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Abstract

Sensor-integrated Quick Response (QR) codes are a promising route for combining product
traceability with sensing capabilities. However, most reported platforms rely on binary
read/no-read mechanisms in which sensor activation affects QR readability. To overcome
this, we propose a QR architecture that preserves the information-storage and decoding
functions of the code while enabling simultaneous environmental monitoring. The ap-
proach exploits the intrinsic error-correction capability of QR codes by replacing specific
modules of a QR code (with error-correction level H) with colorimetric sensing elements,
thereby decoupling sensor response from QR readability. A thermochromic polydimethyl-
siloxane (PDMS) composite and a photoactivatable ZnO-alginate hydrogel containing
methylene blue (MB) were integrated into the QR structure to simultaneously detect a tem-
perature threshold and oxygen presence while maintaining decoding functionality. Both
sensors exhibit red-channel responses centered at 610-660 nm, enabling grayscale-based
image analysis. A smartphone-based workflow combining red-channel extraction, contrast
correction and binarization decodes the embedded identifiers and detects sensor activation
through module-level comparison. In a smart-packaging demonstration, the platform
successfully identified different combinations of refrigeration and vacuum-sealing states.
Furthermore, sensor layouts can be uniquely linked to the encoded identifier, providing
additional tamper resistance, traceability, and product authentication. The proposed strat-
egy establishes a versatile and low-cost platform for multiparameter monitoring within
existing QR-based infrastructures.
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on the conditions experienced during multiple phases (production, storage, transporta-
tion, and delivery) [1-3]. In this context, the emergence of new technological paradigms,
including the Internet of Things (IoT), cloud computing, and artificial intelligence (Al), has
enabled the development of intelligent monitoring systems capable of collecting, transmit-
ting, and processing information throughout the entire lifecycle of a product [4,5]. These
technologies facilitate real-time decision making, improve traceability, and enable early
detection of potentially harmful deviations from required environmental conditions [6].

In the context of logistics, QR (Quick Response) codes have proven to be an effective
solution for connecting physical products with digital information. Their low cost, ease of
generation, high information density, and ability to be scanned using conventional smart-
phone cameras make them attractive tools for product identification and traceability [7,8].
Furthermore, the widespread adoption of smartphones has further established QR codes
as a convenient access point to IoT infrastructures, allowing virtually any user to retrieve
product-related information instantaneously [9]. In their conventional implementation,
QR codes act as passive carriers of static information, providing access to datasets such
as product identifiers, batch numbers, manufacturing records, logistics information, or
web-based databases [10-12].

At the same time, advances in the field of integrated sensors and detection systems
have opened new possibilities for monitoring environmental conditions directly at the
product level. Modern sensing materials can modify their physical, chemical, or optical
properties in response to external stimuli such as gases, light, temperature, humidity, or
pH variations [13,14]. Among the available sensing technologies, solid-state colorimetric
sensors have attracted significant attention in recent years due to their simplicity, low
manufacturing cost, visual readability, and compatibility with portable image-acquisition
devices. In these systems, the interaction between the analyte and the sensing material
induces a measurable color change that can be detected visually or quantified through
digital image processing [15,16]. Typically, color information extracted from RGB images is
converted into analytical signals that provide quantitative information about the monitored
parameter [17,18].

The complementary characteristics of QR codes and colorimetric sensors have moti-
vated the development of sensor-integrated QR platforms, in which specific regions of the
QR code are modified to respond to environmental stimuli [8,19-21]. As shown in Table 1,
the combination of QR codes and colorimetric sensors has been successfully applied for the
monitoring of parameters such as temperature [22-29], pH, volatile nitrogen compounds
associated with food spoilage [30], relative humidity [31], as well as microbiological con-
tamination by Escherichia coli [32]. Moreover, diverse approaches have been employed for
their fabrication. For instance, temperature-sensitive QR systems have been developed
using luminescent nanoparticles [22,23], thermochromic inks [24-26], and hydrogel-based
materials [27,28,33], while gas-sensitive devices have been based on immobilized colori-
metric dyes and flexible printed platforms [31,34]. Many of these systems rely on a binary
“read/no-read” mechanism, where the sensor response directly affects QR readability.

Despite these advances, several important limitations remain. First, most QR-based
sensing platforms are designed for the detection of a single analyte, despite many practical
applications require simultaneous monitoring of multiple environmental parameters [35,36].
Second, systems based on QR readability loss may lead to ambiguous results, since unsuc-
cessful decoding can originate not only from the sensing event but also from inadequate
illumination, poor image acquisition, or defects in the code itself [8]. Third, the use of optical
calibration and illumination-correction strategies remains limited, despite their importance
for reliable smartphone-based measurements under real-world conditions [34,37].
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Table 1. Examples of colorimetric sensor-based QR codes reported in the literature.
Sensor Materials Static + Dyr.1am1c Contra.st Refs.
Information Correction
Alginate-based hydrogels embedded with ZnO
Temperature Y Y Thi K
and O + es es is wor
2 Thermochromic pigments in PDMS
Lanthanide-doped luminescent nanoparticles No No [22,23]
Polydiacetylene precursors, phosphorus-doped
carbon dots in P.VA,. and mlcroencz.apsule-ated No No [24-26]
thermochromic pigments deposited via
Temperature inkjet/screen printing
Polyacrylic acid-reinforced gelatin (PAA/gelatin),
hydroxypropyl cellulose/sodium carboxymethyl -~
cellulose (HPC/CMC) composites, and stretchable No No [27-29]
photochromic hydrogels
pH Volatile basic nitrogen compounds (amines, NH3) No No [30]
RH Photonic crystal (PC). film with P(AM—MBA) No No [31]
nanogels and TiO; nanoparticles
Escherl'chla p-dlmethylarpmocmqamaldehyde in paper No No [32]
coli microfluidic platform
NH;, CH,O llzle?uble Prmte.d substrate with 1n.1mob1112e.d
and H,S colorimetric indicators (pH dye, primary amine, Yes Yes [34]
Cu(II)-PAN complex)
Thermochromic ink; crystal violet/Nafion
Temperature, humidity-sensitive coating; Yes Yes [8]
RH, CO, a-naphtholphthalein/tetraoctylammonium

hydroxide (TOAOH) CO,-sensitive indicator

For these reasons, increasing attention has recently been devoted to multi-analyte
sensing systems capable of detecting several parameters simultaneously within a single QR
platform. Such an approach is particularly attractive for applications such as food quality
control, environmental monitoring, and biomedical diagnostics, where multiple variables
contribute to the overall state of the monitored system [8,38]. In these devices, the QR code
not only encodes static information but also incorporates dynamic sensing regions that
provide analyte-specific responses while preserving the functionality of the code [39].

