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ABSTRACT: Thermochromic inks have proven to be a promising security encoding approach for making commercially available
products less susceptible to forgery. However, thermochromic inks have been plagued with poor durability. Thus, self-healable
hydrogels can be used as self-repair inks with better durability. Herein, we combined hybrid cellulose nanofibers (CNFs) and sodium
alginate (SA) with anthocyanidin(Cy)-based Brassica oleracea L. var. capitata extract in the existence of mordant (ferrous sulfate) to
create a self-healing ink for authentication. CNFs were used as a reinforcement agent to enhance the mechanical strength of the
sodium alginate hydrogel. Both durability and thermal stability were ensured using self-healing inks. Red cabbage was used to extract
Cy-based chromophore as an environmentally friendly spectroscopic probe for immobilization into SA. Using varying concentrations
of anthocyanidin, self-healable composite hydrogels (Cy@SA) with thermochromic properties were provided. Using the CIE Lab
color coordinate system, homogeneous purple (569 nm) films were printed onto a sheet surface. Upon heating from 25 to 70 °C, the
purple color changed to red (433 nm). Transmission electron microscopy was applied to study anthocyanidin/mordant (Cy/M)
nanoparticles (NPs). The properties of the applied prints were analyzed using several methods. Both the hydrogel and stamped
sheets were tested for their mechanical and rheological characteristics, respectively. Research on the nanocomposite ink (Cy@SA)
antibacterial properties and cytotoxicity was also conducted.

1. INTRODUCTION documents including passports, banknotes, certificates, and
The forgery of government papers, banknotes, and commercial identification cards has grown more important in recent years.
objects has had catastrophic security and economic effects Consequently, a plethora of authentication methods have been
across the globe. The counterfeiting industry has been described.” Newer forms of identification methods include quick
monitored to contribute billions to the black market. Therefore, response (QR) encoding, holographic labeling, and radio
there is an urgent need for research into advanced frequency identification (RFID) card.”® However, such
anticounterfeiting technology and materials.' ~* According to anticounterfeiting designs come at significant cost and

previous reports, optical features are effective anticounterfeiting
security measures due to being easy to check but challenging to
imitate. Quantum dots have been described as potential optical
authentication materials in recent years. Their outstanding
emission efficiency and small and evenly sized particles Bode
well for their potential usage in anticounterfeiting applications.
However, because of their reliance on very short emissions,
anticounterfeiting materials are vulnerable to fluorescence
interference with the printed medium. Authentication of official

complicated procedures. Fabricating innovative materials with
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thermochromic characteristics is therefore crucial to the
development of cutting-edge authentication devices free of
background interferences.” Recently, anticounterfeiting ink
made from a variety of thermochromic materials such as
polymer dots and supramolecular hydrogels, has been
reported.'”"" Thermochromism is a temperature-triggered
reversible phase transition between two different color states
of different wavelengths. The development of temperature-
induced chromic polymer ink has been the focus of recent
studies because of their remarkable stability and colorimetric
qualities.'”” Owing to their poor reflectance and high surface
area, thermochromic nanoparticles of polymer ink can display
remarkable optical qualities. However, the problem arises when
these polymer nanoparticles cluster together and cause printer
nozzles to get blocked."®> Thus, the use of thermochromic
nanoparticles distributed in a polymer matrix is an advanced
method for more reliable identification.

