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Abstract: Various conventional approaches have been reported for the synthesis of nanomaterials
without optimizing the role of synthesis parameters. The unoptimized studies not only raise the
process cost but also complicate the physicochemical characteristics of the nanostructures. The liquid–
plasma reduction with optimized synthesis parameters is an environmentally friendly and low-cost
technique for the synthesis of a range of nanomaterials. This work is focused on the statistically
optimized production of silver nanoparticles (AgNPs) by using a liquid–plasma reduction process
sustained with an argon plasma jet. A simplex centroid design (SCD) was made in Minitab statistical
package to optimize the combined effect of stabilizers on the structural growth and UV absorbance
of AgNPs. Different combinations of glucose, fructose, sucrose and lactose stabilizers were tested
at five different levels (−2, −1, 0, 1, 2) in SCD. The effect of individual and mixed stabilizers on
AgNPs growth parameters was assumed significant when p-value in SCD is less than 0.05. A surface
plasmon resonance band was fixed at 302 nm after SCD optimization of UV results. A bond stretching
at 1633 cm−1 in FTIR spectra was assigned to C=O, which slightly shifts towards a larger wavelength
in the presence of saccharides in the solution. The presence of FCC structured AgNPs with an
average size of 15 nm was confirmed from XRD and EDX spectra under optimized conditions.
The antibacterial activity of these nanoparticles was checked against Staphylococcus aureus and
Escherichia coli strains by adopting the shake flask method. The antibacterial study revealed the
slightly better performance of AgNPs against Staph. aureus strain than Escherichia coli.

Keywords: silver nanoparticles; plasma electrolysis; mono- and poly-saccharides; response surface
methodology; antibacterial activity

1. Introduction

Silver nanoparticles (AgNPs) are being used as an antimicrobial agent in water treat-
ment [1], cosmetics, animal feed wounds and burn treatment [2], remediation of bacte-
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ria and other micro-organisms on fabrics surfaces [3], inhibition of bacterial biofilm on
catheters [4], and so on. Particularly, AgNPs with high ratio of surface area to volume
(size below 100 nm) are considered suitable for antimicrobial applications to neutralize the
growth of gram-positive and gram-negative strains. These nanoparticles also find their
applications in cosmetics, cancer treatment, tissue scaffolds as food additives, textile fabrics,
pharmaceutics, etc. [5].

Various methodologies have been reported in the literature to synthesize metal
nanoparticles, including hydrothermal method [6], sol-gel method [7], photodetection
technique [8], ultraviolet irradiation method [9], electrochemical technique [10], porous ma-
terials template [11], solvothermal method [12], chemical synthesis [13], microwave plasma
treatment [14], polyol process [15], green synthesis [16,17] coaxial electro-spinning [18] and
liquid plasma interaction technique [19]. Each approach has its own set of advantages and
disadvantages, including differences in process cost, quantity, functionality and particle
size distribution. The liquid–plasma interaction (LPI) method is thought to be simple,
rapid and cost-effective. This technology can produce NPs in a safe environment with-
out the use of harmful chemicals. The production of nanoparticles through conventional
physical and chemical methods involves the reduction of metal salts into nanoparticles
with suitable reducing agents and stabilizers [20,21]. The LPI is a suitable method to
synthesize nanoparticles of specific sizes and shapes. The increased surface energy of
nanoparticles results in particle aggregation by effecting the surface area, reactivity and
antibacterial applications [22]. As a result, the aggregation effect is the most important
consideration for effective AgNP applications and colloidal stability. It is important to
minimize the aggregation for effective therapeutic and antibacterial applications as lower
stability leads to lower antibacterial performance [20,23]. Different stabilizing agents such
as polyvinylpyrrolidone (PVP) [24], HCl, HNO3 [25], sodium dodecyl sulfate (SDS) [26],
polymers [27], etc., have been utilized for AgNPs synthesis. These stabilizing agents are
costly and potentially hazardous to our ecosystem and cause tremendous biological risks.
Thus, monosaccharides- and polysaccharides-assisted synthesis of AgNPs is suggested as
a cheap and eco-friendly approach, which further consolidates their position as one of the
best choices for sustainable synthesis of nanoparticles.

It is important to note that all studies that reported on the effect of stabilizing agents
for the production of AgNPs are single variable experiments. Single variable optimization
procedures are not only time consuming, costly and labor intensive, but they can also lead to
a misinterpretation of results, particularly when there are substantial interactions between
the parameters being investigated [28]. As a result, procedures for factor optimization
using multivariate techniques including Box–Behnken design, mixture design, central
composite design and simplex centroid design (SCD) are preferred since these procedures
are suitable, faster, cost-effective and allow for simultaneous optimization of multiple
variables [29]. This paper presents a simplex centroid experimental scheme to establish a
relationship among response and input variables. It allows us to estimate the interaction of
each element in the mixture by providing a component that represents the interaction and
optimizing the component elements according to the targets. It not only creates a surface
model of continuous variables by estimating each element and their interactions in the
mixture, but it also optimizes the elemental components to study the best combined effect
of mixture elements [30].

