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ABSTRACT
A colorimetric sensing platform based on carboxymethyl cellulose-silver nanopar-
ticles (CMC-AgNPs) metallogel was proposed to monitor the temperature history 
and quality of perishable products stored at low temperature. The carboxymethyl 
cellulose (CMC) metallogel, fabricated in the presence of  Ag+, incorporates ionic 
crosslinking of biopolymers, complexation between reactants, and subsequent 
in situ synthesis of AgNPs, which are designed to lead the color transition of 
metallogel from colorless to dark brown depending on temperature and time. The 
mechanical and structural properties of metallogels and AgNPs were character-
ized by rheology, XRD, and FT-IR. Color changes associated with temperature, 
time, and metal ion precursors were examined by UV–visible spectroscopy and 
colorimetry. The longer the exposure time to thermal stress condition such as 
room temperature (25 °C) or high temperature (60 °C), the deeper the color of 
metallogel. The CMC-AgNPs metallogel-based sensor provides an efficient, safe 
way to track temperature history and assess perishable products’ quality, crucial 
for the safe distribution of food, vaccines, and medicines. This cost-effective and 
reliable visual sensor minimizes spoilage and health risks by enabling accurate 
temperature monitoring without the need for complicated equipment.
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Nanotechnology has emerged in various scientific 
and technological fields, besides TTIs, related to the 
inherent characteristics that characteristics such as 
optical [12], mechanical [13], magnetic [14], and elec-
trical properties [15] distinct from the bulk materials. 
In spite of many advantages, the question of sustain-
able applications continues to be posed by the toxicity 
and environmental effects of nanoparticles. Current 
trends in nanomaterials research are integrated with 
hydrogels or green chemistry to overcome limitations 
associated with risk of human health and environ-
ment. In particular, metallogel which incorporated 
metal into the biopolymer gel network not only 
represents properties of nanoparticles and gels but 
also acts as a constrained template for in situ synthe-
sis of metal nanoparticles including gold and silver 
[16]. Plasmonic nanoparticles embedded in metallo-
gel exhibit the localized surface plasmon resonance 
(LSPR), which can display various bright colors. Fur-
thermore, changes in their size and shape lead to a 
slight shift of the LSPR band and as a consequence, 
development in the color expression of the nanoparti-
cles. These advancements have significantly enhanced 
the sensitivity of optical, chemical, biosensors, and col-
orimetric sensors by leveraging the unique characteris-
tics of LSPR [17, 18]. However, despite their promising 
optical properties, there has been limited exploration 
of the potential of metallogels as colorimetric sensors. 
For instance, sensors based on gold nanoparticles 
exploit shifts in LSPR to detect temperature changes. 
Yet, these systems often depend on reversible color 
changes and may not provide the necessary specificity 
in complex environments [19]. Similarly, studies on 
hydrogel-based sensors for environmental monitoring 
face limitations due to their dependency on external 
stimuli for activation and the potential environmental 
impacts they may pose.

In response to these challenges, we have devel-
oped our CMC-AgNPs metallogel as a colorimetric 
sensor for monitoring temperature. CMC, a deriva-
tive of cellulose, is a biocompatible and biodegrad-
able biopolymer widely used for medical materials 
such as tissue generation and drug delivery [20]. 
The anionic group at the polymer chain can signifi-
cantly coordinate to a metal cation with high electron 
affinity. AgNPs have more sharp surface plasmon 

contamination and/or various external factors. Above 
all, temperature is the most influential factor affecting 
the quality of these products. As chilled/refrigerated 
distributed products are mostly heat-sensitive, main-
taining high-quality requires that a process to moni-
tor and control the appropriate temperature during 
distribution and storage [1, 2]. However, the quality of 
many products has been assessed by inaccurate values 
called “shelf life,” which assumes that the product is 
stored at a constant temperature range, without any 
consideration of external factors [3]. Indeed, since 
products can be exposed to a variety of temperature 
fluctuations in the supply chain from manufactur-
ing to the consumer, they can become deteriorated or 
decayed due to external factors such as humidity and 
temperature, even if the shelf life has not passed [4]. 
It is proposed as a significant issue for public health. 
Eventually, temperature monitoring systems such as 
time–temperature indicators or integrators (TTIs), 
which predict the quality based on the time–temper-
ature history undergone by the product, have been 
extensively researched in recent years.

