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Introduction

Citric acid-modulated carbon dots derived from
black tea waste for multifunctional food packaging:
anti-counterfeiting and UV-protective preservation

Yulu Liu,? Jiamin Li,? Yizhou Xiao,® Yuchi Chen,? Yunkai Zhou,?® Fangmei Zhou,?
Bingqi Zhu,? Wenxiao Jiang,© Xing Chen® and Guangming Li {2 *@

The application of biomass-derived carbon dots (CDs) in smart food packaging is often limited by their low
photoluminescence quantum vyield. Here, we report a one-pot hydrothermal synthesis of high-
performance CDs from black tea waste using citric acid as a multifunctional modulator. FTIR, XPS, zeta
potential, and TEM measurements collectively reveal that citric acid enhances photoluminescence
primarily through surface passivation, accompanied by the formation of smaller and more uniform
carbon cores with a narrower size distribution. This synergistic modulation, dominated by surface
passivation, leads to a 25.5-fold quantum yield enhancement from 0.4% to 10.2%, a narrowed emission
spectrum with full width at half maximum reduced from 105.59 nm to 64.95 nm, a prolonged
fluorescence lifetime from 2.86 ns to 6.93 ns, and improved photostability. Leveraging these optimized
properties, the as-prepared CDs are applied in two functional systems for food applications. As
a fluorescent ink, they enable covert anti-counterfeiting patterns that are invisible under ambient light
but emit bright blue fluorescence under UV excitation. Additionally, a nanocomposite coating
incorporating these CDs significantly extends the shelf life of strawberries at room temperature, as
evidenced by reduced weight loss, maintained firmness, and preserved soluble solids content over a six-
day storage period. This work presents a citric acid-mediated strategy for upcycling agricultural waste
into value-added carbon nanomaterials, advancing sustainable and intelligent food packaging technologies.

traceable anti-counterfeiting components enables end-to-end
supply-chain visibility, enhancing the dual assurance of food

Food safety represents a critical and persistent global challenge,
necessitating substantial economic investments in food
production to address escalating consumption demands.* Yet,
during storage and transportation, food products are suscep-
tible to quality deterioration induced by environmental
stressors, such as ultraviolet (UV) irradiation, which accelerates
oxidative degradation and microbial spoilage.> Compounding
this issue, the prevalence of inadequate anti-counterfeiting
features in packaging facilitates the infiltration of fraudulent
products into the market, compromising both brand integrity
and consumer health.® The integration of functional nano-
materials into packaging matrices can modulate the storage
microenvironment, which in turn inhibits deterioration path-
ways and extends shelf-life.* In parallel, the incorporation of
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authenticity and safety.” Consequently, the development of
advanced materials that synergistically combine preservation
performance with anti-counterfeiting traceability holds
considerable practical significance for the future of sustainable
food packaging systems.

Carbon dots (CDs) are a new class of fluorescent carbon
nanomaterials with quasi-spherical morphology and diameters
typically below 10 nm, first identified by Xu et al. in 2004 from the
electrophoretic purification of single-walled carbon nanotubes.®
In 2006, Sun et al. pioneered the demonstration that surface
passivation of CDs with organic molecules could effectively
enhance the quantum yield of CDs, accelerating rapid progress in
the field.”® The synthesis of CDs exhibits remarkable precursor
versatility, accommodating virtually all carbon-containing
compounds as feasible starting materials.'** Compared with
conventional carbon sources, biomass-based materials demon-
strate superior advantages for CDs fabrication due to their
inherent characteristics as sustainable natural resources,
including cost efficiency, abundant availability, environmental
sustainability, and renewable nature.">"* Notably, the conversion
of biomass waste into high-performance CDs achieves the
benefits of valorizing low-value biomass waste streams while

RSC Adv, 2026, 16, 27707-27717 | 27707


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra03143a&domain=pdf&date_stamp=2026-05-21
http://orcid.org/0009-0004-5492-285X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra03143a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016030

Open Access Article. Published on 22 May 2026. Downloaded on 5/25/2026 7:13:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

producing functional nanomaterials, thereby fully conforming to
the fundamental principles of green chemistry and circular
economy concepts.'*"” To date, a wide range of biomass waste,
including agricultural byproducts,'* fruit wastes**** and vege-
table residues,” have been successfully employed as sustainable
precursors for CDs synthesis. These CDs exhibit remarkable
multifunctionality and have demonstrated excellent performance
across a variety of applications. Nevertheless, the generally low
quantum yields of biomass-derived CDs remain a significant
obstacle to their practical implementation, particularly in appli-
cations requiring high levels of this key parameter, such as bi-
oimaging and anti-counterfeiting.>*>*

