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A B S T R A C T

There is a growing interest in soft-matter sensors at the research and application level. Colorimetric hydrogel- 
based sensors can work as smart tools for the fast, simple, and low-cost monitoring of food freshness and 
spoilage. Herein we developed a hydrogel pH indicator working from pH 2–12 with a specific colorimetric 
pattern. A fast-responsive, easily formed and mouldable hydrogel was obtained by adding a minimal amount of a 
single pH-sensitive dye to an agar matrix. Optical, mechanical, and morphologic characteristic of the hydrogel 
were examined in detail. An easy-to-use smartphone app ensures color tone capture and correlation of color 
changes to pH levels. Practical applications of the versatile gel sensor were tested in solution and in the gaseous 
phase. The sensor was employed to assess the freshness of milk samples and to monitor the volatile basic nitrogen 
compounds resulting from packaged chicken spoilage.

1. Introduction

Intense scientific and industrial research has been conducted to 
develop smart sensors monitoring food freshness and spoilage. Hydro-
gels are three-dimensional networks consisting of polar functional 
groups swollen with a large amount of water. Due to their water content, 
porosity and consistency, hydrogels enable a wide range of uses, from 
tissue engineering (Lee & Mooney, 2001; Van Vlierberghe et al., 2011) 
to food science (Mezzenga et al., 2005). Their sensing ability and 
stimuli-responsiveness to light, pH, temperature, and solvents is well 
established and increasingly exploited (Sun et al., 2021). Colorimetric 
gel sensors are a class of flexible, mouldable devices able to change their 
colour and absorbance spectrum under specific stimuli. They can work 
as miniaturized real-time analytical devices providing a fast, simple, and 
low-cost response to parameters related to the freshness and spoilage of 
foods.

Many sensitive and rapid pH indicators integrated in a soft aqueous 
matrix have been proposed for food applications (Abbas & Dawood, 
2023; Diana et al., 2020; Rosita Diana et al., 2021; McCoy et al., 2006; 
Wang et al., 2016). The pH parameter is an excellent indicator for 

monitoring the freshness, spoilage and correct storage of foods and 
drinks, applied to the food itself or to secondary spoilage products.

The spoilage produces a pH decrease in some foods, (Korkeala et al., 
1990). On the other hand, many types of air pollutants are produced and 
released during food degradation processes, known as volatile organic 
compounds (VOCs): carbonyl compounds, S compounds, N compounds. 
Protein foods are affected by bacteria and microorganisms decomposing 
proteins and amino acids into volatile compounds (Baston et al., 2008). 
Degradation of proteins and other nitrogen-based compounds cause 
accumulation of organic amines (such as phenyl-ethylamine, tyramine, 
trimethylamine, ethylamine) commonly known as total volatile basic 
nitrogen (TVB-N) content (Bekhit et al., 2021).

Optical sensors based on food spoilage indicators have proven to be 
practical methods for monitoring food freshness, due to their simple and 
fast operation. (Ding et al., 2022; Liu et al., 2020; Lu et al., 2020; Luo 
et al., 2021). Smart packaging consists of a small tag attached to the food 
packaging monitoring the freshness or condition of packaged food 
(Ghaani, Cozzolino, Castelli, & Farris, 2016). An on-pack indicator able 
of changing color and/or fluorescence (Jia et al., 2019; Roy et al., 2019; 
Ye et al., 2022; Zeng et al., 2022; Zhang et al., 2024) reacting with the 
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VOCs generated by packaged foods is the perfect example of smart 
packaging. A naked-eye response, possibly processed via a mobile de-
vice, is desirable. Among VOCs, the TVB-N fraction is a measure of food 
freshness that can be captured by a pH-sensitive molecule. Sensitive, fast 
and intensely colored pH indicator molecules, immobilized in a suitable 
polymer substrate, are a great example of intelligent packaging. 
High-performance smart sensors can be developed by combining the 
sensitive response of colorimetric pH indicators with the exceptional 
porosity and swelling ability of hydrogels.

Here we developed a hydrogel-based pH sensing system, with a 
specific color display between pH=2 and 12. The use of agar as a non- 
toxic and low-cost polysaccharide was due on its unique ability to 
form strong gels in aqueous solutions. A responsive porous hydrogel 
easily molded into patches or tablets was obtained by co-gelling a single 
pH-sensitive dye and agar. The novel dye called T(OH)2 (Fig. 1 and 
Section 2.1) has been fully characterized, obtaining large absorbance 
coefficients and colorimetric variation over a wide pH range. The 
physical properties, mechanical strength, and morphology of the 
hydrogel sensing tool (T-gel in Fig. 1) were investigated. A mobile app 
based on specific software that captures color changes as a function of 
pH levels has demonstrated the effectiveness of T-gel as a commercial 
pH test. The performance of the sensor was tested in different environ-
ments, both in solution and in the gaseous phase. As practical applica-
tions, we verified the sensor’s ability to monitor food freshness through 
contact with untreated milk samples at different storage times. On the 
other hand, we investigated the sensor’s ability to monitor chicken 
spoilage resulting from TVB-N in packaging as a function of time.

2. Materials and methods

Agar for microbiology was purchased from Neofroxx GmbH (Ein-
hausen, Germany) code 20767.232. Solvents and other commercially 
available starting products were of reagent grade and used as supplied, 
without further purification. They have been purchased from Sigma 
Aldrich (Milan, Italy). Ultrapure water was used throughout the exper-
iment (Millipore USA, 18.2 MΩcm at 25 ◦C). NMR spectra were recorded 
in CDCl3 with a Bruker Advance II 500 MHz apparatus (Bruker Corpo-
ration, Billerica, MA, USA). For 13C NMR spectra the experiment was a 
DEPTQ (Distorsionless Enhancement by Polarization Transfer Including 
the Detection of Quaternary Nuclei) polarization transfer with decou-
pling during acquisition using a shaped pulse for a 180-degree pulse on 

the f1 channel. For mass spectrometry measurements, the samples were 
analysed by direct flow injection using an LTQ Orbitrap XL mass spec-
trometer (Thermo Scientific, San Jose, CA, USA), operating in positive 
and/or negative ionization mode. The Orbitrap mass analyser was 
calibrated according to the manufacturer’s directions using a mixture of 
caffeine, methionine-arginine phenylalanine-alanine-acetate (MRFA), 
sodium dodecyl sulphate, sodium taurocholate, and Ultramark 1621. 
Data were collected and analysed using the software provided by the 
manufacturer. A Crison pHmeter GLP 22 was employed for all pH 
measurements.