The effect of different combinations of stabilizers on LPI is not reported well in the
literature. In addition, statistical optimization of the process parameters for the liquid–
plasma interaction method has never been performed. The nanomaterials have shown low
performance in many applications due to unoptimized synthesis conditions and structural
parameters. The unoptimized studies not only raise the process cost but also complicate
the physicochemical characteristics of the nanostructures. In this study, an argon plasma
jet was used to reduce the solution of metal salts and stabilizers for controlled synthesis
of AgNPs. The synthesis parameters were optimized statistically and experimentally.
Nanoparticles of Ag were synthesized by the liquid–plasma interaction method. Glucose,
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fructose, sucrose and lactose stabilizers were used as synthesis parameter for controlled
synthesis of Ag under argon plasma jet exposure. Optimal synthesis conditions were
obtained by implementing SCD mixture design. The prepared AgNPs were tested for their
antibacterial performance against Staph. aureus strain and E. coli strains. This research
contributes new information on the optimal interaction effect of stabilizers on the structural
development and UV absorbance of AgNPs, which has previously been described using
other comparable methodologies [31,32].

2. Experimental Section
2.1. Materials

AgNO3, glucose, fructose (C6H12O6), sucrose and lactose (C12H22O11) were supplied
by Sigma Aldrich (St. Louis, MO, USA). Deionized water was utilized for the preparation
and washing of NPs.

2.2. Synthesis of Silver Nanoparticles

Experimental setup and associated mechanism of liquid–plasma setup for synthesis
of nanoparticles is illustrated in Figure 1. A similar setup was used in our previously
reported work [32]. A 20 kV direct current supply was used to create argon plasma stream
by flowing argon gas through a 2 mm hollow cathode. When the applied voltage was
10 kV and the current through the circuit was 40 mA, a sustained plasma stream was
formed at an argon flow rate of 1200 sccm. The level of input voltage and current flowing
through the circuit is affected by the separation between the cathode and the positively
charged solution, as well as the solution’s conductivity. In this work, the plasma stream on
interaction with solution supplies reactive species to initiate the reduction of silver ions to
nanoparticles. The saccharides in an aqueous solution occupy 40% of total aqueous volume
and impose physical constraints that separates AgNPs from one another to prevent the
aggregation effect.

Figure 1. Illustration of experimental setup for liquid-plasma reduction, proposed mechanism and graphical representation
for the formation of AgNPs.

About 100 mL electrolyte solution of silver nitrate (AgNO3) and deionized water
was prepared with molar concentration of 5 mM for 60%. The monosaccharides, namely
glucose, fructose, sucrose and lactose with concentration of 2 mM for 40% were used to
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stabilize the growth process. Stoichiometric amount of DI water was mixed with silver
nitrate solution to produce reaction volume of 100 mL. After that, the silver anode was
immersed in the aqueous solution. The upper part of anode was covered with a quartz-
glass tube. The gas nozzle was used as cathode, which was connected with a gas cylinder.
The plasma treatment dissociates the electrolyte solution of AgNO3 into Ag+ cations and
NO3

− anions as:
AgNO3 → Ag+ + NO3− (1)

To avoid the electrode burning, a graphite electrode of 5 mm thickness was used as
an anode. By applying DC voltage between anode and metallic nozzle, DC discharge
plasma was generated under argon flow. The applied voltage may vary from 0–20 kV and
discharge current from 1–50 mA. The interaction time between the plasma and the solution
is set to 30 min. Thirty experiments with different molar concentrations of monosaccharide
sugars were carried out to investigate the effect of sugar molar concentration on particle
size and dispersion of AgNPs. The energetic electrons and radicals, generated by plasma
discharge, reduce Ag+ cations into AgNPs (Ag + e− → Ag ). The transparent color of the
solution changes to black over time, which indicates the formation of AgNPs.

2.3. Experimental Scheme in Simplex Centroid Design

A simplex centroid design (SCD) was used to obtain the optimum combinations
of glucose (A), fructose (B), sucrose (C) and lactose (D) stabilizers for the synthesis of
AgNPs. The variables were taken in the concentration of 40% to test at five different levels
(–2, –1, 0, 1, 2). 5 mM AgNO3 60% (v/v) was chosen as the center value (zero level) in the
experimental design. The design comprising 30 assays was implemented systematically, as
shown in Table 1. The experiments displayed in mixture design were executed in 100 mL
electrolyte solution containing AgNO3 and saccharides. By using SCD, all the experiments
were optimized by a UV–Vis spectrophotometer, and the absorbance response of every trail
at 302 nm was recorded. The response surface methodology (RSM) was employed to assess
the results of SCD experiments using a 2nd order polynomial equation, given as [33,34]:

AgNPs (Y) = β0+ ΣβiXi + ΣβiiXi
2 + ΣβijXiXj (2)

where Y represents predicted response variable and β0 and βi represent the regression
and linear coefficients, respectively. Similarly, βii and βij represent quadratic interaction
coefficients, respectively. The coded levels of independent variables are represented by
Xi (i = 1, 2, 3, 4, etc.). The independent variables were coded as: A, B, C and D.