Tea, as the most widely consumed beverage globally after
water, possesses an extensive consumption base worldwide.”
Based on the degree of fermentation, tea can be classified into
several categories, including green tea, white tea, yellow tea,
oolong tea, black tea, and dark tea.”* Among them, black tea and
green tea collectively account for 98% of global tea production,
with black tea dominating approximately 78% of the global tea
market, establishing itself as the predominant tea variety world-
wide.”” With the popularity of tea-derived products such as bottled
tea drinks, instant tea powders, tea seed oils, and tea extracts,
industrial tea consumption has shown a steady upward trend.”*>*
Consequently, the generation of tea waste during production and
processing has increased significantly. Most tea waste is treated
through composting, incineration or landfill, and only a small
amount is recycled, which not only causes waste of biomass
resources, but also poses a risk to the environment due to the
caffeine and other components contained in tea grounds.* The
conversion of tea waste into valuable carbon-based materials
presents a promising solution to these problems.**?** In recent
years, studies have investigated the utilization of tea waste for the
synthesis of CDs.***® Nevertheless, the majority of these studies
have centered on green tea waste,*”™*° whereas research regarding
the preparation of CDs using black tea waste as a raw material
remains in its preliminary stages.** This discrepancy can be
attributed to the fact that green tea retains its unfermented state,
featuring a high content of low molecular weight, highly reactive,
and heteroatom-rich compounds (e.g;, polyphenols and vitamins)
even after the brewing process.** These characteristics make it
easier to form CDs with controllable structures and excellent
performance during the carbonization process. In contrast, black
tea undergoes extensive compositional transformation during
fermentation, leading to the formation of polyphenolic
compounds such as theaflavins and thearubigins.*® These poly-
phenols are larger, more complex molecular structures formed via
oxidation during processing. Such structural evolution funda-
mentally diminishes the suitability of black tea as a carbon source
in terms of reaction efficiency, end-product performance, and
synthetic controllability. Therefore, converting black tea waste into
CDs is inherently plagued by drawbacks and challenges.

In this study, black tea waste is pulverized and subjected to
hydrothermal treatment with citric acid to synthesize high-
performance CDs (BT-CA-CDs, Scheme 1A). Compared to the
CDs derived from black tea waste (BT-CDs), the strategic
incorporation of citric acid as a multifunctional modulator led
to a remarkable 25.5-fold enhancement in photoluminescence
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(PL) quantum yield (from 0.4% to 10.2%), along with longer
fluorescence lifetime and superior photostability. Systematic
comparative analysis reveals that citric acid mediates both
surface passivation and growth regulation, thereby concurrently
optimizing the core structure and surface states of the CDs.
Furthermore, we demonstrate the practical applicability of both
CDs and CDs/PVA composite solutions as advanced fluorescent
inks for food packaging anti-counterfeiting (Scheme 1B).
Meanwhile, relying on the ultraviolet-resistant of BT-CA-CDs,
we further explored their practical application value in straw-
berry preservation (Scheme 1C).

Experimental
Materials and reagents

The citric acid and polyvinyl alcohol (PVA-205) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Sodium hydroxide, sodium chloride, urea, arginine, glutaral-
dehyde solution (25% in water), and melamine were purchased
from Beijing InnoChem Science & Technology Co., Ltd, pH
buffers were purchased from Wabcan Biotechnology Co., Ltd,
hydrochloric acid was purchased from Guangzhou Howei
Pharma Tech Co., Ltd, the black tea was purchased from
Hangzhou Tea Factory Co., Ltd. All chemical reagents are
analytical grade and used without further purification. Straw-
berries used in the experiments were freshly harvested from
a local farm on the day of testing, with no prior chemical
treatment or commercial preservation processing.

Instrumentation

The X-ray diffraction (XRD) patterns were measured using
Rigaku SmartLab SE X-ray phase diffraction diffractometer,
which operated at a voltage of 40 kV and the radiation source
was Cu ka (A = 1.0546 A). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) images were carried out by JEOL JEM-F200 trans-
mission electron microscope. PL spectra were measured using
Hitachi F-7000 fluorescence spectrophotometer with an excita-
tion source of a 700 W xenon lamp. X-ray photoelectron spec-
troscopy (XPS) spectra were measured by Thermo Scientific K-
Alpha X-ray photoelectron spectrometer. The ultraviolet-visible
(UV-vis) spectra were obtained from TU-1901 UV-vis spectro-
photometer. Fourier transform infrared (FT-IR) spectra were
measured by Thermo Fisher Scientific Nicolet iS20 FT-IR spec-
trometer. Zeta potential was measured by Malvern Panalytical
Zetasizer Pro zeta potential analyzer. The measurements of
absolute PLQY and fluorescence lifetime of all CDs samples
were conducted using the FLS1000 PL spectrometer equipped
with a QYPro™ integrating sphere. The total soluble solid
content of strawberries was tested using Shangyi SN-DR-5310
digital refractometer. The hardness of the strawberries was
measured using the Shangyi SN-FH-D004 fruit hardness tester.

