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Abstract
We present the in situ synthesis of silver nanoparticles (AgNPs) through ionotropic gelation utilizing the biodegradable saccharides
lactose (Lac) and alginate (Alg). The lactose reduced silver ions to form AgNPs. The crystallite structure of the nanocomposite
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AgNPs@Lac/Alg, with a mean size of 4–6 nm, was confirmed by analytical techniques. The nanocomposite exhibited high catalyt-
ic performance in degrading the pollutants methyl orange and rhodamine B. The antibacterial activity of the nanocomposite is
pH-dependent, related to the alterations in surface properties of the nanocomposite at different pH values. At pH 6, the nanocom-
posite demonstrated the highest antibacterial activity. These findings suggest that this nanocomposite has the potential to be tailored
for specific applications in environmental and medicinal treatments, making it a highly promising material.

Beilstein J. Nanotechnol. 2023, 14, 781–792.

782

Introduction
Silver nanoparticles (AgNPs) have raised significant interest for
their wide range of applications in biomedicine [1,2], treatment
of wastewater [3,4], and catalysis [5,6]. The utilization of eco-
friendly sources, such as plant extracts [7,8], fungi [9,10], and
bacteria [11], for synthesizing AgNPs is an important topic in
the field of nanotechnology. However, AgNPs synthesized in
that way have a number of drawbacks such as high cost and low
stability. Typically, AgNPs are loaded onto polymers/compos-
ites in order to enhance their performance in usage [4,10,12].
Among polymers, polysaccharides have shown significant
improvement in stabilization because of the hydroxy groups in
the sugar molecules of the polysaccharide chain, which can
form strong associations with AgNPs [13-15]. Previous studies
have reported that metallic nanoparticles can be easily incorpo-
rated into polysaccharides by an in situ reduction process that
requires no additional chemicals [16,17]. This technique using
polysaccharides such as alginate [18] or chitosan [19] in
conjunction with reducing agents enhanced cost efficiency and
reduced the amounts of impurities or toxic compounds.

AgNPs are widely used as antibacterial agents. One of the
advantages of AgNPs over bulk metal or salts is their ability to
controllably release silver as ions or particles, resulting in
prolonged protection against bacteria [20]. While the specific
mechanism of their antibacterial properties is not fully under-
stood, mechanisms such as release of silver ions or electrostatic
interaction between AgNPs and microbial cells, have been pro-
posed [21,22]. The AgNPs might release silver ions capable of
binding to nucleic acids, thereby, exhibiting antibacterial activi-
ty [23,24]. Consequently, any silver-containing composite ma-
terial with antibacterial properties can serve as a source of silver
ions. Another mechanism involves the electrostatic attraction
between negatively charged microbial cells and positively
charged AgNPs [25]. Because of their affinity to sulfur proteins
and through electrostatic attraction, silver ions can bind to both
cytoplasm and cell wall, leading to increased permeability and,
eventually, disruption of the bacterial cell wall [26]. This
disruption can deactivate respiratory enzymes, resulting in the
generation of reactive oxygen species [27] and the inhibition of
adenosine triphosphate release [26]. The antibacterial proper-
ties of AgNPs can be influenced by factors such as size, pH
value, and ionic strength of the medium [28-31]. Extensive
research has been dedicated to control the size and shape of

AgNPs through the application of various capping agents. In ad-
dition to their antimicrobial properties, AgNPs are also valu-
able catalysts for the removal of environmental contaminants in
aqueous solutions. The high surface-to-volume ratio of AgNPs
provides many active sites, thereby, enhancing their catalytic
activity [32]. The catalytic activity of AgNPs is also influenced
by the morphology and the use of capping agents [33]. The effi-
ciency of the catalyst can be improved by studying different
carrier materials [34,35]. Interface factors, including morpholo-
gy and capping agents, play a significant role in the catalytic ac-
tivity of AgNPs. The ionotropic gelation mechanism has been
recently employed to create nanocomposites using saccharides,
such as alginate, cyclodextrin, and lactose. This method allows
for the loading of metallic ions onto the nanocomposite, fol-
lowed by their reduction to nanoparticles [36,37]. The nano-
composite matrix can release silver in appropriate environ-
ments, exhibiting pH-dependent antibacterial activity [38].

In this study, we prepared a nanocomposite, Lac/Alg, to stabi-
lize AgNPs without any additives, utilizing lactose as a
reducing agent. The resulting nanocomposite AgNPs@Lac/Alg
was used for the catalytic degradation of toxic dyes and investi-
gated regarding its pH-dependent antibacterial activity.

Results and Discussion
Synthesis of AgNPs@Lac/Alg
Our recent work has demonstrated the successful synthesis of
AgNPs using a two-step process involving loading and reduc-
tion, resulting in nanocomposites composed of alginate and
cyclodextrins [36,38]. In the first step, silver ions were loaded
onto the nanocomposite [37,39], followed by reduction using
plant extract [36,38]. In the present work, we have developed an
in situ synthesis method for AgNPs using an alginate compos-
ite with lactose as reducing sugar. This method involves the use
of lactose as a negatively charged compound that disrupts the
cross-linking between Ca2+ ions and COO− groups of sugar
molecules in the alginate chains, leading to the formation of
soluble nanoparticles (Figure 1).

To obtain the nanocomposite AgNPs@Lac/Alg, Ag+@Lac/Alg
was reduced through a heating process, without the use of addi-
tional additives. The formation of AgNPs was confirmed by a
change in the color of the colloidal solution. To find the optimal
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Figure 1: Schematic illustration for route study on AgNPs@Lac/Alg.

reaction conditions, the synthesis of the nanocomposite was
carried out while varying the reaction conditions, such as tem-
perature, reaction time, and ratio of Ag+ to blank composite.
Subsequently, AgNPs@Lac/Alg was characterized using
various analytical techniques and applied for the catalytic deg-
radation of contaminants and in bacterial activity assays.
Absorption spectra were analyzed to monitor changes in physi-
cochemical properties at the maximum peak region of surface
plasmon resonance (SPR) of the AgNPs, which falls in the
range of 400–450 nm.