Eventually, to address this issue, temperature moni-
toring systems such as time–temperature indicators 
or integrators (TTIs), which predict the quality based 
on the time–temperature history undergone by the 
product, have been extensively researched in recent 
years [5, 6]. TTIs have categorized based on electron-
ics, physicochemical, and nanomaterials-based mecha-
nism. Electronics-based TTIs are often integrated with 
data loggers, and radiofrequency identification (RFID) 
tags, enabling accurate and easy-to-read [7]. However, 
they are complex and expensive to use for consumers. 
TTIs based on physicochemical principles induced by 
enzymatic reactions [8], polymerization [9], and diffu-
sions [10] are limited in that they are costly and lack 
uniformity making it challenging to track the overall 
temperature history for products [11]. TTIs derived 
from unique properties of nanomaterials are relatively 
cost-effective and simple, apply in the field immedi-
ately, and are promptly available to consumers. Sev-
eral kinds of nanomaterials-TTIs have been reported 
as alternatives to conventional sensors by comple-
menting the limitations of above that. Recently, as 
the development progresses, these fields have been 
actively studied for practical implementation.

Introduction

Perishable products such as food, vaccines, and medicines can be easily damaged over time due to pathogen 



J Mater Sci 

resonance peak than other metal nanoparticles [21]. 
In particular, the exclusive optical properties of 
AgNPs play a vital role in several biomedical appli-
cation and sensor. Notably, our experiment indi-
cates that CMC tends to react with silver precursors 
 (AgNO3) to form metallogels. The AgNPs in situ 
synthesized in a metallogel lead to a distinguishable 
color signal from yellow to brown by SRP change 
with a particle size corresponding to time and tem-
perature. The result confirmed that CMC-AgNPs 
metallogels are accompanied by visual changes with 
time and temperature, which is an indicator of the 
time–temperature history experienced by the prod-
uct. To the best our knowledge, this is a novel col-
orimetric sensor that is inexpensive, user-friendly, 
portable, reliable, and suitable for large-scale pro-
duction to determine the quality of perishable prod-
ucts based on CMC-AgNPs metallogel.

Materials and methods

Materials

Sodium carboxymethyl cellulose (Na-CMC) was pur-
chased from Junsei Chemical Co., Ltd. (Japan). Copper 
(II) chloride anhydrous  (CuCl2) and iron (III) chloride 
hexahydrate  (FeCl3·6H2O) were supplied by Samchun 
Pure Chemical (Korea). Silver nitrate  (AgNO3, 0.1 M) 
and gold chloride (III) trihydrate  (HAuCl4·3H2O) were 
purchased from Sigma-Aldrich Co. (USA). All chemi-
cal reagents were used as received without any further 
purification, and all procedures used Millipore water 
(> 18 MΩ cm) obtained from a Barnstead EASYpure II 
system unless otherwise noted.

Preparation of CMC‑AgNPs metallogels

For the preparation of CMC-AgNPs metallogels as 
colorimetric sensors, Na-CMC solution (1 mg/ml) 
was prepared by dissolving its powder in deionized 
water at room temperature (RT).  AgNO3 solution 
(0.1 M) was added into the CMC solution at 0, 20, and 
30% (v/v), respectively, under stirring at RT to synthe-
size in situ silver nanoparticles (AgNPs) embedded 
in metallogels. The color transition of the metallogels 
was observed with naked eye from colorless to dark 
brown.

Characterization

The absorption spectrum of AgNPs embedded in met-
allogels was measured on a UV–Vis microplate reader 
(Bio-Tek Synergy H1, USA). The size and morphology 
of synthesized nanoparticles were imaged using a high-
resolution transmission electron microscope (HR-TEM, 
JEM-3010-JEOL, 300 kV). To prepare the HR-TEM sam-
ple, generally, a few drop of CMC-AgNPs solution was 
located on 400 mesh carbon-coated TEM formvar/cop-
per grid, and excess solution was blotted off by using 
filter paper. The grid was then wholly dried at room 
temperature for more than 6 h. The crystalline struc-
ture of the synthesized AgNPs was confirmed using 
XRD (Rigaku Smartlab diffractometer) equipped in the 
diffraction angle range 2θ = 10–80° with Cu‐Kα radia-
tion (λ = 0.154184 nm). Fourier transform infrared spec-
trometer (FT-IR) was used to probe functional groups 
changes in CMC. Transmission spectra were recorded 
on a Bruker VERTEX 70 series FT-IR spectrophotometer 
(Bruker optics, Germany). All measurement was per-
formed in the range 400–4000  cm−1 at a 4  cm−1 resolution.

