ROYAL SOCIETY
Journal of OF CHEMISTRY

Sy
Materials Chemistry C -

View Article Online

View Journal

Laser-tunable Raman markers based on
glass—ceramic/p-carotene mixtures
for advanced anti-counterfeiting applications

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d6tc00974c

Alberto Moure, (22 Pablo Rabasco, (2 2° Esther Gomez, () € Vicente Garcia-Juez, (2 ¢

José Francisco Fernandez () @ and Maria Fernandez-Alvarez () *2

The need for more reliable authentication methods is rapidly increasing due to the significant economic,
social, and security losses caused by the counterfeiting of valuable products. This work explores the
possibility of using customizable Raman markers from hierarchical mixtures of feldspar glass—ceramic
and B-carotene. The detection signal is based on the combination of Raman spectra of inorganic
particles and modifiable Raman spectra of the organic compound by isomerization under laser heating.
In this work, the preparation of these Raman markers and the B-carotene isomerization conditions have
been established. The laser thermal treatment allows obtaining Raman response distributions in which
the altered and unaltered regions can be clearly identified by their differences in the Pearson correlation
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coefficient. These differences can be used to build the encoding of the response for authentication
purposes. Thus, a dual modulation of the Raman response can be obtained: spectral modulation,
DOI: 10.1039/d6tc00974c by adjusting the composition, and spatial modulation, by selectively transforming B-carotene in

submillimeter regions, making it possible to create custom patterns in a scalable encoding capacity
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1. Introduction

Product counterfeiting represents a growing threat to security,
the economy, and consumer confidence in sectors as diverse as
pharmaceuticals, electronics, fashion, and currency, represent-
ing approximately 3.3% of international trade.'™ Protecting
these types of products requires increasingly sophisticated
strategies capable of anticipating fraud. Therefore, as counter-
feiters increasingly refine their methods, security technologies
must constantly evolve to stay ahead.”™

Among the different strategies designed to combat counter-
feiting, a variety of approaches are encompassed: optically
variable inks, fluorescent fibers, coded nanoparticles, or holo-
graphic elements that generate complex visual effects,'™°
most of them to be detected by spectroscopic techniques.
Therefore, advances in spectroscopy-based security systems
have become particularly effective tools, allowing the creation
of unique optical signatures and their verification using
complementary analytical methods. In particular, Raman
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number of unique encodings for each application.

spectroscopy stands out for not requiring sample preparation,
being a non-destructive, versatile and easy-to-apply technique,
and for offering unique and highly specific spectral signatures,
making it a practical alternative for both routine authenticity
verification controls and for forensic analysis.>*2°

Therefore, Raman markers are currently emerging as an
efficient solution for advanced authentication, thanks to their
ability to generate unique spectral signals through controlled
variations in parameters such as the number of bands, shifts,
intensities, or relationships between them.?>?”"2° These mate-
rials are typically based on non-destructive compounds with a
high cross-section, allowing detection even at low concentra-
tions. This characteristic favors the use of low doses in various
incorporation vehicles, such as inks, coatings, or polymer
matrices, maintaining the efficiency of the Raman marker
without compromising the properties of the support. Further-
more, their low cost and versatility make them an attractive
option for large-scale security applications.

Recently, new Raman markers have been developed that
meet these requirements. They are based on inorganic com-
pounds obtained from mixtures that generate a glassy Si-O-Al
matrix and feldspar-like nanocrystallizations®’*® by reactions
with alkaline and alkaline earth elements (Na, K, Ca). These
materials, described in a European patent,”® exhibit a particu-
larly intense Raman signal in the 1000-2000 ecm™ ' region,
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attributed to photoinduced Raman/luminescence processes
under 785 nm laser excitation.>**" Thanks to these properties,
they can be easily incorporated into various substrates, such as
paper or functional coatings, offering a stable, versatile, and
easy-to-read authentication system.?”

Furthermore, it is worth noting that authentication systems
based on Raman markers aim not only to detect characteristic
Raman bands but also to comparatively analyze their relative
intensities. Although different formulations of these markers
can generate Raman spectra with the same Raman band
positions, variations in the intensity ratios constitute a distinc-
tive spectral pattern that functions as an identification code.””

