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ABSTRACT: Nanoparticle-incorporated hydrogels are promising for functional material design, but effective dispersion of
nanoparticles within the polymer matrix remains a critical challenge. This study presents a prepolymerization self-assembly strategy
to optimize the distribution of silver nanoparticles (AgNPs) for sensing applications using phloroglucinol (PHL) as both a reducing
agent and a self-assembly template. By inducing assembly between PHL and silver ions prior to polymerization, we achieved a
uniform distribution of AgNPs throughout the hydrogel matrix. Characterization results confirmed the formation of a porous
nanocomposite structure with superior stability. Crucially, electrochemical evaluations revealed that the hydrogel exhibits high
specificity toward 2,4,6-trinitrotoluene (TNT). This selectivity is attributed to molecular recognition sites generated by the PHL-
directed self-assembly. These findings offer a scalable approach to designing high-performance hydrogel sensors for the selective
detection of explosives.

1. INTRODUCTION
The development of nanoparticle-incorporated hydrogels has
advanced significantly in recent years,1−3 providing new avenues
for the fabrication of functional materials. A key component in
measuring the efficacy of these materials is the self-assembly
process, which generates intricate structures with distinct
properties. For instance, researchers have utilized self-
assembling nanocomposite hydrogels to create controlled-
release drug delivery systems4−6 and scaffolds for tissue
engineering that mimic natural extracellular matrices to foster
cell growth.7−9 In the field of sensor technology, hydrogel self-
assembly has been employed to construct responsive devices
with enhanced detection capabilities.10,11 The integration of
self-assembly systems into hydrogels offers the potential to
develop responsive systems with tunable properties. This
versatility allows for the design of advanced materials in diverse
fields, ranging from sensing and detection to soft robotics12 and
electromagnetic interference shielding,13 where the controlled
integration of micro- and nanoparticles is crucial for perform-
ance. These examples illustrate the versatility of self-assembly
mechanisms across various scientific domains.
Silver nanoparticles (AgNPs) are of particular interest due to

their unique optical, electrical, and catalytic properties.14−16

Consequently, AgNP-directed self-assembly systems are in-
creasingly embedded within polymeric frameworks,17,18 such as
hydrogels, to form nanocomposites. Hydrogels, which are three-
dimensional networks of hydrophilic polymers, are capable of
retaining significant water volumes. Integrating self-assembling
AgNPs into these networks allows for the development of
responsive systems with tunable properties suitable for advanced
applications.19−22

Traditionally, the preparation of these composites involves
three distinct steps: synthesizing AgNPs, mixing themwith small
molecules to induce self-assembly,23 and subsequently incorpo-
rating this system into the hydrogel framework. However,
optimizing the dispersion of AgNPs within the matrix remains a
challenge. This work describes a synthesis strategy that
integrates silver ions into the self-assembling system prior to
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nanoparticle formation, thereby engineering functional materi-
als with highly dispersed AgNPs.
While various compounds serve as reducing agents in

nanoparticle synthesis, the influence of the reducing agent’s
molecular structure on the hydrogel’s final framework and
functional properties is underexplored. Key questions remain
regarding whether the reducing agent can impart specific
structural features or recognition capabilities to the hydrogel. To
address this, we introduce a synthesis method wherein
phloroglucinol (PHL) acts as both a reducing agent and a self-
assembling template for silver ions within a polyacrylamide
hydrogel matrix. This study aims to elucidate the mechanism of
AgNP-induced self-assembly and demonstrate its practical
application in the selective electrochemical sensing of nitro-
aromatic explosives, specifically 2,4,6-trinitrotoluene (TNT).
These findings contribute to the development of novel materials
with tailored properties for specific functional applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Acrylamide (AAM) monomer and phlor-