Preparation of BT-CDs and BT-CA-CDs

The purchased black tea leaves were brewed repeatedly with
boiling water until the brewed water was almost colorless. Then,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) Schematic of the synthetic route of BT-CA-CDs and PL enhancement mechanism; the application of BT-CA-CDs for fluorescent

ink (B) and strawberry preservation (C).

the brewed tea leaves were dried and ground into powder using
a grinder. BT-CDs were prepared by mixing tea powder (0.5 g)
with pure water (30 mL). For BT-CA-CDs synthesis, black tea
powder (0.5 g) and citric acid (0.5 g) were used as co-precursors.
These mixtures were placed in Teflon-lined stainless steel and
heated at 180 °C for 12 h. After heating, the large particles were
extracted and the pH was adjusted to around 7.0. The resulting
solution was dialyzed using dialysis bag (500 Da) for 24 h, and
then filtered by a membrane (0.22 pm) to obtain the high-
quality sample. We also investigated whether urea, arginine,
and melamine could improve PL intensity of black tea waste-
based CDs. The fluorescence emission results showed that
none of them could improve the PL intensity of black tea waste-
based CDs as much as citric acid (Fig. S1-S4). Batch-to-batch
reproducibility was thoroughly verified by performing three
independent syntheses, each of which yielded highly consistent
fluorescence spectra after normalization, demonstrating the
reliability of this method (Fig. S5).

Calculation of quantum yield

The quantum yield of CDs was measured by using an absolute
QY measurement system with an integrating sphere, using the
formula:*®

- Ireference emission |d/‘k

A4
J |Isample emission

23

PrLQY =

A2
J ‘Ireference scatter — Isample scatter ’dA
Al

Effect of reaction system pH on CDs synthesis

Two sets of starting materials (0.5 g black tea waste powder,
0.5 g black tea powder and 0.5 g citric acid) were prepared. The
pH values of sample solutions were adjusted to 1.0, 7.0, and 13.0
using HCl and NaOH solutions prior to hydrothermal

© 2026 The Author(s). Published by the Royal Society of Chemistry

treatment. Notably, the initial pH of the black tea waste and
citric acid mixture was approximately 1.0 without any adjust-
ment. The pH-adjusted starting materials were then subjected
to hydrothermal reaction at 180 °C for 12 h in 50 mL autoclaves.
After reaction, the crude products were collected by filtration for
testing UV-vis absorption. To obtain final products, the crude
products were dialyzed for 24 h and filtered through
membranes (0.22 um) for fluorescence measurements.

Exploring the stability of CDs

The prepared BT-CDs and BT-CA-CDs solutions were diluted to
achieve an optical density of 0.10 £ 0.02 at 400 nm. The stability
of the samples was then evaluated under various conditions
including different pH (1.68-12.48), temperatures (25-75 °C),
NaCl concentrations (0-1.0 M), and UV light irradiation
(365 nm, 0-120 min).

Preparation of fluorescent inks

The synthesized BT-CA-CDs solution was diluted with pure
water at a 1:4 ratio until no visible traces were observed on
white paper under natural light. This diluted solution could be
directly loaded into a standard pen as fluorescent ink, exhibit-
ing smooth writing performance and clearly visible text under
365 nm UV light excitation. To enhance the adhesion of the ink
for application via stamps, PVA solutions at varying concen-
trations were tested. Experimental results demonstrated that
CDs fluorescent ink containing 4% PVA solution produced the
most complete and well-defined stamp patterns. This ink was
also applied via stamp printing to create EAN-13 barcodes on
various food packaging substrates. The pattern integrity and
legibility of the printed barcodes were examined under 365 nm
ultraviolet excitation. Aluminium foil specimens bearing the
printed barcodes were divided into two test groups: one
underwent cross-linking treatment with glutaraldehyde (in
a sealed system at 80 °C for 12 h), while the control group
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remained untreated. Both sample sets were then subjected to
water resistance testing. A drop of DI water was placed on the
surface of each sample and maintained for 1 min. After
removing excess water, the surface morphology and changes of
the samples were observed and compared.

Experimental study on the preservation of strawberries using
BT-CA-CDs

In the experiment, 90 strawberries of similar maturity and size
were selected and randomly divided into three groups of 30
strawberries in each group. The three groups of strawberries
were soaked in the corresponding treatment solution for 30 s,
among which the blank control group was distilled water, the
PVA group was 5% PVA solution, and the PVA + CDs group was
a composite solution of 0.01% BT-CA-CDs and 5% PVA. The
treated strawberries were stored in a room temperature envi-
ronment to compensate for natural light exposure, during
which changes in surface ripeness were observed and recorded
daily for each group. The images of the strawberry appearance
were taken on days 0, 2, 4, and 6 of storage. The weight change
during strawberry storage was calculated by the weighing
method, and its weight loss rate is calculated (weight loss rate
calculation formula: weight loss (%) = [(W, — W3)/W,] x100%).
Each strawberry was tested for hardness by using a standard
probe to penetrate the flesh uniformly at a constant speed, with
the maximum force value recorded. The strawberries were
squeezed into juice, and the soluble solids content of the juice
was determined using a handheld refractometer.

