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An environmentally friendly technique has been developed to produce metal nanoparticles using green synthesis methods. In this
study, silver nanostructures were synthesized using different sugar substitutes and artificial sweeteners as green reducing agents in
an aqueous solution at low temperature. The main ingredients (such as maltodextrin, sucrose, saccharin, and sucralose) of the
artificial sweeteners acting as reducing agents were used to reduce Ag+ ions to Ag0. The pH of the solution was controlled
during synthesis through the addition of sodium hydroxide (NaOH) to increase the strength of the reducing agents by
converting nonreducing sugars to reducing ones and consequently increasing the rate of silver nanoparticle formation. The
size and morphology of the synthesized nanostructures were characterized by transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDX). The formation of nanostructures during the course of the reactions was investigated by UV-visible
(UV-vis) spectroscopy characterization of an aliquot of sample at specific intervals. The function of each artificial
sweetener and corresponding ingredients as a reducing agent and capping agent was investigated by Fourier-transform
infrared spectroscopy (FTIR) and mass spectrometry (MS).

1. Introduction

Around fifty years ago, it was suggested that the material
characteristics could be improved by miniaturization [1, 2].
Nanomaterials were used in ancient times with limited ability
to probe at the nanoscale and limited understanding of
nanotechnology [3, 4]. Based on the unique properties
such as size, morphology, and high surface to volume
ratio, nanoparticles show novel and improved characteris-
tics [5, 6]. The synthesis of nanomaterials can be done by
several chemical and physical methods including but not
limited to microwave assisted, hydrothermal, heat evapora-
tion, chemical reduction, photochemical reduction, electro-
chemical reduction, and so on. While nanomaterials can be
successfully synthesized using these techniques, there are
numerous drawbacks including high cost and the application
of toxic solvents and external reducing agents, excessive
material conversion, sophisticated equipment, and high-

energy requirements [5, 7–15]. However, green synthesis
approaches aim to achieve sustainable development of nano-
materials through the application of natural products such as
reducing agents with inherent growth terminating, stabiliz-
ing, and capping characteristics [16, 17]. Moreover, the
typical metal nanoparticle synthesis usually can easily incor-
porate contaminants that would cause further issues in a
specific application [18]. Plant extracts or biological micro-
organisms in biosynthesis methods and also new energy
transfer equipment have been utilized as simple, environ-
mentally friendly, and viable alternative approaches to
chemical and physical approaches that meet the green
chemistry requirements [6, 19–21]. Utilizing different plant
materials for nanoparticle synthesis is known as a green
approach, since it does not involve any toxic or harmful
chemicals [5, 20, 22–26].

Previous studies have focused on the importance of
metal nanoparticles such as silver (Ag), palladium (Pd),
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gold (Au), copper (Cu), and platinum (Pt) due to their
unique physicochemical characteristics, nanoscale size, and
surface plasmon behavior [5, 27–30]. Among these, silver
nanoparticles (AgNPs) have unique and outstanding shape
and size-dependent electrical, thermal, optical, catalytic,
optoelectronic, anticancer, biosensing, medicinal, antiviral,
and biological characteristics, which make them exceptional
for several applications in a variety of fields and disciplines
such as dentistry, drug delivery, biomedical, anticancer,
antimicrobial, antioxidant, food science, agriculture, cos-
metic, clothing, water treatment, larvicides, forensic science
pollution control, waste management, photovoltaics, and
chemistry [5, 10, 30–36].

Different functional groups in green reducing agents such
as ketone, aldehyde, hydroxyl, amine, and carboxyl can be
responsible for the reduction of different metal ions to metal
atoms [37]. Understanding the functionality of each group in
the reduction, nucleation, and growth of metal nanostruc-
tures would make it easier to predict the applicability of other
novel green reducing agents for the metal nanostructure
synthesis. Moreover, this investigation would be essential
in understanding how the size and morphology of the syn-
thesized nanostructures could be controlled. It has been
reported that the Stevia rebaudiana leaves, as one of the
zero-calorie sweetener plants, has potential for metal nano-
structure synthesis [38]. The presence of aldehyde groups
and its concentration in the reducing sugars play an essential
role in nanoparticle formation [39]. Different types of reduc-
ing agents contain different types of sugars such as dextrose
[40], monosaccharide and polysaccharide [39], honey [41],
dextrose and maltose [23], and D-glucose [42] that have been
utilized for the synthesis of silver nanostructures. Some of
these reducing agents such as glucose [43] and different types
of sugars [42, 44] have been utilized in the presence of
ammonia or sodium hydroxide as accelerator reagents to
control the pH and increase the rate of the reduction and
growth of silver nanoparticles.