Based on these concepts, this work aims to develop a new
generation of customizable Raman markers that allow dual
modulation, which provides an additional level of security and
can be specifically designed for different counterfeit applica-
tions.*” These Raman markers will integrate combined Raman
signals from individual compounds, which can also be modi-
fied in selected regions thanks to thermal treatment induced by
the Raman laser. For that, in this study, the combination of the
previously described inorganic feldspar Raman marker*® with
an organic material such as f-carotene is proposed as a
customizable Raman marker. -Carotene, in addition to being
a widely studied natural pigment, exhibits intense Raman
bands in the visible region, facilitating its detection even at low
concentrations.®*?* In this work, the combination with glass-
ceramic particles will allow the system’s spectral response to
be modulated, generating codable combinations by laser treat-
ment that act as an optical “fingerprint”. This approach
represents a significant advance over single-marker systems,
introducing an external modulation that customizes the design
of anti-counterfeiting codes. Through controlled spatial distri-
bution, unique spectral patterns can be created, analogous to
constructing a QR code but with a codification in the spectral
domain. This concept is inspired by QR-based approaches
reported in traceability applications, where spatial patterns
are used as information carriers, but in the present case, the
information is encoded spectrally rather than visually.>® This
procedure facilitates the individual customization of each
marker and multiplies the available code numbers and for
that, this increased signal complexity significantly hampers
reproduction by counterfeiters and expands the applications
of Raman spectroscopy in authentication and traceability.

2. Experimental procedure

2.1. Materials

Customizable Raman markers combine an inorganic Raman
marker (designated as RM), consisting of feldspar nanocrystals
embedded in a glassy matrix, with an organic material,
B-carotene. The RM particles consist of an albite-type glass—
ceramic,”® which shows a strong signal in the Raman shift
range from 1000 to 2500 cm ™ when excited at 785 nm. To
prepare this Raman marker, a 10/90 wt% mixture of kaolin and
frit is used, with the following oxide composition: 51.63% SiO,,
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8.05% SrO, 2.68% Na,0, 1.46% K,0, 21.14% Al,O;, 1.10% ZnO,
10.47% CaO, and 3.48% minor oxides. In addition, TiO,
anatase was added to the marker formulation to increase the
opacity of the RM due to its refractive index.*® The mixture is
milled in a porcelain jar with alumina balls (1-2 cm diameter)
together with 10 wt% of TiO, anatase powder in water, and then
the suspension is sieved through a 63 pm mesh. The powders
are dried in an oven at 80 °C for 6 h and sieved again through a
100 um mesh. They are then thermally treated at 1100 °C for
1 h, with a heating and cooling rate of 5 °C min~". After thermal
treatment, the Raman marker undergoes ball milling again and
is dried to produce a powder material.

A source of B-carotene-derived pigment was supplied from
the company Flavorix (Spain) in the form of a commercial food-
grade coloring powder containing 10% B-carotene, with the
remaining components consisting of modified starch, starch,
corn oil, a-tocopherol, and ascorbic acid, according to the
manufacturer’s technical sheet. The particle size distribution
was measured using laser diffraction (Malvern Mastersizer S,
632.8 nm He-Ne laser) after ultrasonic dispersion of the
powder in an ethanol suspension. In this work, customizable
Raman marker mixtures were prepared with the RM marker
and fB-carotene in different proportions by weight: 95/5, 90/10
and 80/20, respectively, seeking an optimal ratio that allows
defining the characteristic Raman bands of each component of
the mixture with comparable Raman intensities. In all cases,
the mixtures were prepared using a MixerMill 8000D milling
system (Spex, USA) for 10 min.

The morphology of the raw powders (RM and B-carotene)
and the mixtures was analyzed using a field-emission scanning
electron microscope (FE-SEM), employing a Hitachi S-4700
(Japan) operated at 20 kVv.

Thermogravimetric analysis using a TA Q50 (TA Instru-
ments, USA) was performed to observe differences in thermal
behavior of the materials, cycling from 25 to 600 °C, at 10 °C min ™~
and using an air/argon atmosphere.

2.2. Customization of markers with laser treatment

For the customization of the Raman markers, a laser treatment was
performed for each mixture composition, adapting the laser power
for each one. Thanks to the focused laser, it was possible to
perform selective spatial treatment in the regions where the laser
was applied at the optimal power for this purpose. To have local
heating necessary for the customization, a susceptor (carbon black,
CB) is added to the initial mixture. The CB used was PUREX HS 55
powder, provided by Degussa (Germany), which is characterized by
a density of 0.335 g cm ™, a high specific surface area of 40 m> g™ ',
and an agglomerate size between 1.4 and 1.7 um. The full particle
size distribution can be found in the supplementary information
(SI), Fig. S1. This resulted in areas within the samples that were
treated and untreated with the laser. A representative scheme of the
process is shown in Fig. 1.