Functional materials are distinguished with native features
and functions."”"> They can be reported as a cate§0ry of
engineered structures with suitable surface morphology. *™"* In
particular, a colorimetric thermometer is intriguing as it provides
a straightforward tool for monitoring of temperature by the
observation of colorimetric variations without the need for
specialized equipment or trained staff.'” Paints, thermometer
strips, inks, switchers, sensors, mapping probes, and smart
windows are some of the numerous commercial and scientific
applications of thermochromic pigments.”’~>* Due to their fast
responsiveness, a nanoparticle polymer thermometer composed
of nanostructured self-assemblies is of special interest.
Thermometers based on polymers are often made using a
number of different polymers and chromophores.”* Hydrogel-
based colorimetric thermometers are gaining popularity as a
means of mapping cellular temperatures in vivo. As thermo-
chromic agents, polymeric hosts and synthetic probes like
boron-dipyrromethene and tricyanofuran-hydrazone have been
used in aqueous environments.”*>> However, such synthetic
chromophores are unsafe for human consumg)tion since they are
nonbiodegradable and nonbiocompatible.”® Anthocyanin pig-
ments can be found in different plants and foods, such as red
cabbage, raspberries, blueberries, and black soybeans. They are
natural flavonoid indicators that are classified under the phenolic
category.”’~*’ Their appearance in water changes according to
the pH value, displaying red in very acid surroundings, greenish
yellow in moderately alkaline media, pink in moderately acid
solutions, colorless in strongly basic media, and purple at neutral
pH.** Anthocyanins are safe for human ingestion since they are
found naturally in numerous plants and are utilized as a food
coloring agent. The anticancer and antioxidant characteristics of
anthocyanins due to their quenching capability toward reactive
oxygen species have also been explored.”’ Intriguing studies
have been conducted on the creation of self-healing anti-
counterfeiting materials. However, conventional anticounter-
feiting methods have limitations, such as poor durability.” Self-
healable materials can repair themselves after being damaged,
thereby prolonging their service life.>”** For this reason,
advanced anticounterfeiting applications have placed a premium
on the preparation of self-healing secure inks.*>*® Sodium
alginate (SA) has been described as a naturally occurring self-
healing carbohydrate polymer characterized with biodegrad-
ability, nontoxicity and biocompatibility. Many pharmaceutical
compounds, including skin care items, have found suitable and
friendly matrixes in SA-based self-healing hydrogels. SA has
been used in food industries as emulsifier, stabilizer, thickening
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agent, and gelling agent.””*® It has been typically used in its
hydrogel form in many fields such as drug delivery, tissue
engineering, biomedicine, and wound dressing.”_41 Therefore,
SA can be used as a useful composite hydrogel merged with an
anthocyanidin (Cy)-based red-cabbage extract using ferrous
sulfate as a mordant agent.

To the best of our knowledge, a self-healable anthocyanidin-
containing anticounterfeiting hydrogel has not been presented
yet. Herein, we prepared a color-tunable hydrogel by dissolving
varying concentrations of anthocyanin extract in the self-healing
CNFs-reinforced sodium alginate hydrogel in the presence of
mordant (ferrous sulfate). Authentication stamps made from
manufactured thermochromic Cy@SA ink can be applied to
various products such as currency and certified documents. The
thermochromic properties of the nanocomposite hydrogels
changed depending on the anthocyanin concentration. The
hydrogel layer imprinted on the paper surface appeared purple
(569 nm) under ambient conditions but became red (433 nm)
upon heating from 25 to 70 °C. The stamped film prevents
erasure and scratches and cannot be substituted with other
counterfeit inks, making it ideal for use on paper documents.
Direct dyes such as anthocyanidin are said to be very water-
soluble. Therefore, ferrous sulfate mordant is used in the
printing of anthocyanin on the paper surface. Both the nontoxic
natural material anthocyanidin biomolecule and sodium alginate
biomacromolecule can be described as environmentally friendly
materials. To create a thermochromic nanocomposite ink,
anthocyanidin/mordant nanoparticles (Cy/M NPs) were
admixed with sodium alginate. Thermochromic phenomenon
was seen in the heated stamped films, making this a viable
method for providing anticounterfeiting secure designs with a
temperature-stimulated colorimetric shift. The present strategy
can be applied as a reliable ink by several sectors to combat
counterfeiting,

2. EXPERIMENTAL SECTION

2.1. Materials. Hydrochloric acid (ACS Reagent; 37%) and
ferrous sulfate (FeSO,) were obtained from Merck (Egypt).
Sodium alginate [M = 6.4 X 10* g/mol; M/G = 0.46 for M (3-p-
mannuronic acid) units and 0.54 for G (a-L-guluronic acid)
units] was supplied from Sigma-Aldrich (Egypt). For printing
thermochromic designs, we sourced some oft-white, circular-
chapped Whatman paper from Aldrich (Egypt) with 240 mm
diameter, 87 g m™> weight, 180 ym thickness, and 11 ym pore
size. Wood pulp (bleached) was kindly supplied from Qina Co.
for Paper Production (Egypt). Sodium bromide, methanol,
hydrochloric acid, sodium hydroxide (NaOH), (2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO), and sodium
hypochlorite were obtained from Sigma-Aldrich (Egypt).
Cellulose nanofibers were prepared according to a modified
method published earlier.”” Red cabbage was purchased from a
local market (Egypt). Anthocyanins can be easily extracted from
cabbage due to their low cost, high availability, and fast-growing
rate. Anthocyanidin was isolated from red cabbage using a
modified version of the previously described method.””