There are several sugar substitutes and artificial sweet-
eners that can be made in the laboratory such as sucralose,
saccharin, and aspartame or can be natural products such
as xylitol and sorbitol. There are different commercially
available sugars (white and brown sugar), sugar substitutes,
and artificial sweeteners named in different brands: Splenda,
Sweet’n Low, Equal Original, Caribou Coffee, Great Value,
Stevia Blend, Whole Earth, NJOY, and so on. As each of
those consists of the combination of different ingredients
such as saccharin, aspartame, neotame, acesulfame potas-
sium, sucralose, cyclamate, sorbitol, xylitol, erythritol, and
steviol, with different functional groups such as NH-, OH-,
NH2-, OCH3-, and CH2OH-, they can be used as green and
sustainable reducing agents for the reduction of metal ions.
The ability of each artificial sweetener as a reducing and
stabilizing agent in metal nanostructure synthesis strongly
depends on its ingredient and its corresponding functional
groups. Figure 1 shows an example of the different main
ingredients of some artificial sweeteners and their chemical
structures. The color of their packets is based on their
ingredients, specifically their sweetening component. For
instance, brown sugar is a sucrose-based sugar with an

intense brown color because of the presence of molasses or
black treacle. Splenda is a sucralose-based artificial sweet-
ener, containing about 95 vol.% dextrose (D-glucose) and
maltodextrin, combined with a small amount of sucralose.
Sweet’n Low is a brand of artificial sweetener made primarily
from granulated saccharin that also contains dextrose and
cream of tartar.

2. Experimental

2.1. Material. All of the reagents and materials such as
silver nitrate (AgNO3, Sigma-Aldrich, 10220, 99.8–100.5%),
poly(vinyl pyrrolidone) (PVP, Sigma-Aldrich, 856568, Avg.
MW: 55000), sucrose (ChemSupply, D(+) sucrose for biochem-
istry 99.7%), sucralose (Sigma-Aldrich, PHR1342), saccharin
(Sigma-Aldrich, 240931), maltodextrin (Sigma-Aldrich, 41967,
dextrose equivalent 4.0–7.0), acetone (PHARNCO-AAPER,
C14E15003), sodium hydroxide (Fisher Scientific, SS255-1,
10N solution, 30% w/w), and distillated water (DIW) were
used as received.

2.2. Silver Nanoparticle Synthesis. An aqueous solution of
2wt.% of each sugar or sweetener in a glass flask (around
30mL reaction solution in 100mL flask) was heated at
50°C for 15min under continuous magnetic stirring. After
15min preheating, reagent solutions of 1 or 10mM silver
nitrate were added slowly. The color of the reaction mixture
changed from colorless to yellow and then to orange-
brownish or green-grayish (depending on the size and
morphology of the synthesized silver nanostructures) within
2 hours of the reaction time. To investigate the effect of
temperature, the AgNO3 solutions were added slowly to the
beaker, containing 2wt.% of each sugar or sweetener under
magnetic stirring at room temperature (around 25°C) as well.
In order to investigate the effect of poly(vinyl pyrrolidone)
(PVP) as a capping agent for each reaction, different concen-
trations of PVP were added before adding the AgNO3 solu-
tion. Moreover, at specific intervals (right after the solution
injection and every 30 minutes) during the reactions, a
specific amount of aliquot was taken out to do the UV-vis
characterization. After nanoparticle formation, the reaction
flask was cooled to room temperature. The solution was
centrifuged at 3000 rpm for 60min, and the supernatant
was saved for further FTIR and mass spectrometry character-
ization. The particles were resuspended in DIW in the
absence of PVP and in acetone in the presence of PVP and
centrifuged at 3000 rpm for another 60min. The centrifuga-
tion and separation were repeated two more times with the
addition of DIW, and the product was then stored in DIW.

2.3. Characterization. Synthesized AgNPs were characterized
by transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spectros-
copy (EDX), and UV-visible (UV-vis) spectroscopy.

TEM images were taken using a 200 kV Tecnai T20
transmission electron microscope. Samples were prepared
by depositing a 3μL drop of AgNP suspension onto carbon
formvar copper grids.
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For SEM (FEI NOVA nanoSEM Field Emission SEM), a
drop of each sample was placed on a piece of cover glass,
dried, and sputter-coated with Gold/Palladium (Au/Pd).
SEM images were acquired with an FEI field emission
microscope operating at an accelerating voltage of 7 kV.

The UV-vis spectra were taken by the Varian Cary 100
spectrometer. The UV-vis characterizations during the
reaction were also used to investigate the kinetics of the
reaction to see if there is increasing color intensity in the
wavelength region of 200–800 nm with increasing time to
monitor metal nanoparticle production.

FTIR and mass spectrometry characterizations were first
done on each aqueous sugar or sweetener solution. The
supernatant, after centrifugation and separation of the
reacted solution, was saved for FTIR and mass spectrometry
characterization. Vibrational spectroscopy characterizations
of aqueous solutions are challenging due to the strong
absorption of infrared radiation by water, the solvent, in
wavenumber ranges, such as below 900, from 1400–2500,
and above 3000 cm−1. Attenuated total reflection (ATR)
infrared accessories are the best alternatives to characterize

aqueous solution. In this study, the Fourier-transform infra-
red spectroscopy was done using an ATR-FTIR accessory.

