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Chitosan-Graft-Gelatin Hydrogel Containing Bromothymol
Blue as a Food Spoilage Indicator for Intelligent Food
Packaging

Bahareh Farasati Far, Mehdi Jahanbakhshi, Leila Jameie, Asefeh Shojaei, Kimia Zarei,
Parsa Taromi, Shima Jafarzadeh, and Yavuz Nuri Ertas*

A remarkable one-third of global food production is wasted, resulting
in significant economic damage and escalating food insecurity. To address
this sustainability challenge, freshness identification in food packaging
using intelligent materials has gained traction. This work introduces
a chitosan-graft-gelatin (CS-g-GEL) hydrogel, incorporating a pH-responsive
dye, bromothymol blue (BTB), as a colorimetric freshness indicator
to monitor the spoilage of chicken breasts. The successful formulation
of the hydrogels is verified using FTIR, AFM, SEM, TGA, and 1HNMR
characterization techniques. At pH 5 and pH 7.4, the swelling capacity of the
hydrogel is 790% and 470%, respectively. A rise in colony-forming units (CFU)
from 5.5 on day 1–7.4 log CFU g−1 on day 7 indicate microbial activity, and the
production of carbon dioxide due to deteriorating food freshness decreases
the pH in the food package. Additionally, CO2 concentrations rise from
3.2 on day 1–22.1 (% v/v) on day 7, while O2 levels decreases from 23.8 to
near 0.5 (% v/v) in the same period. The developed hydrogel is demonstrated
to serve as a smart and visual indicator of food freshness and offers
a new dimension in the use of intelligent materials toward a global challenge.
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1. Introduction

In response to a growing need to pro-
vide fresh and safe food, smart packag-
ing has emerged with intelligent indica-
tors to inform consumers about the qual-
ity of the food.[1–4] The use of smart pack-
aging as part of food packaging has the
potential to be advantageous because it is
capable of monitoring conditions in the
packed product, such as spoilage, fresh-
ness, ripeness, bacterial activity, as well as
other characteristics (such as storage con-
ditions and transport).[5,6] The intelligent
packaging has utilized several design el-
ements, including radio-frequency iden-
tification as well as biological and chem-
ical indicators, such as integrity or fresh-
ness indicators and time-temperature
indicators.[7,8] Freshness indicators are
based on the analysis of metabolites
produced by microorganisms and are
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frequently employed in intelligent food packaging systems.[9]

Generally, freshness indicators detect metabolic products pro-
duced by microbial growth (e.g., CO2, organic acids in food, to-
tal volatile basic nitrogen, or sulfur derivatives) and show an ap-
parent color change, revealing the condition of the ingested food
in the package[10] Recent research has shown that pH-sensitive
dyes such as bromothymol blue, methyl red, and anthocyanin
extracts serve as effective indicators of food freshness.[11–15]

Hydrophilic films, such as cellulose-based papers or starch-
based films, are typically used as a dye carrier for the gener-
ation of these indicators.[5,16] Due to dissolved target chemi-
cals (e.g., volatile nitrogen compounds or CO2) in water, col-
orimetric indicators work via pH change.[17] A carrier with
low hygroscopicity or a limited moisture environment within
a sealed package may diminish the sensitivity of the freshness
indicator.[18]

Bromothymol blue (BTB) can be applied in intelligent food
packaging as a pH-sensitive dye that helps in measuring food
spoilage[19] This dye alters its color depending on the pH level,
which makes it a perfect tool for determining the freshness of
the food. When incorporated into the packaging materials, BTB
would change color from blue to yellow as a result of increased
acidity due to spoilage of food products. This real-time color
change will provide a signal to the consumer, thereby promot-
ing food safety and reducing food waste. Several studies estab-
lished the use of the BTB in several food packaging. Cao et al.,
described an intelligent film for real-time meat freshness detec-
tion that is based on cassia gum and BTB-anchored cellulose
fibers.[20] The intelligent films had a sensitive in situ response
to triethylamine, with a highly visible color change from pale yel-
low to blue-green. The light yellow films changed to blue as the
meat (pork or chicken) transitioned from a fresh to a subfresh
state, thus demonstrating that the intelligent films can accurately
indicate the freshness of meat products. To monitor the fresh-
ness of skinless chicken breasts by detecting food spoilage, Ruk-
chon et al., developed an on-package indicator consisting of two
groups of pH-sensitive dyes, one of which is a mixture of bro-
mothymol blue and methyl red, while the other is a mixture of
bromothymol blue, bromocresol green, and phenol red.[21] CO2
was used as a spoilage metabolite, and trials on skinless chicken
breast samples verified that the indicator response correlated
with microbial growth patterns, thus enabling real-time moni-
toring of spoilage. To address the weakness of the color response
of pH-sensitive dyes to target chemicals produced during food
spoilage, highly hydrophilic or water-containing materials such
as hydrogels have been proposed as a way of preparing indicators
since humidity affects the dye’s sensitivity and efficiency of color
changes.