In this work, we propose a sensor-integrated QR architecture that exploits the intrinsic
error-correction capability of QR codes by replacing selected redundant data modules
with colorimetric sensing elements. In this way, the sensor response is decoupled from
OR readability, so that the code permanently preserves its static digital information while
monitoring environmental conditions. Moreover, since the position of the sensing re-
gions can be linked to the encoded identifier, the sensor layout provides an additional
layer of traceability and authentication [40,41]. In addition, to address the limited use
of illumination-correction strategies, the proposed workflow applies a percentile-based
white/black normalization in which the printed QR modules act as internal references,
compensating for variations in ambient lighting and smartphone cameras.

As a proof of concept, temperature and oxygen were selected as target parameters,
since cold-chain maintenance and oxygen exclusion are essential, e.g., to preserve the
quality of packaged food and pharmaceutical products [42—44]. Temperature sensing was
implemented using a thermochromic polydimethylsiloxane (PDMS) composite with a
transition temperature of 13 °C [18], and oxygen sensing using a photoactivatable alginate
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hydrogel containing ZnO nanoparticles and methylene blue (MB) [45]. These two sensors,
based on different physicochemical principles, demonstrate the versatility of the proposed
platform for simultaneous product traceability and environmental monitoring using a
single smartphone-readable QR code.

2. Materials and Methods
2.1. Reagents and Equipment

For the thermochromic sensor, SYLGARD 184 silicone elastomer based on poly-
dimethylsiloxane (PDMS) was purchased from Dow Inc. (Midland, MI, USA). The ther-
mochromic pigment was obtained from Hali Industrial Co., Ltd. (Changzhou, China).
These thermochromic pigments change color to colorless (reversible) when a certain tem-
perature threshold is reached. In particular, we selected the color blue with a transition
temperature of 13 °C, below that temperature the sensor acquires its blue color.

With regard to the oxygen sensor, the reagents sodium alginate (sample W201502),
basic zinc carbonate (ZnCQOj3) ([ZnCOs3],:[Zn(OH),]3), D-(+)-Glucono-1,5-lactone (GDL)
(CsH100g), glycerol 99.5% and methylene blue were purchased from Sigma Aldrich
(Madrid, Spain). Zinc oxide (ZnO) nanoparticles were obtained from Scharlab S.L.
(Barcelona, Spain). All chemical reagents were used as received. To vacuum pack the
sensor, oxygen-absorbing packets (Ktxaby, Beijing, China) and a vacuum sealing machine
(Bonsen Electronics Ltd., Dongguan, China) were used. To activate the oxygen sensor
membranes, a UV LED lamp (A = 365 nm, power 100 W, model ELE-PG365-100W from
Elengated, Shenzhen, China) was used. The sensors were deposited in molds made from
standard polylactic acid (PLA) filaments using a BQ WITBOX 2 3D printer (from BQ,
Madrid, Spain).

2.2. Materials Characterization

Fourier-transform infrared spectra were obtained using a Bruker Tensor 27 spec-
trophotometer (Bruker Optik GmbH, Ettlingen, Germany) operating in attenuated total
reflectance (ATR) mode. Ultraviolet-visible (UV-Vis) measurements were carried out on a
Cary 5E UV-Vis-NIR spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA)
equipped with a Praying Mantis diffuse reflectance accessory. Spectra were recorded in
the 300-800 nm range at room temperature using solid samples. Powder X-Ray diffraction
was performed using a Bruker D8 DISCOVER (Bruker Optik GmbH, Ettlingen, Germany)
equipped with CuK« radiation (A = 1.54059 A) in a 20 range of 20-80° with a 0.02° step
size and 40 s of acquisition time. To quantitatively evaluate the impact of the processing
steps on the nanostructure, the average crystallite size (D) of the ZnO nanoparticles before
and after entrapment within the alginate matrix was estimated using the Debye-Scherrer
equation (D = KA/(3 cos 0), where K = 0.9 is the shape factor, A = 0.15406 nm is the Cu
Ko wavelength, {3 is the full width at half maximum (FWHM) of the diffraction peak in
radians, and 0 is the Bragg angle [46].

2.3. Thermoresponsive Polymer Fabrication

PDMS was prepared using a 9:1 weight ratio between the base prepolymer (Sylgard
184 Silicone Elastomer Base from Dow Inc., Midland, MI, USA) and the corresponding
curing agent (Sylgard 184 Curing Agent, from the same manufacturer). The mixture was
stirred for approximately 10 min to ensure homogeneous dispersion. Subsequently, 150 mg
of the thermochromic pigment (transition temperature: 13 °C) was incorporated and stirred
for an additional 5 min until a uniform dispersion was achieved. The resulting mixture
was poured into a Petri dish and subjected to vacuum for 40 min to remove air bubbles
generated during the mixing process. The material was then poured into a 3D-printed
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mold made of PLA (sensor well: 17 x 17 x 2 mm) and cured in an oven at 100 °C for 1 h to
obtain the final device. The cured material exhibits a reversible color change, appearing
blue below 13 °C and becoming transparent at higher temperatures [18].

For UV-Vis characterization below the thermochromic transition temperature, an
equivalent thermochromic pigment supplied by the same manufacturer was employed.
In this case, a formulation with a transition temperature of 31 °C was selected and incor-
porated into the PDMS matrix following the same preparation protocol described above,
which enabled spectral measurements at room temperature while maintaining the pig-
ment in its colored state. As characterized in our previous work [18], both the 13 °C and
31 °C variants share the same composition: a lactone-type leuco dye as chromophore,
dissolved in a fatty ester solvent and encapsulated in a melamine-formaldehyde resin.
In these systems, the transition temperature is determined by the melting point of the
solvent, so both variants differ mainly in the solvent formulation while sharing the same
colored-state chromophore.