The synthesis of stable AgNPs was performed at solution tem-
peratures ranging from 30 to 90 °C. The results are shown in
Figure 2A and Figure 2B. Below 70 °C, the SPR peak in the
UV–vis spectra disappeared, indicating that no AgNPs were
formed at lower solution temperatures. Increasing the reaction
temperature resulted in a high concentration of AgNPs in the
colloidal solution, with the highest intensity observed at a tem-
perature of 90 °C. However, the increase in temperature did not
significantly affect the morphology of the formed AgNPs, as
evidenced by the absence of any notable change in λmax values.

To investigate the influence of the reaction time, the gel
Ag+@Lac/Alg was heated at a solution temperature of 90 °C
and the UV–vis spectra were measured every 20 min. As seen
in Figure 2C and Figure 2D, the formation of AgNPs in the
colloidal solution was significantly influenced by the reaction
time. The SPR band of AgNPs was not clearly observed within
the initial 60 min, indicating a slow formation of the nanocom-
posite. However, after this period, AgNPs were rapidly pro-

duced, leading to a substantial increase in the absorbance values
up to 140 min. Throughout the synthesis process, the λmax
values showed a slight increase, which confirms the critical role
of reaction time in the synthesis of stable nanocomposites.

To assess the impact of silver ion concentration, ratios of silver
ions to gel in the range of 0.1–0.7 (w/w) were optimized at
90 °C and 140 min. As shown in Figure 2E and Figure 2F, the
concentration of silver ions strongly influenced the formation of
AgNPs. A clear absorption peak was not observed at a ratio of
0.1 (w/w), indicating no formation of AgNPs. However, the
increase in silver ions resulted in an increase in the absorbance
value in the UV–vis spectra. Minor changes in λmax values were
noted from the absorption data, indicating a slight influence of
the silver-ion-to-nanocomposite ratio on the physicochemical
properties of the synthesized AgNPs. Considering these
findings, two ratios of silver ions to Lac/Alg, namely 0.3
(AgNPs@Lac/Alg-0.3) and 0.7 (AgNPs@Lac/Alg-0.7), were
selected for further physicochemical characterizations.

Physicochemical characterizations
The stability and size of the nanocomposites in the colloidal
solution were evaluated through zeta potential and DLS mea-
surements at a temperature of 25 °C. The results are presented
in Figure 3, demonstrating that all the synthesized nanocompos-
ites were stable. The zeta potential values of AgNPs@Lac/Alg-
0.3 and AgNPs@Lac/Alg-0.7 were −61.6 mV and −41.0 mV,
respectively. These values were lower than that of the blank
Lac/Alg nanocomposite (−102.7 mV) [37]. The decrease in zeta
potential suggests that the presence of AgNPs reduced the nega-
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Figure 2: UV–vis spectra of AgNPs@Lac/Alg (left) and plots of absorbance and wavelength (λmax) data (right) recorded as a function of temperature
(A and B), reaction time (C and D) and the ratio of silver ion to blank Lac/Alg (E and F).

Figure 3: Zeta potentials (A) and size distribution obtained from DLS measurements (B) of AgNPs@Lac/Alg with different amount of AgNPs.
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Figure 4: FTIR spectra (A) of AgNPs@Lac/Alg-0.3 (a) and AgNPs@Lac/Alg-0.7 (b); XRD patterns (B) of card number 00-004-0783 (a), AgNPs@Lac/
Alg-0.3 (b), and AgNPs@Lac/Alg-0.7 (c); TGA (C) and DSC (D) curves of the different nanocomposites (the colors are the same as in panel (C)).

tive charge of the nanocomposites, resulting in a decrease in
their stability. The DLS data indicated that both nanocompos-
ites exhibited wide size distributions ranging from 40–150 nm,
with mean sizes of 73.9 ± 19.2 nm and 80.2 ± 24.1 nm for
AgNPs@Lac/Alg-0.3 and AgNPs@Lac/Alg-0.7, respectively.
These findings are consistent with a previous study on the syn-
thesis of gold nanoparticles using this nanocomposite [37].

Figure 4 presents the FTIR spectra of the AgNPs@Lac/Alg
nanocomposites. Both spectra exhibit similar signals, including
broad band at around 3400 and 2900 cm−1, attributed, respec-
tively, to the –OH and –CH stretching vibrations of the sugar
units of polysaccharides [40]. Furthermore, single peaks at 1600
and 1436 cm−1 are observed, corresponding to the symmetric
and asymmetric stretching vibrations of COO− groups, respec-
tively [41]. Additionally, the peaks at 1034 and 826 cm−1 are at-
tributed to the stretching vibration of C–OH groups and the
bending vibration of –CH groups [42]. Based on these data, it
can be inferred that the primary components of the nanocom-
posites are polysaccharides.

To determine the crystalline structure of the nanocomposites,
powder XRD patterns are evaluated and displayed in Figure 4B.
Both nanocomposites exhibit feature peaks of AgNPs crystals at
2θ angles of about 38°, 44°, 64°, and 77°, indicating, respective-

ly, the (111), (200), (220), and (311) planes of face-centered
cubic silver (card number 00-004-0783). The XRD pattern of
AgNPs@Lac/Alg-0.7 exhibits more intensive peaks compared
to AgNPs@Lac/Alg-0.3, likely because of the different contents
of AgNPs in the samples. The calculated XRD parameters
are shown in Supporting Information File 1, Table S1. Using
the Scherrer equation, the crystallite sizes of AgNPs in the
nanocomposites were estimated to be 17.3 ± 2.7 nm for
AgNPs@Lac/Alg-0.3 and 14.8 ± 2.5 nm for AgNPs@Lac/Alg-
0.7. The mean lattice parameter and the cell volume of AgNPs
in AgNPs@Lac/Alg-0.3 were determined to be 4.09 ± 0.02 Å
and 68.5 ± 1.0 Å3, respectively, while those of AgNPs@Lac/
Alg-0.7 were 4.09 ± 0.2 Å and 68.4 ± 0.8 Å3, respectively [43].
Thus, the XRD data provide evidence for the presence of
AgNPs in the nanocomposites.