A hydrogel is a 3D network based on hydrophilic macro-
molecules capable of retaining a large amount of water.[22]

Various techniques can be used to fabricate hydrogels, in-
cluding polyelectrolyte complexation, ionic interaction, thermo-
reversible gelation, chemical grafting or cross-linking, and hydro-
gen bonding.[23–25] Due to their various advantages in biodegrad-
ability and biocompatibility, natural polymer-derived hydrogels
are receiving more attention as a sustainable alternative to syn-
thetic materials. Proteins and carbohydrates are natural poly-
mers that form hydrogels. Chitosan (CS) is a polysaccharide
derived from chitin, which has been shown to be a safe,

non-toxic, biodegradable, and antibacterial agent.[26,27] By in-
teracting with the negatively charged membrane of the mi-
crobial cell, the CS molecule can cause leakage of compo-
nents from within the bacterial cell.[28] CS can be used in a
wide variety of biological applications due to its synergistic ef-
fects when combined with different substances.[29,30] Proteins
can be formulated with CS to improve their structural, mor-
phological, and functional properties. The crosslinkers used
in many commercial hydrogels are often costly.[31] Therefore,
it is important to develop and use environmentally friendly
and bio-based crosslinkers.[32] Gelatin (GEL) possesses excel-
lent properties of being biocompatible, gelating, emulsifying,
and adsorption characteristics and is obtained through colla-
gen hydrolysis.[33] The gel-forming properties of gelatin make
it widely used in the photography, cosmetics, and pharmaceu-
tical industries. GEL, which can be easily dissolved in water,
has many applications related to the food industry; it also plays
an integral role in the functional and structural properties of
the gel.

The role and significance of grafting in the creation of CS-g-
GEL (chitosan-graft-gelatin) hydrogels are foundational to the for-
mation and stabilization of the hydrogel structure. These hydro-
gels are formed through both chemical and physical cross-linking
processes. Physical cross-linking relies on non-covalent interac-
tions, such as hydrogen bonds and hydrophobic interactions, to
form a 3D network, whereas chemical cross-linking creates co-
valent bonds between polymer chains, giving the hydrogel struc-
tural stability. In the case of CS-g-GEL, the overall properties of
the hydrogel are a result of both types of interactions. In partic-
ular, the formation of the hydrogel is initiated by non-covalent
physical interactions such as the hydrogen bonds between CS
and ammonium ions. Covalent bonds between CS and formalde-
hyde, and between formaldehyde and GEL, also cross-link the
material and turn the solution into a gel-like substance. The re-
sulting hydrogel has a CS structure grafted with GEL molecules,
which shows the importance of grafting in stabilizing and en-
hancing the functional properties of the hydrogel for various ap-
plications. The aim of this investigation was to develop a food
packaging hydrogel involving GEL and CS and to assess the
swelling characteristics of these materials at different pH levels.
1HNMR, FTIR, and TGA measurements were utilized to deter-
mine the interactions between the components. Using FE-SEM
and AFM analyses, the morphology of freeze-dried CS hydro-
gel cross-linked with GEL was examined. The produced hydrogel
was then examined for its antibacterial activity and its capacity
to monitor spoiling using indicator hydrogels, such as changes
in CO2 and O2 concentrations and colony-forming units (CFU).
The CS-g-GEL hydrogel was shown to be a useful material for
intelligent food packaging as a food spoilage indicator.

2. Experimental Section

2.1. Chemicals and Materials

Chitosan with medium molecular weight (98% deacetylation)
and gelatin (type A, from porcine skin, 300 g Bloom) were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Glacial
acetic acid, aq. formaldehyde (37% in water), ammonia (25% in
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Figure 1. Synthesis pathway of the CS-g-GEL hydrogel.

water), aq. hydrochloric acid (37%), ethanol (96%), and methanol
(≥99.9%) were obtained from Merck (Germany).

2.2. Synthesis Method

The process developed by Farasati Far et al., was modified to cre-
ate the CS-g-GEL hydrogel.[34] To create a transparent CS solu-
tion, 1200 mg of CS was dissolved in 1% acetic acid solution (v/v)
and thoroughly mixed with a magnetic stirrer for 8 h. The proto-
nation process was then started by gradually adding 5 mL of 37%
formaldehyde solution, which formed an iminium ion for 2 h,
as shown in Figure 1. 500 mg of GEL was added to the CS solu-
tion for cross-linking. After that, a magnetic stirrer was used to
agitate this mixture for an additional 48 h. A solution containing
25% ammonia was added to induce gelation, which caused the
hydrogel to form quickly. Ethanol (96%) and methanol (≥99.9%)
were used to wash the hydrogel with three replicates in order to
remove any unbound or unreacted materials. The next step was
vacuum filtration and drying in a 50 °C vacuum oven. CS-g-GEL
hydrogel was immersed in the indicator water solution to prepare
the indicator hydrogel. The indicator solution was developed by
originally mixing BTB in aqueous ethanol (70%, v/v) to achieve a
concentration of 0.25% (v/v), followed by dilution to 0.01% (w/v)
with distilled water to create the indicator water solution. First,
the pH of the indicator water solution was adjusted to 7, and then
the hydrogel was immersed in the solution for 24 h. Once the

dyed hydrogel had been removed, filter paper was used to dry the
wet surface.

