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ABSTRACT: Natural rubber (NR)-based composites or hybrid products obtained from NR and several nano-materials
are of interest due to their wide range of applications. However, they are easily contaminated with bacteria or fungi
that can affect human health, especially those used in food container and on human skin. Herein, we present the
composite sheets of NR latex and silver nanoparticles (AgNPs) with exceptionally high antibacterial activities. AgNPs
were firstly synthesized by a facile, rapid, and green microwave-assisted method using curcumin as a biomaterial
reductant and stabilizer. Then, natural rubbers loaded with AgNPs (NR/Ag) composite sheets were prepared via a
simple direct latex mixing-casting process of NR latex and various contents of AgNPs. The result demonstrated that the
synthesized AgNPs had a spherical-like shape of 12.25±3.13 nm. All the prepared NR/Ag composite sheets exhibited
high performance in antibacterial properties against Staphylococcus aureus and Escherichia coli, and the antibacterial
activities were dependent on the loaded AgNPs content. In this study, it is anticipated that these rapid, simple, green,
and effective methods can suitably be scaled up for large-scale preparation of the stabilized AgNPs colloid and NR/Ag
composite products.

KEYWORDS: silver nanoparticles (AgNPs), curcumin, microwave-assisted method, natural rubber composite sheet,
antibacterial activity

INTRODUCTION

Natural rubber (NR) is a natural elastic polymer con-
sisting of cis-1,4-polyisoprene. It has been widely used
in many industrial applications (such as tires, sports
articles, sealing materials, health care products, and
dairy rubber items [1, 2]) due to its non-toxic, high
tensile strength, good elasticity, toughness, and low
heat hysteresis [3]. However, the NR raw-materials
and NR products are easily contaminated with any
bacteria or fungi that can affect human health, espe-
cially those NR products used in food container and on
human skin [4]. Thus, many researchers and indus-
trial developers have been interested in improving the
antibacterial NR.

NR-based composites or hybrid products incorpo-
rated with several nano-materials have attracted much
attention for the last few decades due to their wide
range of applications [1, 4–8]. In general, various
methods have been used for preparing the NR-based
composite materials, for instance, melt bending, solu-
tion mixing, in-situ polymerization, ball milling, and
foaming processes [9, 10]. Nevertheless, some of these
methods are complicated with inconvenient process
and several disadvantages [10]. Therefore, a simple,
low cost, suitable, and large-scale process for NR-
based composite production has been a real interesting

challenge to many researchers including us.
Amongst nano-materials, silver nanoparticles (Ag-

NPs) have tremendous applications in many fields: sen-
sors, optics, catalysts, electronics, clothing, biomed-
ical, and antimicrobial agents [11–16]. Although a
chemical reduction is the most popular method for
the synthesis of AgNPs by using reducing agents,
such as citric acid, dimethylformamide, hydrazine,
and sodium borohydride, these reducing chemicals
are toxic and cause environmental problems [11, 13].
Alternatively, plant-derived natural chemicals, e.g.,
AgNPs, have been used as reducing and stabilizing
agents in metal nanoparticle syntheses, and they are
considered greener and possibly more cost-effective
processes [17–21].

Curcumin is a green biomaterial and belongs to
curcuminoids. It is obtained by extraction from dried
roots of Curcuma longa (C. longa), commonly called
turmeric. Curcumin has been used as a green reduc-
tant and stabilizer for the synthesis of AgNPs without
additional chemicals [20–23]. Compared with the tra-
ditional heating process, microwave-assisted synthesis
was a more promising method for metal nanoparticles’
preparation because it was a rapid, simple, green, and
effective process. Moreover, the microwave-assisted
synthesis created uniform nanoparticles with higher
degree of crystallinity and provided greater control
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over the shape and morphology of the nanostructures
produced [24, 25]. However, to the best of our knowl-
edge, there have been no reports on the microwave-
assisted green synthesis of AgNPs by using a natural
curcumin biomaterial as both reducing and stabilizing
agent.