To evaluate the thermal properties of the AgNPs@Lac/Alg
nanocomposites, TGA and DSC measurements were performed
on both the blank composite and the nanocomposites in an air
flow of 20 mL/min at a heating rate of 10 °C/min. The TGA
curve of AgNPs@Lac/Alg closely resembles that of the blank
composite. Between 37 and 200 °C, the nanocomposite
AgNPs@Lac/Alg-0.3 exhibited a significantly higher thermal
loss (28%) compared to the other compounds (ca. 10%), which
can be attributed to the presence of hydrate and volatile compo-
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Figure 5: TEM images at different magnifications and particle size distributions of AgNPs@Lac/Alg-0.3 (A, B and C) and AgNPs@Lac/Alg-0.7 (D, E
and F).

nents. In the range of 200–800 °C, the binding between the algi-
nate chain and the AgNPs significantly stabilized the weight
loss of Lac/Alg [37]. The weight losses of AgNPs@Lac/Alg-0.3
and AgNPs@Lac/Alg-0.7 were approximately 52 and 48%, re-
spectively, while the blank nanocomposite underwent a weight
loss of about 68%. The presence of similar quality of ashes
remaining after the heating process confirms the presence of in-
organic components in the nanocomposites that are comparable
to those in the blank nanocomposite.

DSC analysis revealed weakly exothermic peaks in the range of
150–300 °C, corresponding to the oxidation of organic compo-
nents in the nanocomposites. The temperature peak for the
blank sample was found at 248 °C, while for the nanocompos-
ites AgNPs@Lac/Alg-0.3 and AgNPs@Lac/Alg-0.7, the peaks
occurred at 187 and 183 °C, respectively. These results suggest
that the nanocomposites should be used in temperature regions
below 200 °C.

TEM images and size distributions of AgNPs@Lac/Alg are
displayed in Figure 5. The TEM images demonstrate the pres-
ence of uniformly shaped spherical AgNPs. The size distribu-
tion analysis of AgNPs@Lac/Alg-0.3 and AgNPs@Lac/Alg-0.7
indicates that the highest frequency for AgNPs@Lac/Alg-0.3 is
at 6 nm while for AgNPs@Lac/Alg-0.7, it is at 4 nm, with sizes
ranging from 2 to 8 nm. The results show the similarity in phys-
icochemical properties of the AgNPs@Lac/Alg nanocompos-
ites. Thus, AgNPs@Lac/Alg-0.7 was selected for assessment of
its catalytic and antibacterial properties in this study.

Catalytic degradation of contaminants
Toxic organic dyes pose a serious threat to the environment,
and their non-biodegradability in aqueous media has led to the
consideration of various methods for their treatment [44,45]. In
recent years, catalytic degradation using oxidizing and reducing
agents such as H2O2 and NaBH4 has been frequently reported
[46-48]. Plasmonic nanoscale metal particles have demon-
strated enhanced catalytic performance in conjunction with
NaBH4. The surface of the nanoscale metal particles served as
an absorbent of dyes and BH4

− ions. Subsequently, an electron
transfer process occurs from BH4

− (electron donor) to the dyes
(electron acceptor) (Figure 6). As a result, the catalytic efficacy
of metal NPs is significantly influenced by factors such as the
surface characteristics and concentration of nanocatalyst, which
directly impact the binding/adsorption capability of the reactant
and the release/desorption of the reaction products [49]. This
study aims to investigate the catalytic activity of the nanocom-
posite AgNPs@Lac/Alg for the degradation of two toxic dyes,
methyl orange (MO) and rhodamine B (RhB), using various
doses of the nanocomposite.

The degradation of toxic dyes using a nanocomposite catalyst
was monitored in situ by measuring UV–vis absorption at
ambient temperature, with the concentration changing in a time-
dependent manner. The effectiveness of the reactions is con-
firmed by discoloration of the pollutant solution and a reduc-
tion in absorbance values in the UV–vis spectra. In a separate
study [45], it was shown that the dyes degraded weakly in the
absence of a catalyst. As seen in Figure 7 and Figure 8, the
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Figure 6: Proposed mechanism of AgNPs@Lac/Alg catalysis in reduction of methyl orange and rhodamine B using NaBH4.

Figure 7: UV–vis spectra of the catalyst at concentrations of 1.0 μg/mL (A), 2.0 μg/mL (B), and 3.0 μg/mL (C); plots of first-order kinetics (D) and rate
constants (E) for the catalytic degradation of methyl orange.
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Figure 8: UV–vis spectra of the catalyst at concentrations of 1.0 μg/mL (A), 2.0 μg/mL (B), and 3.0 μg/mL (C); plots of first order kinetic (D) and rate
constants (E) for the catalytic degradation of rhodamine B.

reduction of MO and RhB is achieved using different doses of
the AgNPs@Lac/Alg solution (1.0–3.0 μg/mL), resulting in the
reduction of the absorption peaks at 467 and 553 nm, respec-
tively. The reaction rate increases with the catalyst dose as evi-
denced by a decrease in the reaction time. For instance, the
degradation of MO at a dose of the colloidal solution of
1.0 μg/mL was completed in 8 min, while it took only 6 min in
the presence of 2.0 μg/mL and 3.0 μg/mL of the nano-
catalyst. The addition of the nanocatalyst also facilitated the
degradation of RhB, with complete reaction times of 12 min for
1.0 μg/mL and 6 min for 2.0 μg/mL and 3.0 μg/mL of the
nanocatalyst.

