mango seed and
putting it into distilled water followed. by shaking and sonication. Squared bread was

purchased from Al bakery.

7.1.1.2 Antifungal activity test using bread as the culture medium

Starch/, Alginate, Chitesan, Okra-0.25% and Okra-0.5%/AgNPs were tested for their

anti-fungal effects.

Fungi solution was added at the
centre

Figure —22: _“the
method of applying
AgNPs and “fungi
onto a bread.

Nanoparticles were not
applied on the

. . right hand side
Nanoparticles were applied
on the left hand side

First, each slice of bread was cut into 4 equal squares. 2 set-ups were prepared as
follows: the first set was prepared by adding 1 drop of the fungi solution at the center
of the bread and spreading it with a brush, followed by the addition and spreading of
1 mL of NPs of various capping agents and concentrations (100/50/25/10/5/2.5/1/0
(background) ppm) on the left-hand side of the slices of bread.
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The second set was prepared by reversing the sequence of addition mentioned above.
The above samples were put into plastic bags and placed under room conditions with
the humidity at around 80% for 1 week. The anti-fungal effect of each type and
concentration of the NPs was determined by the number of days taken for the fungi
to contaminate the left-hand side of each slice of bread.

7.2 Result

development of the mold could be observed starting from the 4t
with 100 ppm NPs solutions lasted longer before the

contaminated with mold.

Picture 30: conducting antifungal acﬂwtyt@
4@
A ;LQQ()’
({)/
q/Q
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7.2.1 Starch/AgNPs

7.2.1.1 The first set (fungi added first)

In Table 5, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 5" (highlighted @Je)

and 6™ (highlighted in green) day respectively.

Day/Co -

pm

gl P

2.5 ppm

5 ppm

10 ppm

25 ppm

50 ppm

100 ppm

@Lbfresult of Starch/AgNPs (first set) in the antifungal test.

q/
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7.2.1.2 The second set (AgNPs added first)

In Table 6, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 5™ (highlighted in blue)

and 6™ (highlighted in green) day respectively.

Da}é/con 0 t 1p 5 ppm | 5ppm 10 ppm

Table 6: th(%tﬂf Starc %Ps)vKond set) in the antifungal test.
(L Starch/AgNPs
Time taken for fungi to contaminate left-hand side

7
6
2) 5
2
1
0

Concemramn of AgNPs (ppm)
® Fungi-added first  ®NPs added first

Figure 23: the result of both sets of Starch/AgNPs in the antifungal test.
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7.2.2 Alginate/AgNPs
7.2.2.1 The first set (fungi added first)

In Table 7, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 5™ (highlighted in blue)
and 6™ (highlighted in green) day respectively. 6

0 ppm 2.5 ppm 5 ppm 10 ppm | 25 ppm 50 ppm | 100 ppm

%Vresult of AIgmate/AgNPs (first set) in the antifungal test.

q/Q
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7.2.2.2 The second set (AgNPs added first)

In Table 8, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10, 25 and 50 ppm (highlighted in yellow). For the concentration of
100 ppm, fungal contamination was observed on the 6™ day (highlighted in blue).

Day/Co

e, 0 %m 1 p[;n\ 2.5 ppm 10 ppm
Table 8: the result'ofwinate/ Ps (second set) in the antifungal test.

Y4
*
Alginate/ AgNPs
(L Time taken for fungi to contaminate left-hand side

8
7
6
5
4
3
2
1
0
0 1 25 5 10 25 50

Concentraion of AgNPs (ppm)

<O

100

® Fungi-added first ~ m NPs-added first

Figure 24: the result of both sets of Alginate/AgNPs in the antifungal test.
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7.2.3 Chitosan/AgNPs

7.2.3.1 The first set (fungi added first)

nc.

Day/Co
Y ,~ 0ppm

In Table 9, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50

and 7™ (highlighted in green) day respectively.

ppm and 100 ppm, fungal contamination was observed on the 6™ (highlighted iE blue)

2
AL

5 ppm

50 ppm

100 ppm

Table 9: th@@%f Chitosan/M\lPs (first set) in the antifungal test.

Y

(1/
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7.2.3.2 The second set (AgNPs added first)

In Table 10, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 6™ (highlighted in blue)
and 7™ (highlighted in green) day respectively.

Dayc/Con 0 ppm \ I:ZS 2.5 ppm

Table 10: the result of Chitosan/AgNPs-(second set) in the antifungal test.