In the present work, we present the synthesis
of AgNPs colloid through a facile, rapid and green
microwave-assisted method using curcumin as reduc-
ing, capping and stabilizing agent. Then, the com-
posite sheets of NR loaded with AgNPs (NR/Ag) were
prepared via a simple direct mixing-casting process
of NR latex with various AgNPs contents. All syn-
thesized samples were characterized and confirmed
by several techniques. Moreover, the antibacterial
properties of the pristine NR and all the prepared
NR/Ag composite sheets were tested against S. aureus
and E. coli bacteria. Besides, SEM morphologies of
both bacteria in inhibition and growth zones were also
investigated. Interestingly, this study demonstrates
that the curcumin biomolecules are not only used as
both reductant and stabilizer for synthesizing AgNPs,
but it also acted as dispersant, enhancing the well-
dispersion and incorporation of as-synthesized AgNPs
into the NR matrix of the composite sheets.

MATERIALS AND METHODS

Chemicals and materials

Silver nitrate (AgNO3 > 99% purity) and ammonia
solution (NH3, 28–30%) were purchased from Merck,
Germany. Curcumin powder (> 99.5% purity) was
supplied from Ouay un Osoth Co., Ltd., Thailand.
Natural rubber latex (NRL, 60% dry rubber content,
high ammonia) was obtained from Chana Latex Co.,
Ltd., Thailand. Microwave oven Model MG23F301 was
from Samsung Thailand. Petri dish mould (3.5-inch
diameter) was obtained from PYREX, USA.

Preparation of curcumin solution

About 50 mg of curcumin powder was added into
100 ml of deionized (DI) water and then heated at
55–60 °C for 15 min. After that, the curcumin solu-
tion was filtered to separate the undissolved curcumin
powder, and the solution was diluted by DI water (at a
concentration of 0.10 mg/ml) to obtain a light-yellow
curcumin solution to be used in further experiments.

Synthesis of silver nanoparticles (AgNPs)

The colloidal AgNPs sample was synthesized by a
facile, rapid, and green microwave-assisted method
using curcumin as a reductant and stabilizer. In this
typical procedure, 0.20 g of AgNO3 was dissolved in
10 ml of distilled water, mixed with 20 ml of the
prepared curcumin solution and then stirred for 3 min.
Next, the mixture was irradiated by microwave oven
at the power of 350 W for 180 s with pauses every

15 s to cool down the mixture. During the irradiation,
the mixture’s color changed from light-yellow to yel-
low and then orange-brown, confirming the formation
of AgNPs colloid. Finally, the as-synthesized AgNPs
colloid with the concentration of 21.5 mg/ml was
obtained.

Preparation of NR/Ag composite sheets

The NR/Ag composite sheets were easily prepared by
a simple direct latex mixing-casting method using NR
latex (60%, HA) with various contents of colloidal
AgNPs loading (1, 2 and 3 ml). In a typical procedure,
1 ml of the colloidal AgNPs (21.5 mg/ml) was mixed
with 0.3 ml of NH3 solutions and stirred for 3 min.
Then, the mixture was added into 7 ml of NR latex
and stirred for another 10 min. After that, the mixture
was casted into petri dish mould and left to dry at
room temperature for 13–14 h, resulting in NR/Ag-
1 composite sheet sample. To investigate the effect
of AgNPs loading contents, NR/Ag-2 and NR/Ag-3
composite sheets were also prepared similarly to the
aforementioned method using 2 ml and 3 ml of AgNPs
colloids, respectively.

Characterization of synthesized AgNPs colloid

The phase structures of the pristine NR and all NR/Ag
composite sheets were identified by X-ray diffraction
(XRD) (XRD-6100, Shimadzu, Japan). The absorption
of synthesized AgNPs colloid was analyzed by UV-
visible spectroscopy (Evolution 201, Thermo Fisher
Scientific Inc., USA). The particles sizes and shapes
of colloidal AgNPs were also examined by transmis-
sion electron microscopy (TEM) (JEOL-2100, Japan)
attached with selected area electron diffraction (SAED)
techniques. The chemical functional groups of NR
and NR/Ag composite sheets were confirmed using
a reflection Fourier-transformed infrared spectroscopy
(FT-IR) (Nicolet iS50, Thermo Fisher Scientific Inc.).
Raman spectroscopy was performed using DXR Smart
(Thermo Fisher Scientific Inc.) equipped with a
532 nm laser excitation. The surface morphologies
of the pristine NR and NR/Ag composite sheets were
studied by scanning electron microscopy (SEM) (JEOL-
JSM5800LV, Japan) attached with energy dispersive X-
ray spectrometer (EDS) (Oxford ISIS 300).