2.3. Demonstrator preparation with customizable markers

A polymeric support was chosen as the vehicle to integrate the
customizable Raman markers into a medium that simulates

This journal is © The Royal Society of Chemistry 2026
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1 Mixtures preparation

Raman marker B-carotene
95 %wt 5 %wt
90 %wt 10 %wt
80 %wt 20 %wt

Fig. 1 Scheme of the marker mix customization process.

their practical application and can be easily attached to the
object intended for anti-counterfeiting protection. For this
purpose, a transparent epoxy matrix has been chosen to act
as a fixing element for the powder markers. A RM/B-carotene
(80/20 wt%) mixture with a 5 wt% of CB added was dispersed in
the epoxy with a weight ratio of epoxy/powder of 80/20. The
dispersions were made using a commercial two-component
transparent epoxy TRANSLUX D 150 (Feroca, Madrid), which
is highly resistant to ultraviolet light. To ensure good distribu-
tion of the marker powders in the epoxy, a mixture containing
the two components of the epoxy resin (in a 2:1 weight ratio)
was first homogenized with the marker powder mix using a
laboratory mixer model DSV.SL-1 (LLEAL, S.A.) for 2 min at
2700 rpm. The obtained material was poured into plastic molds
and left to cure at 40 °C for 48 h.

2.4. Raman spectroscopy characterization

Raman spectroscopy was performed using a portable B&W Tek
iRaman spectrometer (B&W Tek, USA) with a 785 nm laser
(290 mW as maximum power) and a 20x objective lens. The
laser measurement spot size is approximately 100 pm in
diameter. The measurement conditions (laser power and inte-
gration time) were different for each mixture in order to
optimize the Raman measurements in each case, so they are
specified throughout the manuscript, as well as in a summary
table in the SI (Table S1). Raman spectra at increasing tem-
peratures were acquired by coupling a Linkam THMS600
thermal chamber (Linkam, UK) to the B&W Tek iRaman
spectrometer.

Furthermore, all laser treatments performed for this work
were carried out using the Raman spectrometer’s own laser.

3. Results and discussion

Customizable markers were created by mixing the RM and the
organic component B-carotene. The RM was selected for this
study because it exhibits high intensity Raman bands between
1000 and 2000 cm™'.?® Furthermore, this RM exhibits a num-
ber of other Raman spectral characteristics. On the one hand,
Raman bands characteristic of rutile are observed (~ 143, 447
and 612 cm™'), indicating that the TiO, added during fabrica-
tion underwent a phase transformation from anatase to rutile

This journal is © The Royal Society of Chemistry 2026
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during heat treatment.?” Additionally, Raman bands associated
with other low-intensity photoinduced Raman/luminescence
processes in RM are also detected at Raman shifts below
1000 cm™"***° in coexistence with the pure rutile Raman
bands. Besides, B-carotene is a natural dye that exhibits a
Raman spectrum with two narrow and high-intensity Raman
bands located at 1156 and 1518 cm ™', which are, in principle,
compatible with those of the RM, as shown in Fig. 2a. These
Raman bands are related to the carbon-carbon double bond
(C=C) and single bond (C-C) stretching vibrations of the
polyene chain, respectively.’” Thus, the combined Raman
response of RM and f-carotene should provide a new family
of Raman markers characterized by Raman spectra with multi-
ple bands that are ideal for anti-counterfeiting applications.

The particle size distribution of B-carotene and RM is shown
in Fig. 2b and c, respectively. In the case of B-carotene, it
comprises three distributions, centered approximately at 0.8,
15 and 300 pm. The D50 size of the whole particle distribution
was 222 pm. In contrast, RM sizes show a bimodal distribution,
centered at approximately 2 and 9 pum, with a tail of bigger
particles, probably agglomerates with mean sizes close to
80 um. In this case, the D50 size of the whole particle distribu-
tion was 5.6 um. Despite the apparently inappropriate charac-
teristics of the B-carotene precursor powder used (low content
and high particle size), it gave the correct behavior for the
purpose of this work, as will be shown in the manuscript, but
with a very noticeable reduction of the price (109.5 € kg™ ") with
respect to highly pure B-carotene (21.400 € kg™ ).