Same characterizations of the reducing agents before and
after reduction were done using mass spectrometry (4800
Plus MALDI TOF/TOF (Applied Biosystems/MDS SCIEX)).
The MS andMS/MS data were obtained in the positive mode,
and the sample was prepared by adding 1μL of sample
in water to 1μL of matrix, which was 10mg/mL of 2,5-
dihydroxybenzoic acid in 75% ethanol/water.

3. Results and Discussion

3.1. UV-vis Characterization during the Course of Reactions.
By understanding the reaction mechanism, it is possible to
know how the size and morphology of nanostructures can
be controlled and tuned. The nanoparticle size and their
quantitative formation can be studied and monitored by
UV-vis absorption spectroscopy. The UV-vis characteriza-
tion during the reaction can also be used to investigate the
kinetics of the reaction. For instance, in most green synthesis
processes of metal nanostructures, their formation and
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Figure 1: Main ingredients of some artificial sweeteners and sugar substitutes and their chemical structures.
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growth are slow in the beginning of the reaction but are
accelerated as soon as the initial seeds form that correspond
to the sigmoidal kinetic [45, 46]. AgNPs adsorb radiation in
the range of 380–450nm, corresponding to the visible range
of electromagnetic spectrum because of the surface plasmon
resonance (SPR) transition due to the yellowish-brownish
color. The maximum UV-vis absorption at 400–430nm for
2–20nm AgNPs was reported in previous studies [47–51].
Moreover, different studies have shown that Ag clusters
illustrate different optical spectra based on the number of
Ag atoms in that cluster. Ag0 produced in the course of
metal ion reduction may undergo some transformation
through cluster formation. For instance, the optical band
corresponding to Ag8

2+ in the absorption spectrum differs
from the bands typical for Ag (360 nm) and Ag2+ (310 nm)
dimers and disappears as Ag8

2+ cluster transforms in a silver
sol [52].

Figure 2 shows the UV-vis characterization during the
AgNP synthesis utilizing different artificial sweeteners and
sugar substitutes at 50°C. This figure shows an increase in
peak size in the SPR spectra region. Thus, more reduction
is observed that illustrates and quantifies the reduction
process over time. Application of some of the artificial sweet-
eners such as Caribou Zero Calories, Sweet’n Low, and Equal
Original did not cause any peak in the desired range corre-
sponding to the formation of AgNPs during the course of
the reaction. On the other hand, Splenda, Maui Raws
Turbinado sugar (brown sugar), and white sugar showed a
broad peak in the area of 400–550nm indicating the forma-
tion of AgNPs. The color change of the reaction solution
primarily indicated the AgNP formation. These color
changes were due to the reduction of Ag+ ions to Ag0 atoms
and formation of AgNPs of different sizes. The observed
broad peaks can be due to the large size distribution of the
synthesized AgNPs. Broader SPR peaks at the beginning of
the reactions indicate the broad size distribution in the early
stages of the reactions that become smaller as the reactions
continue with narrower SPR peaks. The spectrum also shows
the increment in intensity that is due to the continuous
reduction of Ag+ ions and increasing formation of AgNPs.
Sometimes, decreasing of absorption values and shifting to
longer wavelength are an indication of aggregation as the
synthesis processes continue. As temperature is one the most
important parameters in metal nanoparticle synthesis, the
reactions were repeated at a lower temperature of 25°C
(Figure S1). In traditional chemical AgNP synthesis, high
temperature (above 150°C) is required at the very beginning
of the reaction to convert reducing agent and, consequently,
the reduction of silver ions to silver atoms. The result of
this study shows that the reduction of silver ions to silver
atoms can be done at low temperature (as low as 25°C) in
green methods utilizing sugar substitutes as a reducing
agent. A higher temperature of 50°C can increase the ability
of sugars as reducing agents in the reduction of silver ions
and formation of silver nanoparticles.

Another essential parameter in the synthesis of metal
nanoparticles is the metal precursor concentration and its
ratio to the reducing agent. Figure 3 shows the UV-vis
characterization during the AgNP synthesis utilizing Maui

Raws Turbinado sugar (brown sugar) and Splenda at 50°C
and a higher concentration of AgNO3 at 10mM, while the
reducing agent concentration is constant. The color of the
final reaction solution (silver nanostructure suspension) that
depends on the size and morphology of the synthesized silver
nanostructures is also shown in this picture. In the case of
brown sugar as a reducing agent, the color is green-grayish,
which indicates the presence of one-dimensional (1D) silver
nanostructures. On the other hand, in the case of Splenda
as a reducing agent, the orange-brownish color is an indica-
tion of silver nanosphere or nanocubes.

