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Abstract: Colorimetric sensing technologies are valued for their simplicity and adaptability, yet their
large-scale production remains economically challenging. This study presents a cost-effective
colorimetric pH sensor developed from low molecular weight chitosan (LC) grafted with rosolic acid
(LCRA), engineered as a pH-sensitive colorant for screen-printing inks. LCRA was synthesized via a
Mannich reaction and characterized using *H NMR, FT-IR, and UV-Vis spectroscopy. LCRA showed
reduced crystallinity and thermal stability alongside notable improvements in water solubility compared
to its LC precursor. The LCRA ink displayed compatibility with various substrates, including
polypropylene spun bond, filter paper, and cotton, applying easily via screen printing without any dye
leaching. Notably, it exhibited a responsive color change from orange-yellow to pink-red in response
to pH adjustments between 4.0 and 12.0 and upon exposure to ammonia gas. These findings position
the LCRA label as a versatile and efficient solution for visual pH detection across various applications.
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1. Introduction

In recent years, colorimetric sensor materials have garnered significant attention for
their ability to detect a wide array of analytes through visually discernible color changes. This
unique capability has led to their widespread application in diverse fields, such as food safety
monitoring [1-3], medical diagnostics [4-6], environmental pollution detection [7,8], and safety
systems in industrial processes [9,10]. Generally, these sensors are fabricated by incorporating
indicator dyes onto natural or synthetic polymers through adsorption [11], entrapment [12,13],
and covalent immobilization (grafting) [14,15]. Although adsorption and entrapment offer
simplicity, they tend to suffer from poor dye-leaching resistance. Covalent immobilization, on
the other hand, acquires dye molecules onto polymers, forming a robust polymeric dye system
that minimizes the risk of leaching, thereby offering enhanced stability, biocompatibility,
minimal toxicity, and superior color fastness [15,16]. However, this synthesis process's
complexity and multi-step nature often increase production time and costs, presenting
challenges in achieving efficiency and scalability.
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Chitosan (CS), a cationic linear polysaccharide derived from chitin through alkaline
deacetylation, stands as a natural biological resource, offering numerous significant
advantages, including high biocompatibility, non-toxicity, biodegradability, abundance, and
cost-effectiveness. Additionally, it exhibits well-established biological activities like
antibacterial and antifungal properties [17,18]. CS comprises glucosamine (GIcN) and N-acetyl
glucosamine (GIcNAC) units linked by -1,4 glycosidic linkage [19]. The existence of hydroxyl
and amino groups within its structure facilitates chemical modification, enabling the creation
of a diverse array of valuable biopolymers suitable for a wide range of applications. Regarding
CS-based polymeric dyes, several organic dyes, such as methyl red and rose bengal [20], sunset
yellow and allura red [21], anthraquinone [22], and pyran flavylium-based indicator dyes [23],
have been grafted onto CS and its derivatives. However, these approaches still require
complicated synthesis and purification steps. In our prior research, a one-pot synthesis Mannich
reaction was employed to graft rosolic acid (RA) and phenol red (PR) onto CS, utilizing them
as colorants for creating a colorimetric pH-sensing film [24]. These films exhibited various
color changes dependent on the pH level while demonstrating exceptional color stability and
resistance to dye leaching, ensuring their reliability across various applications. Nevertheless,
crosslinking of long-chain CS hindered synthesizing derivatives with higher dye content,
particularly with increased formaldehyde levels. This phenomenon resulted in the formation of
high-viscosity or insoluble products [25], presenting a significant challenge in producing
colorimetric sensors with enhanced intensity from these derivatives.

As the usage of colorimetric sensors continues to escalate, their mass production
requires various technologies, such as film extrusion, printing, and coating, to effectively meet
the growing demand [26-28]. Among these techniques, screen printing is a prominent printing
method that offers advantages in terms of its inherent simplicity, cost-effectiveness,
reproducibility, and uniformity [29]. Moreover, its versatility in accommodating intricate
designs enhances its appeal across various applications. Therefore, achieving high-definition
printing patterns in screen printing requires precise dispersion of colorant and other
components within the ink system [30]. Despite the favorable characteristics of polymeric dyes,
there is a lack of documentation regarding using CS-based polymeric dyes as colorants in
screen-printing ink.