Results
Morphological properties

The TEM images in Fig. 1A and D show that both BT-CDs and BT-
CA-CDs are spherical and monodisperse. The average diameters
of BT-CDs and BT-CA-CDs are 2.6 + 0.43 nm and 1.8 & 0.26 nm
(mean + SD), respectively, which were calculated from the
particle size distribution statistics (Fig. 1C and F). The HRTEM
images reveal well-defined lattice fringes in both CDs, with
a lattice spacing of 0.21 nm corresponding to the (100) planes of
graphitic carbon (Fig. 1B and E). FT-IR is known to be a common
technique for characterizing surface functional groups. To
determine the types of the CDs surface functional groups, the
samples were concentrated and dried to obtain powders for FT-IR
spectrometer measurement (Fig. 1G). The FT-IR spectra of black
tea waste, BT-CDs and BT-CA-CDs, all of which exhibited some
common absorption characteristics. The peak at 3500-3300 cm™*
is the overlap of O-H/N-H bond stretching vibrations.*” The
absorption bands at 2993-2831 cm ' correspond to saturated
C-H stretching vibrations, while the peak at 1648 cm™" is
assigned to the C=O0 stretching vibration (amide band). The
characteristic vibrations of the carboxylate group (-COO™) appear
at 1576 cm " (asymmetric stretching, v,5(~-COO)) and 1407 cm ™"
(symmetric stretching, vs(-COO™)). During the hydrothermal
reaction, black tea waste undergoes oxidative decomposition to
form CDs with abundant surface amino and carboxyl groups.
After the introduction of citric acid, the characteristic carboxyl
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peaks become significantly more pronounced, confirming that
citric acid promotes surface carboxyl functionalization. The
surface charge properties of the two types of CDs were further
investigated by zeta potential measurements as a function of pH.
As shown in Fig. S6, both types of CDs exhibited negative surface
charges across the tested pH range. Under pH 4 and pH 7, their
zeta potentials were very similar, indicating comparable initial
surface charge states. As the pH increased from 7 to 10, the
negative charge of BT-CDs showed a marked enhancement, with
zeta potential shifting from approximately —23.1 mV to
—37.8 mV. In contrast, although BT-CA-CDs also became more
negatively charged over the same pH range (from approximately
—20.8 mV to —29.9 mV), the magnitude of this increase was
substantially smaller than that observed for BT-CDs. As a result,
the difference in zeta potential between the two CDs gradually
widened under alkaline conditions. The results indicate that
citric acid modification effectively altered the surface micro-
chemical state of BT-CA-CDs, likely by modulating the content
and/or pK, of surface-dissociable acidic groups, thereby leading
to different pH-dependent charge responses of the two types of
CDs. Fig. 1H displays a broad diffraction peak centered at 26 =
19.83° in the XRD patterns of all synthesized CDs, consistent with
the typical characteristics of amorphous carbon materials pos-
sessing short-range graphitic ordering. Combined with HRTEM
analysis, it is proved that as-prepared CDs exist in a microcrys-
talline state. The d-spacing of 0.45 nm corresponds to the (002)
plane of graphite by Bragg equation.*” The abnormal increase
might be caused by steric hindrance of graphene edge functional
groups or planar distortion of sp® C in the graphene plane.
Compared with BT-CDs, the BT-CA-CDs have a smaller particle
size and higher surface carboxyl density, which may enhance
their dispersibility in water and optical properties.

Compositional analysis

To analyse the chemical composition, XPS spectra of CDs were
recorded. The XPS survey spectra of BT-CDs and BT-CA-CDs
(Fig. 2A and E) reveal three characteristic binding energy
peaks at 284.54/284.37 eV (C 1s), 399.4/399.22 eV (N 1s), and
531.34/530.91 eV (O 1s), confirming the coexistence of carbon,
nitrogen, and oxygen as the predominant elemental constitu-
ents in both CDs. Quantitative analysis results reveal distinct
compositional differences between BT-CDs and BT-CA-CDs. The
oxygen content increased from 22.68% to 28.05%, while the
carbon content decreased from 69.91% to 65.75%. The
increased oxygen content can be reasonably attributed to the
inherently high oxygen content of citric acid, which has a theo-
retical oxygen composition of 58.3% (C¢HgO-). The C 1s spectra
in Fig. 2B and F can be divided into three fitting peaks: 284.35/
284.16, 285.80/285.83, and 287.55/287.40 eV, corresponding to
C-C/C=C, C-N/C-0O, C=0/C=N, respectively.*®* As shown in
Fig. 2C and G, the N1s spectra can be classified as pyridine N
(399.14 €V/398.91 eV) and pyrrole N (399.81 e€V/399.63 eV). The
O 1s spectra of BT-CDs (Fig. 2D) and BT-CA-CDs (Fig. 2H) can be
deconvoluted into two characteristic fitting peaks. For BT-CDs,
the peaks are located at 531.02 eV and 532.34 eV, corresponding
to C=0 and C-O bonds, respectively. For BT-CA-CDs, the fitted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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peaks shift to 530.31 eV (C=0) and 531.16 eV (C-O). XPS results
reveal no significant changes in the composition of various
chemical bonds, while the introduction of citric acid notably
alters the elemental distribution in CDs.