2.2. Preparation of Cellulose Nanofibers. Wood pulp (2
g) in distilled water was combined with TEMPO (0.34 g) and
NaBr (0.34 g). The provided mixture was stirred for 30 min to
guarantee the formation of a uniform dispersion. Under ambient
conditions, an aqueous medium of sodium hypochlorite was
added slowly to the above-mentioned mixture. The pH of the
produced solution was brought to 10 by the addition of sodium
hydroxide (0.5 M). An excessive quantity of absolute ethanol

https://doi.org/10.1021/acsomega.3c07874
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was then added to stop the oxidation progress. After repeated
filtrations at a pH value of 7, the produced cellulose nanofibers
were freeze-dried.

2.3. Extraction of Anthocyanidin. Brassica oleracea L. var.
capitata (600 g) was finely chopped and macerated in an
admixture of methyl alcohol and distilled water (1:3; 300 mL).
Then, the aforementioned solution was acidified to a pH of 2
using hydrochloric acid diluted in water (1 mol L™"). The
mixture was kept for 3 days in the fridge at 4 °C. The filtered
mixture was centrifuged at a rate of 2000 rpm for 15 min. The
remaining reddish solution was extracted using chloroform after
the solid remnants were removed. A rotary evaporator set to 40
°C was used to expose the solvent to evaporation. The given
solution became a dark reddish violet after being treated with
strong hydrochloric acid in a refluxing bath. A dark brown
powder (anthocyanidin chloride) was obtained by chilling the
solution after extraction. The resulting powder was then
desiccated after being sifted. Methanol was utilized as an eluent
in the purification of the extract using Sephadex LH-20. The
provided anthocyanide (1.5 mg) was dissolved in methanol (5
mL) to produce a standardized solution of anthocyanidin. The
provided mixture was stabilized after being chilled for an hour.
HPLC Agilent 1100 (Waldborn, Germany) was used to analyze
the extracted anthocyanin solution. By adding a tiny amount of
magnesium strip and hydrochloric acid (1 mL), Shinoda’s
experiment”” was able to determine the anthocyanidin flavonoid
character.

2.4. Preparation of Hydrogels. A colorless aqueous
solution of sodium alginate (1 g) in distilled water (10 mL)
was prepared by heating for an hour at 85 °C. Another
homogeneous aqueous suspension of cellulose nanofibers (0.4
wt %) in distilled water was prepared by homogenization
(ultrasonic treatment) at 25 kHz for 30 min. The aforemen-
tioned suspension of cellulose nanofibers was combined with the
provided sodium alginate aqueous solution at a ratio of 10:90,
respectively.”” The admixture was subjected to stirring for 30
min and ultrasonicated (25 kHz) for 15 min to guarantee the
creation of a homogeneous, transparent, and viscous solution.
Different amounts of anthocyanidin were added to CNFs/SA.
For 15 min, the resulting solutions were admixed by mechanical
stirring. Cy@SA was mixed with 5% ferrous sulfate. After being
swirled for 60 min and exposed to ultrasonic (25 kHz) for 15
min, the given mixture was well mixed. Each ratio of
anthocyanidin, including 0, 0.5, 1, 2, 3, 4, S, 6, and 7% (w/w),
was denoted by a separate set of symbols, including Cy,, Cy;,
Cy,, Cys, Cy,, Cys, Cyg, Cyg, and Cyyg, respectively. The hydrogel
inks that were created had a purple and sticky appearance.
Wooden stamps were then used to imprint the hydrogels onto a
‘Whatman paper. After applying the designs, we let them dry for
20 min in the air. Drop casting of the above solutions also
yielded purple films of Cy@SA, which were air-dried in a Petri
dish (Teflon) for 60 min. Both of the casted films and stamped
sheets were placed in a dry box until analysis could be
performed.