Herein, we present an enhancement in the dye content of CS-based polymeric dyes by
utilizing LC-based polymeric dye as a colorant in screen-printing ink. LC-based polymeric
dyes in aqueous form show promise because they improve dispersion in water-based ink. This
effectively resolves ink dispersion issues while improving the quality of screen-printed sensor
labels. The LCRA polymeric dye was synthesized by grafting RA onto the LC via the one-pot
synthesis Mannich reaction (Scheme 1). The structure of LCRA was characterized using ‘H
NMR, FT-IR, UV-Vis, and XRD spectroscopy.

OH

- RA, HCHO

H,0/CH;COOH/DMF
60°C, 24h

Scheme 1. Synthesis route of LCRA polymeric dye via a one-pot Mannich reaction.

https://biointerfaceresearch.com/ 20f12


https://doi.org/10.33263/BRIAC154.105
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC154.105

Additionally, thermal behavior and pH-dependent water solubility were investigated.
The LCRA was then combined with a water-based ink formulation to produce screen-printing
ink for the LCRA sensing label. The color response of the printed label to buffer pH solutions
and ammonia gas was used to investigate LCRA's sensing properties.

2. Materials and Methods

2.1. Materials.

CS (Degree of deacetylation, DD = 0.92; M.W. ~470 kDa) was purchased from Eland
Co., Ltd. RA was purchased from Acros Organic Co. Ltd. Formaldehyde (37% wi/w),
dimethylformamide, ammonia solution (30% w/w), and hydrogen peroxide (30% w/w) were
provided by Carlo Erba (Italy). All other reagents were analytical grade and used without
further purification.

2.2. Synthesis of LC.

The LC was synthesized based on a method adapted from previous research [31]. In
brief, 8 g CS was completely dissolved in a 320 mL solution of 2% acetic acid. Subsequently,
80 mL of hydrogen peroxide was added dropwise to the solution. The mixture was stirred and
allowed to react at 50°C for 5 h. After the reaction, neutralization was carried out with 2.5 M
NaOH, and ethanol was then gradually added with stirring to precipitate the product. The
mixture was filtered and washed several times with ethanol. Finally, it was dialyzed against
distilled water for 5 days before undergoing freeze-drying to obtain the purified product. The
resulting product exhibited a molecular weight of 9.96 + 0.20 kDa as determined by GPC gel
permeation chromatography Nexera Series (Shimadzu, Japan).

2.3. Synthesis of LCRA polymeric dye.

The LCRA was synthesized via the Mannich reaction adapted from our previous work
[24]. In brief, 1 g LC was dissolved in a 100 mL 1% w/v acetic acid solution. Subsequently,
1.699 g RA dissolved in 50 mL dimethylformamide, and 0.476 g formaldehyde was added to
the mixture. The reaction was carried at 60°C for 24 h. After completion of the reaction, 0.5 M
NaOH and ethanol were added to induce precipitation. The resulting mixture was filtered and
washed with ethanol several times. The precipitate was then re-precipitated, washed with 70%
v/v ethanol/water several times, and dried at 60°C.

2.4. Structural characterization.

The integration of signals of 1H NMR spectra calculated the degree of substitution
(%DS). The spectra of derivatives were detected in the D,O/CF3COOH system performed on
the INM-ECZ-500R/S1 spectrometer (JEOL, Japan). The %DS The degree of substitution was
calculated from *H NMR data:

%DS=(1-DD)x =x=4x100 (1)
7

where Har is the integral area of aromatic protons from o1 6.3-7.7 ppm; H7 is the integral
area of protons at Cy.

The FT-IR spectra were recorded using an IRTracer-100 spectrophotometer (Shimadzu,
Japan) that scanned from 4000 to 400 cm™ ! with a 4.0 cm— 1 resolution. The UV-Vis spectra
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were scanned from 200-700 nm using a BlueStar B spectrophotometer (Lab Tech, China). The
sample solutions were prepared by dissolving them in a dilute acetic acid solution to obtain a
concentration of 0.05% wi/v. The crystallinity of the samples was examined according to the
XRD recorded at 26 angles ranging from 5° to 40°, employing a Smartlab SE diffractometer
(RIGAKU, Japan). The thermal behavior of the samples was analyzed using the
thermogravimetric analysis (TGA) instrument TGA/DSC 3+ STARe System (Mettler-Toledo,
Switzerland) at a temperature ranging from 30 to 800°C with a heating rate of 10°C/min under
N2 atmosphere. The water-solubility was estimated by turbidity assay. 25 mg of the samples
were dissolved in 25 mL of 0.1 M HCI, and the pH was adjusted with NaOH solution. Turbidity
was measured by recording the transmittance at 660 nm with a UV-Vis spectrophotometer.

