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A B S T R A C T

The counterfeit market in field of consumer goods is still a great obstacle to financial well-being for manufac-
turers and consumers. Security labels with hidden images have proven to be an effective anticounterfeiting 
measure. Three-dimensional (3D) printing is an effective approach to fabricating labels with complex geometries 
using environmentally friendly and cost-effective customized inks. In this work, optically active hydrogels were 
made by incorporating fluorescent carbon dots (CDs) into a cellulose nanocrystal (CNC) matrix. The CD:CNC 
ratios were optimized to obtain inks with high viscosity and fidelity that exhibited shear-thinning behavior. The 
resulting inks showed good printability and the extrusion parameters were optimized to achieve high printing 
accuracy. When excited at different wavelengths, the printed patterns fluoresced different colors. CNC also 
showed shear-induced alignment upon extrusion, which is visible under polarized light, allowing hidden images 
to be incorporated into the printed structures for two-factor authentication.

Introduction

According to reports, from 1997 to 2022, the global counterfeiting 
market was estimated to be worth between US$35 and US$560 billion 
annually [1–6]. Counterfeiting, fraudulent imitation with the intent to 
deceive, evokes mistrust of products made by trusted brands, resulting 
not only in loss of revenue due to fewer consumer purchases and equity 
investments, but also in loss of reputation due to reduced consumer 
confidence, related diseases, and legal liabilities [7–9]. Food counter-
feiting damages positive brand images, infringes on the rights of intel-
lectual property holders, and benefits from the innovation, research and 
development, and marketing of recognized brands; as such, well-known 
brands spend hundreds of millions of dollars and thousands of hours 
each year to combat this problem (Fatima, 2023; [10]). Anti- 
counterfeiting, the act of preventing the production or reducing the 
existence of counterfeit goods, encompasses several protection measures 
designed to protect intellectual property by verifying the authenticity of 
an item [11–13]. Anti-counterfeiting measures include the registration 
of trademarks and patents, market monitoring, chain security, and 
cooperation with law enforcement agencies; however, these measures 
provide very limited protection due to territorial restrictions, patent 
expiration, poor item tracking, and poor authentication measures 

[14,7,8]. Recent studies have shown that security labels a more suited to 
minimizing counterfeiting [15–18].

In addition to preventing theft and ensuring product quality and 
safety by clearly indicating tampering, security labels are also used to 
guarantee product authenticity [13,19–21]. Security labels, which are 
explicit or implicit markings designed with special security features, are 
designed to reassure consumers that they are receiving genuine food 
products. These include void labels, QR codes, barcodes, tamper-evident 
seals, scratch-off labels, and serial number stickers; however, these types 
of labels can be easily replicated, so more intricate, difficult-to-replicate 
labels are needed to ensure product authenticity [14,22–24]. Hologram 
stickers and holographic overlays, security labels that display hidden 
images or patterns that appear three-dimensional or change color when 
viewed from certain angles, have proven to be particularly effective anti- 
counterfeiting measures [25–27]. Unfortunately, environmentally un-
safe and relatively expensive materials such as lithium niobate, lead- 
containing perovskites, and silver halogenates are used to make these 
types of security labels [28–30]which excludes its usage for many con-
sumer goods. As such, an environmentally friendly approach to the 
production of these hidden chromogenic images is needed. Studies have 
shown that three-dimensional (3D) printing can be used to create 
inexpensive security labels using environmentally friendly materials 
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[31–33].
Three-dimensional printing is a type of additive manufacturing 