2.4. Oxygen-Responsive Hydrogel Fabrication

The oxygen-responsive hydrogel was prepared by dispersing ZnO (100 mg) and basic
zinc carbonate (90 mg) nanoparticles in 30 mL of deionized water, followed by sonication
at 60 °C until a homogeneous suspension was obtained. Sodium alginate (300 mg) was
then added and dissolved under continuous stirring for 30 min. Glycerol (7.5 mL) was
introduced as a plasticizer, followed by the addition of 1 mg of methylene blue as a redox
indicator. The mixture was cooled to approximately 5 °C for 30 min to stabilize the system
prior to gelation. Subsequently, 290 mg of GDL was added to gradually decrease the pH
and induce ionic crosslinking of the alginate network via the release of Zn?* ions. The
solution was poured into a PLA mold (sensor well: 10 x 10 x 5 mm) and left to gel at 25 °C
for 24 h. The resulting hydrogels were stored under refrigerated conditions until use [45].

The fabricated hydrogel exhibits a reversible colorimetric response to oxygen. Under
atmospheric conditions, the sensor shows an intense blue coloration due to the oxidized
form of methylene blue. Ultraviolet irradiation is used to photochemically reduce methy-
lene blue to its leuco (colorless) form in the presence of suitable electron donors within the
hydrogel matrix. This activation step was performed at room temperature after vacuum-
sealing the sensor, by placing it at a distance of approximately 15 cm from the UV light
source for 90 min, as illustrated in Figure S1. It should be noted that the commercial
food-grade film used for vacuum packaging is sufficiently transparent in the near-UV
range to allow the photoactivation of the sensor through the barrier layer, as evidenced
by the complete decoloration of the methylene blue indicator after UV irradiation of the
sealed package.

2.5. Colorimetric Characterization

The colorimetric characterization of both sensors was performed inside a CTC256
climate chamber (Memmert GmbH + Co. KG, Schwabach, Germany), which remained
light-tight during measurements. Image acquisition was carried out using a 16 MP digital
microscope (Dcorn, Shenzhen, China) placed at a vertical distance of 30 cm from the sensor.
The sensors were illuminated with a dual white LED light source to ensure consistent
imaging conditions during the whole characterization process.

For the thermoresponsive sensors, temperature-dependent measurements were con-
ducted over a range of 240 °C across multiple heating—cooling cycles. Temperature profiles
were programmed and monitored using Memmert Celsius software (version 10.1.6). To
evaluate the dynamic response of the temperature sensor under realistic conditions, the
temperature sensors were also stored in a refrigerator at 4 °C and then transferred to
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ambient temperature (27 °C), while their color change was continuously recorded. For
oxygen-responsive sensors, vacuum-activated and UV-irradiated samples were removed
from the oxygen-free environment and immediately placed under ambient conditions.
Continuous image acquisition was used to monitor the color recovery process in real time.
Periodic image acquisition for color characterization and processing was automated using
Python 3.12.

Contrast correction was performed by white/black (W/B) normalization according to
Equation (1) [38]:

255
(Rw — Rg)
where R¢ is the red channel corrected value, Ryayw is the raw value of the red channel of the
acquired image and Rp and Ryy are the black and white references, respectively.

Binarization was carried out according to Equation (2) [41]:

RC = '(Rraw - RB) (1)

i <
Rb]'n _ { O, lfRC < GTH (2)

255, otherwise
where Gry is the gray threshold value.

3. Results
3.1. Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy

The FTIR spectra of all synthesized materials are presented in Figure la,b. The
PDMS spectrum is dominated by the intense asymmetric Si-O-S5i stretching vibration
at 1010-1100 cm ™!, accompanied by Si—O-Si symmetric stretching and Si-C stretching at
800 cm !, Si-CHj3 symmetric bending at 1260 cm !, and C-H stretching of the methyl
groups at 3000 cm ! [47-49].
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Figure 1. FTIR spectra of OTC and PDMS/OTC (a), and the different hydrogels (b). (c) XRD patterns
of ZnO and Gel-Alg+MB+ZnO(+).

According to the manufacturer, the organic thermochromic pigment (OTC) is based on
a lactone-type leuco dye; therefore, enhanced absorption at 1600-1750 cm ™! is consistent
with C=O stretching of the lactone group in its closed, colorless ring form, along with
aromatic C=C stretching. Bands around 1150~1250 cm ! include contributions from C-O-
C stretching of the lactone ring, overlapping with the Si-O-Si region of the matrix. The
absence of new covalent bonds confirms that the pigment is physically embedded within
the silicone network [18].

Additionally, as shown in the FTIR spectra of Gel-Alg, Gel-Alg+MB and Gel-ZnO(-)
(Figure 1b), the alginate gel spectrum exhibits a broad O-H stretching band at 3300 cm ™!
arising from the hydroxyl groups of the backbone and the water molecules present in
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the hydrogel, asymmetric and symmetric -COO~ stretching at 1600 cm~! and 1400 cm ™!
respectively, and C-O-C glycosidic and pyranose ring stretching in the 1000-1100 cm ™!
region, these recognizable peak shifts can be attributed to the H-bonding resulting from
the intermolecular interactions of alginate molecules and the crosslinking of alginate with
the divalent Zn?* cation [50,51]. This evidence indicates the realization of hydrogel gela-
tion based on alginate and Zn?*, which causes changes in the molecular dynamics of the
constituents. Upon incorporation of methylene blue, the Gel-Alg+MB spectrum closely
resembles that of the bare hydrogel, with a subtle broadening around 1480-1600 cm ™!
reflects the superimposition of the MB aromatic C=C and C=N stretching modes of its phe-
nothiazine ring system onto the carboxylate bands of alginate, confirming successful dye
loading without disruption of the polymer network. Additionally, a shift in the asymmetric
—-COO~ stretching band relative to the bare gel suggests coordination interactions between
the carboxylate groups of alginate and the ZnO nanoparticle surface, indicative of inter-
facial bonding between the polymer and the inorganic filler [51-55]. These coordination
interactions between the carboxylate groups of alginate and the surface Zn?* sites of the
ZnO nanoparticles may act as additional physical cross-linking points, complementary to
the ionic cross-links formed by the Zn?* ions released during gelation. Such interfacial
bonding is expected to restrict the mobility of the polymer chains and increase the effective
cross-linking density of the network, thus contributing to its mechanical integrity and
limiting swelling, as reported for other ZnO-alginate composites [56].