Mixtures of the RM with B-carotene were prepared at differ-
ent weight ratios: 95/5, 90/10 and 80/20, seeking an optimal
ratio that would allow defining the characteristic Raman bands
of each component of the mixture with comparable Raman
intensities. The accuracy of the proportions between both
materials was checked by thermogravimetric measurements
(shown in Fig. 2d for the 80/20 mixture, as representative).
Besides, this study shows three major weight losses for
B-carotene, associated with increasing temperature to the
desorption of residual moisture (at T < 150 °C); the onset of
a thermal degradation (at 260 °C, approximately) with losses of
small parts of the B-carotene chains; and a main decomposition
of the whole structure, triggered at 350 °C.

Fig. 3a and b show the SEM images acquired for the
B-carotene and the RM, respectively. The particles of the
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(a) Representative Raman spectra of the B-carotene and RM materials used for the fabrication of the customizable marker; (b) and (c) particle size

distributions of the B-carotene and RM; (d) thermogravimetric curve of B-carotene and the mixture RM/B-carotene with a weight ratio of 80/20.

commercial precursor of B-carotene used in this work consist of
submicrometric spherical granules with B-carotene distributed
on their surface, while the particles corresponding to RM have
smaller sizes and flat surfaces, as corresponds to its glass-
ceramic nature. The mixtures of both materials are built with
hierarchical microstructures,** as shown in Fig. 3, where the
B-carotene with sizes in the range of 0.5-1 pm envelops the
larger micrometric RM particles. First, the preparation of the

mixtures did not induce any detectable alteration in the initial
morphology of the RM particles (Fig. 3). It seems that during
the mixing step, there is also a milling process where the large
particles of the B-carotene precursors are mechanically ground,
allowing the transformation to smaller particles that distribute
on the surface of the RM material. Besides, the mixing process
promotes the adhesion of B-carotene to the RM surface. The
image reveals that as the B-carotene content increases, a greater

Fig. 3 SEM images of the particles of: (a) p-carotene; (b) Raman marker (RM) and the mixtures RM/B-carotene with weight ratios of (c) 95/5; (d) 90/10

and (e) 80/20.
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portion of the Raman marker’s surface becomes coated with
B-carotene. In addition, this hierarchical particle distribution is
important because it ensures that both the RM and f-carotene
are simultaneously illuminated by the laser used for character-
ization (laser spot ~100 pm).

Following the morphological study, the Raman responses of
the different mixtures were analyzed. Fig. 4a shows the entire
and the magnified Raman spectra of the mixtures with different
relative amounts of RM and B-carotene. They show how the
Raman bands of each component are combined. The magnified
Raman spectra comparing the different proportions of RM/f-
carotene in the mixture show that the Raman main bands
located at 1156 and 1518 cm™ ' increase in intensity relative to
those of the RM as the amount of pigment increases. This fact
opens the possibilities of considering each new mixture as a
single security Raman marker. The fact that each composition
exhibits a different spectral signature is relevant to the fight
against counterfeiting, as it allows for the creation of multiple
identifiable signatures from the same raw materials. These
spectral differences are what allow the modulation of different
customizable Raman markers.

To estimate the ability to differentiate between the Raman
signals, the Pearson correlation coefficients (PC) (eqn (1)) of the
Raman spectra for the 90/10 and 80/20 mixtures were calculated
with respect to the 95/5 composition. PC values can range from
0 to 1, where values closer to 1 indicate a high correlation
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between spectra (i.e., greater similarity between Raman spec-
tra). In this case, the 95/5 composition has a correlation factor
equal to 1 because it was taken as the reference. A decrease
in PC values is associated with greater differences between
spectra, meaning that lower PC values indicate a higher capa-
city to discriminate signals during the authentication process
of the corresponding valuable object. The following equation
was used for the calculations:

B

(X = X)(Yi - Y)

PC = i=1
\/i (&—X)z\/i(n— Y)’
i=1 i=1

where X; and Y; are the individual values of the Raman shift and
intensity at each point of the spectra, respectively, X and ¥ are
their mean values, and n is the number of points within
each Raman spectrum. The calculation was carried out for
the derivatives of each Raman spectrum in order to highlight
local changes in the Raman spectra. The correlation factor
decreases as the P-carotene content increases, having values
lower than 0.9 for the 80/20 mixture. The major differences that
lead to a decrease in the PC values come from the increasing
intensity ratios of the Raman bands at 1156 cm ™" (from the
B-carotene) and 1382 cm ' (from the RM). This means that
mixtures with different proportions result in markers with the
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Fig. 4 (a) Complete Raman spectra and magnification between 1050 and 1800 cm™ of different powder RM/B-carotene mixtures with various
percentages and intensity ratio variations. (b) Pearson correlation factor for the ratios RM/B-carotene content of 90/10 and 80/20 compared to 95/5

(which takes a value of 1) in the mixtures.
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same Raman bands but varying relative intensities, allowing
them to be considered as different markers for authentication
purposes.