It should be mentioned that in the AgNP synthesis, the
concentration of AgNO3 has a strong effect on the mor-
phology and yield of the synthesized silver nanostructures.
It is necessary to provide a low concentration of silver
seeds at the beginning of the reaction, as well. To achieve
this goal, the AgNO3 solution was added slowly and drop-
wise in all of the synthesis processes. Moreover, as the
preparation of AgNO3 solution may have an effect on
the morphology and yield of the synthesized AgNPs, the
aqueous solution of AgNO3 was sonicated for approxi-
mately 2–3minutes.

When the AgNO3 concentration as a metal precursor
is low, it is not able to provide enough silver ions for seed
nucleation. While its concentration is increasing, the yield
of synthesized AgNPs increases but up to a limit. More
studies are required to find this limit based on reaction
optimization through the design of experiment (DoE).

As mentioned before, the packet’s color of each artifi-
cial sweetener is based on its main ingredient. The Splenda
in the yellow packet tended to yield a higher intensity in
the SPR spectra, indicating a stronger ability as a reducing
agent in comparison to the other artificial sweeteners in
the yellow packet, such as Equal Original, NJOY, and
Great Value.

Figure 4 illustrates the UV-vis characterization during
the AgNP synthesis utilizing Splenda, Equal Original, NJOY,
and Great Value in the yellow packet as reducing agents
at 50°C and 10mM AgNO3 concentration. It is clear that
the main ingredients strongly affect the AgNP formation,
as there is no AgNP formation for the Equal Original in
the pink packet, while the UV-vis spectra show the for-
mation of AgNPs with the yellow one at the same reac-
tion conditions.

PVP plays an essential role, acting as a stabilizer, in
controlling the growth and elongation of the initially formed
silver seeds to the wire shape in polyol (one of the conven-
tional chemical synthesis methods) synthesis of silver nano-
wires (AgNWs). Both concentration and molecular weight
(MW) of PVP are essential to control the morphology of
the synthesized AgNWs [53, 54]. PVP was utilized as a
capping agent in the green AgNP synthesis to investigate
the possibility of the control of the initially formed Ag seeds
to one-dimensional (1D) nanostructures in green synthesis.
PVP is a versatile polymer for biomedical applications due
to its biocompatibility that comes from the absence of toxic-
ity to form its complexes [55]. Even though PVP is not
obtained from a green chemical route, it is necessary to
find out if it can have the same effect as in traditional

4 Journal of Nanomaterials



methods such as the polyol synthesis method. This finding
will be essential in finding other green capping agents that
can act as a capping agent in the synthesis of 1D silver
nanoparticles in the same manner as PVP by selective

adsorption on the {100} facets of the initially formed silver
seeds through Ag-O bonding. Figure S2 illustrates the UV-vis
characterization during the AgNP synthesis utilizing Maui
Raws Turbinado sugar (brown sugar) and Splenda at 50°C
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Figure 2: UV-vis characterization during the synthesis of AgNPs (1mM AgNO3, 2 wt.% sugar substitutes or artificial sweeteners, T = 50°C,
2 h reaction time).
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Figure 4: UV-vis characterization during the synthesis of AgNPs (10mM AgNO3, 2 wt.% sugar substitutes or artificial sweeteners, T = 50°C,
2 h reaction time).
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Figure 3: UV-vis characterization during the synthesis of AgNPs (10mM AgNO3, 2 wt.% sugar substitutes or artificial sweetener, T = 50°C,
2 h reaction time).
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in the presence of PVP as a capping agent. This figure
illustrates how the PVP affects the UV-vis spectra by
narrowing the peaks in the case of brown sugar and
increasing absorbance in the case of Splenda as the
reducing agent. Normally, the sharp peaks around 350 and
390nm correspond to the transversal surface plasmon
resonance (SPR) modes of AgNWs, and the absence of the
peaks at more than 400 nm corresponding to AgNPs
demonstrates the purity of the AgNWs. Based on this
figure, there should be mostly AgNPs rather than 1D
structures [56]. Even though the peaks in the desired region
confirmed the formation of AgNPs, the size and
morphology should further be investigated through TEM
and HRTEM characterization. All of the other sweeteners
in the yellow packet studied in this work were also tried in
the presence of PVP as the capping agent. Figure S3
illustrates the UV-vis characterization during the AgNP
synthesis utilizing Splenda, Equal Original, NJOY, and
Great Value in the yellow packet as reducing agents at
50°C, 10mM AgNO3 concentration, and 16mM PVP

concentration. The comparison between Figure 4 and
Figure S3 illustrates how the PVP affect the UV-vis spectra
by increasing the absorbance in the case of Equal Original
and NJOY as reducing agents or by narrowing the peaks in
the case of Great Value as a reducing agent. It seems that
the utilization of Splenda as a reducing agent in the
presence of PVP as the capping agent caused less reduction
of silver ions and formation of silver nanoparticles
compared to the Splenda without PVP. It can be due to the
fact that the concentration of ingredient acting as the
reducing agent in Splenda is too high compared to the
other reducing agents in the yellow packets. By considering
the fact that PVP can also act as the reducing agent, maybe
the concentration of reducing agent is too high compared
to the Ag precursor concentration.

