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ABSTRACT: Luminescent hydrogels with flexibility and bio-
compatibility have attracted considerable interest in anti-counter-
feiting application. However, conventional luminous substance is
prone to release into the surrounding environment, causing
accumulation and biotoxicity. The green synthesis of repeatable
fluorescent materials from biomass remains challenging. Herein, we
report the assembly of nano-cellulose hydrogel doped with
naturally originated and multiple active sited carbon dots (CDs)
and demonstrate the sustainable usage of information encryption.
The problem of CDs leaching from the hydrogel matrix was solved
via strong chemical interactions between the CDs and cellulose
nanofibers. The facilely prepared hydrogels showed extraordinary
mechanical properties and fatigue resistance (i.e., the stress,
compressive modulus, and compressive toughness were up to 1607.30 kPa, 368.33 kPa, and 191.54 kJ/m3, respectively).
Furthermore, this cellulose-based gel displayed bright green fluorescence under UV light, which could be quenched by Fe3+ ions and
recovered in an ascorbic acid/EDTA-2Na mixture solution. Therefore, coded information can be easily input and interpreted via
ionoprinting technique, realizing a simple display and erasing procedure. This elaborately designed biomimetic hydrogel can serve as
effective communication media to improve security and expand critical applications in optoelectronic storage devices.
KEYWORDS: carbon dots, cellulose modification, fluorescent hydrogels, ionoprinting, repeatable encryption

■ INTRODUCTION
The rapid development of information techniques greatly
improves the convenience of human life but leads to endless
counterfeit products and information leakage.1−3 This trend is
contrary to the principles of sustainable development and has
resulted in huge waste of the earth’s resources. It is an
inevitable topic that development of information storage
materials with protection and encryption ability.4 Although
considerable research on information encryption materials,
including fluorescent ink,5,6 self-erasing materials,7,8 and
luminescent patterns9 has been conducted in recent years,
flexible smart gels based on discoloration behavior have been
scarce. Sustainable and cost-effective hydrogels exhibit unique
fluorescent properties and biocompatibility, which are
generally exploited in the fields of pharmaceutical industries,
imaging, biosensing, therapeutics, and so on.3,10−12

It is clear that smart hydrogels are promising candidates for
information storage due to their unique responsiveness to
specific stimuli, which can load and decrypt hidden
information under specific conditions.13,14 Chen et al.15

designed a multi-responsive nanofiber-reinforced poly(N-
isopropyl acrylamide) hydrogel inspired by a paper structure.
This hydrogel exhibited solvent-induced high-resolution
reversible information recording, self-encryption, and multi-

ple-decryption functions. Lou et al.16 prepared a polymer
hydrogel based on lower critical solution temperature and
upper critical solution temperature, which can perform “double
locking” from the time and temperature dimensions and can be
used for information camouflage and multilevel encryption. Liu
et al.17 innovatively combined the transparency of ion-
conducting hydrogels with anti-swelling and macroscopic
changes induced by hydrophobic polymer chains in organic
hydrogels and prepared ionic organic hydrogels with excellent
mechanical properties and unique behaviors (information
recognition and encryption) in various environments. These
hydrogels can be used as dynamic information storage devices
for recording and encrypting information. Owing to attracting
great attention, they have been proven to be eminent
candidates for flexible anti-counterfeiting in high-level
information security.

Received: March 28, 2023
Revised: June 8, 2023

Research Articlepubs.acs.org/journal/ascecg

© XXXX American Chemical Society
A

https://doi.org/10.1021/acssuschemeng.3c01838
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

O
SA

K
A

 U
N

IV
 o

n 
Ju

ne
 2

9,
 2

02
3 

at
 0

4:
17

:5
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-I+Hsu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroshi+Uyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.3c01838&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?fig=abs1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c01838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf


However, the expensive price, lack of eco-friendliness, and
incompatibility with hydrogel matrix of fluorescent monomers
limit the further development of fluorescent smart hydrogels in
this field.18,19 Recently, carbon dots (CDs) has been widely
known as a promising luminescent nanomaterial with abundant
low-cost sources, facile synthetic methods, excellent bio-
compatibility, high chemical stability, significant water
solubility, low cytotoxicity, and excellent optoelectronic
properties, attracting great attention in many fields including
biomedicine, catalysis, optoelectronic devices, and especially
anticounterfeiting.20−22 Many scholars demonstrated that
integrating CDs into desirable polymer matrix is a cost-
effective and environmentally friendly method to develop
flexible materials for information encryption. For instance,
Xiong et al. reported a flexible right-hand chiral fluorescent film
with potential applications in sensing and anti-counterfeiting.23

The self-assembled film by CDs-modified cellulose nanocryst-
als could generate specific fluorescent patterns by two-
dimensional chemical printing technology. Wu et al. fabricated
double-layer fluorescent hydrogel-organogel with adjustable
amphiphilic imidazolium-type ionic liquid-based CDs, and the
gel exhibited a light and force dual-stimuli response and could
provide more secure information encryption than traditional
single-layer encryption materials.24 Nevertheless, few reports
concerned the heterogeneous distribution and even leaching
behavior of CDs inside the polymer network due to their weak
supramolecular interactions.25

The hydrophilic polymer chain in hydrogel is beneficial for
the homogeneous dispersion of high-water soluble CDs.
Further, the abundant functional groups, such as carboxyl,
amino, hydroxyl, etc. on CDs surface provide the possibility of
chemical fixation inside the hydrogel matrix. On the one hand,
three-dimensional (3D) networks of hydrogel can provide the
CDs with chemical stability, also contribute to inhibit the
aggregation-caused-quenching (ACQ) effect of high concen-
tration CDs.26 On the other hand, the introduced CDs
improves the mechanical properties of the hydrogel as well as
confers the material additional functionality such as
information storage and anti-counterfeiting.27