For the reaction kinetics, the plots of ln(A0/At) values versus
reaction time show good linear correlation with high determina-
tion coefficients for the degradation of the organic dyes, indicat-
ing a pseudo-first-order reaction (Figure 7E and Figure 8E).
Furthermore, the calculated rate constants increase with higher
concentrations of the nanocatalyst. Specifically, the rate con-
stant for MO degradation increases from 7.31 × 10−3 s−1 (R2 =
0.94) for 1.0 μg/mL of AgNPs@Lac/Alg to 14.07 × 10−3 s−1

(R2 = 0.97) for 3.0 μg/mL of AgNPs@Lac/Alg. For RhB degra-
dation, the calculated values at 1.0 μg/mL, 2.0 μg/mL, and
3.0 μg/mL of AgNPs@Lac/Alg are 6.41 × 10−3 s−1 (R2 = 0.96),
21.05 × 10−3 s−1 (R2 = 0.98), and 21.98 × 10−3 s−1 (R2 = 0.89),
respectively. The rate constants of AgNPs@Lac/Alg are found

to be higher than the values of metal NPs loaded on alginate-
based nanocomposites used in the solid state [36-38]. These
results suggest that amount and carrier property of the metal
NPs play a significant role in the catalytic degradation of
organic dyes.

Antibacterial activity
The effectiveness of AgNPs@Lac/Alg in inhibiting the growth
of bacteria was tested on the two microbial strains S. aureus
(Gram-positive) and S. typhi (Gram-negative) using the disk
diffusion method at different pH values. To establish the bioac-
tivity of the nanocomposite, antibacterial assays were also con-
ducted in media with different pH values without the nanocom-
posite. These resulted in no bioactivity against either of the
strains, indicating that the observed bioactivity was due to the
nanocomposite alone (Supporting Information File 1, Figure
S1). Inhibition images and inhibition zone plots of
AgNPs@Lac/Alg at different pH values are presented in
Figure 9. The results show that the antibacterial activity of the
nanocomposite is pH-dependent, and the ability to inhibit
bacterial growth can be attributed to the leaching of silver (ions
or nanoparticles) from the nanocomposite into the medium.
The nanocomposite exhibited the highest antibacterial activity
at weakly acidic and basic pH values, with the highest
inhibition zone diameters recorded at pH 6 against S. aureus
(10.8 ± 0.57 mm) and S. typhi (9.3 ± 1.34 mm). In contrast, the
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Figure 9: Antibacterial activity of AgNPs@Lac/Alg tested with various pH (4–12) against S. aureus (A, B and C) and S. typhi (D, E and F) and inhibi-
tion zone diameters as functions of the pH value (G).

nanocomposite showed no inhibition in highly basic media (pH
11 and 12) because of the aggregation of nanoparticles, which
hindered the leaching of silver into the medium. The antibacte-
rial effectiveness of the nanocomposite varied among the bacte-
rial strains and pH values, which may be related to the antibac-
terial mechanism of AgNPs and the cell wall and membrane
structure of each bacterial strain [50]. These findings suggest
that the antibacterial activity of the nanocomposite could be
tailored to specific pharmaceutical applications, such as drug
delivery, by adjusting the release medium.

To investigate the pH-dependent antibacterial effectiveness,
zeta potential and morphology of the nanocomposite were ex-
amined at pH 4, 6, and 12, as shown in Figure 10. The zeta
potentials of the nanocomposite were −23.3, −27.5, and
−13.3 mV at pH 4, 6, and 12, respectively, indicating that the
stability of the nanocomposite was low in highly acidic and
basic media, leading to the aggregation of nanoparticles. TEM
images demonstrated significant variations in the morphology
of the nanocomposite in different media. At pH 4, AgNPs
aggregated to form larger particles compared to those formed at
pH 6. In contrast, at pH 12, the nanocomposite was disrupted,
leading to the aggregation of gel and a reduced interaction be-
tween AgNPs and the bacterial cell wall. This accounts for the
low activity of the nanocomposite in highly basic media.

Conclusion
A lactose/alginate nanocomposite was successfully employed
for the in situ synthesis of AgNPs. This study presents a novel
polysaccharide-based nanocomposite with a straightforward
synthesis approach. The AgNPs@Lac/Alg synthesized under
optimal conditions had an average size in the range of 4–6 nm.
Remarkable catalytic performance was demonstrated regarding

Figure 10: Zeta potential (A) and TEM images of the nanocomposite
solutions at pH 4 (B and C), pH 6 (D and E) and pH 12 (F and G).
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the degradation of two contaminants. The antibacterial activity
of the nanocomposite was found to be pH-dependent, which can
be attributed to the varying surface properties of silver nanopar-
ticles. The highest bioactivity was observed at pH 6. These find-
ings suggest that the nanocomposite may be customized for spe-
cific applications in environmental and medicinal treatments,
making it a promising material.

Experimental
Materials
The following chemicals and reagents were purchased from
Acros (Belgium): silver nitrate (AgNO3), methyl orange (MO),
rhodamine B (RhB), calcium acetate hydrate, sodium alginate,
and sodium tetrahydroborate (NaBH4). Lactose was obtained
from Yong Da (China). The chemicals were used without addi-
tional purification. Distilled water was utilized throughout the
experiments.