process in which a structure is created through the layer-by-layer 
deposition of a material [34–36]. Subdivided into stereolithography, 
which creates structures by curing layers of photosensitive materials via 
exposure to ultraviolet (UV) irradiation [37,38]; electrical deposition, 
which uses electrically charged particles to create 3D objects [39,40]; J. 
[41]; and extrusion methods, which are based on the deposition of a 
filament or gel [42–45], 3D printing has emerged as a convenient and 
simple method that provides high resolution, speed, and accuracy for 
fabricating structures, including optically active security labels for anti- 
counterfeiting. Extrusion-based 3D printing in particular has garnered 
attention due to one more important advantage: the ability to develop 
specialized, customized inks [44,46,47]. Typically, the developed inks 
consist of a base and incorporated functional materials dispersed 
throughout this matrix [42,48,45]. The base material is responsible for 
the printability and rheological properties of the ink, which enable the 
formation of the desired structure; therefore, the most suitable substrate 
materials are bio- and synthetic polymers [49]. On the other hand, 
dispersible functional materials are usually active inorganic nano-
particles that provide the printed structures with specific exploitable 
properties, such as electrical conductivity, magnetic responsivity, and 
optical properties [50–52]. Moreover, extrusion printing by gels makes 
possible to print patterns at different types of packaging due to high gels 
adhesion [53] which possess a great advantage for food packaging 
consist on a wide field of materials including conventional and 
innovative.

Cellulose nanocrystals (CNCs) are cost-efficient, biodegradable, 
environmentally friendly nanobiopolymers produced via the acid hy-
drolysis of microcrystalline cellulose [54,55]. CNCs are a self- 
assembling array of nanomaterial with interesting rheological and op-
tical properties that form a left-handed chiral nematic crystal means 
rods twisted perpendicular to director axis [56,57]. CNC exhibits non- 
Newtonian shear thinning, with its viscosity decreasing with 
increasing mechanical stress, making it a suitable base material for gel 
inks [58]. Mechanical stress also alters the liquid crystalline structure of 
CNC suspensions, leading to deformation and affecting nanoparticle 
orientation; as such, extrusion may result in the formation of specific 
patterns. Similarly, carbon dots (CDs) have unique optical properties, 
which make them suitable functional dispersants in customized inks 
designed for the development of optically active security labels [59,60]. 
Inexpensive and easy-to-synthesize carbon-based nanoparticles less than 
10 nm in size, biocompatible CDs are highly sought after for their 
fluorescent and photoluminescent properties, which can be controlled 
by the synthetic method and precursors used, making them popular 
functional components of inks designed for imaging applications 
[61,60].

We hypothesize that, by combining the shear-induced polarization of 
CNC with the intrinsic fluorescence of CDs, it is possible to create 
intricate security labels with two degrees of protection. As with all 
fluorescent objects, the label would fluoresce when irradiated with 
monochromatic (e.g., UV) light. However, in the event that the fluo-
rescence of the pattern is imitable, the shear-induced optical properties 
of the base CNC material would enable a second-order hidden image that 
is only visible under polarization lenses to be incorporated into the 
printed structure. By using two different-colored fluorescent inks with 
this effect to make the final structure, a single label may have at least 
three decipherable images. In this work, we present novel, cheap, 
environmentally friendly CD/CNC hydrogel inks for security printing 
with two-step authentication using two optical effects simultaneously.

Materials and methods

Materials

Citric acid (CA, 99.5 %), urea (99.0 %), dimethylformamide (DMF, 

anhydrous, 99.8 %), quinine sulfate (90.0 %), and Rhodamine 6G (99.0 
%) were obtained from Sigma-Aldrich. Ethanol (96.0 %), hydrochloric 
acid (HCl, 1 M), and sulfuric acid (H2SO4, 0.5 M) were supplied by 
Petrospirt (Russian Federation). Cellulose nanocrystal (CNC) suspension 
(9.8 wt%) was purchased from CelluForce (Canada). All reagents were 
analytical grade and used without further purification.

An Aquilon D-301 purification system was used to deionize and 
purify water to a conductivity of 18.2 MΩ⋅cm.

Carbon dot synthesis

CD synthesis was conducted according to the method described by 
[62]. In the current work, two types of CDs were synthesized: blue- 
emissive CDs (BCD) and red-emissive CDs (RCD). For BCD, CA (2 g) 
and urea (4 g) were dissolved in water (20 g). After their complete 
dissolution, the mixture was introduced to a 30 mL PTFE-lined autoclave 
that was subsequently sealed and heated in an oven at 180 ◦C for 4 h. 
The resulting dark-green liquid was washed with ethanol then water to 
remove organic contaminants and unreacted precursors via centrifuga-
tion at 12000 rpm for 20 min. The sediment was then collected and 
freeze-dried at –20 ◦C. The resulting powder was stored until further use. 
To obtain RCD, the procedure was repeated except that CA and urea 
were dissolved in DMF instead of water. A schematic diagram of the 
synthetic procedures is presented below (Scheme 1):