2.1. Synthesis of T(OH)2 dye

The novel dye T(OH)2 depicted in Fig. 1, 3-hydroxy-4-(((5-(2-hy-
droxy-4-nitrophenyldiazenyl)thiophen-2-yl)imino)methyl)phenyl-4- 
(hexyloxy)benzoate, was obtained by reaction of the aminic group of the 
azo compound Th (2-((5-aminothiophen-2-yl)diazenyl)-5-nitrophenol, 
10 mmol) (Borbone et al., 2009) and the carbonyl group of the aldehyde 
A6 (4-formyl-3-hydroxyphenyl 4-(hexyloxy)benzoate, 10.5 mmol) 
(Diana et al., 2019) in 15 mL of chlorobenzene. The solution was stirred 
gently at reflux for 3 hours and the crude product was recovered by 
removing the solvent under vacuum. The obtained dark solid was was 
chromatographed on Florisil 60/100, using chloroform as the eluent, 
and collecting the overhead fractions. The fractions were recovered by 
removing solvent in vacuo. The red precipitate was washed twice with 
ethylic ether, then crystallized from chloroform/hexane into a brick red 
microcrystalline powder. Yield: 35 %. 1H NMR (500 MHz, CDCl3, 25 ◦C, 
ppm): 0.93 (t, 3 H), 1.36 (m, 2 H), 1.56 (m, 2 H), 1.82 (m, 2 H), 2.04 (m, 
2 H), 4.06 (t, 2 H), 6.94 (m, 2 H), 6.99 (t, 2 H), 7.19 (d, 1 H), 7.44 (d, 
1 H), 7.74 (d, 1 H), 7.89 (m, 3 H), 8.15 (d, 2 H), 8.70 (s, 1 H), 11.57 (s, 
1 H), 12.41 (s, 1 H). Hard copy of 13C NMR in Fig. S1. Elemental analysis 
calculated (%) for C30H28N4O7S: C, 61.21; H, 4.79; N, 9.52; found: C, 
61.26; H, 4.81; N, 9.60. MALDI-TOF MS (m/z): 588.17, found [M-H]: 
587.03.

2.2. Sensing agar hydrogel (T-gel) preparation

The T-gel samples were prepared by mixing 6 % g/mL of agar 
powder with milli-Q water brought to a boil for 5 min reaching 
approximately 100 ◦C while stirring until complete dissolution. After 
this time, T(OH)2 was added dissolved in acetone (0.02 M), at 2 % w/w 

Fig. 1. Schematic representation of the synthetic route to the chromophore T(OH)2 and to the hydrogel T-gel.
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on the dry agar. Acetone was removed heating the mixture for another 
2 minutes at 100 ◦C. The obtained solution was then cooled in air 
pouring it into cylindrical moulds. Pirex glass micro beaker was 
employed, obtaining 15 mm (diameter) x 12 mm (height) transparent 
round samples. The gelation was allowed to proceed at room tempera-
ture (Bertasa et al., 2018).

2.3. Hydrogel characterization

2.3.1. Fourier transform infrared spectra (FTIR)
FTIR spectra were collected in the attenuated total reflection (ATR) 

mode using a single reflection ATR accessory (UATR from Perkin-Elmer, 
Newark, NJ, USA). This unit was equipped with a diamond crystal as 
internal reflection element (IRE) and two ZnSe crystals as transfer ele-
ments. The IRE had horizontal geometry, and an angle of incidence of 
45◦. The optimum wavenumber range for the present configuration was 
4000–650 cm− 1. The ATR accessory was equipped with a pressure 
transducer on the crystal tip to ensure reproducible and uniform sample- 
to-IRE contact. Measurements were taken by a Spectrum 100 interfer-
ometer (Perkin-Elmer), equipped with a wide-band deuterated trigly-
cine sulfate (DTGS) detector and a Ge on KBr beam splitter. The 
frequency scale was internally calibrated to 0.01 cm− 1 using a He–Ne 
reference laser. 16 scans at a resolution of 2 cm− 1 were averaged to 
improve the signal-to-noise ratio.

2.3.2. Scanning electron microscopy (SEM)
SEM analyses were performed using a scanning electron microscope, 

Thermo Phenom XL by Zeiss (Carl Zeiss NTS GmbH, Oberkochen, Ger-
many), on the dried spun films. The operating voltage was from 15 kV to 
10 kV.

2.3.3. Swelling ratio and water retention ratio
T-gel samples were immersed into distilled water to obtain equilib-

rium swelling. Dried samples were obtained under a hot air oven at 50 
◦C for 2 hours (Jyoti Chaudhary et al., 2020; Lv et al., 2019).

To calculate the water retention ratio (WRR) gel samples were 
immersed into deionized water to acquire different swelling ratio (SR) at 
room temperature and at pH=7. The samples were taken out of the 
water at time intervals, and the excess surface water was gently removed 
with paper. SR was calculated by the following equation: SR(%)=(Wt- 
Wd)/Wd x 100, where Wt and Wd represent the weight of the swollen 
sample at t time and the initial weight of the dry sample, respectively. 
Reached the equilibrium swelling at room temperature and at pH=7 the 
gel samples were used in the following water retention experiments. The 
WRR experiments were performed at room temperature and at pH=7 by 
keeping the swollen samples in the open air (relative humidity about 
40 %) for different times. WRR was evaluated according to the following 
equation: WRR(%)=(Wt-Wd)/Wd x 100, where Wt and Wd represent 
the weight of the swollen sample at t time and the weight of the dried 
sample, respectively.

2.3.4. DSC Measurements
DSC experiments were performed with a Hitachi DSC 200 under 

nitrogen purge gas. T-gel samples were subjected to heating and cooling 
cycles consisting of 1 min hold at 20 ◦C, heating to 100 ◦C at 5 ◦C/min, 
hold at 100 ◦C for 1 min and cooling to 10 ◦C at 5 ◦C/min. The melting 
and gelation temperature and enthalpy were determined from the 
thermograms.