2.3. Characterization of Hydrogels

2.3.1. 1H NMR Analysis

1H NMR spectra were measured on an Avance Bruker DRX-500
spectrometer. Deuterium (D2O) was used as the solvent, and the
solvent signal was used for internal calibration. (D2O): 𝛿 (1H) =
4.79 ppm.

2.3.2. Fourier Transform Infrared (FTIR) Analysis

Without further sample preparation, Fourier transform infrared
(FTIR) spectra were obtained in transmission mode on an FT-IR
spectrometer Agilent Cary 630 (Agilent Technologies/EUA).

2.3.3. Field Emission Scanning Electron Microscopy (FE-SEM)
Analysis

Field emission scanning electron microscopy (FE-SEM) (Top-
con/Singapore) was used to study the morphology of the CS-g-
GEL. The samples were coated with a thin 16 nm gold film (Bal-
Tec/USA).
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Figure 2. Schematic illustration of the formation of the CS-g-GEL and CS-g-GEL/BTB hydrogels.

2.3.4. Thermogravimetric Analysis (TGA) Analysis

TGA analysis was performed on an STA 449F3 Calorimeter (Net-
zsch/Germany) (Model TGA 50, Japan). This calorimetric exper-
iment was performed at a heating rate of 10 °C min−1 under
a nitrogen atmosphere over the following temperature ranges:
25–300 °C.

2.3.5. Atomic Force Microscopy (AFM) Analysis

Atomic force microscopy (AFM) was performed using a
NanoScope E system manufactured by Digital Instruments
(USA). The AFM analysis was conducted in contact mode.

2.4. Swelling Behavior of Hydrogels

CS-g-GEL/BTB hydrogel was prepared into 250 mg tablets to de-
termine the swelling rate and the percent of water absorbed by
the hydrogel. In order to assess the swelling behavior of CS-g-
GEL/BTB hydrogel at various pH values (pH 5, pH 7.4), each CS-
g-GEL/BTB hydrogel was stored in a buffer solution for 24 h at
room temperature. This was followed by the removal of all ex-
cess water not incorporated into the hydrogel structure and the
weighing of each interval of excess water. Dry hydrogels were im-
mersed in buffer solution and weighed using Equation (1), where
Ws and Wd are the swollen and dried weights, respectively (n =
3 for each data point). Also, equilibrium water content (EWC%)
was calculated using Equation (2).

Swelling ratio (SR) = (Ws − Wi) ∕Wi (1)

Equilibrium water content (EWC%) = (Ws − Wd) ∕Ws × 100 (2)

where Ws and Wi are the weights of swollen and initial hydrogels,
respectively.

2.5. Application of Indicator Hydrogel as Spoilage Monitor (CO2,
O2, and Colony Forming Units Investigations)

A sterile glass vial was used for the storage of 3 g of fresh chicken
breast. The indicator hydrogel, which had been prepared in the
beginning, was placed on an aluminum shelf positioned above
the meat, ensuring that there was no direct physical contact be-
tween the two items. The glass vial was sealed with PTFE rubber
septa and kept in a refrigerator at a temperature of 4 °C for a
duration of 7 days. The Mocon headspace analyzer (CheckMate
3, Dansensor, Denmark) was utilized in order to determine the
degree to which the concentration of CO2 and O2 in the atmo-
sphere of the sealed chicken sample changed over 7 days of stor-
age. Plate counting was utilized in order to determine the total vi-
able count of the bacteria that were present in the chicken meat.
On predetermined storage days, a chicken sample weighing 3 g
was moved to a glass flask that contained 20 mL of PBS. Sub-
sequently, the mixture was agitated at a speed of 350 rpm for a
duration of 10 min in order to achieve a uniform bacterial so-
lution. A series of dilutions were made and then applied to the
surface of the LB agar plates. The Petri dishes were subsequently
placed in an incubator at a temperature of 37 °C for a duration
of 24 h to facilitate the analysis of microorganisms. The bacterial
counts were quantified as colony-forming units (CFU) per gram
of chicken sample (CFU g−1).

2.6. Assessment of Antimicrobial Activity of Hydrogels

The agar disk diffusion method was used to assess the hydrogel’s
antibacterial activity against gram-positive (Staphylococcus aureus)
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Figure 3. 1HNMR spectrum of CS-g-GEL.

and gram-negative (Escherichia coli) bacteria.[35] The fresh target
bacteria were cultured, and a diluent solution, such as physiolog-
ical serum, was used to create a bacterial suspension with a con-
centration of 0.5 McFarland (equivalent to 1.5 × 108 CFU mL−1).
The bacterial suspension was diluted in order to reach the tar-
get cell count. Next, a sterile cotton swab was used to apply the
bacterial suspension to the agar plate surface. The hydrogel sam-
ples (15 μL) were loaded onto the sterile discs’ surface. The plates
were incubated at 30 ± 5 °C for 48 h in a temperature-controlled
incubator. Using a ruler or vernier caliper, the diameter of the
growth inhibition zone encircling the discs was measured after
incubation and recorded in millimeters. After three analyses of
each bacterial strain, the mean values were determined.