Antibacterial property tests

The antibacterial properties of the pristine NR and all
NR/Ag composite sheets were tested by an agar disk-
diffusion method similar to what described in a pre-
vious paper [26], against the Gram-positive S. aureus
and the Gram-negative E. coli. All sheet samples were
cut into 10×10 mm2 squares. The composite sheet
samples were incubated at 37 °C for 24 h in an incuba-
tion chamber. Then, the inhibition zones developed on
the sheets were photographed and reported.
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RESULTS AND DISCUSSION

Synthesis concept of colloidal AgNPs

A proposed schematic mechanism of colloidal AgNPs
formation process by rapid microwave-assisted method
using curcumin bio-material as reductant and stabi-
lizer was illustrated (Fig. 1). When the curcumin
and the AgNO3 solutions were mixed, (a) curcumin
biomolecules directly reacted with silver(I) ions (Ag+)
to form chelated compound by coordinate bond and
electrostatic attraction force between the lone pair
electron donor from oxygen atoms of phenolic di-
ketone of curcumin and Ag+ ions [20, 23]. During
microwave irradiation, several Ag0 nucleation due to
curcumin reductant and stabilizer were firstly gen-
erated (b)–(c), leading to the aggregation (Ostwald
ripening) of Ag0 nucleation, (d) forming stabilized
AgNPs [24]. The color of the mixture solution was
changed from light-yellow to orange-brown after mi-
crowave irradiation for 180 s. This result concluded
that curcumin could promote the formation and sta-
bilization of spherical-like shape AgNPs colloid over a
facile, rapid, and green microwave-assisted method.

Characterization of synthesized AgNPs colloid

The formation of AgNPs by a rapid, simple, and green
microwave-assisted process was evaluated by UV-Vis
and TEM techniques, and the results were displayed
in Fig. 2a and 2b, respectively. The colloidal AgNPs
characteristic peak was clearly seen at around 425 nm
(Fig. 2a) due to the surface plasmon resonance (SPR)
behaviour of AgNO3 and curcumin in the mixture
[13, 19, 23, 25]. The result could indicate that Ag+

precursors are reduced and aggregated to AgNPs, and
curcumin presumably acts as a reductant, as reported
in the previous studies [20, 23]. It is worth noted
that the absorption intensities of the SPR peaks of
synthesized AgNPs were increased with the increases
of irradiation times, implying that more AgNPs could
be generated with prolonged irradiation time [17, 18].
However, when the irradiation time was longer than
180 s (i.e., left overnight at room temperature), an un-
stable colloid with self-agglomeration of AgNPs could
be observed. This result was caused by the destruction
of curcumin molecules (as a stabilizer) due to the
over-heat of colloidal AgNPs media under long time
irradiation.

Fig. 2b displays the TEM image of the synthesized
colloidal AgNPs, showing spherical-like shape of about
12.25±3.13 nm in diameter and with high intersperse.
The size distribution and the mean size of the AgNPs
were shown in Fig. 2c. Moreover, the crystal structure
of AgNPs was well-confirmed by selected area electron
diffraction (SAED), as presented in Fig. 2d. The rings
patterns corresponded to the plane families 111, 200,
220, and 311 of the face-centered-cubic (fcc) silver
structure [25]. Also, the silver (Ag) element of as syn-

thesized AgNPs was clearly confirmed by EDS spectrum
and EDS mapping (Fig. S1). In addition, Fig. 2e clearly
shows the physical appearance of the yellow-brown
NR/Ag composite sheet.

Characterizations of NR/Ag composite sheets

The FTIR spectra of the pristine NR sheet and
the NR/Ag composite sheets were shown in Fig. 3.
Absorption peaks of the NR/Ag composite sheets
(Fig. 3b and 3c) were: 3270 cm−1 for −OH stretch-
ing, 2935–2850 cm−1 for −C−−CH2, CH3 stretching,
1648 cm−1 for −C−−C− stretching of isoprene group,
1440 cm−1 for −CH2 deformation, 819 cm−1 for −−C-H
out of plane bending, and 569 cm−1 for −C-C-C−main
chain deformation [27, 28], well-corresponding to the
pristine NR sheet (Fig. 3a). This result implied that the
chemical structure of natural rubber was not changed
or decomposed by the loaded AgNPs in the natural
rubber matrix.