Synthesis of AgNPs@Lac/Alg
The AgNPs@Lac/Alg composite was produced by in situ
reduction of silver ions to form AgNPs with the aid of the Lac/
Alg nanocomposite. The Lac/Alg nanocomposite was synthe-
sized using an ionic gelation method as previously reported
[37]. Briefly, an aqueous solution of calcium acetate (14.36 mL;
6.5 mg·mL−1) was slowly added dropwise into an aqueous solu-
tion of sodium alginate (40 mL; 7 mg·mL−1) under stirring for
1 h at 1200 rpm. The mixture was allowed to equilibrate
overnight. Subsequently, the Alg/Ca2+ spheres were separated
by centrifugation at 3000 rpm for 10 min and washed three
times with distilled water (20 mL each) to remove impurities.
Next, an aqueous solution of lactose (16.06 mL, 1.5 mg·mL−1)
was added to the Alg/Ca2+ spheres and stirred for 1 h at
1200 rpm. To ensure the formation of a stable gel, the Lac/Alg
gel solution was ultrasonically treated for 30 min and left to
reach equilibrium overnight. After purification, the resulting
gel was freeze-dried at −80 °C for 24 h using an EYELA
FDU-2110 (Japan) instrument. Next, an aqueous solution of
AgNO3 (15 mL) with different concentrations in the range of
7.9–55.6 μg·mL−1 was mixed with 3 mL of an aqueous solution
containing Lac/Alg nanocomposite (4.37 mg·mL−1) and stirred
for 1 h. The mixture was heated, and the formation of AgNPs
was confirmed by a change in color of the mixture. The
influence of the reaction parameters, namely temperature
(30–90 °C), reaction time (0–180 min), and weight ratio of
silver to Lac/Alg composite (0.1:1 to 0.7:1 (w/w)), was scruti-
nized using UV–vis measurements (UV-5100, Shanghai Metash
Intruments Co. Ltd) in the range of 350–600 nm. For investigat-
ing the influence of temperature, a ratio of silver to Lac/Alg
composite of 0.6:1 was used for a reaction time of 120 min. The
influence of the reaction time was investigated with a ratio of
silver to Lac/Alg composite of 0.6:1 and a solution temperature

of 90 °C. The optimal ratio of silver to Lac/Alg composite was
determined in reactions at 90 °C for 120 min. The AgNPs@Lac/
Alg nanocomposite was then centrifuged and washed with
distilled water. The purified nanocomposite was stored at 4 °C
for further experiments.

Characterizations of AgNPs@Lac/Alg
nanocomposite
The size distribution and stability of the nanocomposites were
determined using dynamic light scattering (DLS) and zeta
potential measurements, which were measured on a nanoPar-
tica Horiba SZ-100 (Japan). Fourier-transform infrared (FTIR)
spectra were obtained using a Bruker Tensor 27 FTIR spec-
trophotometer (Germany). X-ray diffraction (XRD) patterns
were collected using a Bruker D8 Advance X-ray diffrac-
tometer. The morphology of the nanocomposites was investigat-
ed using transmission electron microscopy (TEM) with a JEOL
JEM-1400 instrument. Thermal analysis, including thermo-
gravimetry analysis (TGA) and differential scanning calorime-
try (DSC), was conducted using a LabSys Evo 1600 thermal
analyzer (SETARAM, France) under atmospheric conditions
from 25 to 800 °C with a heating rate of 10 °C/min.

Catalytic activity for degradation of
contaminants
Catalytic activity of the synthetic nanocomposite was evaluated
through the degradation of pollutants (MO and RhB) in the
presence of excess amounts of NaBH4 [51]. In a quartz cell with
a path length of 1 cm, 2.5 mL of a solution containing 0.1 mM
of the contaminants and an aqueous nanocomposite solution of
catalyst (AgNPs@Lac/Alg-0.7, in which the ratio of Ag+ to
Lac/Alg was 0.7:1, w/w) at concentrations ranging from 1.0 to
3.0 μg/mL were added. Subsequently, 0.5 mL of NaBH4 solu-
tion (0.05 M) was introduced into the cell. Using a UV–vis
spectrophotometer, the catalytic degradation of the contami-
nants was monitored at ambient temperature in 2 min intervals.
The reaction kinetics were determined by measuring the reduc-
tion in absorption intensity at the corresponding absorption
peak. It is important to note that the catalytic degradation of
these contaminants in the presence of excess amount of NaBH4
is a pseudo-first-order reaction, which can be expressed by the
equation ln(A/A0) = −kt. Here, k is reaction rate constant, and
[A0] and [A] are initial and current absorbance of the contami-
nant, respectively [43]. The catalytic efficiency of the nanocom-
posite was determined by calculating the rate constant from the
slope of the straight line obtained from plots of ln(A/A0) versus
reaction time.

Effect of pH value and antibacterial assay
The impact of pH value on the stability of the nanocomposite
was analyzed under various acidic and alkaline conditions
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within the pH range of 4 to 12. An aqueous solution of the
nanocomposite AgNPs@Lac/Alg-0.7 (1 mL) was added to HCl
or NaOH solutions, resulting in 3 mL solution with the corre-
sponding pH values. The solutions were used to experiment
antibacterial activity. The solutions with pH 4, 6, and 12 were
also used to determine stability of the nanocomposite through
zeta potential measurements and TEM.

The disk diffusion method was employed to assay the antibacte-
rial activity of the samples [52]. In order to conduct the antibac-
terial tests, the nanocomposite solution (0.3 mL) at various pH
values was diluted in DMSO (10 mL) to obtain a composite
solution (0.87 μg/mL) prior to the experiment. Staphylococcus
aureus (a Gram-positive bacterium) and Salmonella typhi (a
Gram-negative bacterium) were used for the tests. Each aliquot
(20 μL) was placed on paper disks with a diameter of 5.5 mm.
These disks were then placed on agar plates that were previ-
ously inoculated with bacterial cultures (1.0 mL, 106 CFU/mL).
The antibiotic ampicillin (0.01 mg/mL) and Luria Bertani broth
were utilized as positive and negative controls, respectively.
The same protocol was applied to evaluate media with the cor-
responding pH values and without the nanocomposite. The inhi-
bition zone diameter including the paper disk, was measured to
determine the activity.