2.7. Statistical analysis

Curve fitting and statistical analysis were carried out utilizing
GraphPad Prism software, version 8 (GraphPad Software, Inc.,
USA (San Diego, CA). The means ± standard deviations were
used to represent the data from three separate experiments. A
one-way analysis of variance was used to determine statistical sig-
nificance after the data sets’ homoscedasticity and normality were
confirmed. The predetermined level of statistical significance for
each analysis was p = 0.05.[36]

3. Results and Discussion

3.1. Synthesis Mechanism of CS-Based Hydrogels

There are several ways to create CS-based hydrogels, includ-
ing chemical and physical cross-linking processes.[37] Chemi-
cal cross-linking creates covalent bonds between polymer chains
to give structural stability,[38] whereas physical cross-linking de-
pends on non-covalent interactions between polymer chains,
such as hydrogen bonds and hydrophobic interactions, to form

a 3D network.[39] The mechanisms by which CS-g-GEL hydro-
gel was formed in this study were non-covalent physical inter-
actions (hydrogen bonds between CS and ammonium ions) and
covalent bonds between CS and formaldehyde and formaldehyde
with GEL. The attachment of GEL to CS is shown in Figure 1.
Figures 1 and 2 depict the CS-g-GEL hydrogel design approach.
The first step in the procedure is to prepare a CS solution, which
is then protonated in an acidic environment. This is accom-
plished by subjecting the amine groups in the CS to an acid—
usually acetic acid—which causes the amine groups to acquire a
positive charge.[40] Following protonation, formaldehyde is added
to the CS. Iminium ions, a particular kind of stabilized cation, are
created when the formaldehyde combines with the protonated
amine groups. This process, which is also known as the forma-
tion of a Schiff base, involves the loss of a water molecule.[41] The
mixture is then supplemented with GEL, which contains reac-
tive compounds. The iminium ions on the backbone of the CS
undergo a reaction with the reactive compounds present in the
GEL. This is an important step because it causes the CS chains to
cross-link, which turns the solution into a gel-like substance.[28,42]

At room temperature, the cross-linking reaction is facilitated over
time. Finally, an ammonia solution is added to finish the hy-
drogel formation. The hydrogel matrix is further stabilized, and
the surplus hydrogen ions are probably neutralized by the am-
monia. The end product is a hydrogel in which the CS struc-
ture was grafted with molecules of GEL. Farasati Far et al., used
this economical and bio-based technique to create antibacterial
and antioxidant pads using chitosan-graft-pomegranate extract
hydrogel.[32]

3.2. Characterization of Hydrogels

3.2.1. 1HNMR Analysis

In order to investigate the CS-g-GEL hydrogel, 1H NMR spec-
troscopy was conducted in D2O. The zone of the proton peaks
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Table 1. 1HNMR Characteristic proton of the amino acids of GEL.

Characteristic Proton of
the Amino Acids of GEL

Chemical Shifts Before
Grafting [ppm]

Chemical Shift After Grafting
[ppm]

𝛾-threonine (𝛾-Thr) 1.2 1.3

𝛽-threonine (𝛽-Thr) 4.3 4.48

𝛽-serine (𝛽-Ser) 3.9 3.8

𝜖-hydroxylysine (𝜖-Hyl) 3 2.95

𝜖-lysine (𝜖-Lys) 3 2.95

𝛾-hydroxyproline (𝛾-Hyp) 4.6 4.98

𝛽-hydroxyproline (𝛽-Hyp) 2.4 2.47

for pure CS was reported at 4.6 ppm (H1 of the glucosamine
ring), 3.1 ppm (H2 of the glucosamine ring), and within the range
of 3.1–3.8 ppm (H3, H4, H5, H6).[43] As shown in Figure 3, the
acetyl group (─CH3) is responsible for the signal at 1.960 ppm,
whereas the H2 proton associated with CS is responsible for the
signal at 2.835 ppm. According to a study, the signal at 2.835 ppm
in CS is caused by the proton H2, whereas the acetyl group
may be in charge of the chemical shifts at 1.960 ppm.[41] CS has
chemical shifts ranging from 3.70 to 4.00 ppm corresponding to
H3–H6 protons. Chemical shifts between 3.43 and 4 ppm are
caused by CS protons.[28] As a result of the cross-linking of gelatin
and chitosan, methylene groups are formed at a frequency of
2.596 ppm (H8, H9). A signal in the range of 5.102 ppm is pro-
duced by hydrogen bonding to anomeric carbon (H1). According
to Table 1 and Figure 3, typical peaks of amino acids were previ-
ously reported in 1H-NMR analysis of GEL (𝛾-threonine, 𝛾-Thr),
𝛽-threonine (𝛽-Thr), 𝛽-serine (𝛽-Ser), 𝜖-Hydroxylysine (𝜖-Hyl), 𝜖-
Lysine (𝜖-Lys), 𝛾-hydroxyproline (𝛾-Hyp) and 𝛽-hydroxyproline (𝛽-
Hyp).[44] The characteristic peaks of amino acids were shifted
after GEL was grafted into CS, demonstrating the grafting
process.