The rheological behavior of CMC-AgNPs metallogels 
was investigated by operating parallel plate rheometer 
(ARES, Advanced Rheometric Expansion System). Sam-
ples were loaded with a 50-mm parallel plate geometry 
at 25 °C. Typical rheometer gap was about 1–2 mm. 
Dynamic time sweep experiment was carried out at a 
frequency of 1 rad/s, 20% strain at 25 °C to observe the 
storage and loss modulus values (respectively, G′ and 
G″).

The color measurements of CMC metallogels were 
measured using a colorimeter (CM-5, Konica Minolta, 
Japan) according to CIE L*, a*, and b* values (L*: light-
ness, a*: redness, and b*: yellowness). The total color 
differences (ΔE) were determined as follows [22]:

where ΔL*, Δa*, and Δb* are the lightness from black to 
white, redness from red to green, and yellowness from 
yellow to blue difference between value of initial time 
and each time interval, respectively.
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Results and discussion

Fabrication and characterization 
of biopolymer‑metal nanoparticle metallogels

The previous studies have proven that the carboxylic 
functional groups of CMC are highly capable of reduc-
ing and stabilizing metal nanoparticles [23]. Metal 
nanoparticles attached to the functional groups of the 
polymer chains are in situ synthesized in the polymer 
network to function as the advantages of the two com-
ponents of nanoparticle and hydrogel. A biopolymer 
such as CMC, which has abundant carboxylic groups, 
acts as efficient reductants for green synthesis of metal 
nanoparticles such as silver, gold, and copper nano-
particles [24, 25]. As is well known, –COOH and –OH 
groups located in the polymer backbone are useful 
components for green synthesis of metal nanoparticles 
by reducing metal ions [26]. Herein, we fabricate color-
imetric sensors for monitoring temperatures via CMC 
metallogels with incorporating AgNPs inside a poly-
meric matrix. The CMC-AgNPs metallogels formed 
with the silver atom as gelators serve as an in situ 
synthesis template for AgNPs, and the particles are 
stabilized by –COOH and –OH groups. A schematic 
diagram of the formation process of the CMC-AgNPs 
metallogel used in our study is shown in Fig. 1. Our 
approach assumes that the higher the temperature, 
the faster the AgNPs embedded in metallogels grow, 
followed by changing color from light yellow to dark 
brown. Heating leads to generate larger particles by 

merging the smaller ones and induce more nucleation. 
At this time, the visible colorimetric change occurs due 
to the size of particles, so that the temperature history 
can be readily detected.

The combination of CMC with silver ion precursors 
such as  AgNO3 resulted in facile and effective reduc-
tion of silver ions and formed metallogels containing 
AgNPs that experienced a sol–gel phase change. For 
gelation analysis, strain sweep test was performed 
with a constant 20.0 rad/s frequency at RT. We con-
ducted experiments to assess how the rheological 
behavior of CMC-AgNPs metallogels changes with 
different concentrations of silver nitrate and varying 
gelation times, demonstrating the impact of these fac-
tors on metallogel formation (Fig. 2a and b). Metal-
logels were prepared by adding a different amount 
of silver ion precursor  (AgNO3) at the same concen-
tration to 1 mg/ml CMC. Although the gel strength 
is significantly different depending on the  AgNO3, in 
the presence of  AgNO3, the G′ (storage modulus) of 
all samples is higher than G″ (loss modulus) over the 
entire time of strains, which indicates the formation 
of metallogels [16].