Chitosan/AgNPs

& .
6/ % me taken for fungi to contaminate left-hand side
L 2

8
7
6
5
4
3
2
1
0
0 1 2.5 5 10 25 50

Concentraion of AgNPs (ppm)

Days

100
o Fungi-added first @ NPs-added first

Figure 25: the result of both sets of Chitosan/AgNPs in the antifungal test.
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7.2.4 Okra-0.25%/AgNPs

7.2.4.1 The first set (fungi added first)

In Table 11, fungal contamination was first observed on the 4" day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 5™ (highlighted @e)
and 6™ (highlighted in green) day respectively. (é

ppm ppm 2.5 ppm 5 ppm 10 ppm 25 ppm 50 ppm 100 ppm

Q'V

(L'able 11: the result of Okra-0.25%/AgNPs (first set) in the antifungal test.
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7.2.4.2 The second set (AgNPs added first)

In Table 12, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 5™ (highlighted in blue)

and 6™ (highlighted in green) day respectively.

Dayc/Con lg 25ppm | 5ppm 10 ppm
-0.2 %/A (second set) in the antifungal test.

Table 12: the resu%kra
4 Q
* Okra-0.25%/AgNPs
Time taken for fungi to contaminate left-hand side

VO

£
(l/ &,
2
1
0
0 1 2 25 50 100

Concentraion of AgNPs (ppm)

[V N

® Fungi-added first ~ m NPs-added first

Figure 26: the result of both sets of Okra-0.25%/AgNPs in the antifungal test.
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7.2.5 Okra-0.5%/AgNPs
7.2.5.1 The first set (fungi added first)

In Table 13, fungal contamination was first observed on the 4" day, in concentrations
of 0, 1, 2.5, 5 and 10 ppm (highlighted in yellow). For the concentration of 25, 50
ppm and 100 ppm, fungal contamination was observed on the 5" day (highligtited in

blue). E

Day/Con }) p 'p{m 2.5 ppm 5 ppm
C.

A
Table 13: t(g?h of Okra-0.5%/AgNPs (first set) in the antifungal test.
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7.2.5.2 The second set (AgNPs added first)

In Table 14, fungal contamination was first observed on the 4™ day, in concentrations
of 0, 1, 2.5, 5, 10 and 25 ppm (highlighted in yellow). For the concentration of 50
ppm and 100 ppm, fungal contamination was observed on the 5" day (highlighted in

blue).
7 ;
'y
6
.
K
i
-~ ~
~ L~
3 e % 2
S~ o ~
X i
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.“ w
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8§ 1
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ga e
!l 2
L8 .
i -;’ ,
A T
_\‘:“ d g - >
3 =
1 - rg L2
‘. ‘ ~-)-: ‘.' -
b2
3

*

Daglc/Co 1’% 5 ppm 10 ppm
Table 14: t@mf Okra%A) s (second set) in the antifungal test.

(1/ Okra-0.5%/AgNPs
Q Time taken for fungi to contaminate left-hand side
6
2) 5

oIIIIIIII
0 L2550 25 50 100

Concentraion of AgNPs (ppm)

Days
[STEET IS

® Fungi-added first @ Okra NPs-added first

Figure 27: the result of both sets of Okra-0.5%/AgNPs in the antifungal test.
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7.3 Discussion

The anti-fungal effect could be due to the fact that the nanoparticles could damage,
penetrate, or destroy the cell membrane of the fungi. They could also release metal
ions to bind with essential membrane proteins and affect their functions, disrupting
electron transport. These would damage and eventually kill the fungi, thus inhibiting
fungal growth. The 2 set-ups of different addition sequences showed slightly
different results within the same kind of NPs. In general, the set-ups that added NPs
before fungi showed slightly weaker anti-fungi effect. A possible explanation for
this could be that the starch of the bread chelated the AgNPs-directly, thus
immobilized and deactivated the poisoning effect to the mold.”At the same time, it
was concluded that the Chitosan/AgNPs exhibited the strongest antifungal properties,

followed by those of starch and alginate, 0.25% okra seed and then 0.5% okra seed.

The number of days needed for the fungi to-contaminate the left-hand side (NPs-
containing side) increased with the concentration of the NPs. This indicated that the
greater the concentration of NPs, the smaller the degree of growth of the fungi.
Moreover, 100 ppm NPs showed a significantly stronger effect on the inhibition of
growth of the fungi (usually.up to'6-7 days). The AgNPs entered the cell membrane
and affected the respiratory chain seriously, resulting in cell death. Thus, it is
believed that to suppress,the growth of fungi using NPs, a concentration greater or

equal to 100 ppm is:needed.
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8 AgNPs-hydrogel composite

8.1 Experimental

8.1.1 Materials

8.1.2 Synthesis

8.2 Result

Polyvinyl alcohol (PVA) prepared from Rise Liquid Glue without purification,
sodium tetraborate powder (purchased from UNI-CHEM).