3.2. Powder X-Ray Diffraction (PXRD) Analysis

The crystalline structure of the materials was analyzed by powder X-ray diffraction
(Figure 1c). The diffractogram of bare ZnO shows a set of well-defined, sharp diffraction
peaks at 20 = 31.8°, 34.4°, 36.3°, 47.6°, 56.6°, 62.9°, 66.4°, 68.0° and 69.1°, which are fully
indexed to the hexagonal wurtzite crystal structure of ZnO (JCPDS card No.01-089-0150),
in agreement with previously reported results for ZnO nanoparticles [50,55,57]. The Miller
indices (100), (002), (101), (102), (110), (103), (200), (112) and (201) correspond well to the
characteristic reflections of the wurtzite phase [50,57-59]. The sharpness and intensity
of these peaks confirm a high degree of crystallinity of the ZnO nanoparticles. In the
diffractogram of Gel-Alg+MB+ZnO(+), the characteristic peaks of the wurtzite phase are
preserved, confirming that the crystalline structure of ZnO is maintained upon incorpora-
tion into the hydrogel matrix. From the (101) reflection at 26 = 36.3°, the average crystallite
size was 26.4 nm for the pristine ZnO nanoparticles and 25.6 nm for the nanoparticles en-
trapped within the hydrogel. This minimal difference indicates that the crystalline domains
of the wurtzite phase are preserved and that no significant crystal growth occurred during
the sonication and gelation steps. Furthermore, the diffractogram of the composite also
shows a broad, diffuse scattering background underlying the ZnO reflections, which is
characteristic of the amorphous nature of the alginate hydrogel matrix. This amorphous
halo, absent in pure ZnO, is consistent with the lack of long-range order in the cross-
linked polysaccharide network. It should be noted that no additional diffraction peaks
attributable to new crystalline phases are observed, indicating that neither the incorpora-
tion of methylene blue nor the gelation process induces any structural transformation of
the ZnO nanoparticles. PXRD measurements were performed on both the hydrogel with
the highest ZnO(+) concentration and the one with the lowest ZnO(-) concentration. We
refer only to ZnO(+) since the sample with the lower concentration ZnO(-) exhibited an
equivalent diffraction pattern, with ZnO peaks present but of lower relative intensity, con-
firming that the crystalline phase of the nanoparticles is not affected by their concentration
within the hydrogel.
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3.3. UV-Visible Spectroscopy Analysis

The optical properties of the thermochromic composite and the hydrogel system were
evaluated by UV-visible spectroscopy, as shown in Figure 2. The spectrum of PDMS/OTC
recorded above the thermochromic transition temperature (T > Tty = 13 °C) shows a flat,
featureless profile across the 400-800 nm range, consistent with the colorless, transparent
state of the leuco dye in its closed lactone form (Figure 2a). In contrast, the spectrum of
the 31 °C formulation, which remains in its colored state at room temperature, shows a
well-defined absorption band with a maximum at 610 nm, corresponding to the open,
colored form of the leuco dye. Since both formulations share the same chromophore, this
band is representative of the colored state of the 13 °C sensor below Ty, as also reflected
by the colorimetric characterization reported in Section 3.4.1. Furthermore, this appearance
and disappearance of the absorption band is reversible, which directly reflects the ther-
mochromic switching mechanism of the pigment and confirms its successful integration
into the PDMS matrix without degradation of its optical response.

a b
——PDMS/OTC@T>T,,
3| ——PDMSIOTC@T<Ty, =|
8 ©
Q
S 8|
S s
o (]
2 &
< <C
Gel-Alg
A A A | | Gel-Alg+MB+ZnO(-),
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2. UV-Visible absorption of (a) PDMS/OTC and (b) respective hydrogels.

Regarding the hydrogel system (Figure 2b), the spectrum of Gel-Alg exhibits a rela-
tively flat profile across the visible region, with no distinct absorption bands. This behavior
is consistent with the transparent nature of sodium alginate, which lacks chromophoric
groups capable of significant absorption in the visible range. Consequently, the alginate ma-
trix itself does not contribute significantly to the optical response of the sensing system. In
contrast, Gel-Alg+MB+ZnO(—) displays a pronounced absorption band centered at 655 nm,
attributable to the m—7* electronic transition of methylene blue in its oxidized form [60,61].
Compared with the monomer band of MB in aqueous solution (~664 nm), this maximum
shows a slight hypsochromic shift (~9 nm), which can be attributed to the interaction of the
cationic dye with the anionic alginate network and the ZnO surface, favoring partial dye
aggregation [62]. However, this minor shift does not affect the optical readout, since the
absorption band remains within the 610-660 nm region analyzed by the red-channel image
processing. The presence of this band confirms the successful incorporation of MB into the
hydrogel and provides the optical activity required for the colorimetric oxygen-sensing
mechanism. The alginate matrix thus acts as a transparent, optically neutral support, while
the ZnO nanoparticles and methylene blue together constitute the photoactive and sensing
components of the system. Furthermore, this absorption band serves as a useful optical
marker for monitoring the redox transitions of methylene blue during the photocatalytic
sensing process, which is fundamental for the reversible oxygen detection mechanism of
the system.

These results demonstrate that the dominant absorption bands of both sensing systems
lie within the red region of the visible spectrum (610-660 nm), which has direct implica-
tions for image-based colorimetric analysis. As it will also be shown in the colorimetric
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characterization, the blue-colored states of both sensors arise from strong attenuation of
red wavelengths, whereas the transition to the colorless state results in a marked increase
in red light transmission or reflectance. This effect is therefore highly advantageous for the
use of red-channel grayscale analysis in subsequent image processing, particularly in view
of the intended integration of the sensors into black-and-white QR codes, which rely on
grayscale binarization.