The CMC solution, 0% (v/v) sample without 
in situ synthesis of AgNPs, has an elastic modulus 
of 0.29 ± 0.14 Pa as liquid-like in the measured strain 
range. In addition, it was confirmed that the gel 
strength increased with the increment of  AgNO3 ratio 
from 2.41 ± 0.27 Pa for 20% (v/v) to 19.47 ± 0.71 Pa for 
30% (v/v) shown in Fig. 2a. The resulting strain sweep 
tests of 30% (v/v) gels at different times are shown 

Figure 1  A schematic rep-
resentation of CMC-AgNPs 
metallogel formation.
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in Fig. 2b, which exhibit storage modulus indicating 
that the gel fabricates over gelation time at a constant 
angular frequency. These results are also consist-
ent with the physical gelation that occurs between 
the functional groups of CMC and silver ions. These 
results suggest that silver ion precursors and time play 
a crucial role in the in situ synthesis of AgNPs and the 
formation of metallogels. The storage modulus for the 
CMC-AgNPs gel (30 v/v%) was found to be greater 
than the loss modulus, which indicates that metallo-
gels are finally formed (Fig. 2c). CMC-AgNPs metallo-
gels are expected to be adopted in a commercial device 
in virtue of their elasticity, flexibility, and moldability.

To evaluate the selective colorimetric metallogel for-
mation of CMC with each metal ions, we added sev-
eral metal ion solutions such as copper  (CuCl2), iron 
 (FeCl3), gold  (HAuCl4), and silver  (AgNO3) ion precur-
sors into CMC solution (1 mg/ml) in an amount of 30% 
(v/v) and then observed for 14 days at RT (Fig. 2d). 
The reaction of CMC with noble metal ions such as 
Cu and Fe results in a metal substitution reaction, and 
then, metal-coordinated nanocomposites are gener-
ated. However, the metal exchange reaction does not 
occur with noble metal ions like gold, which is not 
chelated with the functional groups of the polymer 
[27]. The tilting method shows that gel behavior and 
colorimetric properties are not observed in all metals 
except silver. Under these concentrations, silver is a 

metal ion that has a specific reaction to the CMC chain. 
When the silver ions contact CMC, we recognized the 
prompt organization of translucent gel, which grad-
ually turned dark brown after 14 days. As a result, 
CMC-AgNPs metallogels are selectively prepared for 
silver ions, which the concentration of silver ion and 
time play an important role.

The presence of AgNPs in fabricated metallogels 
(30 v/v%) was demonstrated using UV–Vis spectros-
copy, FT-IR, and XRD (Fig. 3). The spectral data of 
CMC-AgNPs shown in Fig. 3a can help identify the 
functional groups of CMC involved in the synthe-
sis of AgNPs. The intensity decreases in the band at 
1586  cm−1 and 1411  cm−1, corresponding to the vibra-
tions of the  COO− group asymmetric stretch and the 
 COO– group symmetric stretch, respectively [28, 29]. 
The results indicated that nanoparticles are synthe-
sized in metallogels obtained through the interaction 
between  COO− groups and silver ion precursors.

The XRD patterns illustrated that the crystalline in 
nature of the CMC-AgNPs (Fig. 3b). The XRD peaks 
of metallogels with in situ grown AgNPs are 2θ = 38°, 
44.4°, 65.2°, and 77.6°, which are consistent with (111), 
(200), (220), and (311) in the crystal plane according 
to the brag reflections; and it indexed as the face-
centered cubic (fcc) structure of AgNPs [30]. The peak 
at 2θ = 20° shown in pure CMC corresponds to the 
amorphous structure of CMC, and the peak shifted at 

Figure 2  The rheological 
behavior of CMC-AgNPs 
metallogels. Strains sweeps 
of a gels with different con-
centrations of silver nitrate, b 
gels which prepared at 30% 
(v/v) at different gelation 
times, c dynamic time sweep 
performed on metallogels 
with 30% (v/v)  AgNO3, and 
d visual inspection of reac-
tion of CMC with metal ion 
precursors.
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2θ = 16.7° in CMC-AgNPs demonstrates that the poly-
mer network structure was rearranged during silver 
ion binding [31].