of the Nanoparticle-consisting PVA hydrogels

First, 20 mL of glue was added into each beaker followed by 3.34/1.66/0.84/0.34 mL
of 100 ppm Starch/AgNPs solution to obtain hydrogels with the final concentrations
of 16.7/8.3/4.2/1.7 ppm of AgNPs respectively. Then; the mixture was stirred
quickly with a glass rod. Next, 0.1905 g of sodium tetraborate was dissolved in 5 mL
of distilled water to obtain a saturated solution (~0.1*M), and then 0.2/0.5/1 mL of
the saturated borax solution were added, to the 3 sets of glues with 1.66/0.84/0.34
mL of AgNPs solution respectively. The mixtures were stirred with a glass rod
during the addition. The above.steps were repeated for Alginate/AgNPs and
Chitson/AgNPs.

The mixtures of PVVA and AgNPs that turned into non-sticky gelatinous substances
with an even distribution of the colour of the AgNPs solution (yellow) indicated the
ideal formation of hydrogels (Pictures 31 and 32). However, it was observed that the
less.the amount of NPs solution added, the lower the mechanical strength of the
hydrogels,.and some sets of the hydrogels remained glue-like. The mixtures with
1.66/0:84/0.34mL AgNPs solution failed to form ideal hydrogels, hence the addition
of sodium tetraborate, a chemical known to exhibit crosslinking effects. After the
addition, ideal hydrogels were formed for the mixtures containing 1.66/0.84/0.34 mL

of AgNPs solution as well.

Picture 31: hydrogels made of Starch/AgNPs, from left to right: 16.7 ppm, 8.3 ppm,
4.2 ppm, 1.7 ppm.
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For Starch/, Alginate/ and Chitosan/AgNPs-hydrogel composite, non-sticky
gelatinous hydrated hydrogels were obtained. They were also elastic and flexible.
Their colour density decreased with the concentration of AgNPs solution added,
from orange to very pale yellow, as the NPs were the only dye present. It was also
observed that the lower the amount of NPs solution added, the lower the mechanical
strength of the hydrogels.

Picture 32: hydrogels made of Alginate/ AgNPs, from left to right: 16.7 ppm, 8.3 ppm,
4.2 ppm, 1.7 ppm.

8.3 Discussion
8.3.1 Possible mechanisms of crosslinking

8.3.1.1 Hydrogen bond between capping agent and PVA

The crosslinking of .the, functionalized NPs could be explained by the chemical
property of their, capping agents. Both starch and alginate molecules consist of
hydroxyl groups.as functional groups. The functionalized NPs are like tiny spherical
substances carrying multiple hydroxyl groups on their surface. When mixed with
PV A, the hydroxyls group between NPs and PVA interact to from strong hydrogen

bonds which results in gelation 2 (Figure 28).
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Figure 28: Starch/AgNPs (upper),
Alginate/AgNPs (lower left) and
Chitosan/AgNPs (lower right)
crosslinking PVA.

8.3.1.2 Alkaline self-hydrolysis.of sedium borohydride residue

Equation 6

Since excess sodium borehydride was used during the synthesis of Starch/, Alginate/
and Chitason/AgNPs, the remaining sodium borohydride underwent self-hydrolysis
in the solution to form borate ions, B(OH),. First, the sodium borohydride
dissociated in water. The BH," formed reacted with the hydroxide ions to form BHs
whichthen sloewly hydrolyzed to form boric acid and hydrogen in water. Finally,
boric acid reacted with water to form borate ions that crosslinked PVVA chains. The
crosslinking effect would be explained in 8.3.1.3. The following equations (Equation

6) illustrate the above process .

General hydrolysis NaBH; +4H,O — NaB(OH);+4H,
Borane formation BH,  +H,O — BH3+Hy;+OH™
Formation of borate ion BH; +3H,0+OH~ — B(OH);  +3H,
Dissociation of sodium tetraborate NayB;4O07 + 7TH,O — 2NaB(OH)4 + 2B(OH);
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8.3.1.3 Addition of sodium tetraborate solution

As mentioned above, the saturated borax solution was added to the hydrogels with
8.3/4.2/1.7 ppm of AgNPs to increase the number of crosslinking points in order to
form ideal hydrogels.

C—°=C
Figure 29: |
borate ion H
crosslinking nd n
NE/
VRN
0 0
._(
|
c—cC

All four of the hydroxyl groups of borate ions;/B(OH).", formed strong hydrogen
bonds with the hydroxyl groups of PVA (Figure 29), resulting in similar crosslinking
effect as that of functionalized, NPs.?. These hydrogen bonds were strong and
dynamic, they were constantly forming and dissociating with the crosslinks moving

randomly among the PVA malecules, contributing to the elasticity of hydrogel made.