2.5. Analysis and Characterization. 2.5.1. Morphological
Studies. The morphology of Cy/M particles was studied by a
JEOL 1230 (JEOL, Japan) at an accelerating voltage of 80 kV
after they were dispersed in distilled water and subjected to
sonication (25 kHz) for 30 min. Nexus 670 (Thermo Nicolet,
Madison, WI, USA) was utilized to determine infrared spectra
(FTIR) of stamped sheets in the range of 4000—400 cm™" at a
resolution of 2.0 cm™" and averaging 64 scans. The morphology
and structural composition of Cy@SA casted films and prints
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were analyzed using a scanning electron microscopy (SEM)
Quanta FEG 250 (Czech) connected with energy dispersive X-
ray spectroscopy (EDX; TEAM model) at an acceleration
voltage of 30 kV and a working distance of 21 mm.

2.5.2. Rheological Study. Using a Brookfield model DV-III
(Stoughton, MA) with Brookfield software, we were able to
ascertain the hydrogel ink (Cys) rheological characteristics.
According to the previously reported procedure,”’ the
rheometer was first leveled and autozeroed. Viscosities of the
hydrogels were reported at different concentrations of
anthocyanidin. The sample (8 mL) was charged into a
removable chamber connected to a temperature probe with an
accuracy of 0.1 °C.

2.5.3. Mechanical Properties. The mechanical behavior of
prints in the form of rectangles (15 mm X 140 mm) was reported
using Zwick universal equipment (Zwick, Ulm, Germany).
According to the previously reported procedure,” the wire
length between crossheads was adjusted at 5 mm, and the load
was adjusted at 2000 N with a crosshead speed of 10 mm/min.

2.5.4. Thermochromic Properties. To investigate the
thermochromic behavior of the dry hydrogel film printed on a
paper sheet at a neutral pH value (7.0) in an aqueous solution
(5%; w/v), the absorption spectra were recorded when the
temperature was altered between 25 and 70 °C. To test the
reversibility of the thermometer, the temperature range was
systematically pushed between 25 and 70 °C. After each
heating—cooling cycle, the absorption spectra were recorded.
The cloud points of the Cy@SA hydrogels were determined by
heating at a rate of S °C min™" in a water bath.***° When the first
sign of turbidity appeared, the temperature was noted as the
cloud point.

2.5.5. Coloration Measurements. We analyzed color
strength (K/S), absorbance spectra, and CIE Lab parameters
(L*, a*, and b*) of the dry-printed paper sheets using
HunterLab Ultrascan Pro (United States). Ultrascan Pro was
utilized to rapidly report the coloration changes after the printed
paper was heated to the desired temperature. The colorimetric
parameters were expressed by L* representing brightness from
white (100) to black (0), a* representing color between reddish
(+a*) and greenish (—a*), and b* regresenting color between
yellowish (+b*) and bluish (—b*).** CIE is abbreviated for
French name (Commission Internationale de Eclairage) of the
International Commission on Illumination. Canon A710IS was
utilized to take photographic images of Cys.

2.5.6. Biological Properties. Under MTT [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Al-
drich, Egypt] proliferation assay, the cytotoxicity (in vitro) test
of the Cy@SA hydrogel was established using human (normal)
epithelial cell lines (BJ1). A stock solution of MTT in a
phosphate-buffered saline (12 mM) was charged into each well.
The cytotoxic activity (%) was calculated by eq 1.**

Reading of sample

Cytotoxicity (%) = -
v o (%) Reading of negative control

(1)

The Cy@SA hydrogel films were examined for their capability to
inhibit the growth of Escherichia coli and Staphylococcus aureus
using conventional plate agar counting procedures. The
bacterial reduction (R %) was determined by eq 2.**

(4-B)
A

X100

Bacterial reduction (R %) = X100

()
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Figure 1. TEM analysis of Cy/M NPs (a,b), CNFs (c), and histogram view for the mean particle value of Cy/M (d).

where A is the bacterial colony count of the blank specimen and
B is the bacterial colony count of thermochromic specimen.