3.4. Colorimetric Response
3.4.1. Thermoresponsive Sensor

The colorimetric response of two identical temperature sensors subject to three consec-
utive heating—cooling cycles is shown in Figure 3. The applied cyclic temperature protocol
(Figure 3a) was designed to evaluate the reversibility and stability of the thermochromic
response across multiple transitions, while the use of two independent sensors allows
assessment of sensor-to-sensor variability.

a - C 2507
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8 r
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T 20} 200 ¢
]
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Qo - - - - - - ’ ‘ ’ 150
0 200 400 600 800 1000 1200 1400 1600 1800 -
Time (min) &
b 100 |
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Figure 3. (a) Temperature profile applied during cyclic heating—cooling experiments. (b) Temporal
evolution of the corrected RGB values for one of the sensors during the temperature cycles. (c) Red
channel intensity as a function of temperature averaged for both sensors and over multiple cycles.
Insets show representative grayscale images of the sensor in the blue (T < Tty) and colorless (T > Tyy)
states. (d) Temporal evolution of the RGB intensity values after exposure of a previously vacuum-
sealed and UV-activated sensor to the ambient atmosphere. (e) Red channel intensity as a function of
time after exposure to ambient atmosphere, averaged for two sensors. Insets show representative
grayscale images of the sensor in the initial colorless (oxygen-free) state and the final blue (oxygen-
exposed) state.

Figure 3b presents the corresponding temporal evolution of the RGB color channels
extracted from the sensor images, after applying the W/B correction of Equation (1) to
each image using black and white references printed next to the sensor to compensate
for variations in illumination. In agreement with the UV-Vis spectroscopy results, a pro-
nounced modulation of the red channel intensity is observed, closely following the applied
temperature profile throughout the heating and cooling cycle. When the temperature de-
creases below the thermochromic transition temperature (Tt = 13 °C), the sensor develops
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a blue coloration, resulting in strong attenuation of red wavelengths and a sharp decrease
in the red channel intensity. Conversely, upon heating above Ty, the pigment transitions
to its colorless state, leading to a substantial increase in red intensity. The visible color
change in the sensors is shown in Figure S2a—d, while time-lapse videos of the transition
are provided in the Supplementary Material as Video S1 (for the original RGB video) and
Video S2 (grayscale video obtained from the red channel).

Both green and blue channels exhibit smaller intensity variations, the red channel
being the one that provides the highest sensitivity to the thermochromic transition. In this
sense, Figure 3c presents the red-channel intensity as a function of temperature, averaged
for both sensors over all heating—cooling cycles. As observed, its response follows a lin-
ear increase with respect to the temperature followed by a plateau corresponding to the
transparent state of the sensor. Regarding thermal hysteresis, the low standard deviation
in Figure 3¢, which includes both heating and cooling paths, indicates that the difference
between both paths is small, with a maximum deviation of ~20 red-channel units (equiv-
alent to ~2 °C) near the transition temperature. This is in agreement with our previous
work on PDMS/thermochromic composites [18], where hysteresis was also found to be
smaller than cycle-to-cycle variability. This standard deviation across cycles and devices
demonstrates the reproducibility, robustness, and reversibility of the thermoresponsive
system. According to these results, the red-channel signal can therefore be used as a single-
channel grayscale input, as illustrated by the inset images in Figure 3c, which show the clear
visual contrast between both colored (blue) and colorless states. In addition, the dynamic
response of the temperature sensors after being transferred from a refrigerator (4 °C) to
ambient temperature (27 °C), represented in Figure S3, shows t5qe, and toge, values (times
required to reach 50% and 90% of the total red-channel intensity change) of 2.2 and 5 min,
respectively, which demonstrates their capability for the fast detection of cold-chain breaks.

This strong binary contrast is particularly useful for subsequent threshold-based image
processing and confirms the suitability of the sensor for integration into QR codes. For
instance, in this scenario, applying a fixed mid-scale grayscale threshold (0.5, 127/255) to
the corrected red-channel values would classify the sensor as “black” below 12.13 °C and
as “white” above this temperature.

3.4.2. Oxygen Responsive Sensor

The colorimetric response of the oxygen-responsive hydrogel sensor upon exposure
to ambient atmosphere is shown in Figure 3d,e. Prior to the experiment, the sensors were
vacuums-sealed and activated by UV irradiation as described in the Section 2, resulting
in the photoreduction of methylene blue to its colorless leuco form. Immediately after
unsealing, the sensors were placed under ambient conditions, and their color evolution
was continuously monitored.

Figure 3d shows the temporal evolution of the RGB color channels extracted from
the sensor images. Upon exposure to oxygen, a pronounced decrease in the red channel
intensity is observed, accompanied by significantly smaller variations in the green and
blue channels. This behavior is consistent with the oxidative recovery of methylene blue,
whereby the colorless leuco form is re-oxidized to its blue state, leading to strong absorp-
tion in the red region of the visible spectrum, and is also in agreement with the UV-Vis
spectroscopy results.

Again, the red channel exhibits the highest sensitivity to the colorimetric transition.
Accordingly, Figure 3e presents the red-channel intensity as a function of time, averaged
over two independent sensors. Thus, the response shows a steep initial decrease followed
by a gradual approach to a stable plateau, corresponding to the fully oxidized, blue state
of the sensor. Quantitatively, the tsy, and tgge, values after unsealing were 8.3 and 50 min,
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respectively, which enables the detection of oxygen ingress within minutes. In addition,
the standard deviation throughout the experiment indicates good reproducibility of the
oxygen-sensing response between sensors. Moreover, the inset grayscale images included
in Figure 3e illustrate the clear visual contrast between the initial colorless state and the final
blue state, thereby demonstrating the suitability of the sensor for straightforward threshold-
based processing as well. The visible color change in the sensors is shown in Figure S2e-h,
while time-lapse videos of the transition are also provided in the Supplementary Material as
Video S3 (original RGB video) and Video 54 (grayscale video obtained from the red channel).
In order to verify that the oxygen sensor response is not affected by temperature, two
vacuum-sealed sensors, one UV-activated (colorless) and one non-activated (blue), were
subjected to a heating—cooling cycle between 4 and 35 °C while their color was continuously
recorded (Figure 54, Videos S5 and S6). In both cases, the red-channel variation remained
below ~13 units (5% of full scale) over the whole temperature range, which is negligible
compared with the red-channel change associated with oxygen exposure (~170 units).