2.3.5. Mechanical properties
T-gel samples were obtained cylindrical in shape with dimensions of 

30 mm (diameter)×12 mm (height). Compression tests (stress/strain) 
were done on an Instron 5566 at a crosshead speed of 1 mm/min up to 
an extension of 2 mm (breaking of gel) using a 100 N load cell.

2.4. Preparation of solutions of T(OH)2 dye for absorbance experiments

UV–visible absorption spectra were recorded by a JASCO F-530 
spectrometer (scan rate 200 nm/min, JASCO Inc., Easton, MD, USA) on 
10− 5 M in commercial buffer solutions. The dye solutions used to 
measure absorbance as a function of pH were prepared by dissolving T 
(OH)2 at the appropriate volume ratio of water: acetone (3:1 solutions or 
1:6 solutions) and using Britton-Robinson buffer solutions. In both cases, 
the concentration was fixed at 1.5⋅10− 5 M. After mixing for a few sec-
onds, the absorption spectra were recorded at room temperature. The 
solutions of both series were kept at 25 ◦C in daylight for ten months. 
After that time, colour perceived and absorption spectra show an unal-
tered pattern.

2.5. pH sensing test of T-gel in aqueous phase

The colorimetric performance of the hydrogel indicator was evalu-
ated by immersion of T-gel tablets in different water solution buffered 
from pH=2 to 12. Each hydrogel sample were kept for 10 min in im-
mersion, gently dabbed with paper, and photographed to evaluate pH 
value vs. colour by a smartphone app. Different response times were 
evaluated. In buffered water the color shows clearly starting from 3 min 
of immersion.

2.6. pH sensing test of T-gel in gaseous phase

The colorimetric sensing ability of T-gel was evaluated in presence of 
NH3 vapour. T-gel tablets were kept in contact with NH3 vapour of a 
saturated solution in a sealed vial. Different exposure times were eval-
uated on each sample, and the colorimetric response recorded at 5”, 10”, 
15”, 20”, 25” and 30”. The samples were photographed immediately 
after exposure and after 2 hours, observing unaltered color. Experiments 
were conducted to test the reversibility of the colorimetric response to 
gaseous analytes using saturated solutions of NH3 and HCl. The samples 
were exposed alternately for 30" to NH3 and HCl in a sealed vial for five 
equivalent cycles, recording the restoration of CIE colorimetric co-
ordinates in each cycle.

2.7. T-gel colour parameters

The colour changes of T-gel at various pH values were investigated 
by employ of the CIE 1931 RGB (Red, Green, Blue) colour space. CIE 
calculation was performed by the mobile app named “RGB Colour De-
tector”. The RGB colour intensity was recorded by holding the smart-
phone camera (Samsung S23) approximately 1 cm from each sample in 
daily light. Each sample was evaluated in triplicate by parallel test. The 
statistical analysis was performed by the ANOVA by SPSS 22.0 (SPSS 
Statistical Software, Inc., Chicago, IL, USA) package included in Origin 
8.5.0 SR1 with the confidence interval set to 95 % to determine the 
significant difference between specific means.

2.8. Application of T-gel as colorimetric sensor for chicken spoilage

T-gel tablets were placed in commercial PS trays each containing two 
fresh chicken thighs (chicken weighs are approximately 300 g, the di-
mensions of the PS tray are approximately 20×10 cm in all the experi-
ments). The packages were wrapped in a PVC/PVDC copolymer (Saran) 
cling film for food use. Experiments were carried out to monitor the food 
spoilage at recommended storage conditions (4 ◦C) and at accelerated 
stability conditions (room temperature). All samples were evaluated in 
triplicate by parallel test. Three samples were kept for 10 days at 4 ◦C 
and three samples were kept for 4 days at 25 ◦C. Photographs of the 
packages were taken at specific time intervals. Color analysis was per-
formed using the smartphone app and correlated with storage time. To 
verify the accuracy of the developed method, the pH of the meat of each 
sample stored at 25 ◦C was measured.Ten grams of grinded chicken 
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sample was homogenized in distilled water and the pH of the mixture 
was measured by the electronic pH meter.

2.9. Application of T-gel as colorimetric sensor for milk freshness

T-gel tablets were placed in vials with a commercial sample of low- 
fat fresh pasteurized milk (3 mL). Milk samples were stored at 4 ◦C for 
1 h ours (listed as "fresh"), at 25 ◦C for 24 hours (“spoling”), and at 25 ◦C 
for 48 hours (“spoiled”). The samples described as fresh (good quality), 
spoiling (approaching spoiled), and spoiled (poor quality) correspond to 
samples at pH=6.7, pH= 5.5, pH=4.4 respectively (measured by the 
electronic pH meter). The method was also tested on milk model sam-
ples prepared by adding a Britton-Robinson buffer to obtain quite the 
same acidity levels of the real samples. A fourth model sample was 
added to them of a pathogenic (“mastitic”) milk at pH=7.5, obtained by 
buffering the same fresh milk sample. The pH values were verified in 
each sample by the electronic pH meter. The tablets were kept immersed 
in milk for 10 min at 25 ◦C, then gently washed, dabbed with paper, and 
photographed. All samples were evaluated in triplicate by parallel test. 
Color analysis was performed using the smartphone app and correlated 
with storage time.

2.10. Theoretical calculations

Calculations were performed by the Density Functional Theory 
(DFT) approach within the Linear Combination of Atomic Orbitals 
(LCAO) framework, where each molecular orbital is expanded into a set 
of Gaussian Atomic Orbital (GAO) functions centered at the nuclei po-
sitions. The HOMO analysis was derived from ground state calculations, 
the LUMO evaluation was performed considering the first excited state 
using the Time-Dependent Density Functional Theory (TDDFT) 
formalism. The software used was ORCA version 5.0.3 (Neese, 2012). A 
global hybrid B3LYP functional (Becke, 1992), which includes a fraction 
of exact Hartree-Fock exchange, was employed as in our previous work 
(Gentile et al., 2018; Gentile et al., 2018). Grimme’s D3 empirical 
correction was adopted for consistent evaluation of dispersion in-
teractions (Grimme et al., 2021). We used Double-ζ Basis sets (optimi-
zation) and Triple-ζ Basis sets (TD-DFT) specifically the def-SVP and 
def2-TZVPP from the Karlsruhe group (Weigend, 2006). These basis 
sets have been tested in several of our previous works (R. Diana et al., 
2021; Diana et al., 2020) and are among the best choices in terms of 

computational performance. The thermodynamic part to derive the 
dissociation energy of the two hydroxyl protons was obtained from 
frequency calculations, using the analytical Hessian available in ORCA.