oglucinol (PHL) were purchased from Merck. N,N′-
Methylenebis(acrylamide) (MBAA), ammonium persulfate
(APS), and picric acid were obtained from Sigma-Aldrich.
Silver nitrate (AgNO3) was sourced from CARLO ERBA
reagents, and N ,N ,N′ ,N′-tetramethylethylenediamine
(TEMED) was obtained from Bio-Rad. 2,4-Dinitrotoluene
(DNT) was acquired from TCI Chemicals. Trinitrotoluene
(TNT) and pentaerythritol tetranitrate (PETN) were provided
by the Royal Thai Army. 4-Nitrophenol was purchased from
Acros Organics. Distilled water was used as the solvent
throughout the study.
2.2. Preparation of AgNP-Mediated Hydrogel. AAM

monomer was mixed with MBAA cross-linker at a ratio of 29:1
(%w/w) in distilled water to prepare a 30% w/v AAM solution.
Then, 300 μL of 20 mg/mL AgNO3 solution was added to 1000
μL of the 30% AAM solution, followed by the addition of 20 mg
of phloroglucinol. The mixture was stirred for 15 min.
Polymerization was initiated by 10% w/v APS and catalyzed
by TEMED. The solution color changed from colorless to
yellow, after which it was transferred into an acrylic mold (3 mm
thickness). After 15 min, the resulting silver nanoparticle-
embedded polyacrylamide gel was solidified, removed from the
mold, and cut into 1 cm2 pieces. The gel was sonicated in 50 mL
of distilled water for approximately 30 min to yield obtained
AgNPs with cavities of occupation sites of phloroglucinol in
polyacrylamide gel (AgNPs-PHL-PAAM). The final gel was
soaked in distilled water prior to use. We used the hydrogel
prepared fromAgNP adding to acrylamide prepolymer (AgNPs-
PAAM) without PHL served as a control material. Figure 1
illustrates the physical appearance of polyacrylamide hydrogels,
including both AgNPs-PHL-PAAM and AgNPs-PAAM.
2.3. Characterization of the Hydrogels. Scanning

electron microscope (SEM) analysis was performed to study
the morphology of PAAM hydrogels. To prepare a sample for
SEM analysis, the polyacrylamide hydrogels were soaked in
distilled water before freeze-drying for a day to remove water
while maintaining the pore structure within the gels. Briefly, the
hydrogels were initially frozen at − 58 °C for 12 h, followed by
freeze-drying under a vacuum pressure at 6 Pa for 24 h. The
morphology of the PAAM hydrogels were investigated using the
Quanta 450 SEM at the accelerating voltage of 10 kV.
The size, shape, and crystallinity of the synthesized AgNPs

were characterized using field emission transmission electron

microscopy (FE-TEM). The sample for TEM analysis was
prepared dispersing 2 drops of the nanoparticle-containing
hydrogel onto a copper grid, followed by drying at room
temperature. Imaging was performed using a JEOL-JEM3100F
microscope operated at an accelerating voltage of 300 kV. The
crystalline structure of the AgNPs was confirmed by selected
area electron diffraction (SAED).
X-ray diffraction (XRD) analysis was performed to identify

the crystalline phase of the AgNPs using a Bruker D8 Advance
diffractometer. Diffraction patterns were recorded over a 2θ
range of 30° to 80°. The AgNPs were initially embedded within
the polyacrylamide hydrogel network. To isolate the nano-
particles, the polymer matrix was removed by thermal
calcination at elevated temperature for 2 h. The crystal structure
of the resulting silver powder was then characterized by XRD.
Along with other experiments, XRD was another approach used
to confirm the presence of silver in the hydrogel.24 Here, the
sample was calcinated at high temperature to make it feasible for
XRD. It should be noted that sample preparation in this manner
affected the structure and sizes of the nanoparticles25 therefore
other information besides the presence of silver cannot be
obtained.
2.4. Electrochemical Measurement Procedure. Each