3.4.3. Integration of Thermoresponsive and Oxygen Sensors into QR Codes

To demonstrate the simultaneous integration of temperature and oxygen sensing while
preserving reliable access to digital information, both sensors were incorporated into a
modified QR-code architecture designed to ensure permanent readability of the encoded
data. Therefore, this strategy allows the QR code to consistently preserve essential infor-
mation (such as product identification, batch or lot number, or shipping metadata) while
concurrently monitoring the environmental state through embedded colorimetric sensors.

For that, custom 3D-printed PLA molds were developed to deposit both sensing
elements at fixed and predefined positions, as shown in Figure 4a. The overall dimensions
of the mold were 40 x 40 x 10 mm, while the individual sensor cavity dimensions matched
those described in the previous sections. The QR code was generated using the segno
Python-based QR-code generator [63], which allows precise control over the encoded
data, symbol version, and error-correction parameters. In this demonstration, the QR
code encodes a 32-bit unique identifier (UID), which serves as a compact digital reference
that can be directly associated with product-specific information such as batch number,
shipment ID, or logistics metadata stored in an external database. The resulting QR code
corresponds to Version 2, which provides a symbol size of 25 x 25 modules, offering a
suitable balance between physical size, information capacity, and spatial flexibility for
sensor integration [64]. An error-correction level H (high, ~30% redundancy) was selected
to ensure robust decoding despite the intentional modification of selected data modules
by the embedded colorimetric sensors, since this high level of redundancy enables the QR
code to remain fully readable even when localized optical changes occur within the sensing
regions. A Version 2-H symbol comprises 44 codewords (8-bit units), 28 of which provide
Reed-Solomon error correction. Since the location of a corrupted codeword is unknown
a priori, each erroneous codeword consumes two units of redundancy, so the code can
correct up to 28/2 = 14 such codewords. Note that a codeword’s 8 bits are not a contiguous
block of modules since the QR placement algorithm interleaves them in a zig-zag pattern
across the symbol, so a compact group of modules typically spans several codewords.

The QR codes are printed on standard office paper in a bluish color with red channel
set to zero (e.g., #006EA6). An example of QR code is provided in Figure 4b, which contains
the UID: 8b0ef615. From the reference QR code, two non-critical data modules were
identified and designated as sensing regions. In the intended application, the monitored
product is supposed to be shipped under refrigerated and vacuum-sealed conditions, so
the oxygen sensor must remain in its colorless (white) state due to oxygen absence, while
the temperature sensor must appear blue when the storage temperature remains below the
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threshold. On this basis, one of the blue regions is replaced by the temperature-response
sensor, whereas the oxygen-responsive sensor replaces a white region. As depicted in
Figure 4c, in this example the selected regions cover 8 blue modules and 9 white modules,
respectively. Each sensing region thus consists of a multi-module block (2 x 4 modules
for the temperature sensor and 3 x 3 modules for the oxygen sensor). Given the printed
module size of 1.2 mm (30 X 30 mm for the 25 x 25-module symbol), these windows
measure approximately 4.8 x 2.4 mm and 3.6 x 3.6 mm, respectively, and are therefore
smaller than the sensor cavities of the mold (17 x 17 mm and 10 x 10 mm). This ensures
that the whole window area is covered by the sensing material despite small alignment
tolerances between the printed label and the mold. The selected regions of the QR to be
replaced by the colorimetric sensors are then removed by laser cutting from the printed
OR code (Figure 4d). Notably, owing to the high error-correction capability of the QR
code, the partial substitution of data modules by colorimetric sensing elements do not
prevent successful decoding even when the sensors change their optical state. In particular,
these 17 modules intersect 7 codewords, which correspond to half the symbol’s correction
capacity, thus leaving 7 codewords (~16%) to tolerate further damage (e.g., scratches,
stains). More generally, for a symbol with x correctable codewords, safe integration requires
the sensing regions to occupy no more than x/2 codewords, preserving at least half of
the correction capacity for unintended damage [65]. In practice, we would recommend
sizing each sensing region between 6 and 9 modules, with a minimum side of 2 modules,
which ensures adequate visualization of the colorimetric response (avoiding elongated,
1-module-wide strips) while keeping codeword usage low. Across 300 randomly generated
shipments in our implementation, regions constrained to this 69 module range intersected
3-8 codewords combined, with only 0.7% of instances exceeding the x/2 margin. In every
case the maximum codeword usage observed remained below the hard limit of 14.

On the other side, Figure 4e illustrates the image-processing workflow used to extract
sensor information while preserving QR readability. First, as done for the color characteri-
zation of the sensors, the QR image is converted to the red channel only. Afterward, a W/B
correction is applied to enhance contrast, as detailed in Equation (1) of the Section 2. For
that, a percentile-based contrast normalization approach is employed [66], in which the
black and white reference levels are estimated from the 20th and 80th intensity percentiles,
respectively. In this case, no additional calibration elements are required, since the printed
QR modules themselves, whose colors are known, serve as internal “black” and “white”
references. Subsequently, the red-channel grayscale image was converted into a binary
image through a thresholding operation [41] using a fixed threshold value of 0.25 (65/255)
to classify pixels into black and white according to Equation (2). This threshold was selected
on the basis of the distribution of normalized gray levels of the printed QR modules and
of the sensing modules in both states (Figure S5). After normalization, the colored states
of both sensors remain close to the printed dark modules, whereas their colorless states
exhibit intermediate gray levels (77-134) owing to the translucency of the sensing materials
and the shadows of the laser-cut windows. Consequently, the threshold was placed below
mid-scale, within the gap between both sensor states, while the printed QR modules remain
correctly classified. Given that the black and white references are computed for each image
from the QR code itself, which contains a large and approximately balanced number of
dark and light printed modules, the normalization acts as an internal calibration that com-
pensates for global variations in illumination intensity, color temperature, exposure and
white balance, as well as for possible differences in image acquisition between smartphone
cameras. Nevertheless, a systematic validation with a wider range of acquisition conditions,
such as strong nonuniform illumination, is planned as future work.
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Figure 4. (a) 3D mold (40 x 40 mm) used and deposited colorimetric sensors. (b) Original QR code
containing the UID: 8b0ef615. (c) Modules selected (in red) to be replaced by the colorimetric sensors.
(d) Actual printed QR code after the laser cutting of the red regions of (c). (e) Algorithm for sensor
status identification based on the error correction capability of QR codes.