3. RESULTS AND DISCUSSION

3.1. Preparation of Thermochromic Hydrogel. Because
anthocyanin is classified as a direct dye with high water-
solubility, ferrous sulfate was used as a mordant to permanently
embed the anthocyanidin into the cellulose paper. After
homogenizing (25 kHz) anthocyanidin and ferrous sulfate in
distilled water for 30 min, we obtained Cy/M NPs for TEM
analysis. NPs of Cy/M were found to have diameters of 12—22
nm as shown in Figure la,b. A histogram view of the mean
particle value of Cy/M is shown in Figure 1d. Anthocyanidin
was isolated from red cabbage using HCl and methanol. The
UV—vis absorbance spectra were used to identify the flavonoid
and phenolic compounds found in red cabbage extract to
indicate three absorption maxima in the range of 283, 331, and
538 nm.”’ 77!

Cellulose nanofibers were employed as a reinforcement
nanofiller in the sodium alginate biocomposite to improve the
mechanical performance of the prepared hydrogel. CNFs were
prepared from bleached wood pulp employing a mixture of
NaBr/TEMPO/NaClO.* TEM analysis of CNFs demonstra-
ted widths in the range of 29—57 nm (Figure lc). Aqueous
solutions of CNFs and SA were admixed to provide transparent
and viscous composite hydrogels. The above-mentioned
solution was utilized to prepare smart inks with different
concentrations of anthocyanidin. A wooden stamp was
employed as an authenticating pattern to imprint the Cy@SA
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hydrogels onto the paper surface. The incorporation of
anthocyanidin into a matrix of CNFs/SA led to the formation
of a photochromic ink. CNFs were used to reinforce the
mechanical performance of SA hydrogel, and to prevent
clumping of Cy/M NPs.” Thus, no hydrogel was produced in
the absence of CNFs. Additionally, the presence of flavonoids in
the anthocyanin extract was confirmed using Shinoda’s
technique®' by adding a little amount of Mg strip and a small
amount of HCI to produce a reddish solution. Table 1
summarizes the HPLC analysis of anthocyanin, which shows

Table 1. HPLC Analysis of B. oleracea L. var. capitata Extract

phenol quantity (wt %)
acacetin 0.75
gallic acid 0.82
kaempferol 46.05
ferulic acid 18.02
vanillin 0.84
quercetin-7-methyl ether 0.70
chlorogenic acid 2.09
p-coumaric acid 2.07
chrysin 0.95
quercetin 3.10
catechin 0.62
quercetin-7,3’-dimethyl ether 4.25
cinnamic acid 1.28
rutin 19.62
caffeic acid 0.83

https://doi.org/10.1021/acsomega.3c07874
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the presence of bioactive phenols. The maximum absorbance of
Cy@SA stamped paper shifts from purple (569 nm) to red (433
nm) when the temperature rises from 25 to 70 °C. The chemical
switching mechanism linked with electron delocalization begins
with deprotonation of anthocyanidin as the temperature rises.
This deprotonation/protonation process can be reversed by
altering the temperature of the system between 25 and 70 °C.
Raising the temperature allows for the detection of four different
isomers of anthocyanidin (Figure 2), including quinoid anion,

OH

OH
H
L H
/OH

OH Chalcone

OH  Flavylium cation OH Carbinol

Figure 2. Different isomers of anthocyanidin.

carbinol anion, flavylium cation, and chalcone.””° The
flavylium cation (red) is the main isomeric form at elevated
temperatures, whereas the flavylium ion (purple) dominates at
lower temperatures.

Thick hydrogels were produced by adding varying quantities
of anthocyanidin to an aqueous medium of sodium alginate. The

solution of Cy@SA was then mordanted with ferrous sulfate.
The hydrogel-based inks, once produced, had a purple hue. The
paper was imprinted using ink made from hydrogels. The
stamped film that exhibits temperature-induced chromism
displayed anticounterfeiting security that turned from purple
to red when heating from 25 to 70 °C.