Based on the concepts of a green economy and sustainable
development, the utilization of natural renewable resources as
CDs carriers is a reasonable choice.11,28 Cellulose, a plant-
based renewable fiber, has been chosen as an environmentally
friendly hydrogel material because of its distinguishable
mechanical properties, multi-hydroxy functionality, biodegrad-
ability, and abundant availability.29,30 The presence of massive
functional groups and charges in cellulose backbone provides
the opportunity of modification reactions. Lv et al.31 used the
physical electrostatic interaction between carboxymethyl
cellulose and CDs to uniformly disperse CDs into a hydrogel
matrix to obtain fluorescent hydrogels with excellent
mechanical properties that can be used to store information
and anti-counterfeiting. Hence, it not only provides a backbone
for the assembly of 3D structure, but also serves as a natural
holder to introduce CDs uniformly into the hydrogel matrix.
In this research, we report a facile fabrication of chemistry

bonding fluorescent nanocomposite hydrogel based on green-
synthesized CDs and fibrillated citric acid-modified cellulose
(F-CAC). Through the stupendous chemical interaction
between the CDs and F-CAC, CDs/F-CAC was incorporated
into a biocompatible, flexible hydrogel matrix of acrylamide
and the hydroxyethyl methyl acrylate copolymer, P(AAm-co-
HEMA). Thus, the CDs/F-CAC chains enabled the composite

gel to overcome the shortcomings of nanoparticle leaching,
avoiding the migration of CDs outside the gel when swollen.
The CDs/F-CAC not only significantly improved the
mechanical properties and anti-fatigue performance of P-
(AAm-co-HEMA) but also endowed the hydrogels with
excellent fluorescence properties. Satisfyingly, the fluorescence
of the CDs/F-CAC hydrogels was quenched by Fe3+ ions and
recovered in an ascorbic acid/EDTA-2Na mixture solution.
Thus, the as-prepared display platform of fluorescent hydrogel
via ionoprinting technique could be used repeatedly. This
novel strategy broadens the applications of natural resources
hydrogels as storage modules for information encryption and
anti-counterfeiting.

■ EXPERIMENTAL SECTION
Materials. Citric acid, urea, acrylamide (AAm), ascorbic acid,

ammonium persulfate (APS), and iron chloride hexahydrate (FeCl3·
6H2O) were purchased from Wako Pure Chemical Industries, Ltd.
(Wako, Osaka, Japan). Cellulose [microcrystalline powder, particle
size of 51 μm, and bulk density of 0.6 g/mL (25 °C)] was purchased
from Sigma Co., Ltd. (Aldrich, USA). 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS), were obtained from Tokyo Chemical Industry Co., Ltd.
(TCI, Tokyo, Japan). Methanol, acetone, 0.1 mol/L acetate buffer
solution (pH = 5), 2-hydroxyethyl methacrylate (HEMA), and N, N′-
methylenebisacrylamide (MBAA) were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). EDTA-2Na was purchased from
Dojindo Laboratories Co., Ltd. (Kumamoto, Japan). All chemicals
were used without further purification. Deionized (DI) water purified
using a Milli-Q system (Millipore Inc., Milford, MA) was used in all
experiments.
Synthesis of Fluorescent CDs. Luminescent CDs were

synthesized via one-step microwave pyrolysis.32 Briefly, citric acid
(3 g) and urea (3 g) were dissolved in DI water (10 mL), and the
clarified solution was obtained under ultrasonic vibration. Next, the
transparent solution was placed in a domestic microwave oven
(Panasonic, Japan) and heated using middle−high fire (600 W) for
approximately 7 min. The obtained brown-black solid was dissolved in
an appropriate amount of water and centrifuged (10,000 rpm, 20
min) to remove large insoluble solid particles. Furthermore, the CDs
solution was dialyzed using a dialysis membrane (MWCO = 1000) in
DI water for 48 h to remove unreacted starting materials and small-
molecular-weight reaction products. Finally, the CDs were obtained as
a dark brown solid after rotary evaporation and dried under vacuum.
Modification and Fibrillation of Cellulose. Citric acid-

modified cellulose (CAC) was prepared using a method similar to
that reported in our previous work.33 Briefly, microcrystalline
cellulose powder (30 g) was dispersed in DI water (300 mL), and
citric acid (90 g) was added to the cellulose solution under strong
stirring. After the citric acid was completely dissolved, the mixture was
transferred into an oven at 130 °C for 15 h, and the esterification
reaction occurred with the evaporation of water under high
temperatures. After the reaction, the modified cellulose was processed
with filtration and washed with DI water to remove residual citric acid
until the filtrate was neutral. The product was washed with methanol
and acetone. CAC was obtained after 1 day of vacuum drying. To
obtain a fibrillated and homogeneous suspension of CAC nanofibers,
an aqueous suspension of CAC (1.5 wt %) was prepared and then
pulverized using a Star Burst Mini wet pulverizing and dispersing
device (Sugino Machine Co., Ltd., Japan). Under an ejection pressure
of 245 MPa, the CAC mechanically disintegrated into cellulose
nanofibers 30 times, and the prepared aqueous suspension was named
F-CAC (1.5 wt %).
The carboxylic-group content of the F-CAC was measured by