Y = β0 + β1A + β2B + β3C + β4D + β12AB + β13AC + β14AD + β23BC + β24BD + β11A2 + β22B2
+β33C2 + β44D22

(3)

The data were expressed in three-dimensional graphs to depict the unique and inter-
action effects of these investigative variables on the response. F-values, interaction plots,
lack of fit, correlation between predicted and experimental values and R2 values were used
to check the validity of the design. Finally, the analysis of variance was used to reflect the
entire quadratic model (ANOVA).

Table 1. SCD with four components (A, B, C, D) with none process variable.

Stabilizing/Capping Agents
5-Levels Absorbance at 302 nm

Experimental

Response

Run Glucose
(A)

Fructose
(B)

Sucrose
(C)

Lactose
(D) Predicted

1 0 2 0 0 1.488 1.329

2 −2 0 0 0 0.570 0.495

3 0 −2 0 0 1.438 1.531
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Table 1. Cont.

Stabilizing/Capping Agents
5-Levels Absorbance at 302

nm Experimental

Response

Run Glucose
(A)

Fructose
(B)

Sucrose
(C)

Lactose
(D) Predicted

4 2 0 0 0 0.540 0.501

5 0 0 2 0 0.285 0.212

6 0 0 0 0 0.279 0.289

7 0 0 −2 0 1.028 1.085

8 0 0 0 0 0.640 0.501

9 0 0 0 −2 0.580 0.555

10 0 0 0 2 0.620 1.533

11 1 1 −1 −1 0.011 −0.124

12 1 −1 1 −1 0.570 0.581

13 1 1 −1 1 0.670 0.688

14 1 1 1 −1 0.590 0.600

15 0 0 0 0 0.350 0.352

16 −1 −1 −1 −1 1.626 1.534

17 1 −1 −1 1 0.500 0.501

18 0 0 0 0 0.270 0.280

19 −1 1 1 1 0.493 0.491

20 −1 −1 1 1 0.037 1.122

21 1 −1 1 1 0.83 0.811

22 −1 −1 −1 1 0.570 0.495

23 −1 1 −1 1 0.395 0.300

24 −1 1 −1 −1 0.871 0.844

25 1 1 1 1 0.395 0.394

26 −1 1 1 −1 0.300 0.305

27 0 0 0 0 0.041 0.042

28 0 0 0 0 0.011 −0.124

29 1 −1 −1 −1 0.041 −0.020

30 1 −1 1 −1 0.037 0.004

2.4. Statistical Analysis

All trials were conducted in five different levels to ensure the correctness and ratio-
nality of the applied SCD design of RSM, as well as to interpret the response variable.
ANOVA (analysis of variance) was performed by using the Minitab software. Multiple
linear regressions were applied on the experimental data to estimate the interaction effects,
sum of squares (SS), p-value, t-test and confidence level. The significance of regression
coefficient parameter was checked through t-tests. The p-values were utilized to study how
interaction effects significance, which may elaborate the interaction patterns between the
variables [35]. The coefficient of correlation (R), the determination coefficient (R2) and the
adjusted R2 values were used to indicate the regression model fit quality, and a statistics
test was used to determine its statistical significance. RSM is an arithmetical model which
is modified extensively and has been utilized for the optimization of several factors with
no process variables. It describes the relation between the response and levels of the factors
simultaneously by using statistical software.
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2.5. Antibacterial Activity

The antibacterial effect of the synthesized AgNPs was tested against model gram-
positive and gram-negative bacteria strains Staph aureus and E. coli (S. aureus, E-coli). The
composition of bacterial culture was made with 28 g of nutrient agar dissolved in 1000 mL
of deionized water. The petri plates and borer were autoclaved for 15 min. Wells were
prepared properly at the same distance after cooling down of autoclave media and pure
bacteria beside the petri plates. 100 µL of the prepared sample was added to various plates.
In brief, a bacterial suspension of 100 µL was spread uniformly on the surface of a nutrient
agar plates. Then, filter paper disks (about 6 mm in diameter) impregnated with stabilized
AgNPs were placed on the agar surface. The incubation of plates was conducted at 37 ◦C
for 24 h after which the average diameter of the inhibition zone surrounding the disk
was measured. Ciprofloxacin was used as control medicine to examine the antibacterial
performance of the stabilized AgNPs.