The concept of customizable markers is based on the capa-
bility of modifying the Raman spectrum of a mixture in a
selected spatial region by inducing a change in its response
driven by high-power laser illumination. In the mixtures of this
work, this change will be due to B-carotene isomerization.
According to the literature, a local temperature of approxi-
mately 60 °C can initiate this process,*> which is accelerated
at temperatures higher than 100 °C,*® leading consequently to
the modification of the P-carotene Raman spectrum. These
conditions cannot be achieved in mixtures of RM and
B-carotene alone, as the required isomerization is not reached
even under the maximum available laser power (290 mW).
Consequently, no differences were observed in the Raman
spectra after the laser treatments.

To achieve the conditions required for the transformation of
B-carotene, the same mixtures were prepared with the addition
of 5 wt% carbon black (CB). This material acts as a susceptor,
absorbing part of the laser irradiation and generating localized
heating, which in turn promotes -carotene isomerization and
modifies the Raman spectrum of the mixtures. In addition, it is
worth noting that CB bands are not distinguishable in these
Raman spectra because they have a much smaller cross-section
compared to RM and the B-carotene.

a)
70000

RM + 20% p-carotene+ 5%|(CB

760000 40 s 6 mW o
> ——Initial

M 50000 4 LT 17 mWj|
g LT 31 mW|
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The study of the transformation of the Raman spectra of
f-carotene/RM mixtures was carried out using the 80/20 com-
position with the addition of 5 wt% CB as a susceptor, as shown
in Fig. 5. In the measurement protocol, the Raman spectra of
the RM marker/f-carotene mixture were first recorded at a laser
power of 6 mW using the 785 nm wavelength laser (referred to
as the initial). Subsequently, the sample was exposed to laser
powers of 17 mW and 31 mW (in the process referred to
as “laser treatment””). These were the laser powers at which
B-carotene isomerization was triggered without degradation, so
they were chosen for the treatment. After this, they were then
re-measured at 6 mW. The complete Raman spectra obtained,
covering Raman shifts from 0 to 3000 cm™", together with
magnified views of the 1050 and 1800 cm ™" region, are shown
in Fig. 5a. In this graph, it can be observed that the character-
istic Raman bands of p-carotene (located at 1156 and
1518 cm™') disappear or decrease in Raman intensity after
the laser treatment. A slight increase in fluorescence is also
observed, although it does not prevent the Raman signal from
being detectable.

The change in the Raman spectra before and after laser
treatment due to the decrease in the Raman intensity of the
B-carotene Raman bands was monitored again using the Pear-
son Correlation factor applied to the derived Raman spectra
curves. It was plotted at different burning power levels and the
graph is shown in Fig. 5b. A constant decrease in the PC factor
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Fig. 5 Raman signal variations of an RM/B-carotene mixture with an 80/20 weight ratio and 5 wt% CB as a susceptor. (a) Complete Raman spectra and
magnification between 1050 and 1800 cm™! at different laser powers. (b) Pearson correlation factor of the Raman spectra as a function of the laser
powers, compared to that before laser treatment (Pearson coefficient = 1). (c) Characteristic color of a mixture of the RM with B-carotene in a weight

ratio of 80/20 and the same mixture with a 5 wt% of CB.
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is observed, caused by the laser treatment, with values lower
than 0.7 after P-carotene degradation under the two laser
powers tested. Thus, the Raman spectra of unmodified and
modified regions are perfectly distinguishable, which is essen-
tial for the final application. With these results, spectral
modulation within customizable markers is possible.

In addition, Fig. 5¢ shows photographs of the powders
corresponding to the different mixtures. The RM mixture con-
taining B-carotene exhibits an orange coloration, as expected
from the use of this red dye. However, once CB is added, the
resulting mixture becomes noticeably darker, acquiring a
browner tone.