The Raman spectra of the pristine NR and
the NR/Ag composite sheets were shown (Fig. 4).
Compared with the pristine NR sheet (Fig. 4a), all
the absorption peaks intensities for natural rubber
molecule, especially the isoprene, −C−−C− (at around
1650 cm−1) [29, 30], of the composite sheets (in
Fig. 4b and 4c) were obviously decreased with the
increases of AgNPs loading, suggesting more incorpo-
rated AgNPs in the NR matrix. The absorption peaks
of NR/Ag-3 sheet (Fig. 4c) had the lowest intensities
due to the highest content of AgNPs loaded into the NR
matrix. The result could be due to the highest loading
of AgNPs into the NR matrix contributing to the highest
number of defected NR molecules (especially −C−−C−
isoprene group) and the defected NR chain. Hence,
the Raman intensities of the NR/Ag composite sheets
were decreased with the increases of AgNPs loading in
comparison to the pristine NR sample. This result was
in agreement with the SEM and EDS mapping images,
as shown in Fig. 5b, 5c; and Fig. 6d, 6f, respectively,
AgNPs had well-incorporated and dispersed into the
NR matrix.

The XRD patterns of the pristine NR sheet and the
NR sheets loaded with different contents of colloidal
were shown in Fig. S2. A strong diffraction peak
at 2θ around 19.0° corresponding to NR amorphous
structure was observed in the pristine NR and all
the NR/Ag composite sheets [31, 32]. Notably, the
peak intensity of NR/Ag-3 sheet was decreased, and a
broader peak could be observed as well. These results
were due to the incorporation and dispersion of AgNPs
into the NR matrix. However, a major diffraction peak
at 2θ around 38.1° [33, 34] of AgNPs was not detected;
probably, because a very small amount of AgNPs was
loaded into the NR/Ag composite sheets.

The SEM cross-sections of the pristine NR sheet
and the NR/Ag composite sheets were displayed in
Fig. 5. The morphologies of the pristine NR showed
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Fig. 1 Proposed schematic mechanism of colloidal AgNPs formation process by rapid, green microwave-assisted method using
curcumin as biomaterial reductant, capping and stabilizer.
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Fig. 2 (a), UV-Vis spectra; (b), TEM image; (c), size distribution; (d), SAED image of the colloidal AgNPs irradiated at 350 W
for 180 s; and (d), photograph of NR/Ag composite sheet.
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200 700 1200 1700 2200 2700 3200

In
te

ns
ity

 (a
.u

.)

Raman shift (cm

(a)

(b)

(c)

Isoprene (–C=C-)

Fig. 4 Raman spectra of: (a), pristine NR sheet; (b), NR/Ag-1
composite sheet; and (c), NR/Ag-3 composite sheet.

a very smooth surface (Fig. 5a), whereas the NR/Ag
composite sheets had a rough surface that increased
with the increases of AgNPs loading contents (Fig. 5b
and 5c).

To confirm the dispersion and the incorporation of
AgNPs into the NR matrix, the EDS mapping of pristine
NR and the NR/Ag sheet samples were examined, and
the results were presented in Fig. 6. Compared with
the pristine NR sheet (Fig. 5a, the NR/Ag composite
sheets (Fig. 5b and 5c) had more blue light-spots of Ag
atoms in the NR matrix with increasing AgNPs loading.
The light-spots were well-dispersed, incorporated, and
impregnated into the matrix of NR sheets of NR/Ag-1
(Fig. 6b) and NR/Ag-3 (Fig. 6b). The result indicated
that the curcumin biomolecules were not only used
as reducing, capping, and stabilizing agent; but it
also acted as dispersant, enhancing the well-dispersion
and incorporation of AgNPs into the NR matrix. In
addition, the presence of C and Ag atoms in the pristine

Fig. 5 SEM cross-section images of: (a), pristine NR sheet;
(b), NR/Ag-1 composite sheet; and (c), NR/Ag-3 composite
sheet.

Fig. 6 EDS mapping of: (a)–(b), pristine NR sheet; (c)–
(d), NR/Ag-1 composite sheet; and (e)–(f), NR/Ag-3 com-
posite sheet.

NR and the NR/Ag sheets were analysed, and the
results were showed in Fig. S3a and S3b, respectively.
The EDS spectrum clearly confirmed the existence of
Ag element in the NR/Ag composite sheet (Fig. S3b)
[35, 36].