8.3.1.4 Dative covalent bond.between sliver ions and PVA

Since the NPs used were in solution form, with the presence of moisture, a layer of
Ag,0 formed on the surface of AgNPs. The lone pair electrons of hydroxyl group of
PVA displaced the oxide out from Ag.0, contributing to the presence of silver ions
and oxide_ions. Then, the hydroxyl groups of PVA directly chelated the positive
silver jions by’ dative covalent bond, resulting in the crosslinking of PVA chains
(Equation’7).

Equation 7 ' + 2H20 —— + 20H
__(lj_é__ / z In |
| | Ag,0 layer C—0C
HO | |
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8.3.2 Mechanical strength

When more crosslinkers were added, it increased the points where the polymer
chains could entangle, resulting in a tighter and stiffer polymer material. This was
believed to be the reason why hydrogels with poor mechanical strength were
obtained when low concentrations of NPs were added. On the other hand, the
crosslinking tended to link P\VA molecules together in a way that they were no longer
free to slide past one another. The large PVA molecules in the glue already. could
not move past each other easily, thus with the aid of the functionalized ‘NPs and
borate ions linking the big molecules to one another, forming evenfarger molecules,
it became even more difficult for them to slide past one another. The result was a
tangled mass. When applying a certain force to the hydrogel; it breaks some of the
hydrogen bonds and allows the polymers to flow past each other more easily. When
the force is removed, the hydrogen bonds between the polymer chains form again.

This explains the outstanding flexibility of hydrogels made.

9 Detection of Cysteine by AgNPs

9.1 Experimental

9.1.1 Materials
Cysteine solution was prepared by dissolving solid cysteine in a pH10 buffer solution.
The solution was then serial diluted to 1, 5, 10, 20, 40, 60, 80 and 100 ppm.

9.1.2 Interaction oficysteine with Starch/AgNPs

To investigate colour changes due to the interaction between cysteine and
Starch/AgNPs; 0.2 mL of cysteine solution of contractions at 1, 5, 10, 20, 40, 60, 80
and 100-ppm were added with 0.1 mL of 100 ppm Starch/AgNPs into a spot plate
respectively. Colour changes were observed and compared.

9.1.3" Interaction of cysteine with Alginate/AgNPs

The above procedures were repeated by using Alginate/AgNPs.

9.2 Results

It is observed that, at low concentrations (1 - 10 ppm) of cysteine, the colour changes
were not visually observable. However, it is observed that the higher the

concentration of cysteine (where [cysteine] > 20 ppm), the darker the colour.
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Besides, at [cysteine] = 20 ppm, the colour of Starch/AgNPs changes directly from
yellow to red but that of Alginate/AgNPs changes from yellow to orange.

) < =4
= 3 ) 4;

Picture 46: the cge i‘n colour o cysteine added with  Picture 47: the changes-.in ‘colour of cysteine added witi1
Starch/AgNPs. From top to bottom, left to right: 100, 80, 60, 40,  Alginate/AgNPs. From.top'tabottom, left to right: 100, 80, 60, 40,
20, 10, 5, 1 ppm. 20, 10, 5, 1 ppm.

9.3 Discussion

The changes in the absorbance and colour indicated'the interaction between AgNPs
and cysteine. It is proposed that under high pH;'the carboxyl group of the cysteine
molecule is deprotonated and the whole molecule becomes soluble. As the thiol
group of cysteine forms strong chelation with silver, a cysteine-AgNPs complex is

formed.

The colour of the mixture«of cysteine and AgNPs changed drastically at 20 ppm,
which corresponds, to.the threshold for proteinuria diagnosis (18.8 ppm). This
method has a high potential for identifying patients suffering from proteinuria. Our
implementation involves only a simple colour change from yellow to orange, or
yellow to.red, which can be easily measured and allows instant detection of the

symptom.

10 Conclusion

Chitosan, alginate, okra, cysteine and starch-chelated AgNPs were successfully
produced by one-step synthesis. Among these samples, the okra extract could be
used as both the capping and reducing agents, without the addition of NaBHa,
providing a green synthesis pathway of AgNPs. However, the synthesized CuNPs
were very unstable and oxidized quickly by reacting with the oxygen dissolved in

the solution. They were also unsuitable for the application onto hydrogels.