Supporting Information
Supporting Information features physical parameters
calculated from XRD patterns and antibacterial activity of
controls without nanocomposite.

Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-64-S1.pdf]

Funding
The authors are thankful to Vietnam Academy of Science and
Technology (QTCZ01.01/22-23) and to Czech academy of
Sciences (Mobility Plus Programme No. VAST-22-02) for
funding this work.

ORCID® iDs
Nguyen Thi Thanh Tu - https://orcid.org/0000-0002-8299-4429
Chi-Hien Dang - https://orcid.org/0000-0002-4284-563X
Vinh-Thien Tran - https://orcid.org/0000-0001-7762-4207
Van-Su Dang - https://orcid.org/0000-0002-1458-1307
Hieu Vu-Quang - https://orcid.org/0000-0002-3468-5816
Van-Dat Doan - https://orcid.org/0000-0003-1838-1836
Thanh-Danh Nguyen - https://orcid.org/0000-0001-6330-8916

References
1. Pasparakis, G. Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol.

2022, 14, e1817. doi:10.1002/wnan.1817
2. Huq, M. A.; Ashrafudoulla, M.; Rahman, M. M.; Balusamy, S. R.;

Akter, S. Polymers (Basel, Switz.) 2022, 14, 742.
doi:10.3390/polym14040742

3. Ahmed, T.; Ogulata, R. T. J. Nat. Fibers 2022, 19, 8463–8484.
doi:10.1080/15440478.2021.1964135

4. Sana, S. S.; Haldhar, R.; Parameswaranpillai, J.; Chavali, M.;
Kim, S.-C. Cleaner Mater. 2022, 100161.
doi:10.1016/j.clema.2022.100161

5. Garg, R.; Rani, P.; Garg, R.; Khan, M. A.; Khan, N. A.; Khan, A. H.;
Américo-Pinheiro, J. H. P. Environ. Pollut. 2022, 310, 119830.
doi:10.1016/j.envpol.2022.119830

6. Shaker Ardakani, L.; Surendar, A.; Thangavelu, L.; Mandal, T.
Synth. Commun. 2021, 51, 1516–1536.
doi:10.1080/00397911.2021.1894450

7. Logambal, S.; Thilagavathi, T.; Chandrasekar, M.; Inmozhi, C.;
Belle Ebanda Kedi, P.; Bassyouni, F. A.; Uthrakumar, R.;
Muthukumaran, A.; Naveenkumar, S.; Kaviyarasu, K.
J. King Saud Univ., Sci. 2023, 35, 102455.
doi:10.1016/j.jksus.2022.102455

8. Rodríguez-Félix, F.; Graciano-Verdugo, A. Z.; Moreno-Vásquez, M. J.;
Lagarda-Díaz, I.; Barreras-Urbina, C. G.; Armenta-Villegas, L.;
Olguín-Moreno, A.; Tapia-Hernández, J. A. J. Nanomater. 2022, 2022,
1–37. doi:10.1155/2022/8874003

9. Alavi, M. Expert Rev. Anti-Infect. Ther. 2022, 20, 897–906.
doi:10.1080/14787210.2022.2045194

10. Roy, S.; Rhim, J.-W. Food Biosci. 2022, 49, 101867.
doi:10.1016/j.fbio.2022.101867

11. Mustapha, T.; Misni, N.; Ithnin, N. R.; Daskum, A. M.; Unyah, N. Z.
Int. J. Environ. Res. Public Health 2022, 19, 674.
doi:10.3390/ijerph19020674

12. de Souza, M. G. M.; Batista, J. P.; de Faria, E. H.; Ciuffi, K. J.;
Rocha, L. A.; Nassar, E. J.; da Silva, J. V. L.; Oliveira, M. F.; Maia, I. A.
J. Sol-Gel Sci. Technol. 2022, 102, 219–228.
doi:10.1007/s10971-021-05693-w

13. Alavi, M.; Varma, R. S. Cellulose 2021, 28, 8295–8311.
doi:10.1007/s10570-021-04067-3

14. Irshad, A.; Sarwar, N.; Sadia, H.; Malik, K.; Javed, I.; Irshad, A.;
Afzal, M.; Abbas, M.; Rizvi, H. Int. J. Biol. Macromol. 2020, 145,
189–196. doi:10.1016/j.ijbiomac.2019.12.089

15. Emam, H. E.; Ahmed, H. B. Carbohydr. Polym. 2016, 135, 300–307.
doi:10.1016/j.carbpol.2015.08.095

16. Yang, X.; Jia, M.; Li, Z.; Ma, Z.; Lv, J.; Jia, D.; He, D.; Zeng, R.;
Luo, G.; Yu, Y. Int. J. Biol. Macromol. 2022, 215, 550–559.
doi:10.1016/j.ijbiomac.2022.06.131

17. Shahid-ul-Islam; Butola, B. S.; Kumar, A. Int. J. Biol. Macromol. 2020,
152, 1135–1145. doi:10.1016/j.ijbiomac.2019.10.202

18. ALSamman, M. T.; Sánchez, J. Arabian J. Chem. 2021, 14, 103455.
doi:10.1016/j.arabjc.2021.103455

19. Yuan, W.; Fu, J.; Su, K.; Ji, J. Colloids Surf., B 2010, 76, 549–555.
doi:10.1016/j.colsurfb.2009.12.017

20. Xu, L.; Yi-Yi, W.; Huang, J.; Chun-Yuan, C.; Zhen-Xing, W.; Xie, H.
Theranostics 2020, 10, 8996–9031. doi:10.7150/thno.45413