Antibacterial activities of NR/Ag composite sheets

To investigate the application of the synthesized col-
loidal AgNPs, the NR was mixed with different loadings
of AgNPs to prepare the NR/Ag composite sheets.
The antibacterial activities of the NR/Ag composite
sheets were displayed in Fig. 7. Compared with the
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Fig. 7 Antibacterial activities of pristine NR and all the NR/Ag composite sheets against: (a), S. aureus; and (b), E. coli.
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Fig. 8 SEM micrographs of inhibition zones and growth zones of: (a), S. aureus; and (b), E. coli over the NR/Ag-3 composite
sheet.

pristine NR sheet, the NR/Ag composite sheets had
excellent antibacterial activities against both S. aureus
and E. coli, as shown in Fig. 7a and 7b, respectively.
These results implied that the antibacterial properties
of the NR/Ag composite sheets could be attributed to
the presence of AgNPs [17, 21, 22]. In comparison,
the NR/Ag-3 composite sheet revealed the highest
zones of inhibition against both bacteria (red arrow,

Fig. 7a; and red circle, Fig. 7b), whereas no inhibition
against both bacteria was observed for the pristine
NR sheet. The inhibition zones for NR/Ag composite
sheets against both bacteria increased with increases
of loaded AgNPs content, which was consistent with
the trend of increasing AgNPs content, resulting in
increasing bacteria inhibition zones [22, 33, 35, 37].
The inhibition zone diameters of all the composite
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Table 1 Average inhibition zones of the prepared NR/Ag
composite sheets against S. aureus and E. coli.

Sample sheet Inhibition zone diameter (mm)

S. aureus E. coli

pristine NR inactive inactive
NR/Ag-1 14.1±0.1 11.6±0.3
NR/Ag-2 17.4±0.3 13.3±0.3
NR/Ag-3 21.3±0.4 16.5±0.2

sheets were shown in Table 1. It was noticed that
gram-negative E. coli (Fig. 7b) exhibited smaller zones
of inhibitions than gram-positive S. aureus (Fig. 7a).
The result might be due to the fact that E. coli has
a thicker cell wall covered with an outer membrane.
Hence, E. coli showed a stronger resistance against
AgNPs attack than S. aureus, which is consistent with
previous studies [21, 38].

In addition, the morphologies of both E. coli and
S. aureus over the NR/Ag composite sheets were inves-
tigated by SEM technique (Fig. 8). Fig. 8(a-3) shows
S. aureus with a spherical-shaped structure, whereas
E. coli had rod-shaped structure (Fig. 8(b-3)). After
incubation at 37 °C for 24 h, the inhibition zones of
S. aureus (in Fig. 7a) and E. coli (in Fig. 7b) over the
NR/Ag composite sheets were clearly observed. As
can be seen from the inhibition zones in Fig. 8, the
membranes and cells of both bacteria were damaged,
and not survived on an agar gel dish [39, 40]. The
result clearly confirmed both bacteria were dead, and
growth was stopped by the NR/Ag composite sheets.
This may be due to the AgNPs with a size range of
1–10 nm [20], and Ag+ ions from NR/Ag surface
which can be released and directly attached to bacterial
cell membrane as well as the membrane permeability
[37, 41]. Thus, the generated ROS put stress on the
bacterial membrane and affect cell division, respira-
tion, and ultimately the survival of the cell, result-
ing in bacterial membrane damages and cell deaths
[37, 41, 42].

CONCLUSION

In summary, the colloidal AgNPs were successfully
synthesized by a microwave-assisted method using
curcumin biomaterial as a reducing, capping, and
stabilizing agent. The NR/Ag composite sheets were
prepared by a direct latex mixing-casting method using
NR latex (60%, HA) and AgNPs colloid. These methods
are simple, very fast, low cost, green, scalable, and
effective. All the NR/Ag composite sheets exhibited
high performance in antibacterial activities against
both gram-positive S. aureus and gram-negative E. coli,
and the activities positively depended on the AgNPs
loading contents. The highest antibacterial activity
was clearly observed in the NR/Ag-3 composite sheet.
Scaling up for a large-scale production of both the
stabilized AgNPs colloid and the NR/Ag composite

sheets is foreseen for future use.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasia1513-1874.
2022.122.
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Appendix A. Supplementary data

Fig. S1 (a), EDS mapping; and (b), EDS spectrum of the synthesized AgNPs.
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Fig. S2 XRD patterns of: (a), pristine NR sheet; (b), NR/Ag-1 composite sheet; (c), NR/Ag-2 composite sheet; and (d), NR/Ag-
3 composite sheet.

Fig. S3 EDS spectra of: (a), pristine NR sheet; and (b), NR/Ag-3 composite sheet.
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