2.5. Preparation of LCRA label.

To create the label, LCRA polymeric dye was dissolved in a 1% wi/v acetic acid
solution, resulting in a 1% w/v LCRA solution. Subsequently, 20 g of this solution was mixed
with 50 g of water-based ink (with a viscosity of approximately 17000 mPa.s) using an IKA
RW 20 mechanical stirrer (Germany). After obtaining the ink, the LCRA label was prepared
by screen-printing it onto a substrate, including polypropylene spun bond, filter paper, and
cotton. The printed label was subsequently dried using an electric hair dryer and stored in a
desiccator for a week before testing.

2.6. Dye leaching test.

The leaching resistance of the printed label was evaluated by immersing a 2x2 cm
sample in various solvents: 10 mL of 10%, 50%, and 95% ethanol/water solutions, as well as
DI water, at room temperature for 24 h. Subsequently, UV-Vis spectra of the immersed
solutions were recorded using a UV-Vis spectrophotometer within the range of 300 to 600 nm.

2.7. Color measurement.

The color response of the sensing label at different buffer pH levels was evaluated
through a HunterLab MiniScan XE Plus colorimeter (HunterLab Associates, USA). The label
with a size of 2x2 cm was immersed in buffer solutions with pH values ranging from 4.0 to
12.0 for 10 min. The color parameters were determined in the CIELab color space. The total
color difference (4E) was calculated using the following equation:

AE = \/(AL)2 + (Aa)? + (AB)2  (2)

where AL is the difference in lightness-darkness, Aa is the difference in redness-
greenness, and Ab is the difference in yellowness-blueness.

2.8. Ammonia sensing test.

To evaluate the responsiveness of the label to ammonia, a 2x2 cm label was affixed to
the inner surface of a testing chamber measuring 8.1x8.1x8.4 cm. Subsequently, 10 mL of
ammonium hydroxide solution with concentrations of 0.075%, 0.15%, 0.30%, and 0.45% v/v
was introduced into the test chamber. A colorimeter was used to record the color change at 3-
minute intervals over a 30-minute period.
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3. Results and Discussion

3.1. Structural characterization.

The *H NMR spectra of CS, LC, and LCRA are illustrated in Figure 1a. The CS spectra
displayed a peak at 2.9-3.2 ppm corresponding to H, of GlcN units. Peaks between the 3.3-
4.1 ppm range were attributed to Hz-He and H2-He. A peak at 1.9-2.0 ppm was also assigned
to Hz of GIcNAc units [32]. Similar to CS, the LC spectra indicated preserving its primary
monomeric structure after depolymerization. After the grafting process, the LCRA spectra
revealed a new peak in the region of 6.3-7.7 ppm, assigned to the aromatic proton of RA,
confirming the presence of RA in LC. The %DS of LCRA calculated from the *H NMR spectra
was 14%.

The FT-IR spectra of CS, LC, LCRA, and pristine RA are shown in Figure 1b. The
characteristic chitosan pattern was observed in CS, LC, and LCRA spectra: C=0 stretching
(amide 1) at 1656 cm™, N—H bending of the primary amine at 1597 cm™%, and C—N stretching
(amide 111) at 1323 cm™* [33]. In addition, a vibration signal corresponding to C=C stretching
in the aromatic ring of RA can be observed in the LCRA spectrum at 1571 cm™?, which shifted
from the pristine RA at 1581 cm™. This result suggests that RA has been successfully grafted
onto the LC backbone.

The UV-Vis spectra of LC, LCRA, and LC mixed with RA are displayed in Figure 1c.
The spectrum of LC did not show any absorption peak in the 400-500 nm range. In the case of
LCRA, an absorption peak was observed at 484 nm, while LC mixed with RA observed an
absorption peak at 475 nm, corresponding to the characteristic absorption of RA. This finding
corresponds with the bathochromic shift caused by the covalent connection between LC and
the RA ring, indicating successful grafting of RA onto the LC [24].