conductometric titration using a conductivity meter (LAQUA F-74;
HORIBA Ltd., Kyoto, Japan). The average carboxyl content was 0.48
mmol/g, calculated according to a previously reported test method.34
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Preparation of CAC Nanocomposite Decorated with CDs
(CDs/F-CAC). The F-CAC was further decorated with CDs based on
common EDC/NHS coupling chemistry, according to previous
reports.28 First, the F-CAC aqueous solution (40 mL, 1.5 wt %)
was added to 20 mL acetate buffer solution (0.1 M, pH = 5) with
ultrasonic vibration for 30 min. Next, EDC (119 mg) was added, and
the admixture was vigorously stirred for 15 min. Subsequently, NHS
(460 mg) was added, and the admixture was continuously stirred for
15 min. Then, 100 mg of the CDs was added to the reaction mixture.
The reaction proceeded overnight under magnetic stirring at room
temperature (RT) in the dark. The resulting suspension was dialyzed
(MWCO = 1000) in DI water for 48 h. After freeze-drying, a light-
brown powder was obtained and named CDs/F-CAC.
Preparation of Fluorescent Hydrogels. Fluorescent hydrogels

were prepared via one-pot free-radical polymerization of the precursor
aqueous solution within HEMA, AAm, CDs/F-CAC, and MBAA,
using APS as the initiator. The procedure was as follows: initially, we
dissolved a certain amount of CDs/F-CAC in 5 mL DI water and
sonicated it until uniformly dispersed. Subsequently, 2 g HEMA, 1 g
AAm, 30 mg APS, and 15 mg MBAA were added to the solution,
sonicated, and stirred until a homogeneous solution was obtained.
After degassing by bubbling with nitrogen for 10 min, the mixture was
injected into a self-made mold consisting of two glass plates and one
silica plate (2 mm). In situ free-radical polymerization of the hydrogel
was performed in a water bath at 60 °C for 6 h. The hydrogels were
named CDs/F-CAC-0.1, CDs/F-CAC-0.5, CDs/F-CAC-1.0, and
CDs/F-CAC-1.5 with the CDs/F-CAC content varying from 0.1 wt
% to 0.5, 1.0, and 1.5 wt %, respectively (based on the total weight of
HEMA and AAm). At the same time, the same method was used to
prepare hydrogel without CDs/F-CAC and named CDs/F-CAC-0.
The hydrogels containing only CDs, which have the same quality as
the CDs with the CDs/F-CAC-1.0 hydrogel according to the loading
content of CDs, were synthesized via the same procedure and named
CDs-1.0.
Information Loading and Erasing. Information was loaded into

hydrogels using ionoprinting, as reported by Le et al.35 Briefly, the
filter papers were soaked in FeCl3 solution (125 mM) for 2 h, then
removed and dried in an oven (60 °C). After drying, the filter papers
containing Fe3+ were cut into the desired shapes and then placed on
the surface of the fluorescent hydrogels for 2 min. After peeling off the
filter paper, the desired information loading was obtained and
visualized under specific UV light. The information-loaded hydrogels
were soaked in a mixed solution of ascorbic acid/EDTA-2Na (0.1 M)
for 2 h, and the information was erased.

Characterization. Attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy (Thermo Scientific Nicolet iS5,
USA), UV−vis absorption spectroscopy (J-820 AC, JASCO
Corporation, Japan), X-ray diffraction (XRD, Rigaku Corporation,
Tokyo, Japan), and X-ray photoelectron spectroscopy (XPS, JEOL
JPS-9010MC) were used to confirm the chemical compositions and
structures of the CDs, CAC, and CDs/F-CAC. The light trans-
mittance measurement of the hydrogels was conducted in quartz cells
through UV−vis spectrophotometer. The heights and morphologies
of the CDs and F-CAC were characterized using atomic force
microscope (AFM, SPI3800N/SPA-400, Seiko Instruments Inc.,
Tokyo, Japan). The microstructures and morphologies of the
cellulose, F-CAC, and hydrogels were observed using scanning
electron microscopy (SEM, Hitachi SU-3500, Japan). The photo-
luminescence (PL) spectra of the CDs and hydrogels were recorded
using a microplate reader (SH-9000Lab, Yamato Scientific Co., Ltd.,
Tokyo, Japan). The thermal stability of the CDs, CAC, and CDs/F-
CAC was investigated using a thermogravimetric analyzer (TGA,
Hitachi STA7200RV, Japan) by heating from 30 to 800 °C under
nitrogen protection.
Swelling Measurements. The swelling behavior of the as-

prepared gels was measured in a large amount of DI water at RT until
swelling equilibrium was reached. At certain times, the gels were
removed surface water and quickly weighed. The swelling ratio (SR)
was calculated as, SR = (Ws − Wd) × 100%/Wd, whereWs andWd are
the weights of the swollen hydrogels and the corresponding dried
hydrogels, respectively.
Mechanical Tests. The samples for the compression and cyclic

compression tests were prepared in cylindrical shapes with length of
8−10 mm and a diameter of 13 mm. The stress at the respective
compression strains on the hydrogels was characterized using an EZ
Graph universal material testing machine (Shimadzu, Japan) equipped
with a 500 N load and a speed of 3.0 mm/min at RT. The
compressive modulus was determined from the slope of the nominal
compression curve in the strain range of 10−20%. The compressive
toughness UCT was estimated from the area under the stress−strain
curve, using the following equation

=U
F s

R

d
CT

0

0.7

2 (1)

where F is the compressive load and s is the compressive displacement
of the corresponding strain. For the self-recovery experiment,
successive loading−unloading compression tests were performed 10

Figure 1. Schematic illustration of the preparation of (a) CDs, (b) F-CAC, and (c) CDs/F-CAC.
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times under different strains (10, 30, and 50%) at a rate of 0.5 mm/
min and tested again with a resting time (1 min). The hysteresis
energies were calculated from the loop area between the loading and
unloading curves.
Rheological Properties. Rheological tests were performed using

a Haake Rheostress 6000 (Thermo Fisher Scientific, Waltham, MA,
USA) instrument equipped with 20 mm-diameter parallel plates to
analyze the gels at RT. The angular frequency was swept from 1 to
100 rad/s at a fixed strain of 0.1%.