3.2.2. FTIR Analysis

Figure 4a displays the FTIR analysis of CS, GEL, CS-g-GEL,
and CS-g-GEL/BTB hydrogels. The CS spectrum displays spe-
cific peaks at 974 cm−1 (C─O stretching), 1026 cm−1 (C─O─C
stretching), 1072 cm−1, and 1152 cm−1 (C─O stretching). Addi-
tionally, amides I and III exhibit absorption bands at 1642 and
1363 cm−1, respectively. There is also a broad peak at 3345 cm−1

due to NH symmetric vibrations in the amino group.[42] The
FTIR spectrum of the pure gelatin show that the peaks at 3450
and 3423 cm−1 were due to N─H stretching of secondary amide,
C═O stretching at 1680 and 1640 cm−1, N─H bending between
1550 and 1500 cm−1, N─H out of plane wagging at 670 cm−1

and C─H stretching at 922 and 2850 cm−1. The characteristic
peak of the collagen fold in 3360 cm−1 is absent in the spec-
trum, which indicates the denaturation of collagen to produce
gelatin. There is a broad peak at 3350 cm−1 associated with
stretching vibrations between N─H and O─H. The bands at
1005–1020 cm−1 may correspond to absorptions caused by C─N
stretching. There is an absorption band at 1657 cm−1 associ-
ated with the N-acetyl groups (C═O stretching of amide I), and a
characteristic peak at 1561 cm−1 associated with the N─H bend-
ing. There is a peak at ≈1397 cm−1 (C─O─R), which repre-

sents the chemical crosslinking between GEL and CS. For CS-
g-GEL/BTB, O─H stretching vibration bands enhanced due to
the interaction of the hydroxyl group in BTB with the amine
groups in CS, the intensity of the peaks for C─H, C─O─C,
and C─C increased, and the enhanced band at 1726 cm−1 at-
tributed to C═O vibrations appeared. Also, sulfonate stretch-
ing can be seen ≈1350–1470 cm−1 after dying hydrogel with
BTB dye.

3.2.3. Rheological Properties

Figure 4b shows the rheological properties of the CS-g-GEL hy-
drogel at different shear rates and shear stresses. At very low
shear rates (0.01 1/s), the hydrogel shows a high viscosity of
38600 (Pa.s), which depicts that the hydrogel is highly viscous
and in a gel-like state. This implies that the material is non-
Newtonian, especially showing shear-thinning behavior due to
the rapid reduction in the viscosity as the shear rate rises. This
property enables the hydrogel to respond uniformly to mechan-
ical stress, which is of significance in instances such as that of
food spoilage indicators. Thus, at the shear rates of ≈1 (1/s),
the viscosity is equal to 13100 (Pa.s), and as the shear rates in-
crease, the viscosity further decreases and is equal to 105 (Pa.s)
when the shear rates are 1000 (1/s). These observations indi-
cate that the hydrogel is capable of shifting from one mechani-
cal state to another while retaining its functionalities, based on
the applied shear rates. This characteristic of having high vis-
cosity at low shear rates and shear thinning behavior guaran-
tees that a uniform layer of the hydrogel is formed for tracking
food spoilage. The reduction in viscosity under shear guaran-
tees that the hydrogel responds sufficiently to physical interac-
tions like handling and packaging and does not lose its struc-
tural and functional characteristics. This makes the CS-g-GEL
hydrogel ideal for smart food packaging systems where it is nec-
essary to continuously check for spoilage markers such as the
pH level. CS hydrogels exhibit shear-thinning behavior, mean-
ing their viscosity decreases with an increasing shear rate.[45,46]

A study on the rheological behavior of dual network hydrogels
of acrylamide and sodium alginate showed similar shear thin-
ning behavior; the viscosity of the hydrogel decreased roughly
with the increase in the shear rates.[47] This behavior guarantees
that the hydrogel will not self-demolish as a result of mechanical
stresses, which comes in handy in instances such as food spoilage
sensors.

3.2.4. Thermogravimetric Analysis (TGA) Analysis

A thermogravimetric analysis was conducted to evaluate the ther-
mal characteristics of the CS-g-GEL hydrogel. Two steps in the
weight loss of the CS-g-GEL hydrogel were observed according
to the TGA curve. During the initial region until 132 °C, a weight
loss of 8.16% is attributed to the physical adsorption of water.
As for the second weight loss step, which accounts for 78% of
the weight loss of the CS-g-GEL (132–600 °C), thermal decom-
position of the hydrogel bonds as well as the pyranose ring of
the CS take place (Figure 4c). There were two phases of weight
loss for CS. The initial phase begins at a temperature of 60 °C,
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Figure 4. a) FTIR spectra of CS, GEL, CS-g-GEL, and CS-g-GEL/BTB. b) The flow curve of viscosity, c) TGA, and d) DTG of CS-g-GEL hydrogel.