The XRD pattern of CS, LC, and LCRA were displayed in Figure 1d. The diffraction
spectrum of CS exhibited three peaks at 20 values of 10.5°, 19.9°, and 22.7°, corresponding to
the reflection planes 020, 200, and 220 of CS in the hydrated form, respectively [34,35]. In the
case of LC, a pattern resembling that of CS was noted, but with an enhanced peak intensity at
20 =19.9°. This increase can be attributed to the recrystallization of a shorter chain LC [36,37].
After the grafting process, LCRA displayed a substantial decrease in crystallinity due to the
incorporation of the RA group, resulting in a significant weakening of hydrogen bonds within
the LC chain. This observation provides additional evidence confirming the successful grafting
of RA onto LC.

The thermal behavior of CS, LC, and LCRA was investigated using TGA, as displayed
in Figure 1le. Both CS and LC exhibited two stages of weight loss in their TGA and DTG
curves. The initial stage, occurring from 40 to 150°C, was attributed to the dehydration of
absorbed water within the carbohydrate chains [38]. The subsequent stage, occurring from 200
to 400°C, exhibited a maximum thermal decomposition temperature (Tmax) of 305 and 289°C
for CS and LC, respectively, attributed to polymer chain depolymerization and decomposition
[39]. The thermal stability of LC appeared slightly lower than that of CS, attributed to its
reduced molecular weight [40,41]. In comparison to LC, LCRA exhibited three stages of
weight loss. The first stage of weight loss occurred from 40 to 140°C due to the loss of absorbed
water. The second and third stages occurred between 175 to 550°C, attributed to the
decomposition of the LCRA chain. DTG analysis revealed a Tmax at 278°C, suggesting a
decrease in the thermal stability of LCRA. This result can be attributed to the introduction of
the RA group hindering the packing of LC chains, resulting in a decline in thermal stability.
https://biointerfaceresearch.com/ 50f 12
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The pH-dependent water solubility of CS, LC, and LCRA are shown in Figure 1f. In
the CS solution, the transmittance approached near 100% under low pH conditions while CS
remained in a dissolved state. A significant rise in solution turbidity was observed when pH >
6.8, resulting from the deprotonation of -NH3* groups to —NH. groups, indicating the formation
of an insoluble phase. Compared to CS, the initial turbidity of the LC solution shifted to pH
7.6. This shift can be ascribed to the reduction in intermolecular interactions, such as hydrogen
bonding and hydrophobic interactions, resulting from the decreased molecular weight [41,42].
In the case of LCRA, the transmittance remained above 85% at pH 2.0-5.0, indicating good
solubility. However, a dramatic decrease in transmittance was observed when the pH exceeded
6.0, reaching its lowest point at pH 9.0. This phenomenon can be explained by partial
crosslinking between LCRA chains resulting from the Mannich reaction [43]. At pH levels
exceeding 10.0, there was a notable increase in transmittance, surpassing 80% when the pH
reached 12.00, indicating the solubilization of LCRA in alkaline conditions. This finding can
be explained by the prevalence of RA in its dianion state (RA%) when the pH exceeds 10.0
[44]. This transformation leads to electrostatic repulsion between the LCRA chain and
enhanced solubility.
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Figure 1. Structural characterization: (a) *H NMR spectra of CS, LC and LCRA; (b) FT-IR spectra of CS, LC,
and LCRA and RA,; (c) UV-Vis spectra of LC, LCRA, and LC mixed with RA; (d) XRD patterns of CS, LC and
LCRA; (e) TGA and DTG thermograms of CS, LC, and LCRA,; (f) pH dependence of solubility of CS, LC, and
LCRA.
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3.2. Preparation of LCRA inks and application on substrate.

The procedure for creating the LCRA label is illustrated in Figure 2a. Initially, the
LCRA polymeric dye solution was blended with water-based ink to obtain the LCRA ink,
which was then applied on substrates via screen printing to create the LCRA label. Throughout
this process, the LCRA polymeric dye is consistently dispersed within the ink, resulting in a
homogeneous mixture free of visible particles. Moreover, as evidenced by optical micrographs
in Figure 2b, the ink exhibited remarkable versatility in adhering to a range of substrates,
including polypropylene spun bond, filter paper, and cotton. This versatility enabled the
resultant label to be printed with high-resolution designs, boasting exceptional clarity and
showcasing its adaptability and quality across diverse materials.
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Figure 2. (a) Preparation process of the LCRA label; (b) optical micrograph of neat and printed on different
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Figure 3. The UV-Vis absorption of solutions wherein LCRA coated on (a) cotton; (b) filter paper; (c)
polypropylene spun bond were immersed for 24 h.
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3.3. Dye leaching-resistance property.