Based on these UV-vis characterization results, it is clear
that the AgNPs can be synthesized by utilizing the artificial
sweeteners and sugar ingredients in the yellow packets. Based
on Figure 1, the ingredients of these sweeteners are dextrose,
maltodextrin, and sucralose, and the main ingredients of the
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Figure 5: UV-vis characterization during the synthesis of AgNPs (10mM AgNO3, T = 50°C, 2 h reaction time).
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sweeteners in the pink packet are dextrose and saccharin that
could not act as reducing agents in AgNP synthesis. These
main ingredients were utilized as reducing agents at the same
reaction conditions as those corresponding sweeteners.
Sucralose was used in the same concentration as correspond-
ing sweetener (2wt.%), but as the water solubility of saccha-
rin is much less than 2wt.% (1 g/290mL), it was used at a
lower concentration to prevent supersaturation. Figure S4
and Figure 5 show the UV-vis characterization during the
AgNP synthesis utilizing sucralose, saccharin, sucrose, and
maltodextrin as reducing agents for 1mM and 10mM
AgNO3, respectively. Based on these UV-vis results,
sucrose, sucralose, and saccharin could not act as reducing
agents at those reaction conditions, but maltodextrin could
act as a reducing agent.

When sugars are acting as reducing agents, it is essential
to utilize the reducing sugars versus non-reducing sugars.
Either these main ingredients are nonreducing sugars, or
they cannot be converted to reducing sugars under the
reaction conditions. A reducing sugar is any sugar that can
act as a reducing agent containing either free aldehyde or free
ketone groups. For instance, all simple sugars (monosaccha-
ride) are reducing sugars, while sucrose (table sugar) and
maltose are nonreducing ones. Reducing sugars under
heating and alkaline environment are usually oxidized into
gluconate and other products that can act as reducing agents
[49]. As it has been reported, alkaline hydrolysis of non-
reducing sugars such as sucrose (white sugar) can release
reducing sugars such as glucose and fructose that can be
responsible for the reduction of Ag+ ions to Ag0 atoms.
Moreover, the rate of AgNP synthesis can be strongly affected
by pH and the quantities of alkaline solution utilized in the
synthesis processes [44]. To investigate the pH effect, the
main ingredients of artificial sweeteners (saccharin and
sucralose that could not act as reducing agents at that
reaction condition) were utilized in the presence of NaOH,
and the pH was recorded every two minutes during the
reaction. Figure 6 illustrates the effect of NaOH addition in

the synthesis of AgNPs utilizing saccharin and sucralose as
reducing agents. In the case of saccharin as the reducing
agent, the color of the reaction solution changed to yellow
and then slightly brownish-yellow within the first 1 minute
in the presence of NaOH. In the case of sucralose, the
reaction solution color changed to a dark, dense brown-
olive color within the first 1 minute. Due to the dense color
of the reaction solution, the aliquots were diluted by a factor
of 10 for UV-vis characterization. Finally, in order to investi-
gate how NaOH can be utilized as a reducing agent, the
synthesis was repeated without the addition of any external
reducing agent as shown in Figure 7. The pH change during
the synthesis is shown in Figure S5 for saccharin and
sucralose as the reducing agents in the presence of NaOH
and in Figure S6 for NaOH as the reducing agent. It is clear
that the temporal variation of pH is different for these three
reducing agents. The average of pH during the preheating
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Figure 6: UV-vis characterization during the synthesis of AgNPs in the presence of NaOH (10mM AgNO3, T = 50°C, 2 h reaction time).
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utilizing NaOH as a reducing agent (10mM AgNO3, T = 50°C, 2 h
reaction time).
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for 15 minutes was 10.57, 6.97, and 1.62 for NaOH, sucralose,
and saccharin, respectively. Right after the addition of NaOH
as the pH controller, in the cases of sucralose and saccharin
as reducing agents, the pH reached 10.83 for sucralose after
the addition of 10μL of NaOH, while for saccharin it
reached 10.5 after the addition of 40μL of NaOH. The
average of the pH during the reaction was 11.16, 7.95, and
9.59 for NaOH, sucralose, and saccharin, respectively.
These results are an indication regarding the strong effect
of pH during the green synthesis of AgNPs on their size,

yield, and morphologies. It showed that how the oxidation
potential of sucralose and saccharin as reducing agents
depends on pH. These can be further investigated by TEM
characterization of the synthesized AgNPs. It should be also
noted that it is not just the pH that gives the higher
reduction. The suitable sweetener containing appropriate
functional groups capable of acting as the reducing agents
or convertible to reducing ones should be selected. For
instance, maltose and sucrose that were used as reducing
agents for AgNP synthesis have the same chemical formula
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Scale bar: 100 nm Scale bar: 50 nm