which results in a mass reduction of 10%. The second stage initi-
ates at 240 °C, achieving a peak at 380 °C, leading to a weight
reduction of 41.4%. At ≈318 °C, GEL began to lose weight as
a result of protein chains and peptide bonds breaking. For CS-
g-GEL, the second stage starts at 132 °C and peaks at 300 °C,
showing that CS-g-GEL changes the decomposition tempera-
tures compared to pure CS and GEL. In a study, the TGA curve
of chitosan-g-glycerol and carboxymethyl chitosan-g-glycerol hy-
drogels showed weight loss at 230–600 °C due to the thermal de-
composition of the pyranose ring of chitosan and polymer struc-
ture degradation.[34] Differential thermogravimetry (DTG) was
also used to determine the CS-g-GEL hydrogel (Figure 4d). Us-
ing DTG analysis, it was also confirmed that CS-g-GEL degrades
in two steps between 27 and 600 °C. At 30 °C, the main decom-
position peak for CS-g-GEL can be seen on the DTG curve. The
maximum degradation of both CS and GEL occurs ≈300 °C. Be-
cause of the crosslinking of GEL with CS, TGA thermograms
and DTG curves indicate that the thermal stability of CS-g-GEL
is higher than that of CS. These results are in excellent agree-
ment with those suggested by Jridi et al., that combining GEL and
CS in a 50/50 ratio can enhance the physico-chemical properties
of CS.[48]

3.2.5. Morphological Properties

The morphology of freeze-dried CS hydrogels crosslinked with
GEL is shown in Figure 5a. CS-g-GEL hydrogel exhibits high
porosity, crosslinking, and 3D structure. Crosslinked networks
may lead to interconnections in CS-g-GEL hydrogel. In addi-
tion, water is absorbed by the hydrophilic sites of hydrogels dur-
ing freeze-drying, making them porous. CS-g-GEL hydrogel can
swell as a result of its porous structure, decreasing resistance
caused by the flow of water. Figure 5b appears to have a denser
network with a more compact and intertwined structure com-
pared to Figure 5a, which may be due to the possible interaction
of BTB with CS-g-GEL hydrogel.

The EDX spectrum of CS-g-GEL hydrogel is comprised of car-
bon (C) (51.17 wt.%), nitrogen (N) (20.21 wt.%), and oxygen (O)
(28.62 wt.%) (Figure 5c). This composition is characteristic of CS
and GEL, which consist of these elements mainly because of their
polysaccharide and protein nature. The elemental composition
of the hydrogel is slightly different due to the presence of BTB
in the CS-g-GEL/BTB hydrogel. The elemental analysis shows
that the ratio of carbon, nitrogen, oxygen, sulfur, and bromine in
CS-g-GEL/BTB hydrogel is 39.42 wt.%, 27.61 wt.%, 30.27 wt.%,

Adv. Mater. Interfaces 2025, 2400799 2400799 (7 of 13) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 5. FESEM cross-sectional images of a) CS-g-GEL and b) CS-g-GEL/BTB hydrogel, EDX analysis of c) CS-g-GEL and d) CS-g-GEL/BTB hydrogel,
and e,f) 2D and 3D AFM images of CS-g-GEL hydrogel and g,h) CS-g-GEL/BTB hydrogel.

1.60 wt.%, and 1. 10 wt.%, respectively (Figure 5d). The peaks cor-
responding to sulfur and bromine are evident, which confirms
the presence of BTB in the hydrogel, thus suggesting successful
loading of BTB into the matrix.

The AFM images present quantitative information on the sur-
face characteristics of these hydrogels. The color scale of height
is used in the 2D image CS-g-GEL, where high areas are rep-
resented in blue and low areas in red. The 3D image gives en-
hanced details about the roughness and texture of the surface,
showing the raised features and the difference in height of up
to 162 (Figure 5e,f). The 2D image of the CS-g-GEL/BTB reveals
phase height differences in the range of 121 nm, which is fur-
ther illustrated in its 3D image (Figure 5g,h). The surface of CS-
g-GEL hydrogel seems to be rougher, which may imply that it
is more irregular than the other samples. CS-g-GEL/BTB hydro-
gel has comparatively low roughness values, which indicates that
the surface of the hydrogel is smoother. CS-g-GEL hydrogel has
higher peaks, up to ≈162 nm. However, CS-g-GEL/BTB hydrogel
exhibits significantly smaller peaks of up to 121 nm.

3.2.6. Swelling Properties

The swelling ratio of the CS-g-GEL/BTB hydrogel was deter-
mined by immersing the hydrogel in distilled water (pH 7.4) and
buffer at pH 5. Figure 6 illustrates the effects of pH levels on
the swelling ratios of CS-g-GEL/BTB hydrogel in relation to time.
There are three types of covalently cross-linked CS based on the
structure of their polymer chains: CS cross-linked to itself, hy-
brid polymer networks (HPNs), and semi- or fully interpenetrat-
ing polymers.[49] In this study, physical entanglements and cova-
lently cross-linked chemical interactions in the presence of GEL
played an essential role in the formation of CS-g-GEL/BTB hy-
drogel. Therefore, crosslinking leads to a structure that contains
many pores that can be filled with water and BTB. The swelling
ratio of CS-g-GEL/BTB hydrogel typically changes at different pH
values. A change in pH can affect the swelling ratio by protonat-
ing and deprotonating functional groups. Because CS’s primary

amine has a pKa of 6.5, the amines in the polymer chain are pos-
itively charged (NH3

+) when the pH in the solution is lower than
6.5, resulting in swelling. In a study, the swelling ratio of a CS-
diethyl malonate hydrogel was examined, revealing that the hy-
drogel demonstrated a swelling ratio of ≈600% at pH = 7.4 after
24 h, underscoring its ability to absorb water and expand under
pH = 7.4.[50] Additionally, the equilibrium water content of CS-g-
glycerol hydrogel exhibited EWC value of 97% at 7.4 after 24 h.[34]