The antibacterial effect of Chitosan/AgNPs was the strongest, followed by Starch/
and Alginate/AgNPs. The antibacterial effect of Okra/AgNPs was not significant,
due to their polydispersity of diameters. The MIC of Starch/AgNPs and
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Alginate/AgNPs are 4.17 ppm, which was less than half of that of the commercial
one. However, a relatively low antifungal effect was observed in AgNPs, in which a
notable delay in fungal growth was only presented in AgNPs with a concentration of
100 ppm. Itis concluded that the synthesized AgNPs can be used to prevent bacterial
infection, but cannot prevent fungal infection just as effectively.

Hydrogels were successfully made from our Starch/, Alginate/ and Chitosan/AgNPs
and multiple possible crosslinking mechanisms were suggested. This enhances the

potential of the application of our synthesized AgNPs towards wound treatment.

11 Future work

AgNPs were successfully synthesized from okra extracts, which is a novel capping
and reducing agent. However, the diameter of the synthesized AgNPs has shown a
polydispersity pattern as mentioned in section 5:2.1.4, resulting in a decreased
antibacterial and antifungal effect. Hence;, further experiments such as purification
and infrared spectroscopy analysis should.be carried out to determine the functional

chemicals that contribute to its capping-reducing capability.

From the result of the antibacterial test, it is deduced that the antibacterial activity of
the synthesized AgNPs.may not be catalytic. Hence, it is hypothesized that dye-
sensitized AgNPs may-be more effective against bacteria in the exposure of visible
light (see section 0). Further research could be done to synthesize dye-sensitized
AgNPs,

Physical properties such as the degree of swelling, water retention capacity and water
vapor transmission rate of the hydrogels should be tested, to determine whether they
are the'ideal wound dressing mentioned in the introduction. Mechanism 8.3.1.2 and
8.3.1.3'were believed to be more possible since the crosslinking effect of borate ions
are well-known. Besides, further control set-ups should be designed to verify the
mechanisms. For example, adding pure capping agent solution into PVA to see
whether hydrogel can also be formed, and using NPs reduced by reducing agents

other than sodium borohydride to synthesize the hydrogels.
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12 Appendix — More to Synthesis of nanoparticles
12.1 Experimental
12.1.1 Materials

12.1.1.1 Green tea

To obtain a green tea extract, 4 g of green tea leaves were added to 200 ml, of
distilled water and stirred for 30 minutes. Then, the tea leaves were removed from
the mixture using a sieve. The mixture was filtered, such that the soluble substances

were retained.

12.1.1.2 Aloe vera

To obtain an aloe vera extract, the inner leaf of the aloe vera was removed from the
plant and put into a blender with distilled water. After blending, the mixture was

centrifuged to remove insoluble substances.

”’m : *

Picture 33: removal of the inner leaf of the aloe vera plant
12.1.1.3/Avocado seed
To obtain.an extract of the avocado seeds, they were blended into fine powders and
then dissolved in distilled water. The mixture was then filtered such that the soluble

substances are retained. The concentration of the solution was then measured.

Y

Picture 34: avocado seeds blended into powders
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12.1.2 Silver nanoparticles
12.1.2.1 Tea extract

To synthesize tea extract-chelated AgNPs, 50 mL of 2% tea extract solution was
prepared with the addition of 3 mL of 4000 ppm NaOH solution, such that it had a
pH value of 8. 2 mL of 5000 ppm AgNO3; solution was added to 48 mL of water.
Then, the tea extract was added dropwise to the silver ion solution with stirring. The
above procedures were repeated by adding the silver ion solution dropwise to.the tea

extract solution with stirring.

12.1.2.2 Aloe vera extract

To synthesize aloe vera-chelated AgNPs, 5 mL and 10/mL-of the aloe vera extract
were made up to 50 mL respectively. 2 mL of the 5000 ppm AgNO; solution was
added to 48 mL of distilled water. Then, the silver.ion solution was added dropwise
to the 2 sets of aloe vera extract solution respectively at room temperature with

stirring.

12.1.2.3 Avocado seed

To synthesize avocado seed-chelated AgNPs, 3 sets of 50 mL avocado seed extract
solution containing 5 ml. of 10% ammonia solution were prepared, such that they
contained 4 g, 1 g.and 0:5 g of the seed extract respectively. 2 mL of the 5000 ppm
AgNO; solution'was added to 48 mL of distilled water. Then, the silver ion solution
was added dropwise to the solution of avocado seed extract at room temperature with

stirring.

12.1.2.4 L-ascorbic acid

To ‘synthesize L-ascorbic acid-chelated AgNPs, 0.033 g of L-ascorbic acid was
dissolved in 44 mL distilled water. 6 mL of pH10 buffer solution was added. 2 mL
of the 5000 ppm AgNOs solution was added to 48 mL of distilled water. The mole
ratio of Ag™:L-ascorbic acid was 1:2. Then, the solution of L-ascorbic acid was added

dropwise to the silver ion solution at 80°C with stirring.