3. Results and discussion

3.1. Design and pH colorimetric response of T(OH)2

Many pH-sensitive colorimetric dyes have applications as indicators 
integrated into soft sensors. Our novel dye named T(OH)2, 3-hydroxy-4- 
(((5-(2-hydroxy-4-nitrophenyldiazenyl)thiophen-2-yl)imino)methyl) 
phenyl-4-(hexyloxy)benzoate, was synthetised as summarised in Fig. 1. 
The two H-bonding hydroxyl substituents prevent isomerization of the 
azo bridge and stabilize the imine bond, even in strong acidic and 
alkaline environments. In addition, the OH groups improve solubility in 
water-containing solvents and in the agar gel. On the other hand, the 
(CH2)5CH3 alkyl chain increases the flexibility and solubility of the 
chromophore in organic solvents.

The broad modulation of the colorimetric pH response of T(OH)2 is 
related to the highly conjugated chromophore moiety constituted by the 
phenol-(N––N)-thiophene-(C––N)-phenol scaffold. The high molar 
absorbance coefficient is mainly due to the Th precursor, 2-((5-amino-
thiophen-2-yl)diazenyl)-5-nitrophenol, examined in a previous work 
(Diana et al., 2024). T(OH)2 molecule works as a pH indicator detecting 
the presence of protonating or deprotonating agents by reacting with H+

or OH-. Protonation/deprotonation equilibria involve the two OH 
functions. When the protonation occurs to both sites, the indicator 
shows the yellow color, when the deprotonation occurs to both sites, the 
conjugate base shows the different color (blue in mainly-acetone solu-
tion, magenta in mainly-water solution). Deprotonation can be even 
partial. As discussed in Sect. 3.2, the proton lost from the hydroxyl group 
near the C––N bond produces a first chromatic change that overlaps with 
that due to the deprotonation of the hydroxyl group near the N––N bond. 
The two effects contribute to a broader colorimetric display from 
pH=2–12.

T(OH)2 dye reversibly works between pH=2 and pH=12 both in 
ambient and refrigerated conditions. The intensely colorful solutions of 
T(OH)2 give a strong absorption band (magnitude of molar absorbance 
from 103 to 104) in the visible spectrum both in mainly-water (water/ 
acetone 3:1) and mainly-organic (water/acetone 1:6) solutions. In 
mainly-acetone solutions the color clearly changes from a yellow tone to 

Fig. 2. Experimental UV–vis absorption spectra of T(OH)2 recorded in (A) mainly-water (water/acetone 3:1) and (B) mainly-organic (water/acetone 1:6) buffered 
solutions as a function of pH.
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a blue tone depending on the pH (Fig. 2 A). In mainly-water solutions the 
color gradually turns from yellow to orange and finally to purple 
depending on the pH (Fig. 2 B). In this case, the main absorption peak 
undergoes a red-shift and the whole absorbance curve changes its shape 
at alkaline pH values. The experimental maximum absorption wave-
lengths and the absorption molar coefficients as a function of pH are 
reported for both systems in Table S1.

3.2. Theoretical approach to the T(OH)2 system

The structure of T(OH)2 was preliminarily analyzed by varying the 
configuration of the C-C-C––N and N––N-C-C dihedrals (Fig. S2) to 
obtain the lowest energy torsional configuration. The best configuration 
maximizes the hydrogen bonds interaction between O–H–N sites. The 
structure was subsequently optimized in terms of geometrical relaxa-
tion, obtaining a fully protonated molecules corresponding to the acidic 
conditions. Other three structures were considered, by deprotonation of 
the OH near the iminic group (T(OHa)O–), deprotonation of the OH near 
the azo group (T(OHb)O–), deprotonation of both sites (T(O)2

2–), see 
Fig. 3 B. The complete optimization of all structures was performed 
through the evaluation of the analytical gradients. The frequency cal-
culations were employed to determine the vibrational modes of the 
molecule. From the analytical Hessian matrix (the matrix of second 
derivatives of the energy with respect to nuclear coordinates) the 
vibrational frequencies were obtained and used to compute the ther-
modynamic functions of the differently deprotonated structures. ΔG of 
the first deprotonation reaction illustrates the different reactivity of the 
proton with the solvent, emphasizing the fact that the two protons are 
not equivalent. Specifically, the deprotonation reaction involving the 
proton b is slightly favorite in energy respect to the proton a (0.12 kcal/ 
mol difference).

Interestingly, the energetic factors are reflected in the absorption 
pattern derived by TDDFT calculation (see Fig. 3 A). Each spectrum 
exhibits distinct peaks, analyzed in detail in the Supp. Mat (Sect. S1). A 
progressive red-shift of the HOMO-LUMO transition from the acidic 
form to the alkaline fully deprotonated form is recorded. The two mono- 
dissociated states, T(OHa)O⁻ and T(OHb)O⁻ can be distinguish each other 
in the calculated absorbance spectrum. The form with proton Ha is 
slightly more stable and is characterized by a blue-shifted transition. The 
different activation of the two protons as the pH varies leads to the 
desirable broader colorimetric pattern.