AgNPs have a typical peak at about 410–430 nm due 
to unique localized surface plasmon resonance (LSPR). 
UV–Vis absorption spectra of metallogel at 0 h, shown 
in Fig. 3c, did not form peaks near 410 nm consist-
ent with white colored sol state of CMC-AgNPs. 
Meanwhile, we plotted the UV–Vis peak amplitude 
at 410 nm overtime for 7 days at RT (Fig. 3d). The 
obtained graph exhibits a progressive increase as a 
function of time, and it can be confirmed that the LSPR 
characteristic of the nanoparticles is prominent. The 
formation of CMC-AgNPs metallogel involved the 
conversion to the polymer matrix of the CMC solu-
tion by in situ nanoparticle synthesis following the 
complexation of the metal cation with the carboxylate 
group on CMC.

The colorimetric transition of silver 
nanoparticles depending on time 
and temperature

Metallogels undergo colorimetric change deserved by 
the specific optical properties of in situ synthesized 
AgNPs. We observed the TEM and UV–Vis data to 

determine the growth conditions of the AgNPs after 
storing the metallogel at each temperature (4 °C, RT 
(= 25 °C), and 60 °C). The typical HR-TEM micrograph, 
which presented the morphology, size distributions, 
and aggregation of AgNPs, is shown in Fig. 4a and d. 
As can be seen in the TEM image, the particle size of 
the nanoparticles formed at 60 °C is much larger than 
AgNPs produced at RT. Since the only difference in 
the manufacturing process is only the temperature, 
it can be seen that temperature is a vital factor for the 
growth of AgNPs. After 14 days, the size distribution 
of the nanoparticles in situ synthesized at RT was 
10–30 nm and had a uniform spherical shape. Besides, 
evidence that the nanoparticles are well dispersed in 
the metallogels can be seen as the individual particles 
are separated (Fig. 4a and b). On the other hand, the 
size of AgNPs prepared at 60 °C was proven to grow 
compared to RT (Fig. 4d). This result shows the coex-
istence of nanoparticles of 80–120 nm and small nan-
oparticles, suggesting that high temperature quickly 
leads to the growth of AgNPs within metallogels. At 
high temperatures, silver ions are promoted to sil-
ver atom reduction, and some of the smaller AgNPs 
generated at the initial stage adhere to existing par-
ticles, leading to the synthesis of large AgNPs [32]. 
That is, as the nanoparticles are synthesized at higher 

Figure 3  a FT-IR spectra, 
b XRD patterns, c UV–Vis 
absorption spectrum as-syn-
thesized CMC-AgNPs, and d 
peak amplitude at 410 nm.
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temperatures in the polymer matrix, larger nanopar-
ticles are formed.

The EDS analysis of AgNPs also confirmed the 
presence of silver elemental composition (Fig. 4c and 
e) [22]. It was confirmed that the silver element was 
formed in the metallogel through the clear peak at 
3 keV, which is signals of surface plasmon resonance 
of silver. The other signal like copper also has been 
observed due to the use of a TEM grid.

Metal nanoparticles exhibit specific optical prop-
erties by interacting with particular wavelengths 
of light. The absorbance of AgNPs dispersed in the 
metal gel over time was determined to confirm the 
absorption wavelength of substances within metallo-
gels using a UV–Vis spectrometer (Fig. 5). The met-
allogels (30 v/v%) used in the analysis were placed 
at 4 °C and RT, respectively. The absorbance of met-
allogels stored at 4 °C remained largely unchanged 
with low absorbance values, although a very slight 
peak increase was observed after 24 h (Fig. 5a). When 
the metallogels were maintained at RT, the absorp-
tion spectrum has the highest peak of 400–500 nm, and 
the time-dependent increase in absorbance shown in 
Fig. 5b. The UV–Vis spectrum of metallogel at 4 °C 
shows the nonexistence of AgNPs because no charac-
teristic peaks are formed. The particles prepared at RT 
exhibited an extremely acute peak at 440 nm from 12 
to 168 h, which is ascribed to the characteristic surface 
plasmon resonance band of the AgNPs. Although the 

two metallogels were kept under the same conditions 
except for the temperature, the reduction of Ag ions 
in RT gels was faster. At the same time, the absorb-
ance values at RT increase, indicating that silver ions 
are easily reduced to silver atoms and the color of the 
metallogels changes from light yellow to dark (Fig. 6a 
and 7a). Moreover, the absorption band was slightly 
red-shifted over several days. This is because, as AgNP 
fused with adjacent particles, the localized surface 
plasmon shifted to the right. A high absorption rate 
of light over time means that the color of the nano-
particles becomes thicker over time, which absorbs 
more light in the same wavelength band [33]. These 
results suggest that low temperature interferes with 
the growth as well as the nucleation of AgNPs. The 
elongated heating resulted in a significant peak with 
increasing the absorbance.