12.1.2.5 Cysteine

To synthesize cysteine-chelated AgNPs, 0.004 g and 0.003 g of cysteine was added
to 48 mL of distilled water. 2 mL of the 5000 ppm AgNOs solution was added to the
cysteine solution, such that the mole ratio of Ag*:.cysteine was 3:1 and 4:1

respectively. To dissolve the cysteine, the solution was sonicated for 15 minutes and
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then heated by the Bunsen burner with a non-luminous flame for 10 minutes. Then,
0.105 g of NaBH4 was added to 50 mL of distilled water in an ice bath. The mole
ratio of Ag*:NaBH, was 1:30, such that the reducing agent was in excess. Then, the
cysteine-chelated silver ion solution was added dropwise to the NaBH, solution in
the ice bath with stirring.

12.1.3 Copper nanoparticles
12.1.3.1 Cysteine

To synthesize cysteine-chelated CuNPs, various trials were carried out. Using
NaBHj, as the reducing agent, 0.178 g of NaBH4 was added“to 50 mL of distilled
water in an ice bath. The mole ratio of Cu®*:NaBH, is 1:30, such that the reducing
agent was in excess. 0.004 g of cysteine was added(into.48 mL of distilled water.
Then, 2 mL of 5000 ppm CuCl, was added to the eysteine solution, such that the
mole ratio between cysteine and copper(ll) ions.was 1:5. To dissolve the cysteine,
the solution was sonicated for 15 minutes and then heated by the Bunsen burner with
a non-luminous flame for 10 minutes. After that, the cysteine-chelated copper(ll) ion
solution was made up to 50 mLsand.added dropwise to the NaBH4solution in the ice

bath with stirring.

Using L-ascorbic acid as the reducing agent, 0.832 g of L-ascorbic acid was
dissolved in 50 mLk. of distilled water. The mole ratio of Cu?*:L-ascorbic acid was
1:30, such that the reducing agent was in excess. 0.006 g and 0.005 g of cysteine
wereradded to 48 mL of distilled water respectively. Then, for each cysteine solution,
2 mL of 5000-ppm CuCl, was added to the cysteine solution, such that the mole ratio
of «cysteine and“copper(ll) ions were 1:3 and 1:4. To dissolve the cysteine, the
solution was sonicated for 15 minutes and then heated by the Bunsen burner with a
non-luminous flame for 10 minutes. After that, the cysteine-chelated copper(Il) ion
solution was made up to 50 mL and heated to 80°C. After that, the solution of L-
ascorbic acid was added dropwise to the cysteine-chelated copper(l1) ion solution at
80°C with stirring.

Using glucose as the reducing agent. 0.631 g of NaOH was dissolved in 50 mL of
distilled water that gave the solution a pH value of 12. Then, 0.038 g cysteine was
dissolved in the solution. After that, 2.835 g of glucose was dissolved in the alkaline
cysteine solution. 2 mL of the 5000 ppm CuCl, solution was added to 48 mL of

distilled water, such that the mole ratio of Cu?:Cysteine:Glucose:NaOH was
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1:2:100:100. The copper(ll) ion solution was then added dropwise to the alkaline
cysteine-glucose solution with stirring.

12.1.3.2 Tea extract

To synthesize tea extract-chelated CuNPs, 50 mL of 2% tea extract solution was
prepared. 2 mL of 5000 ppm CuCl. was added to 48 mL of water. Then, the solution
of tea extract was added dropwise to the copper(ll) ion solution with stirring. The
above procedures were repeated by adding the copper(ll) ion solution dropwise to
the solution of tea extract. After the additions were completed, the.resultant solutions
were heated at 80°C for 1.5 hours.

12.1.3.3 Aloe vera extract

To synthesize aloe vera-reduced-and-chelated CuNPs;*5 mL and 10 mL of the aloe
vera extract were made up to 50 mL respectively: 2 mL of the 5000 ppm CuCl;
solution was added to 48 mL of distilled water. Then, the copper(l1) ion solution was
added dropwise to the 2 sets of aloe vera extract solution respectively at room

temperature with stirring.

To synthesize aloe vera-chelated CuNPs reduced by sodium borohydride, 5 mL and
10 mL of the aloe vera.extract were made up to 48 mL respectively. 2 mL of 5000
ppm CuCl, was added to the 2 sets of aloe vera extract solution respectively. 0.178
g of NaBH4 was.dissolved in 50 mL of ice-bathed distilled water. The mole ratio of
Cu*:NaBH. was 1:30, such that the reducing agent was in excess. The aloe vera-
chelated copper(ll) ion solution was added dropwise to the ice-bathed NaBH.

solution with stirring.
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12.2 Results
12.2.1 Silver nanoparticles

12.2.1.1 Tea extract

Using a tea extract as both the capping agent and the reducing agent produced an
unclear solution of greyish brown colour with precipitates (Picture 35).