3. Results and Discussions
3.1. Optimization of Synthesis Process Using Response Surface Methodology

Thirty tests in total with different combinations of stabilizing agents (A, B, C and
D = 40%) were performed in this study, with 5-different levels of AgNO3 concentration
(60%). Results of study are shown in a randomized manner in Table 2. The better production
of AgNPs (>1.4) has been achieved by the interaction of pure and mixture of stabilizers in
treatment runs one, three and sixteen. Under the conditions of 5 mM AgNO3 (60%, v/v),
the maximal AgNPs synthesis (1.626) was observed in run number 16. The response and
independent variables were tested to fit into a linear and quadratic equations and their
second-order interactions were tested by multiple regression analysis on experimental data
from SCD. The determination coefficient R2 and the F test ANOVA were performed to
check the model quality.

The variations in predicted and real response and fit statistics were confirmed by
determining coefficient (R2). The R2 number is always in the range of 0 to 1. The model’s
R2 was 0.9657, indicating that the model could explain 96.57% of the variability in the
response. A regression model with an R2-value greater than 0.9 is considered to have a high
level of correlation [36]. The present R2-value indicates that the observed and expected
responses are extremely well aligned, demonstrating that the model is reliable for AgNPs.
Furthermore, the adjusted coefficient (Adj. R2 = 0.9338) is quite high, implying that the
response functions are well-suited to the experimental data [37]. The synthesis of AgNPs
peaked after 30 min of plasma exposure, and the predicted model had a high coefficient of
determination (R2 = 0.9827) [38]. The results of fitting the second order response surface
model with the analysis of variance are shown in Table 2. The significance and efficiency of
the model must be tested using ANOVA.

The F-value, also known as the Fisher variance ratio, is a statistically valid measure of
how well variables represent variation in data around their mean. The regression model
was found to be significant at p-values less than 0.05 using analysis of variance (ANOVA).
Fisher’s statistical analysis proved the adequacy of the developed model. All model
coefficient values were determined using multiple regression analysis. The Student’s t-test
and p-values were utilized to establish the coefficient significance, as shown in Table 3.
The p-values were also tested to verify the coefficients’ significance, which are required to
comprehend the mutual interaction pattern between the test variables. Interaction of two
factors can have an antagonistic or synergistic effect.
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Table 2. Fit Statistics of sugar-stabilized AgNPs using SCD design.

Variables Coefficients Main Effect t-Stat p-Value C.I (%)

Intercept 0.395 0.790 8.816 0.000 100.000

Glucose (A) −0.028 −0.056 −1.260 0.032 96.754

Fructose (B) 0.247 0.494 11.024 0.000 100.000

Sucrose (C) 0.330 0.660 14.80 0.000 100.000

Lactose (D) −0.053 −0.106 −2.367 0.228 77.279

AB −0.095 −0.190 −3.469 0.003 99.657

AC −0.013 −0.025 −0.457 0.564 34.639

AD 0.091 0.182 3.324 0.005 99.538

BC −0.024 −0.047 −0.959 0.404 59.603

BD −0.026 −0.053 −0.859 0.343 65.724

CD −0.054 −0.108 −1.965 0.068 93.179

AA = A2 0.011 0.022 0.525 0.000 99.960

BB = B2 0.095 0.190 4.534 0.706 39.235

CC = C2 0.199 0.238 5.694 0.000 99.996

DD = D2 0.000 0.000 0.000 1.000 0.039

Table 3. Statistical values of ANOVA for optimization of AgNPs using SCD.

Source Degree of
Freedom

Sum of
Squares

Mean Sum
of Squares

Level of
Significance

(p-Value)
F-Value

Regression 14 5.094 0.364 0.000 30.201

Residual 15 0.081 0.013

Total 29 5.275

The quadratic B (fructose) and C (sucrose), and linear impacts of B (fructose), C
(sucrose) and D (lactose), both significantly impact the synthesis of AgNPs. The variables
A (glucose) and B (fructose) have the greatest interaction (0.003), indicating that they affect
99.657% of the model; followed by A (glucose) and D (lactose) (0.005), and then C and D.
Interactions between A (glucose) and C (sucrose), interaction between B (fructose) and D
(lactose), interaction between B (fructose) and D (lactose), as well as the quadratic effects of
D and the linear effects of A did not have a significant impact on plasma synthesis of AgNPs.
Created on second order response surface design, the interaction between optimum levels
of glucose concentration (A), fructose (B), sucrose (C), lactose (D) and the response was
revealed in the system of three-dimensional surface plots. The second-order response
(Equation (4)) that characterizes the expected response (Y) in terms of the independent
variables (A, B, C and D) was obtained using multiple regression analysis on experimental
data:

(Y) Yield (AgNPs) = 0.395 − 0.028A + 0.247B + 0.330C − 0.053D − 0.095AB −
0.013AC + 0.091AD − 0.024BC − 0.026BD − 0.054CD + 0.011A2 + 0.095B2 +