Carbon dot characterization

CD particle size was determined using dynamic light scattering 
(DLS), which was performed on a Photocor Compact Analyzer (Photo-
cor, Russian Federation). Transmission electron microscopy (TEM) im-
ages of BCD and RCD were obtained on a HT-7700 transmission electron 
microscope (Hitachi, Japan). CD optical properties were evaluated using 
ultraviolet–visible (UV–Vis) spectroscopy, which was performed using a 
Cary 60 double-beam spectrophotometer (Agilent Technology Inc., 
USA), and spectrofluorimetry, which was conducted on a Cary Eclipse 
spectrofluorometer (Agilent Technologies Inc., USA) equipped with a 
xenon lamp as a light source.

CD photoluminescence quantum yield (PLQY) was determined using 
quinine sulfate dissolved in 0.5 M H2SO4 (λem = 451 nm, QY = 54.6 %) 
and Rhodamine 6G dissolved in water (λem = 567 nm, QY = 92.0 %) as 
standards in accordance with their PL wavelengths [63,64]. For BCD, 
several quinine sulfate solutions and BCD suspensions with different 
concentrations were prepared. Their measured absorbances did not 
exceed 0.1. QY was determined using the following equation [65]: 

QYx = QYst •

(
mx

mst

)[
(nx)

2

(nst)
2

]

(1) 

where mx and mst are the slopes of the sample and standard, respectively; 
and nx and nst are the refractive indices of the solvents used for the 
samples and standard, respectively. The procedure was repeated for 

Scheme 1. Schematic diagram of CD synthesis.
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RCD using Rhodamine 6G as the standard.

Ink preparation and optimization

Ink preparation
CD and CNC inks were mixed in different ratios to determine the 

sol–gel transition regions and optimal compositions. To obtain the ink, 
freeze-dried BCD powder was dispersed in water at a concentration of 
100 mg/mL. The resulting dispersion was then mixed with CNC (9.8 wt 
%) at various CNC:CD ratios. The mixtures were vigorously shaken using 
a vortex mixer until the nanoparticles were uniformly distributed. The 
procedure was repeated to obtain RCD/CNC inks. The zeta (ζ) potentials 
of the base and added functional materials were measured using laser 
Doppler electrophoresis (LDE) on the Photocor Compact Analyzer. 
Scanning electron microscopy (SEM) images of BCD/CNC and RCD/CNC 
gels were captured using a Vega 3 scanning electron microscope (Tes-
can, Czech Republic). Fourier transform infrared (FTIR) at a range 
400–4000 cm− 1, which was performed on a Nicolet iS5 spectrometer 
(Thermo Scientific, USA), was used to determine changes in chemical 
structure between dried CD samples and obtained inks. Considering 
rheology and pH changes during protonation, pH was measured using a 
P21 glass electrode for colloids (Sentek LTD., United Kingdom).

A DHR-1 rheometer (TA Instruments, USA) with a conical (2◦) plate 
geometry was used for all rheological experiments. The tensile elastic 
modulus of each ink was measured using an LS 1 universal testing ma-
chine (Lloyd Instruments, United Kingdom). All rheological experiments 
were performed at 20 ◦C.

Shear behavior

The shear behaviors of the optimized inks were investigated to prove 
that the mechanical

force applied by the printhead decreases ink viscosity and that 
extrusion can occur without leakages or underfilling. The obtained inks 
were incubated under ambient conditions for 1 h before analysis. The 
shear behaviors of BCD/CNC and RCD/CNC were studied by increasing 
the shear rate from 0.01 to 100.0 s− 1 and then analyzed by their vis-
cosity to find the optimal ink compositions for printing.