■ RESULTS AND DISCUSSION
Synthesis of Materials. The CDs were prepared by

heating citric acid and urea in DI water via a one-step
microwave method, as shown in Figure 1a. Microwave
irradiation technology is an efficient option because of its
advantages of in situ, instantaneous heating, and large-scale
synthesis of homogeneous CDs.36 We demonstrated that the
resulting CDs could be homogeneously dispersed in DI water,
producing a dark brown solution, as shown in Figure S1. The
CDs exhibited significant dispersibility when a one-step
microwave method was used.
To enhance the functionality and hydrophilicity, citric-acid-

modified cellulose was prepared to endow the surface with
carboxylic acid groups, which can serve as reactive sites, as
shown in Figure 1b. The modification was achieved through
esterification between the hydroxyl groups of cellulose and
carboxyl groups of citric acid. Because the modification
reaction was carried out in the solid state, it allowed the
mass production of modified cellulose without using organic
solvents. To prepare nanocellulose, a fibrillation method that

uses aqueous counter collision (ACC) without any chemical
modification was used to increase the surface area of CAC for
the next reaction.37 Figure 1c displays amino-carrying CDs
grafted onto F-CAC using common EDC/NHS coupling
chemistry.
Micro-morphology of CDs. In general, AFM was used to

confirm the morphologies and heights of the prepared CDs, as
shown in Figure 2a. The CDs were uniformly sized spheres
with a height of approximately 2−3 nm. The surface
morphologies of the cellulose and fibrillated cellulose were
compared using SEM. It can be seen from Figure 2b that the
cellulose is coarse and intertwined. Comparatively, after
treatment with ACC for 30 passes, cellulose was crushed
into nanoscale fragments, as shown in Figure 2c, which is
consistent with the AFM results for F-CAC (Figure S2).
Characterization of Materials. FTIR spectroscopy was

used to detect the occurrence of the reaction (Figure 3a).
Compared to the characteristic spectra of cellulose, ester-
ification by citric acid was determined by the presence of new
carboxylic acid and ester carbonyl peaks at approximately 1730
cm−1. The CDs exhibited stretching vibrations of C−OH at
3204 cm−1, C−H at 3057 cm−1, and C−N or C−O−C at 1281
cm−1. The peaks centered at 1584 and 1694 cm−1 are
attributed to the N−H and C=O bonds, respectively. The
existence of these broad absorption bands demonstrates the
presence of functional groups, such as carboxyl and amide, on
the surface of CDs.31 Compared to the spectrum of F-CAC,
the characteristic bands at 1580 (corresponding to the −NH2
stretching vibration of excess CDs) and 1704 cm−1

Figure 2. (a) AFM (on mica) image and topography of CDs. SEM image of (b) cellulose and (c) F-CAC.
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(corresponding to the −CO−NH− stretching vibration) were
observed in the spectrum of CDs/F-CAC. This verifies the
occurrence of carboxyamine condensation between F-CAC
and CDs.
The aqueous solutions of CDs and CDs/F-CAC emit green

light with excitation occurring at λex = 365 nm (under UV
lamp), indicating obvious fluorescence, as shown in the inset of
Figure 3b. In Figure 3b, the UV−vis spectra of CDs and CDs/
F-CAC show nearly the same characteristic absorption peaks,
including distinct absorption shoulders at ≤250 nm, clear
peaks at 340 nm, and shoulders located at 440 nm. Based on
the literature, absorption bands at approximately 250 nm are

attributed to a π−π* transition of the C=C and C=N bonds of
the sp2 C domain in polymetric carbon nitrides, and the peaks
at 340 nm are assigned to the n−π* transition of the C=O and
C=N bonds in g-C3N4, corresponding to a typical absorption
pattern of carbon nitride (335 nm).38 The extended absorption
shoulders located at 440 nm may result from the complex
ligand shell at the CDs surface and which is known as surface
state transition.39,40

In the fluorescence spectra, the CDs exhibited an emission
intensity maximum at 510 nm when excited at 420 nm (Figure
S3). Similar to previous reports,36,41,42 the CDs showed an
obvious dependence of the PL wavelength and intensity on the

Figure 3. (a) ATR-FTIR spectra of cellulose, F-CAC, CDs, and CDs/F-CAC. (b) UV−vis absorption spectra of CDs and CDs/F-CAC. Insets
show photographs of CDs and CDs/F-CAC solutions under 365 nm UV lamp. (c) PL spectra of the CDs under different excitation wavelengths.
XRD patterns of (d) N-CDs, (e) F-CAC, and CDs/F-CAC. (f) TGA thermogram of F-CAC, CDs, and CDs/F-CAC.
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excitation wavelength (Figure 3c), which is a typical character-
istic of fluorescent carbon materials and may be due to the
presence of core carbon, diverse surface states (hybridization
between the core carbon and functional groups), and
molecular states owing to the presence of phosphors.
Moreover, the photobleaching tolerance inherited from F-
CAC assisted CDs/F-CAC in retaining over 97.43% of original
luminescence intensity under 120 min UV irradiation as shown
in Figure S4, which proved the strong anchoring ability of F-
CAC.
The wide (002) peak at around 27° of the XRD diffraction

pattern of the CDs demonstrates that carbonized citric acid
and urea can produce the graphite structure, as shown in
Figure 3d.43 In Figure 3e, the XRD diffraction patterns of F-
CAC and CDs/F-CAC demonstrate the unique diffraction
regions of cellulose I. The main peaks at 14.9, 16.4, and 22.5
were attributed to the typical (110), (110), and (200)
reflections of the cellulose I pattern, respectively.44 Compared
to that of F-CAC, the XRD pattern of CDs/F-CAC did not
change significantly, implying that the typical structure of

cellulose I was maintained even though CDs were attached to
the surface of F-CAC via an acylation reaction.45