3.3. Formation of T-gel by thermal treatment

Given its importance in the biomedical field and in the food industry, 
in-depth studies have been carried out to clarify the gelation mechanism 
of agarose (Tokita M Fau - Hikichi & Hikichi; Zhou et al., 2004). Agarose 
forms thermoreversible gels in water and gelation can take place only 
when parts of the chains form ordered regions (junctions). A charac-
teristic of agarose gels is massive thermal hysteresis, attributed to the 
formation of large stable aggregates at temperatures much higher than 
those at which individual helices form on cooling. The mechanism 
provides that in solution at high temperatures the agarose chains are in a 
random coil conformation (Graham et al., 2019; Tako & Nakamura, 
1988) responsible for the low viscosity plateau. The increase in viscosity 
at about 50 ◦C is due to the formation of double helices of agarose chains 
assisted by formation of intramolecular hydrogen bonds. The H-bonds 
stabilize the double helices and increase the stiffness of the chains. 
Finally, the sharp increase of viscosity at around 40 ◦C (TV transition) 
can be attributed to the aggregation of the double helices of agarose into 
a gel. While at low concentrations (below 2 % w/w) double-helix for-
mation is preceded by spinodal de-mixing into polymer-rich and 
solvent-rich regions, at high concentrations gelation occurs directly 
from a homogeneous solution (Fernández et al., 2008).

In our study, the translucent cylindrical hydrogel samples were ob-
tained from 6 % w/w (agar/water) solution without employ of external 
gelation additives. Six hours gelling time resulted appropriate to achieve 
well-formed free-standing hydrogels. The addition of the dye solution (T 
(OH)2 2 % w/w on the dry agar) to what is supposed to be a solution 
should provide a micro homogeneous gelled product. The formation of 
H-bonds between –OH and –COOH groups of the agar matrix and the dye 
presumably leads to an interpenetrating network, after the appropriate 
gelling time (Baroutaji et al., 2019). The absence of dye-rich micro-
domains may positively affect the sensing performance of the hydrogel 
both in the response time and in the color perception. In addition, 
increasing the agar concentration contributes to an increase in the 
crosslink density which provides a gel with great strength (Augst et al., 
2006).The Winter & Chambon theory (Chambon & Winter, 1987) pro-
vides data on the gelation time and temperature of such systems. The 
thermal behaviour of T-gel samples was investigated by differential 
scanning calorimetry. Fig. S3 shows the thermograms obtained on 
heating and subsequent cooling a T-gel sample. In Fig. S3 A the broad 
signal peaked at 88.0 ◦C corresponds to the melting of the hydrogel, 
(ΔH=4.35 J/g). In Fig. S3 B, the gel formation peak is observed at 30.1 
◦C (ΔH=1.93 J/g). These results agree with literature data for agar gel 
specimen at high agar concentration (Fernández et al., 2008), where 

Fig. 3. (A): UV–vis absorption spectra calculated by TD-DFT analysis in different protonation states. A Lorentzian fitting is adopted with FWHM of 80 nm. (B): the 
related four structures at different levels of deprotonation in different pH conditions. The structures are in energetic order from top to bottom.
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gelation occurs directly from the homogeneous solution.

3.4. FTIR analysis

The spectrum of the pure dye T(OH)2 is shown in Fig. 4 A. In the 
high-frequency side it displays a weak feature at 3100 cm− 1 due to H- 
bonded NH groups and a multicomponent pattern in the 3000 – 
2800 cm− 1 range due to the CH2/CH3 stretching modes. Below 
1800 cm− 1 a rich pattern of sharp, well resolved peaks is observed, 
characteristic of the different functional groups of the molecule. In 
particular, the ν(C––O) of the substituted phenyl benzoate is found at 
1736 cm− 1, and the associated C–O–C vibration at 1264 cm− 1. The 
partially resolved components at 1250 and 1236 cm− 1 are likely 
contributed by the ν(C–O) vibration of the terminal alkyl-aryl ether. A 
doublet at 1524/1515 cm− 1 and a component at 1328 cm− 1 are 
assigned, respectively, to the antisymmetric and symmetric stretching 
modes of the terminal NO2 group. Various peaks in the 1660 – 
1400 cm− 1 range and between 900 and 600 cm− 1 are mostly due to in- 
plane and out-of-plane deformation modes of the substituted aromatic 
rings (Bellamy, 1975; Roeges, 1995). Overall, the IR spectrum confirms 
the postulated molecular structure of the dye. The sharpness and the 
apparent splitting of several peaks (crystal-field splitting) suggests the 
occurrence of long-range ordering.

The spectrum of pristine agar is reported in Fig. 4 B. It displays a 
broad band in the 3700–3000 cm− 1 range mostly due to the ν(HOH) 
modes of residual water plus unresolved ν(OH) and ν(NH) contributions. 
The complex profile centered at 2920 cm− 1 is due to the CH stretching 
modes; a well-resolved band at 1650 cm− 1 is related to the H2O bending 
with possible contribution from residual peptide linkages (amide I 
mode). Prominent features at 1374, 1070 and 1039 cm− 1 are respec-
tively due to CH2 scissoring/ν(S––O) in sulfate ester, CH2 bending of the 
pyranose ring and С–О–Н bending (Rochas et al., 1986; Shahnaz et al., 
2019). Finally, the spectrum of agar with the dye (T-gel at 2 % w/w, 
Fig. 4 C) displays the same features of the neat agar sample plus some 
new peaks originating from the additive (marked by arrows in Fig. 4 A) 
and very weak owing to the low amount of dye in the mixture. The 
marked peaks in Fig. 4 A are recorded at 1730, 1515, 1178, and 
1065 cm− 1. These peaks are detected at frequencies close to those of the 
pristine dye, while the carbonyl displays a redshift of 6 cm− 1. This effect 
can be attributed to molecular interaction of the H-bonding type with 
water and/or agar. All the bands of the dye in the hydrogel display a 
well-defined, mono-profile structure, as opposed to the complex multi-
component pattern observed in the pristine dye. This suggests the sup-
pression of crystal-field effects, i.e. the absence of crystalline order in the 
dye. The spectroscopic analysis demonstrates that in the agar/dye 
mixture the hydrogel structure remains unaltered, and the dye is suc-
cessfully and permanently incorporated into the gel. In fact, the signif-
icant peak shift of the carbonyl and the absence of long-range order 
suggest the occurrence of H-bonding interactions with water and/or 
agar (H-bonding association of –OH groups), which promote dispersion 
and suppress crystallization.