3.3. Indicator Hydrogel and CO2 Response

As a dye pH indicator, BTB is incorporated into the indicator hy-
drogel, which changes color from blue to yellow as the pH drops.
An indicator solution with different pH values demonstrated a
visual color difference (Figure 7a). The color changed to yellow
when the pH level reached 3. A blue color was observed as the pH
reached 12. The BTB-dye pH indicator was carried upon a CS-g-
GEL hydrogel, which also served as an adsorbent for CO2. Due to
the presence of a high amount of water in the network of the hy-
drogel, it serves as a reservoir in which CO2 dissolves and forms
carbonic acid, causing a visible change in the color of the dye pH
indicator incorporated in the hydrogel (Figure 7b). Because CO2
dissolves rapidly and proton generation occurs quickly, the indi-
cator hydrogel changes color more rapidly and more sensitively
than ordinary indicators. The UV–vis absorption spectra of BTB
consist of several peaks, which change with the change in pH
(Figure 7c,d). At reduced pH values, the absorption maxima are
found at shorter wavelengths, and that represents the protonated
form of the dye (Figure 7e). Deprotonated forms are represented
in a new position toward longer wavelengths as the pH level in-
creases. At pH 3.5, it is possible to note the significant increase at
≈450 nm, after which the intensity of the peak gradually reduces
up to ≈615 nm with an increase in pH. The changes between
these pH levels are not as drastic as the acidic range, but they are
visible, especially the peak at ≈615 nm rises with increasing pH.
These changes in the absorption spectra of BTB with the changes
in pH make it ideal for use when showing changes in pH in its
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Figure 6. a–c) SR (%), EWC (%), and optical microscopic images of swelling of CS-g-GEL hydrogel at pH 7.4. d–f) SR (%), EWC (%), and optical
microscopic images of swelling of CS-g-GEL hydrogel at pH 5.

different uses in applications such as intelligent food packaging
showing spoilage through change in color.

3.4. Correlation of the Indicator Hydrogel Response to Chicken
Breast Freshness

The freshness of chicken breasts quickly decreases with time,
even when stored at 4 °C. Chicken meat spoilage is generally at-
tributed to microorganisms as well as the production of CO2 and
basic nitrogen gases (e.g., trimethylamine, ammonia, dimethy-
lamine) by microbes.[21] This means that changes in CO2 lev-
els inside the chicken meat packaging can be used to indirectly
monitor the freshness of chicken meat.[51] It was worth explor-
ing the possibility of using the prepared indicator hydrogel as
a freshness indicator since it proved to be sensitive to CO2 and
showed color changes related to its CO2 levels. Figure 7f–h illus-
trate the application of a freshness indicator produced from the
hydrogel to packaged chicken breasts. A separate chamber inside
the package was designed to place the pH-responsive dyes away
from the packed food since the dye is not food contact-grade dye.
Following 2 days of the addition of fresh chicken to the indica-
tor hydrogel, the hydrogel quickly changed color from green to
green-yellow, signaling that CO2 was being generated. A notice-
able color change was noticed after 3 days at 4 °C, suggesting
that it can be used in intelligent packaging. In order to fabricate
a robust hydrogel-based indicator, the effect of temperature, the
limited level of CO2 detection, and color persistence require fur-
ther investigation. The meat has an off odor as well as a high level
of CO2 after the third day. On this day, the indicator hydrogel dis-
played a yellow color in agreement with its high CO2 content,
indicating it is useful for detecting spoilage of chicken meat.

3.5. Indicator Hydrogel and CO2 Response

Figure 8 displays the colony-forming units (CFU), CO2 produc-
tion, and O2 consumption of packaged chicken breasts over 7
days. A schematic illustration of the colony-forming units anal-
ysis procedure is shown in Figure 8a. The log CFU/g increases
from day 1 to day 7, indicating a higher CFU count during the
middle of the incubation period. Days 1 and 3 show a slightly
higher increase compared to day 2, while day 4 subsequently in-
creases sharply, showing microbial growth and spoilage period
(Figure 8b,c). The concentration of CO2 (%V/V) continues to rise
progressively during 7 days and reaches a level of <5% on the
first day and 25% on the seventh day (Figure 8d,e). The increase
in CO2 levels is proportional to microbial action and metabolic
activity within the packaged chicken. On the other hand, the O2
levels measured in % V/V significantly reduced from day 1 to day
7. O2 levels at the beginning of the experiment were ≈21% on
day 1, then dropped due to the consumption of O2 by the aerobic
microorganisms (Figures 8f,g). O2 levels were almost nonexis-
tent on the 7th day. The decrease is shown on the heat map chart
(f), where the colors gradually change from warm to cool. These
changes regarding the most important metabolites, such as CFU,
CO2, and O2, are effective markers for spoilage as well as the ef-
ficiency of the CS-g-GEL/BTB hydrogel for monitoring chicken
breast freshness spotting. Using the absorbent BTB dye that al-
ters color with a change in pH due to CO2 production, spoilage
can be detected. Kim et al., prepared a bromocresol purple dye-
based pH-responsive indicator and stored chicken breast samples
at 4 and 10 °C, and pH values were measured using a pH meter.
The pH was initially stable and low (pH 5.9–6.0), indicating fresh
chicken. The pH increased slightly to 6.1 at 4 °C and was constant
for 6 days, then rose sharply. The pH of the sample increased
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Figure 7. a) A comparison of BTB color changes in response to pH, b) color of CS-g-GEL/BTB hydrogel after being packed with chicken breast,
c,d) the influence of pH on the absorption spectrum of the indicator solution, e) changes in BTB structure in acidic and alkaline solutions, and f)
color of CS-g-GEL/BTB hydrogel with chicken breast in 1, g) 2, and h) 3 days at 4 °C.