(a) TEM images (10mM AgNO3, T = 50°C, 2 h reaction time)
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(b) SEM images (10mM AgNO3, T = 50°C, 2 h reaction time)
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(c) TEM images (10mM AgNO3, 16 mM PVP, T = 50°C, 2 h reaction time)
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Figure 8: TEM, SEM, and EDX characterization of the synthesized ANPs utilizing brown sugar as a reducing agent.
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C12H22O11 but different structures which could affect their
reducing and capping ability. Maltose is a disaccharide and
consists of two α-glucose units connected by a α-glycosidic
bond that is a covalent bond between two monosaccharides
that involves the carbon C1 (anomeric) of the first unit of
glucose and carbon C4 of the second unit of glucose.
Sucrose is a disaccharide consisting of one unit of α-glucose
and one unit of β-fructose connected by β-glycosidic bond
that is a covalent bond between two monosaccharides that
involves carbon C2 of the fructose and carbon C1
(anomeric) of the glucose. Sucrose compared to maltose
illustrates smaller interaction strength with water, higher
partial molar volume, and smaller hydrogen bond. So
sucrose has lower packed conformational arrangement than
maltose, especially at the lower temperatures [57]. These
results indicate that a further study is required to
investigate the reduction ability of other sweeteners in other
color packets such as pink (Sweet’n Low and Equal
Original) in the presence of NaOH.

For more information, a summary of all of the UV-vis
results is shown in Table S1 in terms of corresponding
reaction conditions and UV-vis peak range.

3.2. Morphology of the Synthesized AgNPs. After confirming
the production of AgNPs during the reaction, it is essential
to characterize their morphology and size to see how differ-
ent reducing agents and different reaction conditions can
affect the morphology and yield of the synthesized AgNPs.
The AgNPs synthesized through utilizing the Maui Raws
Turbinado brown sugar and Splenda (yellow packet) in the
presence and absence of PVP with the highest peaks in the
UV-vis characterization during the reaction were used for
TEM characterization. Figure S7 shows the TEM and
HRTEM images of the synthesized AgNPs utilizing Maui
Raws Turbinado brown sugar as the reducing agent and
1mM AgNO3 as the metal precursor. Figure 8(a) illustrates
the TEM images of the synthesized AgNPs utilizing Maui
Raws Turbinado brown sugar as the reducing agent and
10mM AgNO3 as the metal precursor. Figure 8(b) shows
the corresponding SEM images. Figure 8(c) shows the same
results in the presence of PVP as the capping agent.

When brown sugar was used as a reducing agent, it
caused the elongation of the initially formed silver seeds to
the 1D silver nanostructures such as nanorods and nano-
wires. This is the desired function of PVP as a capping agent
to preferentially adsorb on {100} facets of the initially formed
silver seeds, allow the addition of more Ag atoms to {111}
facets, and consequently facilitate their growth to the 1D
nanostructures. More interestingly, this specific brown sugar
acted as both a reducing and a capping agent without the
addition of PVP to synthesize 1D Ag nanostructures.
Energy-dispersive X-ray spectroscopy (EDX) (Figure 8(d))
shows that these are constituted only of silver atoms
(2.98 keV [Ag (Lα)] and 3.15 keV [Ag (Lβ)]).

Figures 9(a) and 9(b) show the TEM and the SEM
images, respectively, of the synthesized AgNPs utilizing
Splenda as the reducing agent with 10mM AgNO3 as the
metal precursor. Figure 9(c) shows the TEM images of the
synthesized AgNPs utilizing Splenda as the reducing agent

with 10mM AgNO3 as the metal precursor and 16mM
PVP as the capping agent. The TEM and SEM images show
that the type of a reducing agent has a strong effect on the
morphology, size, and yield of the synthesized Ag

Scale bar: 100 nm Scale bar: 50 nm

(a) TEM images (10mM AgNO3, T = 50°C, 2 h reaction time)

Scale bar: 2 �휇m Scale bar: 2 �휇m

(b) SEM images (10mM AgNO3, T = 50°C, 2 h reaction time)
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(c) TEM images (10mM AgNO3, 16mM PVP, T = 50°C, 2 h reaction time)

Figure 9: TEM and SEM images of the synthesized AgNPs utilizing
Splenda (yellow packet) as a reducing agent.

Scale bar: 100 nm Scale bar: 50 nm

Figure 10: TEM images of the synthesized AgNPs utilizing
maltodextrin as a reducing agent (10mM AgNO3, T = 50°C, 2 h
reaction time).
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nanostructures. PVP acted as a capping agent differently for
brown sugar and Splenda. By utilizing Splenda as a reducing
agent, PVP caused the formation of some small nanospheres
as well as larger silver nanocubes. That can be due to the dis-
tribution adsorption of PVP on all facets of the initially
formed silver seeds rather than selective adsorption on
{100} facets.

Figure 10 illustrates the TEM images of the synthesized
AgNPs utilizing maltodextrin as the reducing agent and
10mM AgNO3 as the metal precursor. Finally, the morphol-
ogy of the synthesized AgNPs utilizing sucralose and saccha-
rin as reducing agents in the presence of NaOH is shown in
Figures S9(a) and S9(b), respectively.