0.119C2 + 0.000D2
(4)

where Y is the predicted response, A is the glucose coded value, B is the fructose coded
value, C is the sucrose coded value and D is the lactose stabilizing agent coded value.
A significant interactive effect was depicted in the Pareto chart, as shown in Figure 2a,b.
Pareto analysis is a formal technique that ranks the influence of individual and interaction
effects of the variables on response [38]. Among four components, the linear effects of
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intercept exhibited the highest positive significance (0.790). In addition to sucrose’s linear
effect, fructose’s linear effect and sucrose’s quadratic effect had positive effects of 0.660 and
0.494. The negative effect of the interaction between glucose and the sucrose stabilizing
agent was −0.025. Typically, the fitted model must be validated to ensure that it provides
a good approximation to the real system. Analyzing and optimizing the fitted response
surface unless the model suggests a satisfactory fit is likely to produce poor or misleading
results. The literature suggests that the significance of each co-efficient is checked by noting
the p-value [39]. The p-value also predicts the effect of different parameters on the response.
The value less than 0.05 shows high significance of the corresponding co-efficient.
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Figure 3a depicts the experimental V/S predicted scatter plot. The residuals were
compared to the model’s predicted normal values. The points near the diagonal line in
the normal probability plot of the residuals imply that the errors are normally distributed,
independent of each other, and that the error variances are homogeneous. It predicts that
model fits well for the experimental data. All of the model’s primary assumptions have
been validated because the residuals of the fitted model are distributed normally. Figure 3b
shows a plot between predicted and observed responses, demonstrating a good match
between predicted values and experimental data. The model’s good fit is indicated by the
points clustered around the diagonal line. The residual plot shown in Figure 3c reveals
an equal scattering of residual data both below and above the x-axis, which indicates
that variance is independent of formation of nanoparticles and that the model fit was
satisfactory. Figure 3d shows a plot of experimental v/s predicted values for response
variable as a visual diagnostic plot, indicating that the theoretical values predicted by
the model equation are in close agreement, confirming the model’s adequacy. When one
variable is set at the optimum value by allowing the other two variables to vary, the
plot of response surface curves in Figure 4a–f shows optimal levels of the variables and
interaction effects.
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The interaction of glucose and fructose stabilizing agents is depicted in Figure 4a. It
showed that high fructose levels resulted in the highest yield of AgNPs. Lower glucose
concentration sustains high levels of AgNPs yield, while higher glucose concentration
allows AgNPs through the liquid–plasma interaction method to gradually decrease. Higher
levels of sucrose support a significant production of AgNPs, as shown in Figure 4b. At
a low concentration of glucose, the growth of AgNPs increases. As the concentration of
glucose increased, the growth of AgNPs decreased. The interaction of glucose and lactose
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stabilizing agents is depicted in Figure 4c. It shows that a lower level of lactose and glucose
quantity is supportive to the high production of AgNPs, but maximum lactose or glucose
concentration led to a decrease in AgNPs synthesis. The three-dimensional plot of AgNPs
as a function of fructose and sucrose stabilizing agents is shown in Figure 4d. It shows that
increasing the concentration of fructose and sucrose stabilizing agents causes a progressive
increase in AgNPs yield by the liquid–plasma interaction technique. The high level of
fructose and sucrose produces the maximum yield of AgNPs. The interaction of fructose
and lactose stabilizing agents is depicted in Figure 4e. The plot shows that AgNPs yield
was promoted by a low level of lactose and a high level of fructose. The effect of sucrose
and lactose on the synthesis of AgNPs is plotted in Figure 4f. With a low level of lactose,
initial sucrose caused maximum production of AgNPs.

3.2. UV–Visible Spectroscopy Analysis

UV–visible spectra were produced to analyze the optical domains of the prepared
AgNPs. UV–visible spectroscopy was used to monitor the formation of AgNPs produced
by the oxidation-reduction of a constant amount of AgNO3 mixed with pure stabilizers
individually and their mixtures in water. During the plasma exposure of the solution of
AgNO3 and stabilizers, the color of the solution started to change over time. The transparent
solution turned to black by confirming the formation of AgNPs. The Ag+ ions reduced to
AgNPs by absorbing the plasma generated species. UV–visible spectroscopy was used to
confirm the formation of nanoparticles. A shown in Figure 5, a broad absorption band was
observed around 200–600 nm. The maximum absorption was observed around 300–330 nm,
corresponding to a typical plasmon resonance band of AgNPs. It is worth noting that
the addition of pure stabilizers in the AgNO3 solution (glucose, fructose, sucrose and
lactose) results in absorption bands at nearly the same wavelengths and the absorption
peak intensity decreases with an increase in pure stabilizing content, which is an indication
of an increase in the production of AgNPs.

Figure 5. UV absorption spectra of individual and mixture of stabilized AgNPs.