The modification of the Raman spectra is associated with
the isomerization of B-carotene,** which is favored by the
presence of the C—=C double bonds,*® in a process where the
major and more stable all-trans-B-carotene species transform
into several cis-B-carotene species.** The isomerization leads to
a change in the Raman spectra, as the bond’s polarizability
decreases by the change in the electronic configuration
induced by the presence of the cis species,*® particularly those
corresponding to C—=C bands. This results in a decrease in
their Raman intensity. Thus, the temperature reached during
the laser treatment can be monitored using the intensity ratio
of the main Raman bands located at 1156 and 1518 cm™ .

To experimentally verify the spectral modifications asso-
ciated with the isomerization of f-carotene and the resulting
changes in the relative Raman band intensities described
above, temperature experiments were carried out. Fig. 6a and
b show the Raman spectra of -carotene and the RM/B-carotene
mixture, respectively, measured at different temperatures,
together with magnified views of the spectral range where the
main Raman bands of B-carotene appear. Changes in the
intensity and Raman shift are observed. Raman shift positions
of the main B-carotene bands are affected by temperature, as
shown in Fig. S2, due to the expansion of the bonds and the
change in polarizability during isomerization. A red shift
(expansion) is more noticeable for the band located at 1156
cm !, while the band located at 1518 cm ™" is more affected by
isomerization, showing a significant blue-shift during this
process. A clear evolution of the Raman bands with increasing
temperature is also observed, with a continuous reduction of
their Raman intensity, which becomes highly pronounced from
175 °C to 200 °C in the case of the measurement for -carotene.
The Raman intensity ratios between the intensities of the
Raman bands of B-carotene located at 1156 and 1518 cm™*
were calculated up to 250 °C from the Raman spectra. Their
values are shown in Fig. 6¢ for pure B-carotene and for the
mixture with RM. It must be taken into account that the -
carotene Raman band located at 1518 cm ™" coincides with one
of the characteristic Raman bands corresponding to the RM, so
the Raman intensity measured for this Raman band in the
mixtures corresponds to the sum of both contributions that
cannot be separated. This explains why the values are different
when comparing the ratios calculated with the mixtures and
only in B-carotene. This fact adds greater uncertainty in their
measurements, reflected in the higher values in the error bars.

This journal is © The Royal Society of Chemistry 2026
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In any case, the isomerization is an irreversible process, evi-
denced by the variation in the intensity ratios. From the values
calculated for the mixture after laser treatment from the graphs
shown in Fig. 5a and the linear interpolation of the ratios data
shown in Fig. 6c, an estimation of the temperature reached
in the laser treatment of the B-carotene/RM mixtures can be
obtained. Considering that the intensity ratio is 0.76 for a
power of 17 mW and 0.55 for 31 mW, and applying error
propagation analysis to estimate the uncertainty in the tem-
perature estimated, the results show that the calculated tem-
perature reached at 17 mW is 245 + 1 °C, while at 31 mW it is
268 + 4 °C. It is important to note that the reported tempera-
tures should be understood as approximate values specific to
this system, used to identify the onset of B-carotene isomeriza-
tion below the temperatures where B-carotene begins to vola-
tize, as the thermogravimetric study shows (Fig. 2d), and not as
precise absolute temperature measurements.

The typical discoloration of B-carotene appearing during the
isomerization process®*” was observed and was taken as
additional evidence of the process observed during marker
customization. Fig. 7a shows the initial white/beige color of
the RM, while Fig. 7b shows the color evolution of the custo-
mizable marker under laser irradiation. Initially, the com-
pacted RM exhibits a whitish color associated with the RM
mixed with very small particles of B-carotene and CB. In
addition, orange particles attributed to agglomerated f-
carotene and black particles corresponding to agglomerated
CB can also be observed. After the laser irradiation, a noticeable
color change is observed in the customizable marker. When a
laser power of 17 mW is applied, a change in the surface color
occurs, turning blue in the center of the laser print and
yellowish in the crown, the print being more pronounced when
burning at 31 mW. The center appears blue because the laser
beam concentrates its highest power there, producing stronger
heating and thus complete isomerization of B-carotene, while
the surrounding yellow ring corresponds to areas that were
heated less and therefore underwent only partial isomerization.
The higher the laser power, the larger the bleached area
becomes. Besides, the CB particles appear to increase in size
during irradiation, which is interpreted as a localized burning
effect induced by the laser treatment. For this same reason, the
orange color of certain clusters of B-carotene is no longer visible
after the laser treatment.