Ink fidelity
To investigate the recovery properties of the inks, a periodic step test 

with conditioning of gel under 0.01 s− 1 and 30.0 s− 1 was performed. The 
obtained inks were incubated under ambient conditions for 1 h before 
analysis. The test, which consisted of three cycles, entailed extruding the 
ink at 0.01 s− 1 before sharply increasing the shear rate to 30.0 s− 1 with 
further conditioning. The first two cycles with shear rate changes are 
used to compare the difference between viscosities in low-shear stages. 
The third cycle was used as a control in order to exclude any anomalies 
in measurements. The second and third viscosity measurements should 
be equal.

Ink physical stability
To determine and compare ink physical stability, BCD/CNC, RCD/ 

CNC and neat CNC solution was investigated for their elastic (G′) and 
viscous (G′′) moduli determination. The viscoelastic responses of the 
hydrogel samples were recorded in range from 1 to 5000 Pa.

Ink optical stability
Weathering imitation (light and temperature exposure, humidity) for 

CDs and patterns printed from inks were performed by exposing gels 
inside a UV-chamber Momax UV-Box (Momax, China) modified with 
heaters and humidifier. CDs were exposed to UV light for 24 h, to sun-
light for 30 days, and the samples were heated up to 80 ◦C for 24 h to 
study their photostabilities through comparison of their emission 
spectra at their optimal emission wavelengths (λem). To avoid 

evaporation-induced quenching due to volume changes, CD samples 
were heated under reflux conditions.

For BCD- and RCD-based optically active security labels, the same 
experiments (light exposure, heating) were conducted; however, hu-
midity stability testing was also performed. The humidity in the cham-
ber was controllably set as 20, 40, 60 and 80 % and samples were 
exposed for 7 days. Changes in pattern geometry and integral fluores-
cence intensity for printed inks were investigated using a DMi8A mi-
croscope (Leica, Germany).

Mechanical properties of films cast and printed from inks

The mechanical properties of the inks were studied by preparing 
films for mechanical studies. For dynamic mechanical analysis, the films 
were divided into cast and aligned samples. Cast samples were prepared 
by applying inks on a PDMS substrate then curing at 20 ◦C for 12 h. The 
aligned samples were printed with inks in a specific direction before 
being cured at 20 ◦C for 12 h. The mechanical properties of the films 
were studied by dynamic mechanical analysis in tensile (stretching) tests 
of the films formed by inks dried under ambient conditions. The tensile 
elastic moduli (ET) of films obtained by extruding ink in one direction 
and cast films were measured. The adhesion and impact resistivity of the 
cast and printed films were also analyzed (ISO 4624:2023 Paints and 
Varnishes Pull-off Test for Adhesion, 2023), (ISO 6272–1:2011 Paints 
and Varnishes; Rapid-Deformation (Impact Resistance) Tests, 2011). For 
impact resistance tests, the inks were deposited onto a metal plate. For 
adhesion resistance test, inks were deposited on different substrates to 
show its universality in being printed on various packages: metal plate, 
polyethylene terephthalate (PET), polyvinylchloride (PVC), low density 
polyethylene (LDPE), polypropylene (PP), polystyrene (PS), silicate- 
boron food-grade glass (FG).

Printing

All models for 3D printing were developed using Autodesk Fusion 
360 software. Cellink Heartware was used for GCode editing and 
extruder movement analysis. Additive manufacturing was performed 
with a Cellink Bio X gel extrusion bioprinter (BICO, Sweden). Printing 
parameters were optimized for accuracy and precision. All optimization 
experiments consisted of step-by-step analysis of parameter influence on 
corresponding coefficient (Equation (2) between model and structure. 

C% =

(

1 −

(
|XM − XS|

XM
+
|YM − Ys|

YM
+
|ZM − ZS|

ZM

))

× 100% (2) 

where XM, YM, and ZM are the geometrical parameters of the model and 
XS, YS, and ZS are the geometrical parameters of the printed structure.

Optimal printing parameters were determined by varying a single 
parameter while the others remained constant to avoid any negative 
effects in extrusion caused by inconvenient process parameters.

Fluorescent, optical, and polarization microscopy images of the 
printed patterns were obtained on a DMi8A microscope (Leica, 
Germany).