The published literature suggests that AgNPs, produced with AgNO3 salt in the pres-
ence of different stabilizing agents, have UV peaks in the wavelength range of 300 nm [40,41].
The SPR peak shifts toward the shorter wavelength with a decrease in the absorbance due to
the increased destabilization of the nanoparticles. The spontaneous growth of nanoparticles
on plasma exposure is referred to the direct redox of Ag+ ions and oxidation of hydroxyl
groups of the stabilizers [42]. It is also reported that the formation of AgNPs is mainly due
to the redox of Ag+ ions by the irradiation effect and forming of hydrogen bonds with OH
and –NH2 groups of the stabilizer [43]. To optimize the effect of pure and mixed stabilizers
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in AgNPs formation, simplex centroid (SCD) was utilized. The intensity of surface plasmon
peak absorption increased from 0.1 to 1.6 in SCD results. These findings indicate that a
stabilizer mixture acts as an interface between the reduction process and the formation of
AgNPs. Free electrons exist in metal NPs, and their combined vibration in resonance with
the light wave produces an SPR absorption band as elaborated by Ansar et al. [44]. Only
one SPR band is expected in case of spherical NPs, while in the case of anisotropic shape,
two or more SPR bands can be produced with the absorption peak related to the particle
size. As particle size increases, the SPR peak of AgNPs in aqueous solution shifts towards
longer wavelengths. The shape and sizes of AgNPs are directly affected by the synthesis
parameters such as stabilizing agents, surface adsorbed particles and the dielectric constant
of the medium [45,46].

3.3. FT-IR Study

FT-IR analysis confirmed the presence of various functional groups, which are essential
to study the surface chemical state of the synthesized AgNPs and the possible interactions
between Ag and stabilizing agents. FT-IR spectra of (a) glucose stabilized (run 3), (b)
fructose stabilized (run 24), (c) sucrose stabilized (run 1), (d) lactose stabilized (run seven)
and (e) mixture of four stabilizers (run 16) under optimized conditions (60% AgNO3, 40%
stabilizing agent) are shown in Figure 6a,b. FT-IR spectra exhibit a broader spectrum with
few peaks of sugar-capped AgNPs. The sharp spectral peak at 2896 cm−1 was attributed to
C-H single-bonded alkane group. The band stretching observed near 1020.31 cm−1 may
be attributed to C-N stretching of amine group. Similarly, the peak appeared at 777 cm−1

was attributed to a combination band stretching of CCO and CCH. The absorption peak
of Ag/saccharides, observed at 1648 cm−1, was attributed at C=O. Meshram et al. [47]
detected the same peak at 1649 cm−1, which shows a relationship between AgNPs and
carbonyl group in saccharides. This could be due to the carbonyl group’s oxygen atoms,
which allow these saccharides to bind to the surfaces of Ag particles. The data represented
the interaction of the corresponding band with AgNPs (Figure 6a,b). UV–Vis analysis
confirms a peak at 302 nm (Figure 5), which attributed to the electronic excitations of amine
and carbonyl group in saccharides. The broad band in the range of 300–350 nm is assigned
to the combination of the amino acids, which are incorporated as a part of glycoprotein
with the help of saccharides. The amino acids are covalently attached to many different
proteins. The UV peak of sugar stabilized AgNP complexes in literature is reported at
about 300 nm [40,41,48–50]. The nanoparticles interact with stabilizing agents through
electrostatic interaction with free amine groups or asparagine residues in proteins.

3.4. XRD Analysis

The crystalline phase of the synthesized AgNPs was estimated using XRD analysis.
The obtained XRD spectra of AgNPs ranged from 20◦ to 80◦, as shown in Figure 7. X-ray
diffraction patterns of synthesized AgNPs using various saccharides exhibited four distinct
diffraction peaks at 38.41◦, 44.63◦, 64.75◦ and 77.83◦, corresponding to (111), (200), (220) and
(311) planes, respectively. The sharp peak at 38.41◦ revealed the face centered cubic (FCC)
structure of Ag, which corresponds to the plane (111). The crystallite size calculations were
conducted using Scherrer equation and results are summarized in Table 4. The crystallite
size was smaller when pure stabilizers were used as stabilizing agent. The diffraction peaks
of AgNPs for mixture of stabilizers are slightly smoother and wider than for individual
stabilizers. The average particle size of AgNPs varied from 5–15 nm, depending on the
stabilizer type [51]. It shows that stabilizing agents play a decisive role in controlling the
growth of AgNPs. The obtained XRD results were in good matching with the structural
analysis of AgNPs performed by Hassanien and Khatoon [52].
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Figure 6. (a) FTIR spectra of AgNPs synthesized using pure stabilizers and (b) an optimized mixture
of stabilizers.
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Figure 7. XRD spectra of AgNPs stabilized with pure and mixture of stabilizers.

Table 4. Crystallite size of AgNPs stabilized with pure and mixed stabilizers.