In the application, the Raman marker must be incorporated
into a matrix in order to provide a fixing element for
the customizable marker, while also serving as a protective
medium in which the Raman marker can be embedded to
ensure stability and durability. The vehicle employed was an
ultraviolet-resistant epoxy resin that helps prevent B-carotene
oxidation, which triggers its natural degradation, in addition to
being the fixing element. The same RM + -carotene 80/20 + 5%
CB mixture was further dispersed in epoxy at 20 wt%, and laser
treatment similar to that conducted on the powder mixtures
was performed. This phenomenon is reflected in the Raman
spectra as shown in Fig. 8a. The initial measurement carried
out with a laser power of 17 mW and an integration time of 10 s
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Fig. 6 Raman spectra of (a) p-carotene and (b) RM/B-carotene mixture as

a function of temperature; (c) intensity ratio of the B-carotene Raman bands

located at 1156 and 1518 cm™* for isolated B-carotene and for the RM/pB-carotene mixture and the estimation of the temperature reached in the RM/p-

carotene mixture after the laser treatments at 17 and 31 mW (245 and 268
carotene mixture curve.

clearly shows the coexistence of the Raman bands corres-
ponding to B-carotene and the Raman marker. As can be seen,
the epoxy Raman bands are not visible due to their low
intensity compared to the other bands of RM and f-carotene
(Fig. S3). After the laser treatment with a power of 45 mW
during 10 s in order to carry out isomerization, the Raman
spectrum (Fig. 8a) measured under the same initial conditions
(17 mW and 10 s) reflects the decrease in the intensity of

J. Mater. Chem. C

°C, respectively) obtained from the extrapolation of the values in the RM/B-

Raman fB-carotene bands. This phenomenon is even greater
when the laser power is increased to 54 mW. Similarly, to the
study in powder form, the temperature reached in the process
can be estimated from the intensity ratio of the main f-
carotene Raman bands located at 1156 and 1518 cm™'. The
values calculated were 1.05 and 0.98 after laser treatment at 45
and 54 mW, respectively. The equivalent temperatures accord-
ing to the curve shown in Fig. 6 are estimated as 207 and

This journal is © The Royal Society of Chemistry 2026
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a) b)

RM

100 pm

Fig. 7
powder.

220 °C. Once again, these temperatures must be taken as
indicative of those reached in the process, which in any case
are above the temperature where isomerization takes place. It
should be noted that in the samples with epoxy resin, higher
laser powers were used (45 and 54 mW instead of 17 and
31 mW) since the epoxy matrix favors heat dissipation, which
reduces the local temperature increase under the same irradia-
tion conditions, so a higher laser power is required to achieve a
comparable photothermal activation within the material. The
changes induced in the Raman spectra are reflected in the
Pearson correlation calculated and shown in Fig. 8b, with
values lower than 0.9, which are acceptable values to distin-
guish regions with altered and unaltered Raman signals.

a) RM + 20% p-carotene + 5% CB
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(a) Microscopic image of RM and (b) microscopic evidence of B-carotene volatilization by laser action in the RM + B-carotene 80/20 + 5% CB

A mechanism of customization for the marker combining
RM, B-carotene and CB in a vehicle (epoxy in this case) is
proposed in Fig. 9, where the three materials coexist in the
epoxy matrix. It should be noted that epoxy is shown in gray to
improve the contrast of the image, even though it is transpar-
ent. During laser treatment, CB acts as a susceptor absorbing
the laser radiation that increases the local temperature. Follow-
ing laser treatment, while CB and RM particles do not suffer
any variation, the isomerization of B-carotene (represented in
Fig. 9 by the change to blue) occurs in the areas of laser
radiation. This process allows the isomerization of B-carotene
in selected regions (shown in blue in Fig. 9) while leaving
others unchanged (remaining grey in Fig. 9), allowing the

20000
(') (@]
= =
16000 4 !
Initial o n
Burn 45 mW
12000 - Burn 54 mW
8000 -
4000 -

1200 1300 1400 1500
Raman shift (cm™)

1100 1600

RM + 20% B-carotene + 5% CB
After laser treatment

*

Raman shift (cm™)
b)
S 100{ @
2
o
DO 095
—
3
- 0.904
o
@
@ 0.85-
& E
ox
0.80 T P .y T
0 10 20

30 40 50 60

Laser Power (mW)

Fig. 8 (a) Complete Raman spectra and magnification between 1050 and 1800 cm™* of RM/B-carotene of an 80/20 weight ratio mixture with 5 wt% as a
CB susceptor embedded in an epoxy matrix. (b) Pearson correlation factor of the Raman spectra as a function of the laser powers, compared to that
before laser treatment (Pearson coefficient = 1) for the customizable marker embedded in the epoxy vehicle.
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Fig. 9 Mechanism for customizing an RM/f-carotene mixture (80/20 weight ratio) with 5 wt% CB as a susceptor embedded in an epoxy matrix.

creation of QR code-like patterns, as also illustrated in Fig. 9.
This pattern could only be revealed by an authentication CRM
measurement, in which the Raman spectra in blue areas would
correspond to RM and in the grey areas to the combined
RM/B-carotene signal.