Once the sensor-integrated QR image is binarized, it is processed using the standard
QR decoding functions available in OpenCV. It should be noted that, regardless of the
state of the embedded sensors or the presence of other local defects within the QR code,
the inherent error-correction capability of the QR standard allows reliable decoding of the
encoded content, in this case the unique identifier (UID). Furthermore, since each decoded
UID is uniquely associated with a specific QR pattern, the original error-free QR code
can be reconstructed from the decoded information. Subsequently, the experimentally
acquired QR code and the reconstructed reference QR code are compared on a module-by-
module basis, enabling the identification of deviations between both patterns. For each QR
identifier, a database can store not only the associated product information, such as product
identification, batch number, lot number, or shipping metadata, but also the location and
type of the sensing modules embedded within the QR structure. In the implementation
presented here, the oxygen sensor is associated with modules [[22 11],[24 13]], while the
temperature sensor corresponds to modules [[9 17],[12 18]], where each pair indicates the
(x, y) = (column, row) indices of the top-left and bottom-right modules of the sensing
region, starting from 1 at the top-left module of the symbol, with columns increasing
to the right and rows increasing downwards. It should be noted that several candidate
sensing regions fulfill the conditions described above (each region comprising between
6 and 9 modules, with a minimum side of 2 modules and no overlapping or touching).
In our implementation, after identifying all valid candidates, the final layout is selected

https:/ /doi.org/10.3390/s26206496


https://doi.org/10.3390/s26206496

Sensors 2026, 26, 6496

14 of 20

randomly among them, being one set over dark (blue) modules for the temperature sensor,
and another over light (white) modules for the oxygen sensor. In this scenario, the database
must store the position of the sensors, which requires the reading device either to have
real-time internet connectivity to query the database or to periodically store a local copy of
it. This only requires a few additional bytes per item (sensor type and module coordinates)
and can therefore be handled by standard traceability databases in high-volume supply
chains. The internet connectivity constraint could be overcome by computing the layout
locally through a key-based derivation. Instead of selecting the sensing regions randomly,
the selection can be driven by a seed computed from a secret key and the UID (e.g., using
Hash-based Message Authentication Code (HMAC) [67]) for instance by choosing the
candidate whose index equals the seed modulo the number of valid options. In this way, a
reading application holding the key can reproduce the layout offline, whereas the layout
remains unpredictable without the key, thus preserving its authentication function.

Finally, the state of each sensor is determined by analyzing the modules assigned to
the corresponding sensing region. Oxygen exposure and/or temperature excursions are
identified when more than 50% of the modules associated with a given sensor differ from
their expected state in the reconstructed QR pattern. The 50% criterion was selected to
prevent isolated misclassified modules, caused by dust, partial scratches, local reflections
or edge effects at the boundaries of the laser-cut windows, from triggering false alarms.
This approach enables simultaneous retrieval of digital information and environmental-
state monitoring within a single passive QR-based platform, while maintaining full QR
readability throughout the sensing process.

Regarding the different kinetics of both sensors, it should be noted that in a real
logistics scenario the package would be scanned at different checkpoints along the supply
chain rather than continuously. Since both sensors respond within minutes, a sensor
undergoing a transition during one scan would be correctly identified at the subsequent
checkpoint, while the stored images and decoded states provide a traceable record for
later review. Moreover, the oxygen sensor is irreversible, thus recording any oxygen
ingress, whereas the thermochromic sensor reports the temperature at the time of scanning.
However, irreversible thermochromic formulations could be used when a record of thermal
history is required [68]. Therefore, note that the oxygen sensor integrated in this work is
intended as a single-use indicator. It is activated once after packaging and, upon exposure
to air, remains in its oxidized blue state, thus providing an irreversible record of oxygen
ingress. As reported in the reference study [45], the initial color is not fully recovered
after re-oxidation and repeated activation cycles lead to a progressive loss of performance
due to partial photodegradation of MB, water loss and consumption of the sacrificial
electron donor.

To demonstrate the feasibility of the proposed approach in a smart-food-packaging
scenario, one of the sensor-integrated QR codes was vacuum-sealed inside a commercial
food-grade plastic container together with an oxygen absorber commonly used in food
preservation, as shown in Figure S6. The sensing module was then evaluated under
the four possible storage conditions illustrated in Figure 5: (a) refrigerated and vacuum-
sealed, (b) refrigerated and non-sealed, (c) non-refrigerated and non-sealed, and (d) non-
refrigerated and vacuum-sealed. For the refrigerated conditions, the package was stored
in a refrigerator at 4 °C for 24 h, whereas the non-refrigerated conditions correspond to
storage at room temperature (~25 °C) for 1 h. Non-sealed conditions were obtained by
opening the package and exposing it to ambient air for 2 h before image acquisition. In
addition, to assess the performance of the proposed methodology under realistic operating
conditions, images were acquired using a standard smartphone (Xiaomi Redmi Note 10 Pro)
without controlled illumination or uniform lighting. The raw images corresponding to
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each scenario are shown in step (I) of Figure 5. As seen, the four images were taken
under different lighting conditions, resulting in different black and white reference levels
estimated by the percentile-based normalization, which range from 0 to 15 for Rg and
from 148 to 171 for Ry, respectively. The rest of panels in Figure 5 illustrate the successive
stages of the recognition algorithm: (II) W/B contrast correction, (III) QR identification and
decoding, and (IV) module-level error detection. Despite the variability in illumination
conditions, the QR code was successfully decoded in all cases due to its intrinsic error-
correction capability. Furthermore, all detected errors were exclusively associated with
the sensing regions, leading to a correct identification of the four environmental states. In
all cases shown, 100% of the modified modules corresponding to the activated sensing
elements were correctly detected.