Optical properties

To systematically investigate the optical properties of BT-CDs
and BT-CA-CDs, a detailed analysis of their PL spectra was
firstly conducted. In the excitation wavelength range of 340-
400 nm, the optimal excitation wavelength of both CDs is locked
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at 340 nm. The BT-CDs show a typical excitation-dependent
emission: with the gradual increase of excitation wavelength,
their fluorescence intensity decrease, and the emission peak
has a significant redshift (Fig. 3A). This observation is consis-
tent with the common characteristics of most reported CDs,
which can likely be attributed to the conjugated structures
formed by aromatic C=C bonds within the CDs and surface
defect groups such as hydroxyl (C-OH) and carbonyl (C=0).
The BT-CA-CDs exhibit a similar excitation-dependent fluores-
cent properties, with the optimal emission peak at 409 nm
(Fig. 3B). The comparison of the PL spectra under 340 nm
excitation reveals a markedly enhanced emission intensity for
BT-CA-CDs compared to BT-CDs, exhibiting an approximately
25.5-fold increase, which substantiates their superior fluores-
cence properties (Fig. 3C). Meanwhile, the BT-CDs exhibit a full
width at half maximum of 105.59 nm, while that of the BT-CA-
CDs is 64.95 nm, indicating a narrowed emission spectrum. The
UV-vis absorption spectra (Fig. 3D) of both CDs exhibit
featureless absorption profiles, consistent with CDs prepared by
similar methods reported in literature. The absorption edge of
BT-CA-CDs shows a blue shift, which may be attributed to their
unique surface chemistry or quantum size effects. The fluores-
cent lifetimes of BT-CDs and BT-CA-CDs were measured under
excitation with a 365 nm light source (monitored at 440/415
nm). The PL decay curves are well fitted using the following
single-exponential formula: y = A;exp(—x/t;) + yo. The
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Fig. 3 PL spectra of BT-CDs (A) and BT-CA-CDs (B) at different
excitation wavelengths, insets: photographs of BT-CDs and BT-CA-
CDs solutions under natural light (left) and 365 nm UV illumination
(right); (C) Normalized PL spectra of BT-CDs and BT-CA-CDs under
340 nm excitation; (D) UV-vis absorption spectra of BT-CDs and BT-
CA-CDs; (E) fluorescence lifetime decay profiles of BT-CDs and BT-
CA-CDs; (F) PL spectra of CDs prepared with different ratios of black
tea waste (BT) to citric acid (CA).
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fluorescence decay times were measured to be 2.86 ns for BT-
CDs and 6.93 ns for BT-CA-CDs, with the high quality of the
single-exponential fitting validated by a coefficient of determi-
nation (R*) of 0.99. This indicates that they have a nanosecond
fluorescent lifetime without phosphorescence or afterglow
(Fig. 3E). The longer fluorescence lifetime of BT-CA-CDs
compared to that of BT-CDs may be attributed to the enriched
surface functional groups after citric acid modification. This
enhancement could promote the formation of a more stable
rigid structure and/or reduce non-radiative decay pathways
caused by surface defects, thereby prolonging the residence
time of the excited state. The effect of citric acid dosage on the
fluorescent properties of CDs during synthesis was investigated.
The addition of citric acid only changed the fluorescence
intensity, while the position and shape of the optimal emission
peak remained unchanged (Fig. 3F). The above results demon-
strate that black tea waste consistently serves as the carbon
source throughout the reaction, while citric acid functions as
a surface passivation agent, which alters the quantity or distri-
bution of surface groups as well as the elemental content.