electrochemical measurement was performed with the potentio-
stat (Autolab PGSTAT302N, Metrohm Siam, Thailand). First,
the hydrogel (1 × 1 cm2) was placed on a screen-printed
electrode with gold as working and counter electrodes, and silver
as the reference electrode (DRP-220BT, Metrohm Siam,
Thailand). Then, the signals from phosphate buffered saline
(PBS) and probe solutions were detected in cyclic voltammetry
(CV) or linear sweep voltammetry (LSV) mode.
CV was used to evaluate the redox behavior of silver

nanoparticles embedded within the hydrogel matrix by
monitoring the oxidation and reduction peak currents and
potentials, thereby providing insights into the electrochemical
activity, stability, and electron transfer characteristics of the
nanocomposite-modified electrode surface.
LSV mode was used to investigate the effect of selected

oxidizing agents on AgNPs by monitoring the current of the
silver oxidation peak. During each measurement, the electrical
currents of AgNPs were recorded using a scan rate of 0.01 V/s
within the range of −0.5 to 0.7 V. For each LSV experiment, the
solutions of samples were prepared at concentrations of 1 ppt, 10
ppt, 100 ppt, 1 ppb, 10 ppb, 100 ppb, and 1 ppm for testing with
the AgNPs-PAAM gel. Measurements were conducted on TNT
and other samples, including DNT, PETN, picric acid,
phloroglucinol, and 4-nitrophenol. In the experiment, the
sample solution was dropped onto the AgNPs-PAAM gel and
allowed to dry for approximately 2 min before performing LSV

Figure 1. Appearance of polyacrylamide hydrogels (A) AgNPs-PAAM.
(B) AgNPs-PHL-PAAM.
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measurements. Sample drop concentrations ranging from 1 ppt
to 1 ppm were tested in triplicate for all experiments.

3. RESULT AND DISCUSSION
This study investigated how the self-assembly of Ag+ ions with
PHL prior to reduction affects the inclusion, dispersion, and
properties of AgNPs within a polyacrylamide hydrogel.
Characterization by XRD, SAED, TEM, and SEM confirmed
that adding PHL to the prepolymeric mixture is transformative.
It drives a self-assembly process that enhances AgNP
incorporation into the hydrogel matrix, altering the nano-
particles’ distribution, crystalline structure, and electrochemical
properties.
3.1. Characterization of the AgNPs-PHL-PAAM. The

hydrogel prepared without PHL (AgNPs-PAAM) was colorless,
while the hydrogel prepared with PHL (AgNPs-PHL-PAAM)
was dark brown, implying a higher concentration of AgNPs as
depicted in Figure 1. The XRD pattern of AgNPs-PHL-PAAM
gels confirmed the presence of crystallographic planes in AgNPs
(Figure 2A), while for AgNPs-PAAM gels, the XRD pattern
exhibited prominent peaks indexed to fewer planes of AgNPs as
shown in Figure 2D. The TEM images indicated that AgNPs
formed in the presence of PHL, AgNPs-PHL-PAAM, had
smaller average sizes and highly distributed (Figure 2B)
compared to those without PHL, AgNPs-PAAM (Figure 2E).
A statistical analysis of the TEM images (Figure 3) quantified
the significant impact of PHL on nanoparticle size and
dispersion. The histogram clearly showed that AgNPs-PHL-
PAAM exhibited a much narrower size distribution with
diameters ranging from 4 to 10 nm. In contrast, a control
AgNPs-PAAM gel displayed a broader size distribution with
particle sizes ranging from 15 to 27 nm.
The SAED patterns exhibited distinct patterns for AgNPs-

PHL-PAAM and AgNPs-PAAM gels which correlated with the

XRD patterns but implied more complicated structures for
AgNPs-PHL-PAAM as depicted in Figure 2C and F.
The SEM analysis of AgNPs-PHL-PAAM showed AgNPs

clusters on both the gel cavity and external surface (Figure 4A,B)
while AgNPs-PAAM hydrogel showed silver particles presented
only on the gel surface (Figure 4C,D).
These results suggest that AgNPs-PHL-PAAM exhibited a

more distributed silver presence and a smaller size inside the
polymer matrix compared to AgNPs-PAAM, indicating
successful incorporation of AgNPs to PAAM as depicted in
Figure 5.
3.2. PHL Induced AgNPs Incorporation. AgNPs in