Thermogravimetric analysis was utilized to verify the
thermal stability of CDs, F-CAC, and CDs/F-CAC and to
determine the loading content of the CDs. Figure 3f shows
TGA curves of the test samples. The weight loss rate during
the test can be calculated using the following formula

= ×W
W W

W
100%initial end

initial (2)

where Winitial is the initial quality of the test and Wend is the
final amount.
The initial small weight loss was caused by the evaporation

of low-molecular-weight compounds or adsorbed water from
the curves. At first, the CDs began to decompose with
increasing temperature, which could be attributed to the
decomposition caused by unsteady oxygenous groups on the
loose surface of the CDs and CO, CO2, and other oxygenated
carbides that were simultaneously generated. This is why CDs/

Figure 4. (a) XPS survey spectra of F-CAC, CDs, and CDs/F-CAC. (b−c) High-resolution XPS fitting results for C 1s and O 1s of F-CAC. (d−f)
High-resolution XPS fitting results for the C 1s, O 1s, and N 1s spectra of CDs. (g−i) High-resolution XPS fitting results for the C 1s, O 1s, and N
1s spectra of CDs/F-CAC.
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F-CAC decomposes earlier than F-CAC. It is clear that at 800
°C, the mass loss of the CDs/F-CAC composite was lower
than that of F-CAC. This may be because the stable CDs did
not participate in combustion; only the macromolecules were
involved in combustion, indicating the successful loading of
CDs on the F-CAC. Moreover, the loading of CDs had little
effect on the thermal degradation behavior of cellulose, which
further confirms the successful synthesis of CDs/F-CAC
nanocomposites.46 Based on the weight loss rate calculations,
the loading content of CDs was approximately 34%.
XPS was used to analyze the surface chemical compositions,

structures, and bonds of the prepared hybrid materials. The full
XPS profiles of F-CAC, CDs, and CDs/F-CAC, as well as their
corresponding elemental contents, are shown in Figure 4a and
Table S1. The C 1s, O 1s, and N 1s fine spectra of the samples
were analyzed in detail (Figure 4b−i). The compositions of the
elements and their corresponding contents are shown in Figure
4a and listed in Table S1. The XPS spectra show that F-CAC is
composed of C and O elements with binding energies of 286.2
and 533.2 eV attributed to C 1s and O 1s, respectively. For the
CDs and CDs/F-CAC, in addition to C and O, the full-scan
XPS spectra presents distinct N 1s peaks at 399.3 eV. Table S1
shows that the CDs present a higher N and C atomic ratios
(11.759 and 59.795%, respectively) and lower O/C ratio
(0.48) than those of F-CAC, indicating that a high fraction of
N atoms were successfully doped into the CDs.47 The N
atomic ratio decreases to 6.76% after conjugating the CDs with
F-CAC (to form CDs/F-CAC hybrids). Moreover, comparing
F-CAC with CDs/F-CAC, the O/C ratio decreases from 0.73
to 0.66, which can be taken as a further indication of a
successful coupling reaction. Furthermore, a detailed analysis
of the C 1s, O 1s, and N 1s peaks of F-CAC, CDs, and CDs/F-
CAC was performed. As expected, combined with the detailed
XPS spectra of F-CAC and CDs (Figure 4b−f), the C 1s, N 1s,
and O 1s spectra of CDs/F-CAC verify the occurrence of an

acylation reaction.45 The C 1s spectra (Figure 4g) suggest the
presence of C−C/C=C (284.8 eV), C−N/C−O (286.2 eV),
C=O/N−C=O (287.6 eV), and O−C=O (289.1 eV). The O
1s spectra (Figure 4h) are deconvoluted into three peaks at
530.9, 532.6, and 533.8 eV corresponding to C=O, C−O, and
O−C=O, respectively. The N 1s spectra (Figure 4i) can be
divided into three peaks at 398.8, 399.7, and 401.2 eV, which
can be assigned to pyridinic N, pyrrolic N, and graphitic N/
N−C=O, respectively. Therefore, it can be concluded that
CDs/F-CAC is mainly composed of carbon atoms and oxygen-
and nitrogen-containing functional groups.48,49