Synthesis mechanism

Citric acid, a small molecular acid, can significantly modulates
the pH of the reaction system. To investigate whether citric acid
plays a role primarily through its acidity during the synthesis of
BT-CA-CDs, we adjusted the initial pH (including acidic,
neutral, and alkaline conditions) of two stating materials
groups (black tea waste only or a mixture of black tea waste and
citric acid) prior to the hydrothermal reaction. Subsequently,
the optical properties of the resulting reaction solutions and the
purified CDs were characterized using UV-Vis absorption spec-
troscopy and PL spectroscopy. The UV-Vis absorption spectra
reveal that both reaction systems display significantly enhanced
UV-Vis absorbance under alkaline conditions, correlating with
the darkly colored solution depicted at the right of the illus-
tration (Fig. 4A and B). In contrast, the lowest UV-vis absorption
was observed under acidic conditions, which is consistent with
the light yellow appearance of the solution shown on the left
side of the illustration. It indicates that alkaline conditions
promote the carbonization of initial starting materials, while
acidic conditions play an inhibitory role. According to the PL
spectra, the CDs synthesized under acidic conditions exhibit
higher PL intensity, with the enhancement being more
pronounced in the system where citric acid was introduced
(Fig. 4C andD). Given that the average size of BT-CA-CDs (1.8
nm) is smaller than that of BT-CDs (2.6 nm), we speculate that
the acidic environment suppresses the growth rate of carbon
cores, leading to the formation of carbon cores with fewer
internal defects, which in turn influences their light absorption
and fluorescence emission behaviours. Further, a control
experiment demonstrates that citric acid alone does not exhibit
strong fluorescence under identical conditions. (Fig. S7), effec-
tively ruling out the possibility that carbonized citric acid
contributes significantly to the observed optical properties.
Therefore, it can be concluded that citric acid primarily func-
tions as a multifunctional modulator in the synthesis process,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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serving to mitigate both surface and core defects, thereby
leading to enhanced PL performance.

PL stability

The effects of pH, temperature, NaCl concentration, and UV
exposure time on the PL intensity of BT-CDs and BT-CA-CDs
were examined. Two kinds of CDs were mixed into pH buffers
(1.68, 4.01, 7.00, 10.01, 12.45) while maintaining consistent
OD,0 absorption. The PL intensity of BT-CDs and BT-CA-CDs
exhibit slight fluctuations, showing a moderate reduction
under both acidic and alkaline conditions (Fig. 5A). The BT-CDs
and BT-CA-CDs exhibit negligible changes in PL intensity
between 25-65 °C, while a more pronounced decrease is
observed at 75 °C (Fig. 5B). The PL intensity of BT-CDs and BT-
CA-CDs remain stable across a NaCl concentration range of 0-
1.0 M, indicating that the ionic strength of the solution has
a negligible effect on their PL intensity (Fig. 5C). Under 365 nm
ultraviolet irradiation, the PL intensity of BT-CDs gradually
decreased with increasing exposure time (0-120 min), whereas
BT-CA-CDs exhibit markedly higher stability with nearly
unchanged intensity (Fig. 5D). This disparity highlights the
superior resistance of BT-CA-CDs to UV photodegradation,
which may be attributed to their distinct surface states and
enhanced chemical bond stability. The stability study demon-
strated that BT-CA-CDs exhibit superior thermal and photo-
stability compared to BT-CDs.

Application of BT-CA-CDs as fluorescent ink on paper

Anti-counterfeiting technology plays a critical role in safe-
guarding commercial transactions, pharmaceutical integrity,
and industrial product security. The development of advanced
anti-counterfeiting materials that integrate strong fluorescence,
facile processability, environmental compatibility, and low cost
has emerged as a significant research frontier in materials
science. The BT-CA-CDs solution prepared in this study exhibits
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significant differences in optical properties under natural light
and 365 nm ultraviolet light, showing excellent potential for
anti-counterfeiting applications. When the BT-CA-CDs solution
was used as ink and filled into a standard pen, it could write
smoothly on paper. The handwritten contents show clear fluo-
rescence under 365 nm ultraviolet excitation (Fig. 6A-C). As
shown in Fig. 6D-G, the flexibility of fluorescent ink in infor-
mation encryption and anti-counterfeiting identification is
further verified through designs such as embedding the
number “1953” into the school emblem pattern and hiding
“1029” in the number “0323”. It is confirmed that the BT-CA-
CDs ink can stably write Chinese characters, letters, numbers,
as well as complex patterns. However, direct application of BT-
CA-CDs ink for stamping proved ineffective in generating
complete fluorescent patterns. PVA itself exhibits no fluores-
cence, and we found the incorporation of 4% PVA markedly
enhanced pattern integrity while preserving the intrinsic fluo-
rescence characteristics of the BT-CA-CDs ink (Fig. S8 and S9).
Rheological analysis confirm that the viscosity modulation
achieved through PVA addition is critical for enabling the reli-
able formation of well-defined patterns (Fig. S10). As illustrated
in Fig. 6H-K, the BT-CA-CDs/PVA ink enable complete stamping
of alphanumeric characters, Chinese logograms, and complex
patterns. Fig. 6L-O further demonstrate the ink's suitability for
producing finely detailed features across varying scales. The
written and stamped samples maintain stable fluorescent
performance on paper substrates, and can still be clearly iden-
tified under ultraviolet excitation after being stored for several
months.