PAAM hydrogels were prepared with and without PHL. Both
preparations yielded AgNPs since AAM alone can serve as a
reducing agent.26 To optimize the synthesis of AgNPs, the

Figure 2. XRD pattern of AgNPs-PHL-PAAM and AgNPs-PAAM (A,D). Both systems exhibited AgNP characteristic planes and the TEM images
(B,E). The XRDs from both systems had planes 111 and 200 in common but the pattern from AgNPs-PHL-PAAM showedmore complicated patterns
with additional 220 and 311 planes. This was confirmed by SAED pattern obtained for AgNPs-PHL-PAAM gels and AgNPs-PAAM (C,F).

Figure 3. Size distribution histogram of AgNPs within hydrogels
measured from TEM images. AgNPs-PHL-PAAM (blue bars) show a
narrower and smaller particle size distribution, while AgNPs-PAAM
(purple bars) display a broader distribution with larger particle sizes
ranging from 15 to 27 nm.
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concentration of the reducing agent (PHL) was varied across 35,
55, and 80 mM. Experimental results revealed that the AgNP
size distribution is inversely related to the PHL concentration
(Figure S1). Specifically, lowering the PHL concentration
facilitates the formation of larger particles, offering a degree of
tunability for applications requiring different size ranges.

For the fabrication of the final composite material, the highest
concentration of 80 mM was selected, corresponding to the
aqueous solubility limit of PHL. Since the synthesis relies on
PHL self-assembly, this saturation point effectively caps the
minimum achievable particle size and total loading under
current conditions. While this one-pot method is conducive to

Figure 4. SEM images revealed a significant difference in the spatial distribution of AgNPs. The AgNPs-PHL-PAAM hydrogel showed nanoparticles
dispersed throughout the entire matrix, located both deep within its porous interior (A) and across its surface (B). In contrast, the nanoparticles in the
control AgNPs-PAAM gel are confined to the surface. They are found exclusively on the gel’s exterior (D) and are completely absent from the interior
(C).

Figure 5.Depiction of the proposed AgNP self-assembly process in AgNPs-PHL-PAAM hydrogel as a result of PHL addition in prepolymeric mixture.
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scaling, future industrial applications requiring strictly defined
particle sizes or higher loading might necessitate alternative
reducing agents or cosolvents to overcome these solubility
constraints.
Mechanistically, the reduction of silver ions by PHL likely

proceeds via a proton-coupled electron transfer (PCET)
pathway (Figure 6), which is characteristic of polyphenol
oxidation.27,28 Unlike simple reducing agents, PHL acts
simultaneously as a reductant and a structural template. The
synthesis begins with the coordination of Ag+ to the oxygen
atoms of the PHL hydroxyl groups. This hydroxyl triad allows
PHL to chelate or weakly coordinate multiple Ag+ ions, forming
a prenucleation complex. Subsequently, the oxidation of PHL
donates electrons to the silver ions, releasing protons and
generating phloroglucinol radical species, while the reduced
metallic silver (Ag0) atoms aggregate to form stable nuclei.
Because the Ag+ ions are precoordinated to the PHL scaffold,

nucleation sites are spatially constrained. This confinement
leads to smaller, more uniform nanoparticles (4−10 nm)
compared to the larger, polydisperse particles (15−27 nm)
formed by random reduction in the PAAM-only control (Figure
3). Notably, a PHL-to-silver nitrate molar ratio of 4.5:1 was
employed. This approach deviates significantly from traditional
methods where a 10 to 100-fold excess of the reducing agent is
standard.29,30 Nevertheless, this comparatively low ratio was
sufficient to produce a stable AgNPs-PHL-PAAM hydrogel that
exhibited excellent performance in detecting nitro-aromatic
compounds.
3.3. PHL-AgNPs Self-Assembly. In addition to the

differences in distribution and sizes of AgNPs, the AgNPs
exhibited distinct electrochemical reaction profiles using CV.
Subsequently, an electrochemical experiment was conducted
using a set of probe molecules to induce electrochemical
reactions with AgNPs.
The CV results from both hydrogels, AgNPs-PAAM and