3.2. Morphological Properties. Figure 3 displays an SEM
micrograph showing that the surface of anthocyanidin-
embedded cast sodium alginate film is almost like that of a
pigment-free hydrogel film. Cy@SA design was printed onto
sheets. Figure 4 depicts a morphological analysis of the
thermochromic Cy@SA prints on the paper surface. Cy/M
NPs were incorporated onto the sheet surface as illustrated by
SEM micrographs. As shown in Figure 4, increasing the
anthocyanidin content in the sodium alginate hydrogel had no
discernible effect on the printed paper samples. The uniform
distribution of Cy/M NPs on the surface of paper can also be
explained by the formation of ferric coordination bonding with
the cellulose hydroxyl oxygen. It has been stated that
immobilization of nanoparticles makes uniform distribution
onto different surfaces simpler than it is a dense material.*> SEM
Image] software showed that Cy/M NPs had diameters between
12 and 22 nm, which made it simpler to achieve uniform
dispersion across the paper surface. Table 2 summarizes the
results of the EDX examination of blank and printed paper
samples. Carbon and oxygen were shown to be the primary
elements of blank paper using EDX analysis. Iron was present in
low concentration owing to the use of FeSO,, as a mordant and
was also confirmed by EDX analysis of prints, along with the
presence of oxygen and carbon, the two primary elements of the
cellulose sheet and the anthocyanidin chromophore. The
elemental concentrations of Cy, Cy,, Cys, and Cyg as
determined by EDX were almost the same across three scanned

100 ym

100 ym
—_—

Figure 3. SEM analysis of drop-casted dry hydrogel films from Cy@SA; Cy, (a,b), Cys (c,d), and Cys (ef).
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Figure 4. SEM analysis of paper sheets printed with Cy@SA; Cy, (a,b), Cy; (c,d), and Cy; (e,f).

Table 2. EDX Analysis (wt %) of Cy,, Cy,, Cys, and Cyj at
Different Sites (St;, St,, and St;) on Paper Surface

print C (] Fe
Cyo 66.54 33.46 0
Cy, St, 65.96 33.59 0.45
St, 65.63 33.82 0.55
Sty 65.86 33.53 0.61
Cy;s St; 65.42 33.55 1.03
St, 65.66 33.34 1.00
Sty 65.42 33.51 1.07
Cyg St; 65.58 32.76 1.66
St, 64.49 33.76 1.78
Sty 64.72 33.64 1.64

places on the paper surface, demonstrating a uniform
distribution of Cy/M over the sheet surface. The elemental
compositions matched the elemental ratios used to make the
Cy@SA thermochromic prints, as shown by the EDX analysis.

Absorbance peaks at 3405 cm™' from the paper cellulose
hydroxyl stretching vibration, 2985 cm™ from the C—H
aliphatic stretching vibration, and 1088 cm™ from the aliphatic
C—H bending vibration were detected in the infrared spectra of
stamped papers (Figure 5). Another absorption band was
observed at 1754 cm™" due to the alginate carbonyl stretching
vibration. After stamping, the Cy@SA coating was formed on
the sheet surface, resulting in a reduction in the hydroxyl group
intensity (3405 cm™'). When more Cy/M was added to the
sodium alginate medium, the intensity of the bands correspond-
ing to the aliphatic C—H stretching and bending vibrations
(2985 and 1088 cm™') also dropped. At the highest
concentration of anthocyanidin, an apparent shift to a lower
wavenumber value was observed for the alginate carbonyl
stretching peak of Cyg This could be attributed to iron
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Figure S. FTIR spectroscopic analysis of the Cy@SA prints.

coordination with the alginate carbonyl group and the
anthocyanidin hydroxyl group.”**’

The gelation activity of Cys was confirmed using the stable-to-
inversion technique® as shown in Figure 6a,b. The self-healing
property of the Cy@SA films can boost their resistance to
mechanical damage, hence extending the hydrogel inks shelf life.
As shown in Figure 6¢, a circle able of bearing a mass of 100 g was
created by self-healing of two-half circles (Cy;) with 95% relative
humidity when placed in contact with each other. Hydrogen
bonds formed between the carboxylic carbonyl O atoms (H-
bonding acceptor) and the hydroxyl H atoms (H-bondin%
donor) are responsible for the self-healing behavior.””
Because it encourages the flow of H-bonding acceptor and
donor to generate H-bonds across the damaged interface,
humidity is crucial to improving the self-healing performance.
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Figure 6. Photographs of hot (a) and cold (b) hydrogel (Cys)
demonstrating the stable-to-inversion technique, and (c) self-healed
two-half circles of hydrogel (Cy,) able to withstand a mass of 100 g.

3.3. Rheology and Mechanical Assessments. Figure 7a
displays the results of an investigation into the rheology of the
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Figure 7. (a) Effect of different shearing rates on the viscosity of Cy;

and (b) effect of constant shearing rate (5 s™") on hydrogels of different
anthocyanidin ratios.