Picture 35: product of Ag capped and reduced by 1%
tea extract.

12.2.1.2 Aloe vera extract
When using an aloe vera extract as*both the capping agent and the reducing agent,
the set-ups had no colour change initially. Upon heating, the set-up with a 5%
volume ratio of the_extract developed a light reddish colour, producing a clear
solution with precipitates of a reddish-brown colour, while the set-up with a 10%
volume ratio of the extract developed a light brownish colour, producing a clear

solution.with precipitates of a yellowish-brown colour (Picture 36).

Picture 36: Left: Ag with 5% aloe vera extract (capping and reducing agent);
Right: Ag with 10% aloe vera extract (capping and reducing agent).
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12.2.1.3 Avocado seed

When using different concentrations of the extract of avocado seed, all 3 set-ups
produced clear solutions with no precipitates. The set-ups of 0.5%, 1% and 4% of

the extract were of pale yellow, yellow and light brown colours respectively (Picture
37).

Picture 37:

Left: Ag with 4% avocado seed extract
(capping and reducing agent);

Middle: Ag with 0.5% avocado seed extract
(capping and reducing agent);

Right: Ag with 1% avocado seed extract
(capping and reducing agent)

12.2.1.4 L-ascorbic acid

Using L-ascorbic acid as both the capping agent and the reducing agent, the solution

obtained was unclear and yellowish=white in colour, with precipitates (Picture 38).

Picture 38: Ag with L-ascorbic acid (capping and
reducing agent).
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12.2.1.5 Cysteine

Using different concentrations of cysteine as a capping agent and sodium
borohydride as a reducing agent, a clear and dark wine-reddish solution of silver
nanoparticles with no precipitates could be obtained (Picture 39).

-
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Picture 39: Left: Ag with cysteine (capping agent) (Ag*:cysteine=4:1) and sodium
borohydride (reducing agent);

Right: Ag with cysteine (capping agent) (Ag*:cysteine=3:1) and sodium borohydride
(reducing agent).

12.2.2 Copper nanoparticles
12.2.2.1 Cysteine

Using cysteine as the capping-agent and sodium borohydride as the reducing agent,
an unclear black solution‘was obtained (Picture 40).

Picture 40: Cu with cysteine (capping agent)

and sodium borohydride (reducing agent).
Using cysteine as the capping agent and L-ascorbic acid as the reducing agent, the
set-ups with copper(ll) ions:cysteine equal to 3:1 and 4:1 added both appeared to be
unclear and in light yellow colour. After 9 hours of constant stirring and heating,
both of the solutions remained unclear and they were of pale yellow and orange
colour respectively (Picture 42).
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Using cysteine as the capping agent and glucose as the reducing agent, a clear wine-
reddish solution with no precipitates was obtained. However, it was noted that before
the addition of copper(ll) ions, the solution with cysteine, sodium hydroxide and
glucose already shows a wine red colour (Picture 41).

Picture 42:

Upper: Cu with cysteine (capping agent)
(Cu?*:cysteine=3:1) and L-ascorbic acid
(reducing agent), before and after 9 hours of
constant stirring and heating;

Lower: Cu with cysteine (capping agent)
(Cu?*:cysteine=4:1) and L-ascorbic acid |
(reducing agent), before and after 9 hours of

constant stirring and heating. -
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Picture 41: Cu with cysteine (capping agent) and glucose (reducing agent), before
and after addition of the copper ion solution.
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12.2.2.2 Tea extract

Using tea extract as both the capping and reducing agent, both solutions, one with
the tea extract added dropwise while the other with the copper(Il) chloride solution
added dropwise, appeared to be clear with brown precipitates. Clear brown solutions

were obtained after centrifugation (Picture 43).

Picture 43:

Left: Cu with tea extract (capping and reducing agent), Cu?*added dropwise;

Middle: Cu with tea extract (capping and reducing agent), tea'extract added dropwise;

Right: Cu with tea extract (capping and reducing agent); Cu?*added dropwise, after centrifugation.

12.2.2.3 Aloe vera extract
When using an aloe vera extract-as both the capping agent and the reducing agent,
the set-ups had no celour change initially. Upon heating, the set-up with a 5%
volume ratio of the extract remained colourless, while the set-up with a 10% volume
ratio of the extract'developed a light pink colour, producing a clear solution with no

precipitates (Picture 44).