Results and discussion

Carbon dot characterization

After synthesis and purification, DLS showed that BCD and RCD have 
uniform size distributions of 2 – 4 nm and 5 – 8 nm, respectively. TEM 
images (Fig. 1a, 1b) confirmed CD particle size. The optical properties of 
BCD and RCD were then studied. UV–Vis spectroscopy was performed to 
determine the absorption peaks for both types of CDs. As shown in 
Fig. 1c, λmax for BCD and RCD were 344 nm and 549 nm, respectively. 
Then, spectrofluorimetry was performed to further investigate the 
optimal wavelengths for excitation and emission. The optimal 
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Fig. 1. TEM image of (a) BCDs and (b) RCDs; circles in the TEM images highlight CDs within the micrographs. (c) BCD and RCD UV–Vis absorption spectra. (d) BCD 
and RCD excitation spectra. (e) BCD and RCD emission spectra. (f) Microscope images of droplets from BCD and RCD under different monochromatic light: 380 nm 
(left image) and 535 nm (right image).
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wavelengths for excitation (λex, Fig. 1d) and emission (λem, Fig. 1e) were 
determined to be 380 nm and 465 nm, respectively, for BCD and 530 nm 
and 625 nm, respectively, for RCD. The excitation and emission bands 
are markedly different, and the BCD and RCD do not overlap each other 
in the blue and red wavelength bands. In addition, Fig. 1f shows the 
images of CDs under fluorescence microscope excitation. As can be seen 
from the figure, the two colors are distinct under two different filter 
cubes. The difference between the excitation and emission wavelengths 
for BCD and RCD allows the creation of multi-colored patterns that show 
two different images upon irradiation, which can be used as a first-order 
anticounterfeiting measure.

The PLQYs of BCD and RCD were determined to be 32.6 % and 43.8 
%, respectively, which is higher than that of CDs reported in the liter-
ature [66–68]. The difference between BCD and RCD PLQYs may be 
attributed to the degree of nitrogen doping of the carbon structures [62]. 
The solvothermal synthesis of RCD in DMF led to the formation of more 
C = O and C = N bonds, which are responsible for the longer emission 
wavelength. Furthermore, due to the differences in synthesis, RCD has 
fewer non-radiative traps than BCD, which may also explain its higher 
PLQY (M. [69]. BCD and RCD having high PLQYs allow them to fluo-
resce brightly when illuminated with monochromatic light. As shown in 
Figure S1, BCDs and RCDs PL intensity remained relatively stable after 
light irradiation and temperature exposure, indicating that any printed 
pattern will remain visible for at least 30 days, making them suitable for 
commercialization [70].

FTIR shows significant differences between BCD and RCD and their 
precursors (Figure S2). The described zone between 1200 and 1800 
cm− 1 exactly corresponds with the original study, the peak 1542 cm− 1, 
indicating the presence of aromatic carbon. The broad peaks between 
2000 and 3750 cm− 1 (also overlapping with amine peaks) indicates the 

presence of a large number of hydroxyl groups on both the BCD and RCD 
surface. The peak at 1340 cm− 1, which was attributed to amine groups, 
overlaps with the aromatic carbon peak for RCD due to higher carbon-
ization degree [71–73]. The weak peak at 1032 cm− 1 was attributed to 
C-N bonding typical for amines. The shift between the original pre-
cursors’ peaks (especially observable for citric acid) also suggest the 
formation of a carbonized structure due to an increase in compound 
atomic mass, which is observed for both BCD and RCD [70,60,62].

CD/CNC ink preparation, characterization, and optimization

CNC and CD were mixed together obtain hydrogel inks (Fig. 2a,b). 
As mentioned above, both BCD and RCD had negative ζ potentials. 
However, the ζ potential of CNC was also negative (− 26.1 ± 0.6 mV); 
thus, gel formation should not have occurred due to electrostatic 
repulsion between CNC and CD nanoparticles [74–76]. The observed 
gelation may be attributed to the protonation of BCD and RCD upon 
introduction to the acidic CNC medium (pHCNC = 5). For CDs, especially 
those that are amino-rich, protonation in acidic media can significantly 
increase the ζ potential, sometimes resulting in a change in charge [77]. 
To test this hypothesis, the pHs and corresponding ζ potentials of BCD 
and RCD were measured. The original BCD suspension had a pH of 8 and 
a ζ potential of − 9.25 ± 0.17 mV while the initial RCD suspension had a 
pH of 9.3 and a ζ potential of − 10.8 ± 0.4 mV. Hydrochloric acid (1 M) 
was used to lower the pHs of both suspensions to pH 5, which is the pH of 
the CNC suspension. After pH correction and protonation, the ζ poten-
tials of BCD and RCD increased to +3.14 ± 0.87 mV and +5.26 ± 0.55 
mV, respectively. This change in charge resulted in electrostatic 
attraction between CNC and the now-protonated CDs, leading to gela-
tion. It should be noted that both BCD and RCD showed different 