3.3. FTIR Characterization of Reducing Agent before and after
Reduction. Fourier transfer infrared spectroscopy (FTIR) is
helpful to investigate the presence of the different functional
groups from the position of the peaks in the spectrum
[35, 39]. From the FTIR analysis, it is also possible to under-
stand not only if the synthesized nanoparticles are sur-
rounded by some metabolites or proteins such as amine,
ketone, alcohol, aldehyde, carboxylate, or other functional
groups but also if the stabilization of the systems results from
functional groups of the reducing agents [58, 59]. In most
cases, the water-soluble fractions in the green reducing
agents play a complicated role in metal ion bioreduction
and corresponding shape evolution of the metal nanoparti-
cles that can be investigated by FTIR [46, 60]. This technique
can also be used to see if the bioreductants can act as both a
reducing agent and a capping ligand to stabilize metal
nanoparticles in the solvent or not [61].

To find out which functional groups in a specific sweet-
ener or its corresponding ingredients are responsible for the
reduction of Ag ions or stabilizing its nanoparticles, the FTIR
characterizations were done on Splenda (yellow packet) and
Maui Raws Turbinado brown sugar as reducing agents before
and after the reaction.

FTIR characterizations were done on their aqueous
solution before reduction and after the reduction of the metal

precursor. The FTIR characterizations before and after the
reduction were compared to determine which functional
groups were involved in the reduction of the metal precursor
ions. These results are shown for Splenda (yellow packet) and
Maui Raws Turbinado brown sugar in Figure 11. Some peaks
were observed in the reducing agent spectra that disappeared
in the spectra of the reducing agent after the reduction of the
metal precursor ions. As the reducing agent solutions are too
diluted (about 2wt.%), it is hard to see the peaks sharply
in the spectra, and the results are summarized in
Tables 1 and 2 for brown sugar and Splenda, respectively,
before and after reduction. Usually, reducing sugars illustrate
ATR-FTIR peaks in the range of 850–1500 cm−1, which can
be the confirmation from sucrose, glucose, and fructose and
characteristics of saccharide configurations. In this region,
the 1500–1200 cm−1 can correspond to the deformation of
-CH2 and angular deformation of C-C-H and H-C-O, and
the 1200–950 cm−1 region corresponds to the stretching
mode of C-C and C-O. Although their bands are highly
overlapped, each sugar has a distinct spectral profile that
differentiates it from others. The results show absorption
zones dominated by two water bands at 3284 cm−1 (OH
stretching) and 1641 cm−1 (OH deformation) and the spectra
in the regions corresponding to sugars. Moreover, unlike
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Figure 11: FTIR spectra of the reducing agents before and after Ag ion reduction (10mM AgNO3, T = 50°C, 2 h reaction time). Inset pictures
are the zoomed in spectra in regions corresponding to sugars.

Table 1: Predominant of FTIR peaks for Maui Raws Turbinado
brown sugar.

Wavenumber (cm−1) 976 1003 1111

A (absorbance) before reduction 0.0043 0.0041 0.0033

A (absorbance) after reduction 0.0041 0.0036 0.0031

Table 2: Predominant of FTIR peaks for Splenda.

Wavenumber (cm−1) 999 1005 1113

A (absorbance) before reduction 0.0041 0.0046 0.0032

A (absorbance) after reduction 0.0038 0.0038 0.0030
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other simple molecules, sugars have endocyclic and exocyclic
C-O bands, located at 995 cm−1 (exocyclic for sucrose) and
around 1080 cm−1 (endocyclic for glucose and fructose).
The peak in the range of 2330–2340 after reduction can be
related to carbon dioxide (O=C=O stretching).

3.4. Mass Spectrometry (MS) Characterization of Reducing
Agent before and after Reduction. Different types of ioniza-
tion sources can be utilized for carbohydrate analysis, but
the main one remains to be “matrix-assisted laser desorption
ionization” (MALDI) that is a soft ionization technique that
causes the formation of less unintended fragmentation
during the ionization process (also called in-source fragmen-
tation) [62]. Despite the fact that the MS technique has the
capability to identify several compounds based on their mass
spectrometric fragmentation patterns, the unambiguous
identification of an individual sugar is complicated. This is
because of the similarities in the MS fragmentation pattern
observed for sugar compounds from the same group, for
example, galactose and altrose or arabitol and xylitol [63].
As the exact ingredients of each artificial sweetener or sugar
substitute are not known, the first step is to know the type
and amounts of, for instance, monosaccharides that compose
a particular structure of interest [62].