Picture 44: Left: Cu with 5% aloe vera extract (capping and reducing agent);
Right: Cu with 10% aloe vera extract (capping and reducing agent).
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When using aloe vera as the capping agent and NaBH, as the reducing agent, for
both concentrations, 5% and 10%, unclear solutions in a black colour were observed
after a few drops of aloe vera-chelated copper(ll) ion solution had been added
(Picture 45).

Picture 45: Left: Cu with 5% aloe vera extract (capping agent) and sodium berohydride (reducing agent);
Right: Cu with 10% aloe vera extract (capping agent) and sodium.berohydride (reducing agent).

12.3 Discussion
12.3.1 Silver nanoparticles
12.3.1.1 Tea extract

While using tea extract in the'synthesis of silver nanoparticles, both with or without
proven reliable capping ‘agents including starch and chitosan, the reduced silver
aggregated. It is _believed that the tea extract itself act as a capping agent and bind
with the silver ions, so while a low concentration of the tea extract is insufficient for
the complete’ reduction of the silver ions, a high concentration will lead to the
interconnection of the nanoparticles via hydrogen bonds between the capping agents,

resulting imaggregation *°. Therefore, tea extract is not an ideal reducing agent.

12(3.1.2. Aloe vera

The set-ups involving the aloe vera extracts had a pale colour with a large amount of
precipitates. The pale colour indicated a small degree of reaction, so it is concluded
that the aloe vera extract had a small reducing power even upon heating. The
precipitates indicated that the aloe vera extract was also unable to chelate the silver
ions and prevent aggregation, so it is neither a suitable reducing agent nor a suitable

capping agent for the synthesis of silver nanoparticles.

12.3.1.3 Avocado seed extract

When the extract of an avocado seed was used as the capping agent and the reducing

agent, the solutions produced were all clear with no precipitates, so the extract is a
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suitable capping agent. However, the colours of all 3 set-ups were lighter than that
of existing successful samples, which was probably due to the incomplete reduction
of all silver ions. Thus, it is concluded that the extract does not have a strong enough

reducing power.

12.3.1.4 L-ascorbic acid

The silver solution reduced by L-ascorbic acid was very unclear with ‘many
precipitates of silver metal. Therefore, while L-ascorbic acid is a strong enough
reducing agent, it is unable to chelate the silver nanoparticles~and prevent

aggregation.

12.3.1.5 Cysteine

The combination of cysteine as a capping agent.and sodium borohydride as a
reducing agent produced silver nanoparticles successfully, but it was observed that
the colour of the resultant solutions is mueh deeper than that of existing successful
samples. This may be because only a:small amount of cysteine can be dissolved and
used to chelate the silver ions befare reduction, so its capping capabilities are not as

good as that of starch or alginate;-leading to a slightly larger particle size.

12.3.2 Copper nanoparticles
12.3.2.1 Cysteine

Cysteine.can also act as a capping agent. Yet, unclear solutions were observed when
sodium berohydride or L-ascorbic acid were used as the reducing agents with
cysteine as the capping agent. The aggregation of copper nanoparticles may be due
to the insufficient amount of capping agents, leading to aggregation. Regarding the
set-up with glucose as the reducing agent, it was noted that the solution containing
cysteine, sodium hydroxide and glucose was wine red in colour both before and after
the addition of copper precursors. Before the addition of copper(ll) ions, the
dehydration of glucose produced a wine red colour, while the successful formation
of copper nanoparticles might also produce a wine red colour. As the colours would

overlap, it was difficult to determine if copper nanoparticles had indeed formed.

12.3.2.2 Tea extract

Although clear solutions were obtained after the initially unclear brownish solutions
with a tea extract as both the capping agent and reducing agent were centrifuged, no

optical path was observed when being shone on by a laser pointer. This indicated the
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absence of nanoparticles, and thus the tea extract is not suitable for the synthesis of
copper nanoparticles because the precipitates are probably aggregated copper metal.

12.3.2.3 Aloe vera

There were no observable changes for the set-up using 5% aloe vera extract as both
the reducing and capping agent while the one with 10% aloe vera extract showed a
small change in colour. Therefore, there were no significant differences for_the
solutions before and after the addition of aloe vera extract, indicating that the

reducing power of aloe vera is not strong enough to reduce the copper(ll) ions.

For the set-ups using aloe vera as the capping agent and NaBHg.as the reducing agent,
the solution turned black and became unclear once a few drops of aloe vera-chelated
copper(ll) ion solution were added. This indicated'the.aggregation of copper and that

aloe vera is not able to cap the CuNPs formed.
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