21. Tang, S.; Zheng, J. Adv. Healthcare Mater. 2018, 7, 1701503.
doi:10.1002/adhm.201701503

22. Agnihotri, S.; Mukherji, S.; Mukherji, S. Nanoscale 2013, 5, 7328–7340.
doi:10.1039/c3nr00024a

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-14-64-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-14-64-S1.pdf
https://orcid.org/0000-0002-8299-4429
https://orcid.org/0000-0002-4284-563X
https://orcid.org/0000-0001-7762-4207
https://orcid.org/0000-0002-1458-1307
https://orcid.org/0000-0002-3468-5816
https://orcid.org/0000-0003-1838-1836
https://orcid.org/0000-0001-6330-8916
https://doi.org/10.1002%2Fwnan.1817
https://doi.org/10.3390%2Fpolym14040742
https://doi.org/10.1080%2F15440478.2021.1964135
https://doi.org/10.1016%2Fj.clema.2022.100161
https://doi.org/10.1016%2Fj.envpol.2022.119830
https://doi.org/10.1080%2F00397911.2021.1894450
https://doi.org/10.1016%2Fj.jksus.2022.102455
https://doi.org/10.1155%2F2022%2F8874003
https://doi.org/10.1080%2F14787210.2022.2045194
https://doi.org/10.1016%2Fj.fbio.2022.101867
https://doi.org/10.3390%2Fijerph19020674
https://doi.org/10.1007%2Fs10971-021-05693-w
https://doi.org/10.1007%2Fs10570-021-04067-3
https://doi.org/10.1016%2Fj.ijbiomac.2019.12.089
https://doi.org/10.1016%2Fj.carbpol.2015.08.095
https://doi.org/10.1016%2Fj.ijbiomac.2022.06.131
https://doi.org/10.1016%2Fj.ijbiomac.2019.10.202
https://doi.org/10.1016%2Fj.arabjc.2021.103455
https://doi.org/10.1016%2Fj.colsurfb.2009.12.017
https://doi.org/10.7150%2Fthno.45413
https://doi.org/10.1002%2Fadhm.201701503
https://doi.org/10.1039%2Fc3nr00024a


Beilstein J. Nanotechnol. 2023, 14, 781–792.

792

23. Zhang, C.; Hu, Z.; Deng, B. Water Res. 2016, 88, 403–427.
doi:10.1016/j.watres.2015.10.025

24. Mijnendonckx, K.; Leys, N.; Mahillon, J.; Silver, S.; Van Houdt, R.
BioMetals 2013, 26, 609–621. doi:10.1007/s10534-013-9645-z

25. Abbaszadegan, A.; Ghahramani, Y.; Gholami, A.; Hemmateenejad, B.;
Dorostkar, S.; Nabavizadeh, M.; Sharghi, H. J. Nanomater. 2015, 2015,
720654. doi:10.1155/2015/720654

26. Yin, I. X.; Zhang, J.; Zhao, I. S.; Mei, M. L.; Li, Q.; Chu, C. H.
Int. J. Nanomed. 2020, 15, 2555–2562. doi:10.2147/ijn.s246764

27. Banerjee, M.; Mallick, S.; Paul, A.; Chattopadhyay, A.; Ghosh, S. S.
Langmuir 2010, 26, 5901–5908. doi:10.1021/la9038528

28. Martínez-Castañón, G. A.; Niño-Martínez, N.; Martínez-Gutierrez, F.;
Martínez-Mendoza, J. R.; Ruiz, F. J. Nanopart. Res. 2008, 10,
1343–1348. doi:10.1007/s11051-008-9428-6

29. Qiao, Z.; Yao, Y.; Song, S.; Yin, M.; Luo, J. J. Mater. Chem. B 2019, 7,
830–840. doi:10.1039/c8tb02917b

30. Chambers, B. A.; Afrooz, A. R. M. N.; Bae, S.; Aich, N.; Katz, L.;
Saleh, N. B.; Kirisits, M. J. Environ. Sci. Technol. 2014, 48, 761–769.
doi:10.1021/es403969x

31. Hsueh, Y.-H.; Tsai, P.-H.; Lin, K.-S. Int. J. Mol. Sci. 2017, 18, 793.
doi:10.3390/ijms18040793

32. Naz, M.; Rafiq, A.; Ikram, M.; Haider, A.; Ahmad, S. O. A.; Haider, J.;
Naz, S. J. Mater. Sci. 2021, 56, 15572–15608.
doi:10.1007/s10853-021-06279-1

33. Beyene, H. D.; Werkneh, A. A.; Bezabh, H. K.; Ambaye, T. G.
Sustainable Mater. Technol. 2017, 13, 18–23.
doi:10.1016/j.susmat.2017.08.001

34. Chakhtouna, H.; Benzeid, H.; Zari, N.; Qaiss, A. e. k.; Bouhfid, R.
Environ. Sci. Pollut. Res. 2021, 28, 44638–44666.
doi:10.1007/s11356-021-14996-y

35. Salama, A.; Abouzeid, R. E.; Owda, M. E.; Cruz-Maya, I.; Guarino, V.
Biomolecules 2021, 11, 1684. doi:10.3390/biom11111684

36. Nguyen, T.-D.; Dang, C.-H.; Mai, D.-T. Carbohydr. Polym. 2018, 197,
29–37. doi:10.1016/j.carbpol.2018.05.077

37. Ho, T. T.-T.; Dang, C.-H.; Huynh, T. K.-C.; Hoang, T. K.-D.;
Nguyen, T.-D. Carbohydr. Polym. 2021, 251, 116998.
doi:10.1016/j.carbpol.2020.116998

38. Nguyen, T.-D.; Vo, T.-T.; Huynh, T. T.-T.; Nguyen, C.-H.; Doan, V.-D.;
Nguyen, D.-T.; Nguyen, T.-D.; Dang, C.-H. New J. Chem. 2019, 43,
16841–16852. doi:10.1039/c9nj04730a