steadily and linearly at 10 °C and reached a value similar to that of
the 6-day sample stored at 4 °C after 3 days.[52] Physicochemical
and microbiological deterioration of chicken quality was linked
to the change in pH. They explained that the start of deteriora-
tion is indicated by a pH range of 6.3–6.5, with increased pH due
to the accumulation of trimethylamine and other volatile basic
nitrogen compounds from microbial activity. They reported that
fast spoilage is signaled by rapid pH increases and is correlated
with the total viable count. In another study, Lu et al., developed
sugarcane bagasse nanocellulose hydrogel containing bromothy-
mol blue/methyl red, and the hydrogel color changed to orange–
yellow after 24 h and then to bright red after two days of storage at
4 °C, indicating a high level of CO2.[53] The study also examined
the CO2 emission by putting chicken samples with the hydro-
gel in closed containers; the color of the hydrogel changes with

the CO2 concentration. This was accompanied by increased mi-
crobial counts (CFU) during storage. Microbial counts and CO2
levels were highest on day four, while oxygen was completely con-
sumed by the end of the week.

3.6. Antibacterial Activity

CS-g-GEL and CS-g-GEL/BTB hydrogels were tested for antibac-
terial activity using the agar disk diffusion method. The CS-g-
GEL hydrogel had a higher antibacterial activity when it was
tested against Escherichia coli ATCC 11775 and Staphylococcus
aureus ATCC 12600 (p = 0.0036) (Figure 9a). As a result of
CS and GEL being present in the CS-g-GEL hydrogel, consid-
erable antibacterial activity was observed. CS-g-GEL hydrogel
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Figure 8. a) Schematic illustration of the colony-forming units analysis procedure. The colony-forming units b,c), carbon dioxide d,e) production, and
oxygen f,g) consumption of packaged chicken breasts over seven days. (For all charts, ****p< 0.0001; ***p< 0.001; **p< 0.01; *p< 0.05).

demonstrated inhibition zones of 12 ± 1 mm and 9 ± 1 mm
against Escherichia coli ATCC 11775 and Staphylococcus aureus
ATCC 12600, respectively (Figure 9b). CS (─NH3

+) is reported
to interact negatively with bacterial cell walls due to its positively
charged amino groups, which eventually disrupts cell respiration,
mitosis, and bacterial viability.[54,55] CS-g-GEL/BTB hydrogel did
not show antibacterial activity against Escherichia coli and Staphy-
lococcus aureus (Figure 9c,d). BTB itself does not have inherent
antibacterial activity. It is primarily used as a pH indicator and
could potentially alter the chemical environment of CS. The inter-
action between BTB and CS could interfere with the protonation
of chitosan’s amino groups, which are essential for its antibacte-
rial properties. This interference could diminish the effectiveness
of CS in disrupting bacterial membranes. In other words, while
CS is active in its natural form, its antibacterial function may be
diminished when it is embedded in a matrix that alters its struc-
ture or environment, like with BTB.

4. Conclusion

It is important to consider freshness when consuming and stor-
ing products. Using a colorimetric freshness indicator, chitosan-
graft-gelatin (CS-g-GEL) hydrogel was prepared to monitor the
spoilage of chicken breasts. It was confirmed through FTIR,
AFM, SEM, TGA, and 1HNMR characterization that the hydro-
gel was successfully formulated. According to the colorimetric
freshness test, the freeze-dried powder exhibited 790% and 470%
swelling capacity at pH 5 and pH 7.4. The SEM images of the
prepared hydrogel revealed a porous structure, indicating that
crosslinking was successful. Antibacterial activities of CS-g-GEL
hydrogel were observed against both Gram-positive and Gram-
negative bacteria. There was no evidence of antibacterial activity
in the CS-g-GEL/BTB hydrogel because BTB does not exhibit any
antibacterial properties. Color changes of the pH indicator were
clearly visible at various pH levels (pH 1–10). After three days at

Figure 9. Antibacterial inhibition zone for CS-g-GEL hydrogel against a) Staphylococcus aureus ATCC 12600 and Escherichia coli ATCC 11775 bacteria.
b) Comparison of antibacterial inhibition zones for CS-g-GEL and CS-g-GEL/BTB hydrogel. c,d) Antibacterial inhibition zone for CS-g-GEL/BTB hydrogel
against Staphylococcus aureus ATCC 12600 and Escherichia coli ATCC 11775 bacteria.
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4 °C, indicator hydrogel exhibited a noticeable change in color,
suggesting it could be utilized for intelligent packaging.
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