Synthesis and Morphologies of CDs/F-CAC Hydro-
gels. The preparation of the hydrogels with fluorescent
properties is illustrated in Figure 5a. F-CAC provided the
natural skeleton that connected with the fluorescent CDs
based on a carboxyamine condensation reaction, and hydrogels
were then prepared through the one-pot free radical
copolymerization method. Rigid F-CAC enhances the
mechanical properties of the hydrogels, whereas CDs impart
fluorescence properties to them. The as-prepared hydrogels
with a thickness of 1 mm (Figure 5b) displayed increasing
green fluorescence under UV light as the CDs/F-CAC content
increased. By contrast, the transparency of the hydrogels
gradually decreased from 93 to 80% with an addition of less
than 1.0 wt % (Figure S5). However, the 1.5 wt % of CDs/F-
CAC were difficult to homogeneously disperse in hydrogel
matrix, resulting in a light transmittance below 50%. The cross-
sectional morphologies of the freeze-dried hydrogels with
different CDs/F-CAC contents are shown in Figure 5c−e.
Compared to the hydrogel without the addition of CDs/F-
CAC (Figure 5c), the CDs/F-CAC-0.1 (Figure 5d) and CDs/
F-CAC-0.5 (Figure 5e) hydrogel cross-sections have more
regular pore channels and homogeneous structures with tighter
networks, which may lead to outstanding mechanical proper-
ties of the CDs/F-CAC hydrogels. Interestingly, numerous

Figure 5. (a) Schematic illustration of the synthetic process of CDs/F-CAC hydrogels. (b) Appearance of CDs/F-CAC hydrogels with different
concentrations under visible and UV light (from left to right: CDs/F-CAC-0, CDs/F-CAC-0.1, CDs/F-CAC-0.5, CDs/F-CAC-1.0, and CDs/F-
CAC-1.5). Cross-sectional SEM images of the freeze-dried CDs/F-CAC hydrogels: (c) CDs/F-CAC-0, (d) CDs/F-CAC-0.1, and (e) CDs/F-
CAC-0.5.
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filamentous structures were observed in the CDs/F-CAC
hydrogels, which contributed to denser porous structures. The
swelling behavior of the hydrogels confirms this point (Figure
S6). With an increase in the CDs/F-CAC content, the swelling
ratio of the hydrogels decreased, indicating an increase in
crosslinking density. Therefore, it can be assumed from the
SEM results that massive micropores in the hydrogel network
prevent the propagation of cracks, and the homogeneous pore
size enables the even distribution of stress to resist force
centralization.50,51

Mechanical Properties and Rheological Behavior. The
mechanical properties of the hydrogels were evaluated using
uniaxial compression tests. As shown in Figure 6a, the
hydrogels do not exhibit remarkable fractures upon compres-
sion tests at up to 70% strain according to the nominal
compressive strain−stress curves; they quickly recover their
original state after stress unloading during the compression
test, indicating that the gels have extraordinary anti-fatigue
properties (Figure 6d). The results demonstrate that
incorporating CDs/F-CAC significantly improves the com-
pressibility of the P(AAm-co-HEMA) hydrogels, and with an

increase in the CDs/F-CAC concentration, the compressive
performance of the hydrogels gradually improves. Specifically,
as shown in Figure 6b−c, the compressive performance of the
CDs/F-CAC-0 hydrogels is the worst at 70% compressive
strain, with stress, compressive modulus, and compressive
toughness values of 389.87 kPa, 193.33 kPa, and 79.85 kJ/m3,
respectively. The CDs/F-CAC-1.5 hydrogels exhibited the
highest strength and toughness; the stress, compressive
modulus, and compressive toughness increased to 1607.30
kPa, 368.33 kPa, and 191.54 kJ/m3, respectively. Cyclic
compressive loading−unloading tests at 50% strain without
any interruption were used to further investigate the fatigue
resistance, resilience, and self-recovery capabilities of the CDs/
F-CAC-1.5 hydrogels. From Figure 6e, the hydrogel can
completely recover from 10 consecutive compression cycles
and exhibit overlapping hysteresis loops, thus proving that
nanocomposite hydrogels have excellent self-recovery and anti-
fatigue properties.52 At the same time, the hysteresis energy
decreased slightly during the 10 consecutive compression tests
but returned to its original value after the 10th compression
(Figure S8). This stabilized hysteresis energy upon cyclic

Figure 6. (a) Compressive curves of hydrogels with different CDs/F-CAC contents. (b) Compressive stress of hydrogels. (c) Compressive
modulus and toughness of hydrogels. (d) Images of the compression and release processes of CDs/F-CAC-1.5 under 70% deformation. (e) Stress−
strain curves of the CDs/F-CAC-1.5 hydrogel under cyclic compression with a peak strain of 50% without resting time. (f) Cyclic compressive
loading−unloading curves under different strains (10, 30, and 50%). (g) Dynamic oscillatory frequency sweeps of hydrogels conducted at 25 °C.
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loading confirms the excellent fatigue resistance of the gels.53

Furthermore, consecutive loading−unloading tests with
gradually increasing compressive strains from 10% to 30%
and 50% were performed on the same hydrogel. As shown in
Figure 6f, with the increased strain, the hysteresis loop and
hysteresis energy increases sharply, which is due to the rupture
of noncovalent interactions between CDs/F-CAC and the
polymer matrix to dissipate more energy.50,54 The excellent
mechanical properties of CDs/F-CAC hydrogels can cope with
various high degrees of deformation and continuous
deformation with good fatigue resistance, which is beneficial
for gels utilized as flexible materials to withstand repeatable
deformation.50 To illustrate the effect of CDs/F-CAC
nanomaterials on the dynamic mechanical properties of
P(AAm-co-HEMA) hydrogels, the viscoelastic properties of
these hydrogels were investigated via the oscillatory rheological
test. Figure 6g shows the tendencies of the storage (G′) and
loss (G″) moduli at various frequencies under a constant low
strain (0.1%). All hydrogels exhibit elastic-solid-like behavior
over the entire frequency sweeping range because G′ is
invariably larger than G″.31 Moreover, both G′ and G″ increase
with increasing CDs/F-CAC content and slightly increase with
increasing oscillation frequency. The results indicate that the
addition of CDs/F-CAC effectively improves the mechanical
strength of hydrogels, further supporting the mechanical test
results.55,56