Assays Sample Description (AgNPs) 2 Theta (◦) Particle Size
(nm)

Run 1 Sucrose stabilized 43.85 12 nm

Run 3 Glucose stabilized 24.934 10 nm

Run 7 Lactose stabilized 22.983 9.45 nm

Run 16 Mixture of four stabilizers 48.66 15 nm

Run 24 Fructose stabilized 34.03 11 nm

3.5. SEM and EDX Analysis

The surface morphology and elemental analysis of the prepared AgNPs were per-
formed by the scanning electron microscopy–energy dispersive X-ray (SEM-EDX) tech-
nique. The SEM images show that sugar stabilizers improved the colloid stability, agglom-
eration prevention and provided better control of particle size of the prepared AgNPs. In
the absence of the stabilizers, AgNPs showed a poly-dispersed size distribution having
irregular dendritic clusters [53,54]. Mono- and poly-saccharides are soft stabilizing agents
that are crucial for the synthesis of AgNPs. The concentration of stabilizing agents has
been varied up to 40% to obtain the optimum sugar concentration. Figure 8 shows SEM
images of AgNPs produced with individual and mixed saccharides. The prepared Ag-
NPs exhibited a nearly spherical shape along with some agglomerates. From XRD, the
mixture of four stabilizers increases the average sizes of AgNPs, which may occur due to
the increase in reaction rate resulting in more nuclei production and accelerated lateral
growth of nanoparticles in short periods of time. There was also some aggregation and
the majority of our analysis results revealed distinct spherical particles. Wang et al. [55]
reported the formation of aggregates when low concentrations of glucose was used in
the synthesis of AgNPs. On reaction with the stabilizing sugars in under 30 min plasma
exposure, the colorless AgNO3 solution turned black, indicating the reduction of Ag+ to
Ag◦. EDX revealed 66.67% of silver content in the mixture stabilized run 16 under the set
conditions, as shown in Table 5.

Figure 8 also shows EDX spectrum of the synthesized AgNPs. The solid absorption
signal was recorded around 3 keV, which clearly shows the existence of Ag content in the
prepared AgNPs. EDX spectrum also confirmed the presence of C, O, Si, K, Cl and Ag
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absorbance peaks. The elemental signals of Ca and Na obtained in EDX spectrum may
appear due to the sugar solution and/or likely to be produced by X-ray emissions from
the glass substrate utilized during EDX analysis, as revealed earlier by Nangia et al. [40].
FT-IR and EDX studies revealed that AgNPs can be functionalized by using different stabi-
lizers/saccharides during the synthesis process. AgNPs were produced from a solution of
silver nitrate combined with saccharides exposed to a plasma jet. Since the graphite rod
was used as a plasma anode, which was in direct contact with the solution, the possible
reason of carbon in the product was arcing and sputtering of the graphite during plasma
exposure. The presence of proteins and glycoproteins in the product is attributed to the
used saccharides.

Figure 8. SEM micrographs and EDX spectra of (a) glucose stabilized AgNPs (run 3), (b) fructose
stabilized AgNPs (run 24) and (c) AgNPs stabilized with a mixture of stabilizers (run 16).

Table 5. Elemental analysis of prepared AgNPs (run 3, run 24, run 1, run 7 and run 16) using five spectrums focused at three
distinct elements.

Experimental Run
Silver (Ag) Oxygen (O) Carbon (C)

Weight
(%)

Atomic
(%)

Weight
(%)

Atomic
(%)

Weight
(%)

Atomic
(%)

Run 3 33.34 6.67 39.00 52.57 19.27 34.60

Run 24 43.74 9.79 29.74 44.87 14.89 29.92

Run 1 45.40 10.63 29.18 46.05 17.88 37.58

Run 7 36.39 6.78 31.66 39.77 31.95 53.45

Run 16 69.81 24.45 16.48 38.91 10.11 31.80
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3.6. Antibacterial Activity