The mass spectrometry analyses were done on both
brown sugar and Splenda before and after reduction.
Figure 12 shows the mass spectra of brown sugar before
and after reduction with the corresponding peaks. The mass
spectrum of brown sugar before reduction shows sucrose
plus sodium and sucrose plus potassium, which depicts the

presence of sucrose with MW of 342.3 ((glucose with MW
of 180.16) + (fructose with MW of 180.16)− (H2O with
MW of 18)). The mass spectrometry of brown sugar after
reduction shows those but sucrose plus two isotopes of silver
(107Ag:109Ag) with a 1 : 1 ratio as well. In the case of silver for-
mation, the Ag cations are not unexpected, and whether or
not sugar is around, this would result in the formation of
(M+Ag)+ ions. Separation of all AgNPs with the first step
of centrifugation has been tried in order to have only the
reducing agent after reduction, but there is the possibility of
the presence of very tiny AgNPs that cannot be separated
by centrifugation. The UV-vis data showed that sucrose by
itself does not act as a reducing agent; therefore, something
else in brown sugar, such as molasses, may be responsible
for the reduction of silver ions.

Mass spectra of Splenda before and after reduction with
corresponding peaks are shown in Figure 13. It is clear to
see the equivalent of poly-glucose plus sodium in the
range of 1000–1200m/z but, in another area of the spectra
(1200–3700m/z), is obviously different numbers of the
equivalent of poly-glucose, which has a net loss of one water
(H2O) molecule combining the glucose entities. Mass spectra
of Splenda after reduction shows sugar modules plus two
isotopes of silvers (107Ag:109Ag) with a 1 : 1 ratio.

These comparisons illustrate how these two reducing
agents act differently in the reduction of silver ions to silver
atoms, but more characterization such as nuclear magnetic
resonance (NMR) and Raman is required to find out the
exact differences and ability of each functional group as the
reducing agent.
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Figure 12: Mass spectra of 2wt.% of brown sugar before and after reduction (10mM AgNO3, T = 50°C, 2 h reaction time).
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3.5. Conclusion. In this study, AgNPs were synthesized by
utilizing different sugars and artificial sweeteners as reducing
agents in a green, eco and cost-effective, rapid, and sustain-
able manner. Different artificial sweeteners and sugar substi-
tutes in different color packets that illustrate the different
main ingredients showed different ability towards Ag ion
reduction and AgNP formation. It was shown that among
several artificial sweeteners and sugar substitutes with differ-
ent packet colors, yellow packets containing sucralose and
maltodextrin as the main ingredients could act as reducing
agents even in the absence of NaOH. Further studies will also
consider the reduction ability of other sugar substitutes
(Sweet’n Low and Equal Original) with different packet
colors such as pink and blue in the presence of NaOH.

In future studies, it is essential to optimize this process in
terms of reaction conditions to maximize AgNP yield for

large-scale industrial production. This is the first study in
the synthesis of AgNPs using different commercially avail-
able artificial sweeteners. For the first time, it was shown that
the Maui Raws Turbinado brown sugar can act as both a
reducing agent and a capping agent to synthesize 1D Ag
nanostructures even in the absence of a capping agent such
as PVP. Future investigations will focus on the mechanisms
and the functional groups that allow the production of 1D
Ag nanostructures using this specific brown sugar.

The utilization of cheap, environmentally friendly, and
renewable materials, such as artificial sweeteners and sugar
substitutes, provides lots of advantages of ecofriendliness
and biocompatibility for biomedical and pharmaceutical
applications. Moreover, the simplicity and economic sus-
tainability associated with the synthesis process make it
amenable to the large-scale industrial production of AgNPs.
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Figure 13: Mass spectra of 2 wt.% of Splenda before and after reduction (10mM AgNO3, T = 50°C, 2 h reaction time).
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Supplementary Materials

Figure S1: UV-vis characterization during the synthesis of
AgNPs (1mM AgNO3, 2wt.% sugar substitutes or artificial
sweeteners, T =25°C, 2 h reaction time). Figure S2: UV-vis
characterization during the synthesis of AgNPs (1mM
AgNO3, 1.6mM PVP, 2wt.% sugar substitutes or artificial
sweeteners, T =50°C, 2 h reaction time). Figure S3: UV-vis
characterization during the synthesis of AgNPs (10mM
AgNO3, 16mM PVP, 2wt.% sugar substitutes or artificial
sweeteners, T =50°C, 2 h reaction time). Figure S4: UV-vis
characterization during the synthesis of AgNPs (1mM
AgNO3, T =50°C, 2 h reaction time). Figure S5: pH measure-
ment during the synthesis of AgNPs in the presence of NaOH
(10mM AgNO3, T =50°C, 2 h reaction time). 20. Figure S6:
pH measurement during the synthesis of AgNPs utilizing
NaOH as a reducing agent (10mM AgNO3, T =50°C, 2 h
reaction time). Figure S7: TEM images of the synthesized
AgNPs utilizing Maui Raws Turbinado brown sugar as a
reducing agent (1mM AgNO3, T =50°C, 2 h reaction time).
Figure S8: TEM images of the synthesized AgNPs utilizing
Splenda (yellow packet) as a reducing agent (1mM AgNO3,
T =50°C, 2 h reaction time). Figure S9: TEM images of the
synthesized AgNPs utilizing sucralose (A) and saccharin
(B). Table S1: UV-vis result summary. (Supplementary
Materials)
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