The UV–Vis spectra of metallogels prepared at 
− 20 °C, 4 °C, 20 °C (RT), 40 °C, 60 °C, 80 °C, 100 °C, 
and 120 °C are shown in Fig. 5c and d. After 2 h, the 
LSPR peak of AgNPs red shifted approximately from 
420 to 430 nm by increasing the storage temperature 
(Fig. 5c). After 72 h, an increase in the absorbance of 
all samples was observed, with the intensity distinctly 
increasing across the temperature range from − 20 °C 
to 120 °C (Fig. 5d). Experiment results indicate that 
the number and size of newly synthesized AgNPs are 
increased depending on temperature and time. Thus, 
temperature and time are critical parameters affecting 

Figure 4  HR-TEM image 
(scale bar: 200 nm) of silver 
nanoparticles after 14 days a 
at RT and d at 60 °C. b Size 
distribution of AgNPs at RT 
and EDS analysis of AgNPs c 
at RT and e at 60 °C.
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the synthesis and growth of nanoparticles consist-
ent with the results of the TEM image, causing color 
development due to the visually identifiable LSPR red 
shift of AgNPs from yellow to brown. It provides the 
ability to predict the thermal history of the product.

Evaluation of color expression of CMC‑AgNPs 
metallogels as a colorimetric sensor

The results presented in Fig. 6a are color response 
charts of CMC-AgNPs metallogel for different reac-
tion time and temperature. Metallogels were gener-
ated by mixing 1 mg/ml CMC solution with 0.1 M 
 AgNO3 (30 v/v%). Experiments were carried out at 

4 °C, RT, and 60 °C with reaction times of 1–336 h. 
Following the previous results (Figs. 4 and 5), the 
visual color of metallogels was changed from light 
yellow to brown depending on the time, tempera-
ture, and concentration of silver ion precursors. As 
the small amount of silver precursors solution was 
added into CMC, the intensity of the color becomes 
stronger due to the interaction of the functional 
group of the polymer with a larger number of sil-
ver ions, so that it can be observed with the naked 
eye. Besides, it was confirmed that as the reaction 
time was extended, a color transition occurs due to 
the formation and growth of AgNPs. At the same 
concentration and time, the higher the temperature 

Figure 5  UV–Vis absorp-
tion spectra of CMC-AgNPs 
metallogel prepared a at 4 °C 
and b at RT for different 
periods c after 2 h and d after 
72 h for different tempera-
tures.

Figure 6  a The color chart 
and b total color difference 
of CMC-AgNPs metallogels 
at 4 °C, 25 °C, and 60 °C for 
different times.
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from 4 °C to 60 °C, the faster the colorimetric change 
is detected. A colorimeter was utilized to quantify 
the exact total color difference of metallogels with 
the most noticeable color change. The total color dif-
ference at a different storage temperatures of CMC-
AgNPs metallogel (30% v/v) is shown in Fig. 6b, 
which was calculated by measuring L *, a *, and b * 
values. Herein, the total color difference is the gap 
between the samples immediately after fabrication 
(0 h) without AgNPs and the metallogel measured 

at each time (2, 4, 6, 12, 24, 48, and 72 h). When met-
allogel is placed at 60 °C, the TCD value increases 
rapidly up until 12 h and then decreases. The TCD 
of the sample stored at RT slowly grows, but it 
promptly has risen from 12 h to the maximum value. 
On the other hand, the TCD of a sample at refriger-
ated storage temperature (4 °C) gradually increases 
without noticeable change until 24 h indicating that 
the growth of nanoparticles is inhibited when com-
pared to different temperatures.