39. Nguyen, T.-D.; Hong-Ngan Tran, T.; Nguyen, C.-H.; Im, C.; Dang, C.-H.
Chem. Biochem. Eng. Q. 2015, 29, 429–435.

40. Wathoni, N.; Yuan Shan, C.; Yi Shan, W.; Rostinawati, T.;
Indradi, R. B.; Pratiwi, R.; Muchtaridi, M. Heliyon 2019, 5, e02299.
doi:10.1016/j.heliyon.2019.e02299

41. Thinh, P. D.; Hang, C. T. T.; Trung, D. T.; Nguyen, T.-D. Processes
2023, 11, 1054. doi:10.3390/pr11041054

42. Santos, M. I.; Araujo-Andrade, C.; Tymczyszyn, E. E.;
Gómez-Zavaglia, A. Food Res. Int. 2014, 64, 514–519.
doi:10.1016/j.foodres.2014.07.040

43. Doan, V.-D.; Pham, Q.-H.; Huynh, B.-A.; Nguyen, T.-L.-H.;
Nguyen, A.-T.; Nguyen, T.-D. J. Environ. Chem. Eng. 2021, 9, 106590.
doi:10.1016/j.jece.2021.106590

44. Shahid, M.; Farooqi, Z. H.; Begum, R.; Arif, M.; Wu, W.; Irfan, A.
Crit. Rev. Anal. Chem. 2020, 50, 513–537.
doi:10.1080/10408347.2019.1663148

45. Shalla, A. H.; Bhat, M. A.; Yaseen, Z. J. Environ. Chem. Eng. 2018, 6,
5938–5949. doi:10.1016/j.jece.2018.08.063

46. Samarghandi, M. R.; Dargahi, A.; Zolghadr Nasab, H.; Ghahramani, E.;
Salehi, S. Water Environ. Res. 2020, 92, 1173–1183.
doi:10.1002/wer.1312

47. De, A.; Kalita, D.; Jain, P. ChemistrySelect 2021, 6, 10776–10787.
doi:10.1002/slct.202101987

48. Al-Shehri, A. S.; Zaheer, Z.; Alsudairi, A. M.; Kosa, S. A. ACS Omega
2021, 6, 27510–27526. doi:10.1021/acsomega.1c04501

49. Tran, M.-T.; Nguyen, L.-P.; Nguyen, D.-T.; Le Cam-Huong, T.;
Dang, C.-H.; Chi, T. T. K.; Nguyen, T.-D. Res. Chem. Intermed. 2021,
47, 4613–4633. doi:10.1007/s11164-021-04548-x

50. Ploux, L.; Ponche, A.; Anselme, K. J. Adhes. Sci. Technol. 2010, 24,
2165–2201. doi:10.1163/016942410x511079

51. Dang, V.-S.; Tran, H.-H.; Dieu, P. T. T.; Tran, M.-T.; Dang, C.-H.;
Mai, D.-T.; Doan, V.-D.; Nguyen, T.-L.-H.; Chi, T. T. K.; Nguyen, T.-D.
Res. Chem. Intermed. 2022, 48, 2047–2067.
doi:10.1007/s11164-022-04687-9

52. Loo, Y. Y.; Rukayadi, Y.; Nor-Khaizura, M.-A.-R.; Kuan, C. H.;
Chieng, B. W.; Nishibuchi, M.; Radu, S. Front. Microbiol. 2018, 9,
10.3389/fmicb.2018.01555. doi:10.3389/fmicb.2018.01555

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.14.64

https://doi.org/10.1016%2Fj.watres.2015.10.025
https://doi.org/10.1007%2Fs10534-013-9645-z
https://doi.org/10.1155%2F2015%2F720654
https://doi.org/10.2147%2Fijn.s246764
https://doi.org/10.1021%2Fla9038528
https://doi.org/10.1007%2Fs11051-008-9428-6
https://doi.org/10.1039%2Fc8tb02917b
https://doi.org/10.1021%2Fes403969x
https://doi.org/10.3390%2Fijms18040793
https://doi.org/10.1007%2Fs10853-021-06279-1
https://doi.org/10.1016%2Fj.susmat.2017.08.001
https://doi.org/10.1007%2Fs11356-021-14996-y
https://doi.org/10.3390%2Fbiom11111684
https://doi.org/10.1016%2Fj.carbpol.2018.05.077
https://doi.org/10.1016%2Fj.carbpol.2020.116998
https://doi.org/10.1039%2Fc9nj04730a
https://doi.org/10.1016%2Fj.heliyon.2019.e02299
https://doi.org/10.3390%2Fpr11041054
https://doi.org/10.1016%2Fj.foodres.2014.07.040
https://doi.org/10.1016%2Fj.jece.2021.106590
https://doi.org/10.1080%2F10408347.2019.1663148
https://doi.org/10.1016%2Fj.jece.2018.08.063
https://doi.org/10.1002%2Fwer.1312
https://doi.org/10.1002%2Fslct.202101987
https://doi.org/10.1021%2Facsomega.1c04501
https://doi.org/10.1007%2Fs11164-021-04548-x
https://doi.org/10.1163%2F016942410x511079
https://doi.org/10.1007%2Fs11164-022-04687-9
https://doi.org/10.3389%2Ffmicb.2018.01555
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.14.64

	Abstract
	Introduction
	Results and Discussion
	Synthesis of AgNPs@Lac/Alg
	Physicochemical characterizations
	Catalytic degradation of contaminants
	Antibacterial activity

	Conclusion
	Experimental
	Materials
	Synthesis of AgNPs@Lac/Alg
	Characterizations of AgNPs@Lac/Alg nanocomposite
	Catalytic activity for degradation of contaminants
	Effect of pH value and antibacterial assay

	Supporting Information
	Funding
	ORCID iDs
	References