@ X}

Figure 5. Full QR code sensor under the different conditions: (a) refrigerated and vacuum-sealed,
(b) refrigerated and non-sealed, (c) non-refrigerated and non-sealed, and (d) non-refrigerated and
vacuum-sealed. Different images correspond to (I) raw image under (no controlled light conditions),

(II) W/B contrast-corrected image, (III) identified QR code, and (IV) module errors (in red) with
respect to the expected QR code.

Note that from the QR code encoding its UID, from all candidate rectangular regions
that satisfy the sensing-area requirements, two are selected randomly. Because the po-
sition of the sensing modules is therefore not fixed and is tied to the encoded identifier,
this provides an additional layer of tamper resistance and product authentication, mak-
ing unauthorized replication or manipulation of sensor-enabled QR labels considerably
more difficult.
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These results demonstrate that the proposed strategy enables simultaneous digital
information retrieval and environmental-state monitoring within a single passive QR-based
platform while preserving full QR readability. As seen, unlike conventional QR-based
sensing approaches that rely on code degradation or loss of readability, the proposed
methodology decouples sensing functionality from data decoding and can therefore be
readily integrated into existing QR-processing pipelines. In addition, the platform is
inherently scalable, as the sensing modules can be associated with any colorimetric sensor
and distributed across one or multiple QR modules to increase robustness and support the
simultaneous detection of several analytes.

4. Conclusions

This work presents a QR-code-integrated sensing platform capable of simultaneously
monitoring temperature and oxygen while preserving the information-storage and de-
coding functions of conventional QR codes. A thermochromic PDMS composite and a
photoactivatable ZnO-alginate hydrogel were successfully developed and characterized,
confirming their suitability as colorimetric sensing elements. Spectroscopic analysis re-
vealed that both sensors exhibit their dominant optical response in the red region of the
visible spectrum (610-660 nm), enabling a sensitive and robust single-channel image-
processing strategy based on red-channel grayscale analysis. The thermochromic sensor
exhibits a transition threshold of 13 °C with a red-channel change of ~245 units (out of
255) between its colored and colorless states with t5ge, and tgye, values of 2.2 and 5 min
after removal from refrigeration; while the oxygen sensor shows a red-channel change of
~170 units, with tsge, and tgge, values of 8.3 and 50 min after exposure to air.

By replacing selected non-critical QR modules with sensing elements and exploit-
ing the intrinsic error-correction capability of QR codes, environmental monitoring was
achieved without compromising QR readability. The proposed image-processing work-
flow, based on red-channel extraction, contrast correction, binarization, QR decoding, and
module-level comparison with the expected QR pattern, enabled reliable determination of
sensor states directly from smartphone-acquired images.

The platform successfully identified the four possible combinations of refrigeration
and vacuum-sealing conditions in a smart-food-packaging demonstration performed under
uncontrolled illumination, highlighting its robustness under realistic operating conditions.
In addition to preserving full decoding functionality, the proposed architecture offers
considerable design flexibility, since the number, position, and distribution of sensing
modules can be adapted without affecting QR performance. This feature not only facilitates
the integration of additional analytes and multi-sensor configurations but also introduces
an additional degree of tamper resistance and product authentication through configurable
sensor layouts linked to the encoded identifier.

Overall, the proposed strategy transforms QR codes from passive data carriers into
multifunctional platforms capable of simultaneously providing digital traceability and
environmental monitoring. The approach offers a low-cost, passive, and scalable solution
with significant potential for smart packaging, cold-chain monitoring, pharmaceutical
logistics, and other applications requiring combined product identification and condition
tracking. In this sense, future work will focus on evaluating the performance of the platform
under condensation during cold-chain transfers and mechanical stress during transport,
and on validating it with a larger number of sensors from several fabrication batches.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s26206496 /s1. Figure S1. Setup used for the UV activation of
the vacuum-sealed oxygen sensor: UV LED lamp (Eleganted, ELE-PG365-100W, A = 365 nm, 100 W)
placed approximately 15 cm above the package, with an exposure time of 90 min at room temperature.
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Figure S2. Representative images of the temperature and oxygen sensors in their different sensing
states and the corresponding red-channel grayscale images. (a) Temperature sensor in its colored
state (T < Tty) and (b) its red-channel grayscale representation. (c) Temperature sensor in its colorless
state (T > Tty) and (d) its red-channel grayscale representation. (e) Photoactivated oxygen sensor
immediately after exposure to ambient atmospheric conditions and (f) its red-channel grayscale
representation. (g) Oxygen sensor after 60 min of exposure to ambient atmospheric conditions
and (h) its red-channel grayscale representation. Figure S3. Red-channel intensity response of the
temperature sensor (averaged for two sensors) after being transferred from a refrigerator (4 °C) to
ambient temperature (27 °C). Figure S4. (a) Temperature profile applied to two vacuum-sealed oxygen
sensors. (b) Relative variation of the red channel (AR, % of full scale) of a UV-activated (colorless)
and a non-activated (blue) sensor during the heating—cooling cycle. Figure S5. (a) Histogram of the
normalized red-channel gray levels of the printed dark and light QR modules and of the sensing
modules in their colored and colorless states, extracted from the four images of Figure 5 (ii). (b) Mean
gray level of each module where the solid line indicates the binarization threshold (65/255). Figure S6.
Vacuum-packed sensor module. Video S1. Color change of the temperature sensor in RGB. Video S2.
Color change of the temperature sensor in grayscale from red channel. Video S3. Color change of the
oxygen sensor in RGB. Video S4. Color change of the oxygen sensor in grayscale from red channel.
Video S5. Activated and non-activated oxygen sensors during a heating—cooling cycle between 4 and
35 °C in RGB. Video S6. Activated and non-activated oxygen sensors during a heating—cooling cycle
between 4 and 35 °C in grayscale from red channel.
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