The dye leaching-resistance property of the LCRA printed on various substrates
underwent testing by immersion in 10%, 50%, and 95% ethanol/water, as well as DI water, and
the results were illustrated in Figure 3. The UV-Vis spectra of the immersed solutions did not
exhibit the characteristic absorption band of the RA, suggesting no leaching of the dye. This
observation indicates that establishing covalent bonds between the RA and the polymer
effectively mitigates leaching within the LCRA label, thereby enhancing its color fastness and
ensuring safety in practical applications.

3.4. pH sensing of LCRA label.

The color change responsiveness of the LCRA printed on the cotton label to different
buffer pH solutions was demonstrated in Figure 4. As illustrated in Figure 4a, the color of the
label transitioned from orange-yellow to orange-red across the pH range of 4.0-8.0, as
observed in the change of color parameter (Figure 4b), with an increase in the a value from
26.71 to 41.17, accompanied by a decrease in the b value from 22.04 to 9.57. As the pH
increased from 8.0 to 12.0, the red hue became significantly more dominant, as evidenced by
the rise in the a value to 48.12, while simultaneously, the b value decreased to below zero.
Additionally, in Figure 4c, the 4E values for the label immersed in pH buffers ranging from
6.0 to 12.0 are greater than 5.0, indicating a substantial color difference that is readily
noticeable to the naked eye within this pH range [45]. The color change of the LCRA label is
attributed to resonance transformation in the RA chemical structure, wherein RA converts from
H2RA (yellow) in acidic conditions to RA? (red) in neutral or alkaline conditions [44]. The
above results demonstrate that the LCRA label exhibits remarkable sensitivity across a wide
pH range, indicating significant potential for sensing applications.
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Figure 4. (a) The optical color change; (b) L, a, and b values; (c) 4E values of LCRA printed on cotton label
after immersed in buffer solutions pH 4.0-12.0.

3.5. Ammonia sensing of LCRA label.

The color response of LCRA printed on a cotton label when exposed to ammonia,
generated from ammonium hydroxide solutions with concentrations of 0.075%, 0.15%, 0.30%,
and 0.45% v/v for 30 minutes, is illustrated in Figure 5. As depicted in Figure 5a, after 15
minutes of ammonia exposure, the label underwent noticeable color changes over time,
transitioning from orange-yellow to pink-red. Moreover, the intensity of the blue hue increased
with both reaction time and ammonia concentrations, as evidenced by the decreasing b values
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(Figure 5b). Furthermore, the 4E values (depicted in Figure 5¢) indicated a noticeable alteration
in the label’s color within the initial 3 minutes, with values exceeding 5.0 even at the lowest
test concentration. The color responsiveness ability of the label can be explained by the reaction
of ammonia with water molecules, leading to the formation of ammonium hydroxide, which
subsequently dissociates into ammonium ion (NH4") and hydroxide ion (OH"). The presence
of OH™ triggers the deprotonation of RA molecules, ultimately causing the label's color change
[46]. This result suggests that the LCRA label can effectively serve as a colorimetric sensor for
detecting and monitoring ammonia levels, making it a promising candidate for applications in
environmental monitoring, food safety, and industrial processes where ammonia detection is
critical.
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Figure 5. (a) The optical color change; (b) b values; (c) 4E values of LCRA printed on cotton label exposed to
ammonia produced by ammonium hydroxide solution at concentrations of 0.075%, 0.15%, 0.30%, and 0.45%
viv.

4. Conclusions

In conclusion, our research has successfully created a screen-printed label capable of
responding to pH changes, utilizing the LCRA polymeric dye. The synthesis of LCRA,
conducted through a Mannich reaction, was rigorously confirmed using *H NMR, FT-IR, and
UV-Vis spectroscopy. By choosing low molecular weight chitosan (LC) over neat chitosan, we
significantly increased the dye content to 14%, improved the solubility in alkaline conditions
(pH > 10.0), and reduced crystallinity. These enhancements made the LCRA ink exceptionally
fit for high-definition printing across various materials, ensuring no dye leakage. Notably, the
LCRA labels demonstrated acute sensitivity to pH levels ranging from 4.0 to 12.0 and to
ammonia gas, showing clear color transitions from orange-yellow to pink-red. This
breakthrough highlights the immense potential of LCRA labels as versatile sensors for visually
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detecting pH levels and alkaline gases, offering broad applicability in diverse colorimetric
sensing applications.
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