AgNPs-PHL-PAAM, showcased the characteristic peaks of
AgNPs, affirming their presence. This is because the AAM in
both systems has the capability to reduce Ag+.26 However, a
deeper dive into the reaction profile of the AgNPs against
selected compounds unveiled distinct behaviors (Figure 7).
First, the small peak at 0.45 V implied that AgNP clusters of

AgNPs-PHL-PAAM hydrogel existed smaller AgNP particle
size31 which related to the TEM analysis (Figure 2B and E).

To evaluate the hydrogel’s performance, we compared the
electrochemical response of the AgNPs-PHL-PAAM hydrogel
against a control AgNPs-PAAM gel using LSV (Figure 8A,B).
Our analysis focused on the electrical current shift at 0.45 V, a
signal generated from the oxidation of AgNPs by interaction
with the target molecules.
The results for the AgNPs-PHL-PAAM hydrogel were

uniquely distinguished. Intriguingly, its LSV graph displayed
two distinct oxidation peaks at 0.12 and 0.45 V, the peak at 0.45
V was completely absent in the control gel showing only minor
current changes from 0.71 to 1.44 μA (Figure 8B inset). The first
peak (0.12 V) likely corresponds to the oxidation of Ag0 to Ag+,
while the second, crucial peak (0.45 V) may represent further
oxidation of Ag+ or effects from small AgNP clusters (Figure
8A). A comparative study was conducted at 0.12 V to evaluate
the response of the AgNPs-PHL-PAAM hydrogel versus a
control hydrogel when exposed to TNT and other nitro-
compounds. The resulting current was found to be the same for
both materials in the presence of all tested compounds (Figure
S2), demonstrating a lack of selectivity at this potential.

Figure 6. Schematic representation of AgNP formation within the AgNPs-PHL-PAAM hydrogel and the subsequent sensing mechanism. Ag+ ions
coordinate with PHL during polymerization (left), form AgNPs in situ (middle), and interact with TNT after PHL removal, all within the confined
PAAM network (right).

Figure 7. CV scan of AgNPs-PHL-PAAM hydrogel demonstrates two
oxidation peaks at 0.12 and 0.45 V as compared to a single peak from
CV of AgNPs-PAAM.
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However, the basis for selective detection is the distinct
electrochemical peak observed at 0.45 V.
Comparative electrochemical testing reveals that the specific

oxidation peak at 0.45 V, crucial for the selective detection of
nitroaromatic compounds is exclusively present in the uniform
AgNPs-PHL-PAAM system (Figure 8A). In contrast, the
nonuniform control (AgNPs-PAAM, containing larger 15−27
nm particles) completely failed to exhibit this peak (Figure 8B).
This demonstrates that sensing functionality is not merely
intrinsic to silver but depends strictly on the uniform, small-
cluster architecture enabled by PHL, which maximizes
accessible binding sites and prevents the aggregation observed
in the control.
As shown in Figure 8C, the electrochemical response of the

AgNPs-PHL-PAAM hydrogel exhibits distinct selectivity. For
the trinitro-aromatic compounds TNT and picric acid, the
oxidation current at 0.45 V demonstrates a clear concentration
dependence, increasing linearly with the logarithm of the sample
concentration from 1 ppt to 1 ppm. In stark contrast, structurally
related compounds with fewer nitro groups, specifically DNT, 4-
nitrophenol, and PETN, exhibited concentration independence,
with the current response remaining negligible and unchanged
across the tested concentration range. This confirms the sensor’s
high selectivity toward electron-deficient trinitro-aromatic
species.
The distinct electrochemical behavior of the AgNPs-PHL-