The majority of E. coli strains cause mild diarrhea in humans. However, some of E. coli
strains cause bloody diarrhea, severe stomach cramps and vomiting. These gram-negative
strains are found in contaminated water and food polluted by animal waste, human waste,
industrial effluents and the food processing industry. Some of the E. coli strains are found
in municipal water supply as well. Some people also get infected with such strains after
swimming in contaminated pools or lakes. On the other hand, Staph aureus is a gram-
positive strain, which causes inflammatory diseases in human. It is commonly found in
the environment and is spread to humans via aerosol and air droplets when an infected
person sneezes or coughs. The antimicrobial activity of optimized AgNPs (run number 1, 3,
7, 16 and 24) against Staph aureus and E. coli strains was evaluated by using the shake flask
method. Phosphate buffered saline (PBS) having a pH value of 7.2 was used as a standard
against all the five bacterial strains. About 0.2 mL of bacterial inoculums were added to
the control and test samples. The samples were saturated in 20 mL of nutrient broth and
shaken at 110 rpm under a constant temperature of 37 ◦C. After 24 h of incubation period at
37 ◦C, the antibacterial activity of the control and AgNPs was determined by measuring the
diameter of the inhibition in the individual samples. Ciprofloxacin was used as a control.
The nanoparticles showed an inhibitory effect on gram-positive and gram-negative bacteria.
Smaller nanoparticles showed better antibactericidal impact than larger nanoparticles due
to their larger reactive area. It is suggested that silver ions with a positive charge form an
electrostatic attraction with a negatively charged microbial membrane. Typical images of
the inhibition zone of AgNPs with the combination of different stabilizing agents are shown
in Figure 9. The results of zone inhabitation of the samples S1 (run 1), S2 (run 3), S3 (run 7),
S4 (run 16), S5 (run 24) are shown in Table 6. The zone inhibition of AgNPs with different
stabilizing agents against E. coli was measured about 9 mm, 5 mm 2 mm, 11 mm and 4 mm,
respectively. The zone inhibition of AgNPs with different stabilizing agents against Staph
aureus was measured about 10 mm, 5 mm, 4 mm, 12 mm and 5 mm, respectively. The
zone inhibition to be increased with an increase in absorbance, as observed in Figure 9c,d.
The effective zone of the combination of stabilizing agents was measured about 11 mm
and 12 mm against both bacterial colonies, respectively. This shows that the antibacterial
activity of AgNPs depends on the type of stabilizing agents. The zone of inhibition less
than 5 mm implies moderate resistance, while a zone of inhibition higher than 10 mm
suggests significant resistance, as suggested by Xuan et al. [56].

3.7. Future Prospects

The liquid–plasma interaction is an effective way of producing nanomaterials. It is
simple, easy to hand and a low-cost approach, which do not contribute much to envi-
ronmental pollution. However, many aspects of this approach need to be investigated
further to have better control over structural growth and yield of the nanomaterials. For
example, there are very few studies on statistical optimization of the process parameters for
controlled production of nanomaterials. The effect of sugar stabilizers on particle size and
UV absorbance was statistically optimized in this work. Future research should concentrate
on different types of stabilizers rather than a single class of stabilizers. The plasma–liquid
interaction parameters, such as gas type, plasma jet design, input power gas flowrate, etc.,
should also be optimized statistically using different statistical models. We performed
synthesis experiments in an open atmosphere, which might be energy intensive since
high voltage is required to sustain the plasma jet under atmospheric pressure. Similar,
experiments can be conducted under low pressure conditions in a vacuum tight chamber
to lower the required voltage.
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Figure 9. Photographs of inhibition zones of AgNPs with different stabilizing agents (a) Staph aureus and (b) E. coli and (c)
comparative graph for zone of inhibition with absorbance and control; (d) representative graph of antibacterial activity.

Table 6. Inhibitory effect of optimized AgNPs growth with different stabilizing agents.

Sample Runs Absorbance Staph aureus E. coli Control
Ciprofloxacin

S1 1 1.488 10 mm 9 mm 25 mm

S2 3 1.438 5 mm 5 mm 25 mm

S3 7 1.028 4 mm 2 mm 25 mm

S4 16 1.626 12 mm 11 mm 25 mm

S5 24 0.871 5 mm 4 mm 25 mm

4. Conclusions

A facile and rapid liquid–plasma interaction technique was used to synthesize AgNPs
with mono- and/or poly-saccharides as stabilizing agents. The effect of pure glucose,
fructose, sucrose and lactose and their combinations on the structure and yield of AgNPs
was investigated by SCD. A combination of selected surface-active compounds produced
particles of the desired size and shape for the optical and antibacterial properties. A linear
model with R2 = 0.9657 showed better efficiency of SSD in the synthesis of AgNPs through
the LPI technique. The combined and individual effect of stabilizers on the synthesis of
AgNPs was significant when p < 0.05. The present method for AgNPs synthesis is eco-
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friendly and pollutant-free as it requires low temperature, non-toxic reagents, surfactants
and/or organic solvents for NPs synthesis. The nearly spherical particles with a high
yield having an average size of 15 nm were obtained under optimal conditions using a
40% mixture of stabilizers. The overall UV absorbance of AgNPs was obtained around
302 nm. The FT-IR study showed that the mixture of saccharides might have played an
important role in the stabilization of AgNPs through the coating of a carbohydrates moiety
on AgNPs. The SEM and UV–vis spectroscopy analysis showed that in the presence of
sugar stabilizers, small and nearly spherical particles with an average size of 9–15 nm were
produced using the LPI method. The antibacterial activity of these nanoparticles was also
tested against Staph aureus and E. coli strains. The zone inhibition of AgNPs with different
stabilizing agents against E. coli varied from 2 nm to 9 mm. Similarly, the zone inhibition
against Staph aureus varied from 4 nm to 10 mm.
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