Cy@SA hydrogel (Cys). Since the Cy@SA hydrogel flow rate
was most closely matched by non-Newton’s laws, the hydrogel
exhibited comparatively high viscosity. The rate of shear was
shown to linearly decrease the viscosity. The effect of a constant
shearing rate (5 s™') on hydrogels of different anthocyanidin
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ratios is illustrated in Figure 7b. It was shown that the viscosity
increases when the anthocyanidin ratio.

Tensile (TS) and Young’s modulus (YM) of Cy, were
observed to decline near strain % in comparison to Cy, due to
YM being TS/strain dependent. Sodium alginate, a primary
component of the hydrogel, displayed elasticity and adhesion,
proving an increase in strain percent. Figure 8 displays that when
the anthocyanidin concentration increased from Cy, to Cy,
both YM and TS rose, and then remained constant as the ratio
increased from Cyy to Cyg. This could be attributed to the
coagulation of Cy/M NPs, increasing the gaps between cellulose
microfibers. Minor shifts in strain % were seen with increasing
anthocyanidin concentration, which can be attributable to the
interfacial bonding formed between positive charges on Cy/M
NPs and negative charges on the cellulose surface. Therefore,
the cross-linking process between cellulosic fibers is enhanced
by the incorporation of Cy/M particles into the paper surface.
The Cy/M NPs are kept on the paper surface by the sodium
alginate hosting bulk, either by coordinative bonding between
the negative charges on the cellulosic sheet and the positively
charged Cy/M NPs or through physical trapping of the
anthocyanidin in the sodium alginate bulk.

3.4. Colorimetric Properties. The colorimetric changes of
Cy@SA prints were analyzed by CIE Lab as demonstrated in
Table 3. The printed patterns undergo an instantaneous purple-
to-red color shift when heated from 25 to 70 °C as shown in
Figure 9. However, the printed patterns took ~55 min to recover
their original purple color upon cooling to 25 °C. Changing the
anthocyanidin ratio from Cy, to Cy; resulted in minor shifts in
CIE Lab and K/S values. Thermochromism from purple to red
was confirmed by a rise in L* upon increasing the temperature
from 25 to 70 °C. The +a* values were stable from 25 to 70 °C,
but the —b* values flipped to become positive. A purple hue is
established by the +a* and —b* values, whereas a red hue is
produced by the +a* and +b* values. K/S rose with higher
anthocyanidin ratios, indicating a deeper purple color. In
addition, a rise in K/S at higher temperatures denoted a
transition in colorimetry from purple to red of high tinctorial
strength. Upon increasing the temperature from 25 to 70 °C,
slight changes were detected in both color strength and CIE Lab
parameters of samples from Cyg to Cyg. Thus, the optimum
thermochromic efficiency was reported for Cy@SA with a 4%
anthocyanidin to anthocyanidin ratio (Cys).

The absorption spectra of Cys upon heating from 25 to 70 °C
are shown in Figure 10. The absorbance intensity at 433 nm was
found to rise linearly with temperature, whereas the absorbance
intensity at 569 nm decreased. A purplish coordination complex
(Cy/M) was formed between iron(III) and hydroxyl groups in
both cellulose and anthocyanidin.*”*® As the temperature
increases, the extent of coordination deteriorates. When the
temperature increased, several other hues were apparent. Figure
11 shows how this modifies the strength of the thermochromic
effect.

As shown in Figure 12, several heating and cooling cycles were
performed on a Cy@SA print to assess its thermal stability. As
the temperature rose, purple Cys was seen to become red.
Multiple heating/cooling cycles showed no change in
absorption intensity, proving the material thermal stability.