Fluorescence Properties of CDs/F-CAC Hydrogels. To
verify the immobilization effect of F-CAC on the CDs in the
hydrogel matrix, a soaking experiment was designed and
performed; it compared the CDs/F-CAC-1.0 hydrogels with
CDs-1.0 hydrogels containing the same CDs mass, which was
calculated based on the previous loading rate. The CDs/F-

CAC-1.0 and CDs-1.0 hydrogels with the same thickness,
shape, and quality were immersed in DI water of the same
quality. Subsequently, the same quality of the hydrogel
leaching solution was tested using UV−vis and fluorescence
spectroscopy within a certain interval. As shown in Figure 7a,b,
CDs-1.0 hydrogels without F-CAC are more likely to lose
CDs, and the fluorescence intensity reflecting the concen-
tration of 2 h soaking solution increases with an increase in
soaking time. Even after the hydrogel reaches the swelling
equilibrium state after 20 h (Figure S6), CDs are still leaching
from CDs-1.0 hydrogels (Figure S9b,c). However, the
fluorescence intensity of the hydrogel swollen solution (10
d) involved in chemical immobilization reaction was not
significantly enhanced, which further confirmed that the
addition of F-CAC can not only improve the mechanical
properties of hydrogels but also immobilize and stabilize CDs
in the matrix of hydrogels effectively.
The fluorescence properties of CDs/F-CAC hydrogels were

further investigated and are shown in Figure 7c. Pure P(AAm-
co-HEMA) hydrogels, which were CDs/F-CAC-0 hydrogels,
exhibit no fluorescence, and the fluorescence intensity
gradually increased as the CDs/F-CAC content changes
from 0.1 to 1.0 wt %. However, compared with CDs/F-
CAC-1.0, the fluorescence intensity of the CDs/F-CAC-1.5
hydrogel did not increase and slightly decreases. This may be
attributed to the inhomogeneous dispersion of the CDs/F-
CAC in the hydrogel matrix resulting from its excessive
content, leading to fluorescence quenching. To verify this
speculation, the fluorescence phenomenon of CDs/F-CAC
dispersion solution with 0, 0.1, 0.5, 1, and 1.5 wt % was tested
(Figure S10). The fluorescence intensity in solution declined
from 1.0 wt %, yet the hydrogel exhibited similar fluorescence

Figure 7. Characterizations of the hydrogel soaking solutions (1 represents CDs/F-CAC-1.0 hydrogel, and 2 represents CDs-1.0 hydrogel). (a)
Fluorescence spectra excited at 420 nm. (b) UV−vis spectra. Fluorescent properties of hydrogels. (c) Fluorescence spectra of hydrogels with
different concentrations of CDs/F-CAC excited at 420 nm. (d) Fluorescence spectra of fluorescence-quenched CDs/F-CAC-1.0 after soaking in a
125 mM FeCl3 solution for 2 h and the fluorescence-recovery CDs/F-CAC-1.0 after soaking in a 0.1 M ascorbic acid/EDTA-2Na mixture (molar
ratio 1:1) for 2 h, excited at 420 nm. (e) Images of fluorescence-quenched CDs/F-CAC-1.0 after soaking in a 125 mM FeCl3 solution for 2 h and
the fluorescence-recovery CDs/F-CAC-1.0 hydrogel after soaking in a 0.1 M ascorbic acid/EDTA-2Na mixture for 2 h under visible and UV light.
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variation from 1.5 wt %. In view of the similar trends, the
concentration of CDs had a significant impact on fluorescence
intensity, consistent with the ACQ effect.26,57 The differences
between hydrogels and solutions lie in that the ACQ effect can
be suppressed via CDs dispersion into polymer crosslinked
network (solid matrix).58 According to a previous report,59 the
molecular fluorophore of green fluorescing CDs based on citric
acid and urea was 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6-
(2H,5H)-trione. Therefore, Fe3+ ion could interact with the
aromatic hydroxyl groups and further coordinate with the
amino groups,60 causing the nonradiative electron−hole
annihilation. The PL quenching can be ascribed to the transfer
of electrons from the excited state to the half-filled 3d orbitals
in Fe3+.61,62 Therefore, CDs-based materials can be applied to
information storage, fluorescent probes, and intelligent
sensing.63 We examined the fluorescence quenching effect of
Fe3+ on the as-prepared CDs/F-CAC luminescent hydrogels
and the fluorescence recovery effect of the ascorbic acid/
EDTA-2Na mixture (molar ratio 1:1) on the fluorescence-
quenched hydrogels. Considering the swelling of hydrogel, the
CDs/F-CAC-1.0 hydrogel was soaked in a 125 mM FeCl3
solution for 2 h, and the fluorescence intensity was lower than
the original hydrogel as shown in Figure 7d. Accordingly, when
the hydrogel quenched with Fe3+ was immersed in a 0.1 M
ascorbic acid/EDTA-2Na mixed solution for 2 h, the
fluorescence intensity restored to near its original value (dots
line, Figure 7d). This is because ascorbic acid and EDTA-2Na
have better binding capabilities with Fe3+, separating it from
the hydrogel system.64 In Figure 7e, these processes and
changes are recorded by optical images of the CDs/F-CAC-1.0
hydrogel strips under visible and ultraviolet light and compared
with the original strips.
Fluorescence-Quenching-Based Repeatable Informa-