PAAM hydrogel can be attributed to a molecular recognition
mechanism driven by the structural similarity between the
templating agent (PHL) and the target analytes. PHL is a
trihydroxybenzene derivative with high symmetry. During the
self-assembly and reduction process, PHL acts as a molecular
template, creating recognition sites or cavities on the AgNP
surface or within the hydrogel matrix that match its specific
geometry and electronic distribution. TNT and picric acid are
trinitro-aromatic compounds. They share the same benzene ring

core and a similar symmetric arrangement of functional groups
(three nitro groups) as the PHL template. This molecular
recognition allows them to bind effectively to the binding sites,
facilitating the electrochemical oxidation at 0.45 V. Con-
sequently, as the concentration of these matching analytes
increases, more sites are occupied, and the current rises.
Conversely, DNT and 4-nitrophenol lack the requisite three
functional groups, and PETN lacks the aromatic ring entirely.
Because they are structurally dissimilar to the PHL template,
they cannot fit into the molecular recognition sites and therefore
do not trigger the specific electrochemical response, resulting in
a low, constant signal regardless of concentration. This is
particularly compelling as we did not observe any selective
reduction of nitro aromatic compounds from the AgNPs-PAAM
control hydrogel. To evaluate the reliability of the fabrication
process, sensor-to-sensor reproducibility was assessed by testing
three independently prepared AgNPs-PHL-PAAM hydrogels
against 10 ppt TNT. The measurements yielded an average
current response of 0.72 ± 0.07 μA, resulting in a relative
standard deviation (RSD) of 9.72%, which indicates satisfactory
consistency in the synthesis and sensing performance.

4. CONCLUSIONS
This study demonstrates that adding PHL during the synthesis
of AgNPs-PHL-PAAM hydrogel results in smaller, more evenly
distributed AgNPs within the polymer matrix. The resulting
AgNPs-PHL-PAAMhydrogel exhibits a distinct electrochemical
response, showing a specific electrical current increase at 0.45 V
when exposed to trinitroaromatic compounds like TNT and
picric acid. This selective detection is not observed in hydrogels
prepared without PHL. The findings suggest that PHL self-
assembles within the hydrogel, creating recognition sites that are
structurally similar to these nitroaromatic compounds, thereby
enabling specific detection. This work highlights a method for

Figure 8. Electrical current response to TNT (from 1 ppt to 1 ppm) was measured using LSV with a scan rate of 0.01 V/s over a potential range of ̵0.5
to 0.7 V. The 0.45 V peak from AgNPs-PHL-PAAM (A) LSV increased with TNT concentration while the peak at 0.12 V remained unchanged. The
AgNPs-PAAM gel responded to TNT (B) with the decrease in signal at 0.12 V and no signal changes observed with TNT. Comparison of the current
responses at 0.45 V from AgNPs-PHL-PAAM hydrogel toward TNT and other nitroaromatic compounds, demonstrating high selectivity for TNT
detection (C).
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developing functional materials with tailored electrochemical
properties for sensor applications.
These findings have practical implications for the develop-

ment of electrochemical sensors capable of detecting trace levels
of explosive residues or environmental contaminants. The
AgNPs-PHL-PAAM hydrogel could be integrated into low-cost,
portable sensing platforms for use in security screening,
environmental monitoring, or forensic analysis.
Future research should explore alternative reducing or

stabilizing agents to enhance the hydrogel’s properties.
Crucially, the focus must shift toward device engineering:
specifically, optimizing the hydrogel−transducer interface and
adapting the synthesis for compatible fabrication methods to
ensure robust performance in real-world applications.
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