3.5. Compressive strength of T-gel

Maximum stress is an index reflecting the extent of resistance offered 
per unit of contact area towards compression to the gel deformation 
(before breaking). In the case of T-gel samples, a set of measurements 
were recorded, and the medium values gave results consistent with other 
thermally gelled agar hydrogels effectively employed for sensing 
(Banerjee & Bhattacharya, 2011). Computing the average value, we had 
not observed breaking of gels up to an applied strain of 120 KPa, cor-
responding to a compression of 20 %, see graph stress vrs. strain in 
Fig. S4 A.

3.6. Swelling behaviour of hydrogels

Swelling ratio (SR) and water retention ratio (WRR) are key pa-
rameters for the hydrogels (Lv et al., 2019) as they measure the ability to 
maintain the water reserve necessary to act as a sensor. Both SR and 
WWR are function of time and depend on two processes: penetration of 
solvent molecules into the inner free space of hydrogels; relaxation and 

Fig. 4. FTIR spectra spectra in the 4000 – 700 cm− 1 range of (A) T(OH)2, (B) 
agar, (C) T-gel.

Fig. 5. SEM micrographs of the hydrogel surfaces at different magnifications 
and scale bars: 5700x (A); 12000x (B); 16000x (C).
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expansion of the polymer chains after absorbing the solvent. For T-gel 
immersed in water for 10 min, SR reach 105 g/g; 1 hour later SR rises to 
1026 g/g; after 6 hours the equilibrium swelling is reached with the SR 
around 3900 g/g (see graph SR% vrs. time in Fig. S4 B). The T-gel 
sample after reaching the equilibrium swelling at pH=7 and 25 ◦C was 
reused in WRR test. Specifically, the WRR parameter of the sample with 
initial SR 3900 g/g (in air at 25 ◦C with the humidity of around 40 %) 
was found to remain around 80 % after 1 day, and still 65 % after 3 days 
in the same conditions. According with such results, we claim excellent 
water retention capability of our hydrogel samples (J. Chaudhary, S. 
Thakur, M. Sharma, V. K. Gupta, & V. K. Thakur, 2020). This implies the 
possibility of using stable T-gel samples even for long-term pH 
monitoring.

3.7. Hydrogel morphology

The morphology of T-gel was investigated by SEM analysis. In Fig. 5
are shown the SEM micrographs of the hydrogel surfaces acquired at 
different magnifications: 5700x (Fig. 5 A), 12000x (Fig. 5 B), and 
16000x (Fig. 5 C), respectively. The surface of the hydrogels is quite 
rough, with uneven micropore distribution, rather rounded and of var-
iable dimensions. The porous structure offers an advantage for the use of 
T-gel as a permeable, “micro-spongy” medium where protonation- 
deprotonation equilibria easily and rapidly occur.

3.8. Colorimetric response of T-gel in buffered aqueous solution

A series of T-gel round tablets were obtained balancing the speed and 
homogeneity of the response with the long life of the sensor. Due to the 
excellent performance of T(OH)2, a low dye content (2 % w/w of the dye 
relative to dry agar) was sufficient for a clear response in all 
experiments.

The colour display of T-gel at various pH values were investigated by 
employ of the CIE 1931 RGB colour space (International Commission on 
Illumination, 1931). CIE colour space is a quantitative link between 
distributions of wavelengths in the visible spectrum, and physiologically 
perceived colours in human colour vision. For CIE coordinates deter-
mination, T-gel samples were immersed for 1 min in water with a 
Britton-Robinson buffer at pH from 2–12. The different color shape can 
be clearly naked-eye detected for intervals of one pH unit (Fig. 6 A). The 
related CIE coordinates are reported in the table (Fig. 6 D). The colori-
metric pattern was monitored by the mobile app named “RGB Colour 
Detector” on the smartphone camera (Samsung S9). Interestingly, 
samples from pH=2 to pH=7 display the gradual enhancing in the yel-
low colour (points marked in red falling in the G/R region of the CIE 
diagram in Fig. 6 C), while from pH=8 to pH=12 a blue component 
adds, obtaining the gradual enhancing of the magenta colour (points 
marked in blue falling in the R/B region of the CIE diagram in Fig. 6 C). 
This behaviour is associated with the hydrogen transference in the two 
phenolic functional groups, as discussed in Sect.3.2). The calibration 
curve in Fig. 6 B was obtained by plotting the varied intensity ratio of R/ 
B with respect to the pH parameter (R. Diana et al., 2021). The plot 
shows two linear trends, at acidic pH and at basic pH, with a good fitting 
linear coefficient.

3.9. Colorimetric response of T-gel to acid and alkaline vapours

The colorimetric detection capability in the presence of acid and 
alkaline vapors was tested on a series of T-gel samples. Several hydrogel 
tablets were kept in contact with NH3 vapor of a saturated solution in a 
sealed vial. Different exposure times were evaluated, and the colori-
metric response recorded at 5”, 10”, 15”, 20”, 25” and 30”. The samples 
were photographed immediately after exposure (Fig. 7 A) thought after 
24 hours they show unaltered color. The sensor, originally yellow 

Fig. 6. (A): Photograph in natural diffused and shadowed light displaying the gradual colour changes of T-gel samples immersed in water buffered solutions from 
pH=2–12. (B): R/B plot of T-gel colour as a function of pH. The calibration curve was obtained by a smartphone based colorimetric method. (C): CIE diagram: red 
points related to the values in the pH range 2–7; blue points related to the values in the pH range 8–12. The related CIE coordinate values are reported in the table in 
panel (D).
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orange in color (pH=7) records the presence of ammonia even for a 
minimum exposure time, with a gradual intensification of the purple 
color. On the other hand, another series of T-gel tablets were kept in 
contact with HCl vapour of a saturated solution in a sealed vial. Different 
exposure times were evaluated, and the colorimetric response recorded 
at 5”, 10”, 15”, 20”, 25” and 30”. The samples were photographed 
immediately after exposure (Fig. 7 A) thought after 24 hours they show 
unaltered color. The sensor, originally yellow orange in color (pH=7) 
records the presence of HCl even for a minimum exposure time, with a 
gradual intensification of the yellow color.