Application of BT-CA-CDs on the surface of food packaging

The application of BT-CA-CDs was further extended to food
packaging systems. Conventional packaging materials were
employed as substrates, which included glass containers,
plastic packaging, metal cans, and aluminium foil, as illus-
trated in Fig. 7A-D. As clearly depicted in Fig. 7E-H, the fluo-
rescent ink we developed could form well-defined EAN-13
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Fig. 6 (A-C) Depict samples handwritten on paper with a pen under
UV light; (D-G) present a comparative display of numerals under
natural light (left) and UV light (right); (H-K) exhibit photos of letters,
numerals, Chinese characters, and intricate patterns made by stamps
sequentially under UV light; (L—O) show images of the patterns fabri-
cated using stamps of varying sizes, captured under UV light
illumination.

traceability barcodes on these materials. To enhance practical
applicability, cross-linking treatment with glutaraldehyde was
employed to effectively mitigate water penetration and inter-
action. Comparative tests revealed that the barcode patterns on
cross-linked surfaces remained largely intact after mild aqueous
treatment, whereas those on non-cross-linked surfaces suffered
significant degradation (Fig. 7I-L). These results confirm that
glutaraldehyde cross-linking significantly improves the water
resistance of patterns fabricated from BT-CA-CDs solution.
Clearly, the BT-CA-CDs demonstrate uniform adhesion on
diverse food packaging materials, forming clearly identifiable
fluorescent barcodes under UV illumination with enhanced
water durability. This functionality enables product identifica-
tion, traceability tracking, inventory management, and price
settlement, while providing anti-counterfeiting capabilities—

Fig. 7 (A-D) show schematic diagrams of glass containers, plastic
packaging, metal cans, and aluminum foil packaging, respectively;
fluorescent barcodes on substrates under 365 nm UV: (E) glass, (F)
plastic, (G) painted metal, (H) Al foil; fluorescence images of barcodes
from the non-crosslinked (I-J) and glutaraldehyde-crosslinked (K-L)
groups before and after water resistance testing.
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thereby offering robust support for ensuring food safety and
supply chain transparency.

Application of BT-CA-CDs in strawberry preservation

During the processing, storage, and retail display of food
products, exposure to UV radiation represents a critical factor
responsible for quality degradation, reduction in shelf life, loss
of nutritional components, and potential safety hazards. The
development and application of UV-blocking packaging mate-
rials have thus gained considerable attention as an effective
approach to mitigate these adverse effects. BT-CA-CDs signifi-
cantly enhanced the UV-shielding properties of PVA-based
packaging materials, owing to their notable UV absorption
capacity (Fig. S11). Based on this, three controlled experiments
were designed to explore the role and mechanism of BT-CA-CDs
in strawberry preservation. Fig. 8A shows the appearance of
strawberries in the control group, PVA group, and PVA + CDs
group on the day 0, day 2, day 4, and day 6 of storage. It can be
seen from the photographs that the three colour, ripeness, leaf
water loss degree and decay: the leaves of the control group
showed obvious water loss and wilting on the second day of
storage; the leaves of PVA group began to shrink on the day 4.
The PVA + CDs group maintained good hydration status until
the day 5. The degree of water loss in strawberry leaves is closely
related to plant respiration transpiration, which suggests that
the addition of BT-CA-CDs may enhance the water retention
capacity of PVA, thereby inhibiting leaf water loss. In addition,
after storage until the day 6, decay and colony growth occurred
in both groups (control group and PVA group) without CDs,
while this was not the case in the PVA + CDs group, suggesting
that BT-CA-CDs may have an inhibitory effect on the growth of
microorganisms on the surface of strawberries. Fig. 8B shows
the weight change trend of strawberries during storage in each
group. Weighing statistics shows that the weight of strawberries
in all groups decreased with the prolongation of storage time,
and the weight loss of the control group is the most significant
(reaching 27.7% on day 6), followed by the PVA group (18.3%),
while the PVA + CDs group exhibited the lowest weight loss of
only 16.7%. This is consistent with the water loss of leaves in
Fig. 8A, which further confirms that the control group had the
worst preservation effect and the PVA + CDs group was most
effective in inhibiting water loss. The change of strawberry
hardness is shown in Fig. 8C. After 6 days of storage, the
hardness of the control group dropped sharply to 0.8 kgf cm ™2,
while the PVA group maintained a hardness of 0.93 kgf cm™2,
and the PVA + CDs group retained the highest hardness of 0.94
kgf em ™. The smallest hardness loss in the PVA + CDs group
indicates that the treatment in this group could maintain the
hardness of strawberry fruits more effectively and delay the fruit
softening process. The total soluble solids content is an
important index for evaluating the nutritional value and sweet
flavour of strawberries, and the changes in the total sugar
content of the three groups of samples during 6 days of storage
are shown in Fig. 8D. In the early stage of storage, the total
soluble solids content of strawberries in each group increased
slightly due to the water loss caused by transpiration. In the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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soluble solids (TSS) content over the storage period (n = 3).