Fig. 2. (a) Schematic of BCD/CNC colloidal gel ink formation and its photoluminescence at 380 nm. (b) Schematic of RCD/CNC colloidal gel ink formation and its 
photoluminescence at 550 nm; SEM images of (c) BCD/CNC and (d) RCD/CNC hydrogels.
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electrokinetic potentials in aqueous medium and in cellulose nano-
crystal solution medium. The gelation process in the CD/CNC system 
occurs between pH 5.68 and pH 7.12, which was measured for the 
colloidal system.

The resulting hydrogels remained optically active, glowing blue and 
red upon irradiation (Fig. 2a,b). BCD/CNC and RCD/CNC gels were 
lyophilized to obtain powders that were then analyzed using SEM 
(Fig. 2c,d), FTIR (Figure S2).

According the SEM images, hydrogel films BCD/CNC and RCD/CNC 
has continuous and dense surface structure observed for the material is 
due reasoning by influence of various intramolecular forces arising from 
the interaction of cellulose chains and CDs.

The FTIR spectra of BCD/CNC and RCD/CNC are similar (Figure S2). 
For BCD and RCD gel formation with cellulose causes the peak at 1026 
cm− 1 (ascribed to C-O in glucopyranose units) to shift to 1015 cm− 1 for 
BCD/CNC and to 1022 cm− 1 for RCD/CNC [78–80]. Moreover, the peaks 
responsible for –OH for CNC and CDs weakened; however, the peaks that 
may be attributed to the presence of amine salts (broad peak in region 
3000–3500 cm− 1, asymmetric and symmetric bends at 1625 cm− 1 and 
1544 cm− 1) emerge [81–83]. This indicates that gel formation occurs 
through interaction between the hydroxyl groups of CNC and proton-
ated amino groups [81,84,85].

CD and CNC were mixed in different ratios to study their sol–gel 
transitions. As can be seen from Fig. 3a,b, less RCD than BCD was 
needed to form suitable hydrogels. The differences in BCD:CNC and 
RCD:CNC gelation ratios can be explained by differences in the chemical 
natures of BCD and RCD, namely carbonization degree as well as the 
type and number of functional groups on the BCD and RCD surfaces 
[86,60]. For CDs, the degree of carbonization directly influences the 
number of surface functional groups as well as their distribution, which 
in turn affects protonation. In acidic media, RCD had a higher ζ potential 
than BCD, suggesting stronger protonation and, therefore, greater 
electrostatic attraction to CNC, resulting in better gel formation. This 
may be attributed to the greater number of amino groups on the RCD 
surface. RCDs were synthesized in DMF, which resulted in mainly amino 
groups on their surface [86,87].

As shown in Fig. 3a,b, the regions corresponding to gel formation are 
broad for both BCD/CNC and RCD/CNC; therefore, it is necessary to 
determine the optimum ratio for printing. This was done by investi-
gating how the viscosities of inks with m(CD)/m(CNC) ratios between 1 
and 10 varied with shear rates between 0.01 s− 1 and 30.0 s− 1 [76]. As 
shown in Fig. 3c, the optimum CD:CNC ratio for BCD was 0.3 while that 
for RCD was 0.6. The viscosity of the CD/CNC inks under shear stress 
was also used to confirm gel formation by comparing their viscosities 
with that of the original CNC suspension. The optimized BCD/CNC and 
RCD/CNC inks had viscosities of 19855.6 and 2477.5 Pa⋅s at 0.01 s− 1, 
respectively, confirming gelation.