These results demonstrate the potential of this customizable
Raman marker system to generate spatially encoded spectral
patterns through laser treatment. The ability to modulate the
Raman response through localized controlled isomerization of
beta-carotene mixed with inorganic Raman markers allows for
the creation of suitable combinations for anti-counterfeiting.
Furthermore, by integrating the customizable marker into a
stable matrix and activating its spectral transformation in
specific desired areas, it is possible to implement invisible yet
verifiable signatures that resist counterfeiting. The encoding
capacity of this type of system is determined by spatial infor-
mation, which depends on the physical distribution of the
materials within the detection area, and by spectral informa-
tion, which is related to the differences in the Raman spectra of
the species present. In the article by Y. Huo et al,*® it is
established that the encoding capacity (C) for a region in which
spectroscopic signals can be distinguished is given by the
expression (eqn (2)):

C = (nmp (2)

where p is the number of pixels (or measurement points), m is
the number of types of molecules or crystalline structures
present, and n is the number of detectable variables. In our
case, the value of m is 2 (marker and beta-carotene), and the
number of detectable variables is also 2 (using an identification
factor based on the Pearson correlation coefficient, which
determines when modified and unmodified regions can be
distinguished).

The number of pixels is determined in part by the size of the
laser beam spot. If identification is carried out by confocal

J. Mater. Chem. C

Raman microscopy using a 100x objective, the beam size can
be calculated from the expression (eqn (3)):

(3)

where / is the wavelength and NA is the numerical aperture
of the objective. Typical values of approximately 1 pm are
obtained for 785 nm lasers with a 100x objective. Therefore,
ina15 x 15 um image, using a 1.5 um step size (that is, burning
one point and leaving a 0.5 um margin to prevent overlap
between consecutively burned regions), approximately 10 X
10 lines (100 points) would be obtained. The encoding capacity
would therefore be: (2 x 2)'°, that is, a theoretical encoding
capacity on the order of 10*%. This approach offers a versatile
new method for the secure marking of objects, adaptable
to diverse sectors such as the authentication of high-value
products, pharmaceutical traceability, defense applications,
and the preservation of cultural heritage.

4. Conclusions

This work presents a novel approach to fabricate customizable
Raman markers based on the hierarchical mixture of an
inorganic feldspar glass-ceramic and organic B-carotene. The
mixture became a tunable Raman marker that can be selectively
modified by laser-induced isomerization of the B-carotene
component. The integration of carbon black as a susceptor
enables localized heating, allowing controlled transformation
of B-carotene and the generation of spatially encoded Raman
patterns. This strategy provides dual modulation of the Raman
response: a Raman spectral modulation, through composition
tuning and B-carotene isomerization, and spatial modulation,
through selective transformation in specific regions. Therefore,
the main conclusions of this work are:

This journal is © The Royal Society of Chemistry 2026
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e The Raman spectra of the RM/B-carotene mixtures,
organized in hierarchical microstructures where B-carotene
coats RM particles, can be modulated by adjusting the compo-
sition and laser parameters, resulting in distinguishable
Raman spectral signatures.

e Laser-induced isomerization of B-carotene produces irre-
versible changes in its Raman bands, particularly those asso-
ciated with C=C stretching, which can be monitored using
intensity relationships and Pearson correlation analysis. This
irreversible transformation enables the generation of unique,
non-reproducible spectral codes.

e The incorporation of the new customizable RM/f-carotene
+ CB markers into polymer matrices demonstrates their
viability for practical applications without compromising their
tunable Raman response. Following laser irradiation, B-caro-
tene isomerization produces spatially controllable spectral
transformation, enabling the generation of laser-encoded
patterns that can be authenticated by their Raman signal.

e These customizable markers open new possibilities for
anti-counterfeiting applications by combining dual modulation
(spectral and spatial), allowing the generation of unique
spectral codes tailored to specific applications.
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