later stage of storage, the total soluble solids content decreased
significantly due to the large number of spoilage microorgan-
isms in the control group and PVA group, and total soluble
solids was metabolized and consumed by microorganisms.
Specifically, the control group's total soluble solids content fell
to 7.0% on day 6, the PVA group to 8.6%, whereas the PVA + CDs
group maintained a significantly higher level of 9.3%. By the day
8, strawberries in the control and PVA-only groups showed
evident decay, browning, and shriveling, whereas those in the
PVA + CDs group remained fresh with green calyxes, bright
color, and no signs of decay (Fig. S12). Collectively, by incor-
porating BT-CA-CDs, the PVA + CDs coating effectively extended
the shelf life of strawberries through multiple synergistic
mechanisms: it reduced photodegradation via UV-blocking,
minimized moisture loss by improving the water vapor
barrier, and suppressed microbial growth through antibacterial
activities. These combined effects resulted in a better preser-
vation performance compared to the control groups. We have
compared our work with existing packaging or coating systems
reported in recent literature that utilize CDs for strawberry
preservation. As summarized in Table S1, representative studies
have demonstrated that CDs-based coatings exhibit multiple
preservation effects, including reduced decay rate, improved
moisture retention, and extended shelf life under different
conditions. Compared with these reported systems, our PVA +
BT-CA-CDs coating achieves competitive or superior perfor-
mance after more than 6 days of storage at room temperature,
as evidenced by 0% decay rate, low weight loss, and high
firmness retention. This comparison places our work within the
context of recent advances and confirms that our coating system
is an effective strategy for strawberry preservation.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Discussion

In this work, citric acid plays a dual role in defect passivation
and growth regulation to tune the properties of CDs derived
from black tea waste, with surface defect passivation as the
dominant mechanism. The successful incorporation of carboxyl
groups was confirmed by FTIR, XPS, and zeta potential
measurements. As a result, the optimized CDs exhibit 25.5-fold
enhancement in quantum yield from 0.4% to 10.2%, a pro-
longed fluorescence lifetime from 2.86 ns to 6.93 ns, a narrowed
full width at half maximum from 105.59 nm to 64.95 nm, and
a reduced average particle size from 2.6 nm to 1.8 nm. Given
that pH adjustment alone does not improve fluorescence
performance, it can be concluded that the enhanced properties
arise from the synergy between carboxyl passivation and the
acidic environment, wherein surface passivation is the key
factor. The one-step hydrothermal method demonstrated
simplicity, cost-effectiveness, and excellent batch-to-batch
reproducibility, making it a reliable laboratory-scale synthesis
route. For strawberry preservation, the CDs/PVA coating
extended shelf life through synergistic mechanisms including
UV blocking, moisture regulation, as well as potential antibac-
terial and antioxidant activities that may originate from tea-
derived components retained during the hydrothermal
process. Regarding food-contact suitability, CDs derived from
natural precursors exhibit good biocompatibility, and the
migration risk for intact-peel fruits is minimal due to the peel
barrier and washing or peeling practices, though quantitative
migration testing is recommended for future regulatory
approval. This work presents a green, waste-to-value strategy
aligned with circular economy principles, advancing sustain-
able and intelligent food packaging systems.
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Conclusions

In summary, this study establishes a rational citric acid
modulation strategy for the synthesis of customizable CDs from
black tea waste, a ubiquitous food processing byproduct. The
strategic use of citric acid as a multifunctional modulator was
pivotal, delivering a 25.5 fold enhancement in quantum yield
and improved photostability, primarily through surface
passivation along with controlled core growth. The practical
application of these CDs was validated in two distinct, high-
impact applications within food systems. First, they were engi-
neered into a robust fluorescent ink, enabling the creation of
covert, high-resolution anti-counterfeiting markings on diverse
packaging surfaces—entirely invisible under natural light yet
exhibiting bright, persistent fluorescence under UV illumina-
tion. Second, incorporation into a PVA matrix yielded an active
nanocomposite coating that significantly enhanced the post-
harvest preservation of strawberries. The composite coating
effectively mitigated mass transfer and microbial degradation,
as evidenced after 6 days by superior metrics: reduced weight
loss, enhanced firmness, and better maintenance of total
soluble solids. Our approach provides an effective strategy for
upcycling food waste into high value functional materials,
thereby advancing the application of CDs in the food industry
while supporting green chemistry and a more sustainable food
system. Specifically, this work demonstrates the valorization of
black tea waste into high value CDs for smart sustainable
packaging. The as-prepared CDs exhibit dual functionalities,
functioning as covert anti-counterfeiting fluorescent ink and as
an active nanocomposite coating for strawberry preservation,
which highlights their versatility in intelligent food packaging
systems. By employing a green hydrothermal route to valorize
a widely available food waste stream, this approach aligns with
circular economy principles and offers a sustainable platform
for waste derived nanomaterials in the food industry.
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