tion Loading and Anti-counterfeiting. It was verified that
the fluorescence of the CDs/F-CAC hydrogels could be
quenched by Fe3+, and this fluorescence quenching could be

eliminated using ascorbic acid/EDTA-2Na, as discussed
previously. This encouraged us to explore fluorescence-
quenching-based information loading and anti-counterfeiting.
As shown in Figure 8a, filter papers with special shapes
containing Fe3+ are placed on the surface of the CDs/F-CAC
hydrogels for 2 min. In the process of ionoprinting, Fe3+ ions
spontaneously diffused from the filter papers to the hydrophilic
hydrogels, the fluorescence of the contact surface was
quenched, and desirable patterns were remained on the
surface of the CDs/F-CAC hydrogels.35 Based on this
principle, complex pattern combined with animal symbol and
text was attempted to be written into the gel. In Figure S11, a
panda contour and “check!” could be clearly observed after a 2
min ionoprinting process. Moreover amazingly, the patterns
still retained after 7 days, even though the hydrogel had dried
out due to massive water loss. This phenomenon confirmed
that the graphics on the gels have an outstanding stability
because of the regular diffusion of Fe3+. It is of vital importance
to demonstrate the spatial resolution of ionoprinted patterns,
so that an array of square motifs was applied to experimentally
explore the limit of feature sizes (Figure S12). Although the
unevenness of the filter paper caused the large pattern to be
grainy, it is visible that the fluorescent printing produced
squares with desired dimensions (∼500 μm) for practical
applications. Specially, information loading and erasing experi-
ments were conducted applying the CDs/F-CAC-1.0 and
CDs/F-CAC-1.5 hydrogels with near-fluorescence intensity in
Figure 8b. Particular patterns could be easily transferred to the
surface of fluorescent hydrogels, and these printed patterns
could only be observed under UV light, which can achieve the
purpose of information loading and prevent information
leakage.65 Notably, the abovementioned loading information
could be wiped by simply immersing the quenched hydrogels
in an ascorbic acid/EDTA-2Na mixed solution, during which
ascorbic acid and EDTA-2Na would bind to Fe3+ ions,
restoring the quenched fluorescence. Correspondingly, the new

Figure 8. (a) Schematic illustration of the ionoprinting process. (b) Photos of a repeatable cycle between the ionoprinting and erasing processes of
CDs/F-CAC-1.0 and CDs/F-CAC-1.5 hydrogels under visible and UV light.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c01838
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01838/suppl_file/sc3c01838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01838/suppl_file/sc3c01838_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01838?fig=fig8&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c01838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


patterns could be imprinted and erased circularly onto the
hydrogel after treatment with both FeCl3 and ascorbic acid/
EDTA-2Na solution. It is worth noting that the pattern is
gradually difficult to be erased due to the chemical product
accumulation, leading to a pattern residue caused by
decreasing color-changing capacity. As far as the hydrogel
swelling behavior (4 h soaking per cycle) and pattern clarity
are concerned, it is reasonable for this “printing−erasing” cycle
to be repeated for 5 times (Figure S13). This repeatable
process indicates that CDs/F-CAC hydrogels have great
potential in the field of information storage and counterfeiting.
Moreover, compared with the CDs/F-CAC-1.0 hydrogels, the
information loaded on the CDs/F-CAC-1.5 hydrogels were
not easily erased without leaving traces. This may be due to the
addition of excess CDs/F-CAC, which is consistent with the
fluorescence properties.
To further evaluate the mechanical and information loading

performance of the as-prepared fluorescent hydrogel, pre-
viously reported gels and films with CDs or organic dyes were
selected to be compared.13,14,23,31,63,64,66−69 As shown in
Figure S14, three aspects including (i) mechanical properties:
compressive stress; (ii) duplication: erasing cycles and
erasability; and (iii) displaying performance: pattern resolution
were demonstrated. The CDs/F-CAC hydrogel exhibited
multifunctionality and superior anti-counterfeiting perform-
ance to that of most reported fluorescence flexible materials.

■ CONCLUSION
In summary, a novel photoluminescent cellulose-based CDs/F-
CAC nanomaterial functionalized with non-toxic CDs was
prepared via an acylation reaction. Successful preparation was
confirmed by Fourier-transform infrared spectroscopy, UV−vis
absorption spectroscopy, XPS, and thermal analysis. The
biomass originated CDs/F-CAC hydrogels with excellent
fluorescence performance were further fabricated via a one-
pot in situ free-radical polymerization. On the one hand, the
addition of CDs/F-CAC enhanced the mechanical properties
of the hydrogels. With the increase in the CDs/F-CAC content
from 0 to 1.5 wt %, at 70% compressive strain, the stress,
compressive modulus, and compressive toughness increased
from 389.87 kPa, 193.33 kPa, and 79.85 kJ/m3 to 1607.30 kPa,
368.33 kPa, and 191.54 kJ/m3, respectively. The CDs/F-CAC-
1.5 hydrogels exhibited excellent recovery performance after
the compressive loading−unloading cycling test. On the other
hand, CDs/F-CAC-endowed hydrogels with exceptional
fluorescent performance exhibited green fluorescence under
UV light (365 nm) irradiation, and the fluorescence could be
quenched or recovered via treatment with Fe3+ ions or ascorbic
acid/EDTA-2Na, respectively. Thus, the CDs/F-CAC hydro-
gels enabled repeatable information loading and erasing
through the ionoprinting method based on the fluorescence
properties. The stored information could only be observed
under UV light; therefore, an anti-counterfeiting effect was
achieved. The excellent properties of this fluorescent hydrogel
make it a promising candidate for sustainable information
storage devices.
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