Figure 7  a, d Color evolu-
tion, b, e L, a, and b CIELAB 
parameter, and c, f total color 
difference of CMC-AgNPs 
metallogel which first located 
at 4 °C and − 20 °C for 2 h, 
after exposure to RT for dif-
ferent times then placed 4 °C 
and − 20 °C for further 24 h, 
respectively.
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In general, perishable products intended for metal-
logel applications are mostly stored at low tempera-
ture and should be maintained at low temperatures 
all the time [34]. For example, most vaccines should 
be kept at 2–8 °C [35]. However, the plot to be exposed 
to RT or high temperature is very natural during dis-
tribution, storage, and sale. Color transitions should 
not only change intensively as the temperature abuse 
time persists but should also be irreversible, even if 
they are frozen later again. We exposed the metallogel, 
which was stored frozen for 2 h at 4 °C and − 20 °C, to 
the temperature abuse condition (RT) for each time (0, 
4, 8, 12, 24, 48, and 72 h) and then returned the sample 
to freezing (4 °C and − 20 °C) for 72 h.

When the metallogel stored at 4 °C was exposed 
to temperature abuse conditions; the color became 
darker when compared to the control (sample with 
RT exposure of 0 h) as the temperature abuse period 
increased (Fig. 7a). These results correspond to the 
total color difference (TCD) as well as the  L*,  a*, and 
 b* values in CIELab shown in Fig. 7b and c. Samples 
placed at − 20 °C also have a dark brown metallogel 
that experiences temperature abuse, and TCD values 
also increase with RT exposure (Fig. 7d and f). As the 
 L* value decreases, with increased  a* and  b* values, 
the color of metallogel becomes darker from yellow to 
brown (Fig. 7e). The TCD value likewise increases pro-
portionally as the RT exposure duration is extended. 
What is notable is that the metallogel, which has 
undergone temperature abuse, does not come back 
again even though it moves to the appropriate storage 
temperature (4 °C and − 20 °C). Our current platform 
satisfies irreversible color change, which is the funda-
mental requirement of TTI applied to low-temperature 
distribution products. Depending on the size of the 
sensor, a minimum of 1–1.3 ml of metallogel is pro-
duced with low cost, which is suitable for use as a 
disposable sensor.

Practical applications of CMC‑AgNPs 
metallogels for temperature monitoring

Our CMC-AgNPs metallogel-based colorimetric sensing 
platform significantly enhances the precision of moni-
toring storage temperature for temperature-sensitive 
products. Considering the critical nature of tempera-
ture-sensitive products, which require strict tempera-
ture control to maintain quality, our sensor provides a 
simple yet efficient solution. It undergoes an irreversible 
color change when exposed to temperatures within the 

abused temperature range, providing a clear visual indi-
cation of any temperature deviations.

Stored at low temperatures, the CMC-AgNPs metal-
logels can be attached to the product during packaging 
or transported alongside it, providing continuous moni-
toring capabilities throughout transportation and stor-
age. Any deviation from the recommended temperature 
range triggers an irreversible color change, indicating 
issues with the transportation or storage temperature 
of the product. The sensor undergoes an irreversible 
chromatic change from light yellow to dark brown 
in response to elevated temperatures. This ensures a 
consistent record of exposure, even after temperatures 
return to the safe range. With its cost-effectiveness, 
disposability, and eco-friendly design, our sensor pre-
sents a compelling solution for broad application across 
industries, fulfilling the requirement for reliable and 
simplified temperature monitoring.

Conclusions

In summary, a novel colorimetric sensor has been devel-
oped that incorporates CMC-AgNPs metallogel exploit-
ing the LSPR characteristics of AgNPs. The sensing plat-
form is based on metallogels fabricated within a few 
minutes under specific conditions such as the amount 
of metal ion precursors and time, which can be detected 
quickly, intuitively, and directly, judged by the growth 
of in situ synthesized AgNPs in metallogels. Green 
synthesis of AgNPs with biopolymer introduces a cost-
efficient and eco-friendly sensing platform. When the 
metallogel is exposed to abused temperature, the visual 
color becomes more distinct from light yellow to dark 
brown. The irreversible color change can be observed 
with the naked eye. The system is versatile as an indi-
cator to identify of when products are no longer safe 
based on time–temperature exposure history as well as 
to assure the quality of frozen stored products such as 
foods, medicines, and chemicals during the distribution. 
Additionally, it is a precise, rapid, eco-friendly, and low-
cost sensing system suitable for industrial application.
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