The exposure to acid/alkaline vapors causes a strong color modifi-
cation, more evident in the case of alkaline vapors. The samples exposed 
to acid vapor display the gradual enhancing in the yellow colour (the 
points marked in red fall in the G/R region of the CIE diagram of 
Fig. 7 C); the samples exposed to alkaline vapor display the gradual 
enhancing in the magenta/violet colour (the points marked in blue fall 
in the R/B region of the CIE diagram of Fig. 7 C). The calibration curve 
for the response in gaseous phase showed in Fig. 7 B was obtained by 
plotting the varied intensity ratio of R/B with respect to the exposure 
time. Also in this case, the plot shows two linear trends, at acidic pH and 
at alkaline pH, both with a good fitting linear coefficient. The intensity 
of the colorimetric response increases compared to what occurs in 
buffered aqueous solutions, plausibly due to the greater vapor perme-
ability of the porous structure of T-gel (see Sect. 3.7). The colorimetric 
response is immediate and even reversible. Samples subjected alter-
nately (up to 5 times) to acid and basic vapors return similar color and 

CIE coordinates (Fig. 7 C). The related CIE values are reported in Fig. 7
D.

3.10. Application of the T-gel indicator for monitoring milk freshness

The T-gel system has proven to be a multipurpose tool for controlling 
the freshness of various perishable foods as it can work in both gas phase 
and aqueous solution. Milk is a highly perishable liquid food that is 
vulnerable to bacteria within a few hours out from refrigerator. Tem-
perature variation during storage and handling has crucial influence on 
microbial activity and product quality (Hu et al., 2022). Milk quality and 
freshness can be monitor by smell, taste, protein concentration, bacterial 
count, and pH. As the predominant bacterial substrate in milk is lactose, 
which is metabolized into lactic acid, the increase in lactic acid con-
centration corresponds to a decrease of pH due to the bacterial growth. 
Specifically, pH of milk ranges from 6.8 to 6.5 (fresh) and decreases up 
to 4.0 as it spoils. Therefore, pH is an excellent indicator of milk fresh-
ness (Weston et al., 2020). A simple, fast, and effective pH indicator for 
milk samples can represent a valuable tool.

T-gel samples were used to monitor milk real samples and milk 
model samples. Commercial samples of low-fat fresh pasteurized milk 
were examined at the time of purchase, stored in air at 25 ◦C for 
48 hours, and stored in air at 25 ◦C for 96 hours. The samples can be 
described as fresh (good quality), spoiling (approaching spoiled), and 
spoiled (poor quality) as their pH value corresponds to 6.7, 5.5, and 4.4 
respectively. On the other hand, milk model samples were prepared by 

Fig. 7. (A): Photograph in natural diffused and shadowed light displaying the gradual colour changes of T-gel samples in contact with NH3 vapour of a saturated 
solution in a sealed vial (above), and of HCl vapour of a saturated solution in a sealed vial (below) for 5”, 10”, 15”, 20”, 25” and 30”. (B): R/B plot of colour as a 
function of the exposure time. The calibration curve was obtained by a smartphone based colorimetric method. (C): CIE diagram: red points related to the values in 
the pH range 2–7; blue points related to the values in the pH range 8–12. The related CIE values are reported in the table in panel (D).
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adding the suitable buffer solution to the fresh milk samples. The acidity 
levels of the model samples were set at pH=4.5, pH=5.5, pH=6.5 
respectively. An additional milk model sample resembling a pathogenic 
milk at pH=7.5 was also obtained by adding the suitable buffer solution 
to the fresh milk sample. The model samples were used to obtain a 

calibration curve valid in our "milk" system, analogous to the acidic 
curve of Fig. 6 B. The acidity was measured in each sample by the 
electronic pH meter.

After immersion in the milk samples for 10 min at 25 ◦C, the T-gel 
samples were gently washed, dabbed with paper, and photographed. 
Upon direct observation (Fig. 8 A), T-gel shows orange colour when 
immersed in the pathogenic model milk (corresponding to pH=7.5), 
different shades of orange yellow in the fresh (pH=6.5) and spoiling 
(pH=5.5) milk, and a neat yellow colour in the spoiled milk (pH=4.5). 
Unlike in water solutions, in the milk samples the color displays slower 
due to the specific colloidal nature of milk, and the indicator response is 
specific. By monitoring the colorimetric response R/B vs. pH in the 
model samples (including the slightly alkaline sample) we obtained a 
linear trend with a good fitting linear coefficient (Fig. 8 B, black points). 
The indicator demonstrated its applicability even for the real milk 
samples. The colorimetric response of T-gel immersed in the real sam-
ples follow the same trend of the calibration curve, confirming replica-
bility and congruence in the examined pH range (Fig. 8 B red points).

3.11. Application of the T-gel indicator for monitoring chicken spoilage

Due to its relatively low-fat content and nutritional value, flavour 
chicken meat is widely consumed all over the world (Ghollasi-Mood 
et al., 2017; Jeon et al., 2010). The product is often marketed in packs. 
Packaged chicken requires the proper handling and storage to reduce 
loss of freshness (Grau et al., 2011). Its high perishability and short 
shelf-life makes it hard to manage (Manouchehri et al., 2020). There-
fore, shelf-life estimation of packaged chicken meat is a hot topic. Many 
relevant articles deal with colour and descriptive sensory analyses of 
stored chicken meat (Lin et al., 2024). At the consumer level, the chroma 
of chicken skin is a poor indicator of spoilage, while the smell of raw 
chicken meat could be a more reliable signal, but effective only in an 

Fig. 8. (A): Visual monitoring of model and real milk samples at different pH 
(photograph in natural diffused and shadowed light) by colour evolution of T- 
gel immersed 10 min in the samples at 25 ◦C. (B): Corresponding R/B colour 
parameters as a function of pH.