3.5. Biological Properties. After 24 h, cell viability in Cy;
was 97%, as reported by the MTT experiment.”*” After 48 h,
94% of the cells were still alive, demonstrating great
cytocompatibility (Table 4). A slight decrease in cell viability
was detected upon increasing the anthocyanidin concentration.
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Figure 8. Impacts of the anthocyanidin ratio on the mechanical behavior of Cy@SA prints.
Table 3. Colorimetric Behavior of Cy@SA Prints at 25 and 70 °C“
anthocyanidin color strength L* a* b*
25°C 70 °C 25°C 70 °C 25 °C 70 °C 25°C 70 °C
Cyo 0.41 0.65 92.56 92.67 0.10 0.03 -1.26 1.03
Cy, 131 3.09 58.48 63.36 21.02 7.37 -5.25 3.51
Cy, 1.47 3.18 56.47 62.55 19.42 8.08 =7.51 3.11
Cys 1.78 3.76 54.07 61.64 17.44 10.2 —8.68 2.86
Cy, 1.89 4.21 53.60 58.63 13.72 13.42 —10.66 2.67
Cys 1.92 445 50.29 56.73 12.97 16.3 —-12.99 2.40
Cys 2.22 4.58 48.13 55.82 10.46 20.62 —15.09 2.04
Cy, 2.31 4.87 47.01 55.18 9.76 24.22 —16.14 1.88
Cys 2.58 513 46.31 54.68 9.24 25.54 —16.74 1.52

“The lightness shift from black (0) to white (100) is denoted by L*, the color changes between red (+) and green (—) are symbolized by a*, and
the coloration changes between yellowish (+) and bluish (—) are symbolized by b*.

(b)

(@)

Figure 9. Effect of temperature on the stamped film of Cys, displaying a
purple (a) to red (b) color shift upon heating from 25 to 70 °C,
respectively.

The growth inhibition of E. coli and S. aureus by the casted Cy@
SA films is shown in Table 4. The blank film (Cy,) could not kill
germs since it does not include any antibacterial agents. Bacteria
could not survive on the cast Cy@SA film with the lowest
anthocyanidin concentration (Cy,). The ratio of anthocyanidins
rose, and the reduction of bacteria improved.

4. CONCLUSIONS

New self-healing thermochromic hydrogel inks were prepared
and printed onto sheets of paper, changing their color from
purplish (569 nm) to reddish (433 nm) upon raising the
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Figure 10. Effect of temperature on absorption spectra of Cys.

temperature from 25 to 70 °C. We used absorbance spectra,
color strength, and CIE Lab characteristics to analyze the color
shifts in the printed materials. High thermal stability and
endurance were shown by an anthocyanidin chromophore
extracted from red cabbage and used as a spectroscopic sensor in
the creation of nanocomposite hydrogels using ferrous sulfate
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Figure 11. Proposed mechanism for the creation/dissociation of Cy/M
complex; Ar is the anthocyanidin hydroxyl functional substituent.
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Figure 12. Intensity of absorption band (Cys) at 433 nm under heating
(70 °C) and cooling (25 °C) cycles to prove thermal stability.

Table 4. Cell Viability of Casted Cy@SA Films after 24 and 48
h, and Their Antibacterial Activities against E. coli and S.
aureus

film cell viability (%) reduction of bacteria (%)
24 h 48 h S. aureus E. coli
Cy, 99 + 1.2 97+ 1.0 29413 34+11
Cy, 99 + 1.6 95 +12 317 37+ 11
Cy; 98 + 14 95+ 1.5 36 + 1.0 41+ 13
Cy, 97 £ 14 9S £ 1.0 42 + 1.1 46 + 1.0
Cy;s 97 + 1.3 94 + 1.1 47 £ 13 S1+1.1
Cys 96 + 1.0 93+ 1.1 S0+ 1.5 S4+12
Cy, 95 + 1.0 93+ 1S5 S1+1.1 59+ 14
Cyg 9S+ 1.1 92 +1.2 52+ 1.6 61 +12

mordant. To make a composite ink, a mixture of anthocyanidin
(thermochromic agent), cellulose nanofibers (reinforcement
agent), sodium alginate (self-healing agent), and ferrous sulfate
(mordant) was used. The highest thermochromic efficiency was
reported for Cy@SA with a 4% anthocyanidin ratio. Cy/M NPs
were 12—22 nm in diameter, whereas the widths of the cellulose
nanofibers ranged from 29 to 57 nm. Without causing any
cytotoxicity, Cy@SA displays temperature-dependent color
changes. The current thermochromic ink can be utilized in a
variety of products owing to its self-healing properties, low cost,
being environmentally friendly, and efficient anticounterfeiting
applications. The existing thermometer might be used to create
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intelligent clothing with built-in temperature monitoring
capabilities. It can be used as a temperature indication sticker
to place on bottles of hot syrup.
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