Fig. 9. (A): Visual monitoring of packaged chicken freshness at 25 ◦C for 4 days (photograph in natural diffused and shadowed light) and colour evolution of T-gel 
samples as indicators of freshness. (B): Corresponding R/B colour parameters as a function of time. (C): CIE values and pH measured by pHmeter on the chicken meat 
at every day.
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advanced stage of deterioration (Troy & Kerry, 2010). As a product of 
the meat supply chain, the chemical compositional of chicken changes 
during storage resulting in the production of TVB-Ns as biomarkers of 
protein and amine degradation. TVB-Ns gradually produced during 
spoilage mainly consist of NH3 and volatile amines, able to change the 
pH value in the package headspace (Chen et al., 2019). The major 
critical issues of the spoilage colorimetric indicators concern sensitivity, 
durability, ease of use, and ease of naked-eye perception. Storage 

temperature is a determining factor. In many cases, low storage tem-
perature is a limitation of the sensing tool, due to the low number of 
TVB-Ns in the package headspace (Sutthasupa et al., 2021).

In our research, T-gel has proven to be a sensitive device capable of 
gradually changing color even at low temperatures. Its colorimetric 
response was evaluated both in accelerated spoiling conditions (25 ◦C) 
and at refrigerated temperature (4 ◦C). In both experiments, T-gel 
samples were used as an intelligent packaging, placed in a PE capsule 

Fig. 10. (A): Visual monitoring of packaged chicken freshness at 4 ◦C for 10 days (photograph in natural diffused and shadowed light) and colour evolution of T-gel 
samples as indicators of freshness. (B): Corresponding R/B colour parameters as a function of time. (C): CIE values and pH measured by pHmeter on the chicken meat 
at every day.
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separated from the food sample consisting of two chicken thighs (about 
300 g) packaged in a PS tray (approximately 20×10 cm). The chicken 
thighs were used as marketed (no need to chop them to increase the 
surface area).

The colour monitoring was carried out from day 1 to day 4 at 25 ◦C 
(Fig. 9), and from day 1 to day 10 at 4 ◦C (Fig. 10). The colour change of 
the hydrogel sensor was assumed to be associated with the increase in 
TVB-N and pH. The initial colour of T-gel is the yellow-orange colour 
corresponding to pH=7; in both monitoring conditions, the colour 
changes were clearly naked-eye perceivable from the beginning to the 
end of the experiment.

In the experiments carried out at 25 ◦C, the chicken samples can be 
considered from fresh to medium-fresh in days 1 and 2, and R/B 
parameter falls in the yellow-red zone of the colour diagram (Katiyo 
et al., 2020). From day 3 the product starts spoiling and the R/B 
parameter slumps in the magenta-violet zone. In day 4 the product is 
clearly “spoiled” as indicated by the dark violet color of T-gel (Fig. 9 A). 
The corresponding R/B colour parameters as a function of time and the 
CIE values are reported in Fig. 9 B and Fig. 9 C, respectively.

In the experiments carried out at 4 ◦C for 10 days, the colour pa-
rameters remain quite constant for days 1–3. In days 4–5 they gradually 
turn to a lightly darker orange colour, still falling in the yellow-red zone 
of the CIE diagram. In days 6–7 the orange enhances (at the limits of the 
yellow zone in the CIE diagram). From day 8 to day 10 the sample turns 
from spoiling to spoiled and the color turns to magenta-violet and finally 
dark violet (Fig. 10 A), indicative of the neat alkaline pH value of the 
gaseous phase. The corresponding R/B colour parameters as a function 
of time and the CIE values are reported in Fig. 10 B and Fig. 10 C, 
respectively. As expected, in the correct storage conditions (4 ◦C) the 
color of the indicator does not vary continuously and undergoes a sharp 
change starting from day 5. This indicates that the chicken meat of our 
experiment can be considered fresh for day 1–3, medium fresh for day 
4–5, spoiling from day 6–7. Starting from day 8, the sample can be 
considered spoiled.

As a validation of the trials, pH of the chicken meat was determined 
at each stage by the pHmeter (see Sect. 2.8). As documented by relevant 
literature (Kim et al., 2022) changes are expected both in the TVB-N 
production and in the pH value of the chicken meat. The trend of the 
pH parameter due to the spoilage degree in the chicken meat was 
correlated with the CIE colour parameter of the indicator in accelerated 
conditions (Fig. 9 C) and in refrigerated conditions (Fig. 10 C). In both 
cases, the initial pH value (pH of meat = 5.8) fits with the literature 
indication (pH=5.7–6) for the fresh product. Then the pH of the chicken 
meat increases, due to proteolysis.

In the tests at 25 ◦C (Fig. 9 C) the trend is quick and clear. On the 
second day at 25 ◦C the pH reached the value of 6.2. The third day the 
sample starts spoiling, and pH was 7.5. Finally, the fourth day pH of the 
spoiled sample is 7.8, according with literature prevision (Chen et al., 
2019). The pH value of the chicken meat at refrigerated conditions does 
not vary continuously (Fig. 10 C). During days 1–3 pH varies very little, 
the increase is most noticeable between days 4–5 and 6–7. Finally, the 
increase in pH is sharp between day 8 and day 10. Aside from the 
naked-eye test, T-gel appears to be an effective smart indicator of 
chicken shelf life when correlated to the appropriate calibration curve 
by a smartphone app.

4. Conclusions

A responsive soft matter sensor was obtained from a novel pH- 
sensitive dye and an agar matrix. The dye shows high chemical stabil-
ity, colorimetric variation over a wide pH range (2− 12) and high color 
intensity. The detection tool called T-gel was obtained by co-gelling the 
dye at a low percentage in agar during the thermal gelation step. The gel 
samples show excellent water retention capability (SR is around 3900 g/ 
g when reached the equilibrium swelling) and good compressive 
strength (20 % compression under 120 KPa before the breaking). T-gel 

provides a colorimetric response according to different linear trends at 
acid and alkaline pH conditions. The colorimetric pattern was monitored 
in water as a function of pH and in the vapor phase as a function of time. 
Serving as a versatile mini-laboratory, T-gel tablets were used for 
colorimetric monitoring of freshness of milk samples and spoilage of 
chicken samples, at different times (up to 10 days for chicken samples) 
and temperatures (4 ◦C or 25 ◦C). The ease of obtaining, the wide 
spectrum of intense colors, the response speed, the longevity, the 
versatility are the strong point of the sensor. By correlating a colori-
metric app with calibration curve management software, T-gel could be 
a smart tool for the consumer to monitor food shelf life via a smartphone 
device.
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