As shown in Fig. 4a, both BCD/CNC (blue) and RCD/CNC (red) 
exhibit non-Newtonian shear thinning and their viscosities (η) decrease 
with increasing shear rate (γ), with the viscosity of BCD/CNC (blue) 
decreasing smoothly from 19720 ± 854 to 2.83 ± 0.12 Pa⋅s while that of 
RCD/CNC (red) decreases from 2522 ± 122 to 0.41 ± 0.18 Pa⋅s. Such 
flow behavior indicates non-linear viscoelastic properties and, therefore, 
stable continuous flow from the printhead. Moreover, the smooth shear 
flow curve suggests sample homogeneity, indicating that the resulting 
structure will likely be able to support itself during and after printing, 
which means high accuracy of manufactured structures [88].

Another important ink property is fidelity, which is the rate at which 
the viscosity recovers after shear reduction, i.e., the self-healing prop-
erties of the ink. In 3D printing, good viscosity recovery means satis-
factory gel shape formation after extrusion onto a substrate; thus, the 
transition time from solid to liquid then back to solid should be as short 
as possible. Short transition times enable printing with high speed and 
accuracy [76,89]; however, if the transition time is too long, printing is 
arduous, which is unideal for process scaling. BCD/CNC had a recovery 
rate of 80.3 ± 0.5 %, with the viscosities in the first and second cycles 

being 19778 ± 996 and 15804 ± 655 Pa⋅s, respectively (Fig. 4b), while 
RCD/CNC had a recovery rate of 63.2 ± 0.3 %, with the viscosity 
decreasing from 2478 ± 125 Pa⋅s in the first to 1566 ± 76 Pa⋅s in the 
second cycle (Fig. 4c). The gels exhibit reversible shear thinning visco-
elastic behavior, which confirms their printability and will enable their 
accurate deposition onto a substrate.

All inks showed typical gel-like properties in analysis of elastic (G′) 
and viscous (G′′) moduli due to the dominance of G′ over G′′ (Figure S3). 
Compared to pure CNC solution, the obtained hydrogels were signifi-
cantly more stable according to the width of the linear viscoelasticity 
range, which directly show the strength of polymer network [90,91,79]. 
CNC, BCD/CNC, and RCD/CNC gels lose their gel-like behavior at 116, 
1542, and 503 Pa, respectively. These differences indicate increasing gel 
network strength, resulting in remarkable physical stability of the 
hydrogels.

Stability of optical activity

After prolonged exposure to UV light and sunlight, the printed 
samples did not show any significant changes. The integral loss of 
emission intensity for BCD/CNC was 1.3 % under UV light and 1.5 % 
under sunlight. For RCD/CNC, the integral loss was 1.4 % and 2.1 %, 
respectively. To investigate heat stability, line-like printed patterns were 
prepared (Figure S4). As shown, there are no significant changes in 
polarization; however, fluorescence quenching is observed. After 
continuous heating at 80 ◦C for 24 h, BCD/CNC and RCD/CNC has lost 
12.2 % and 15.6 % of their emission intensity, respectively. This 
quenching was attributed to a decrease in the distance between CDs due 
to the active evaporation of water molecules from the surface [92,93]. 
Moreover, the pattern for RCD has a few geometrical differences by its 
square size (0.51 %) after heating. Continuous exposure to humidity 
does not cause any noticeable changes in fluorescence intensity, 
geometrical size, or polarization patterns for the printed labels and it is 
independent from the period or the humidity percentile.

Summarizing, the printed labels have relatively low resistance to the 
high temperatures. However, for temperatures in excess of 80 ◦C for 
many consumer goods often means that the product currently in use. 
Nevertheless, it limits the scope of application of these types of labels, 
especially those that involve high temperatures (e.g., metal car parts and 
heating equipment).

3D printing optimization

To determine optimum printing conditions, a model structure was 
printed under default parameters where pressure = 20 kPa, ink and 
substrate temperatures = 20 ◦C, and printing speed = 30 mm⋅s− 1. In this 
work, precision is given in percentages. A parallelepiped 20 × B × C mm 
structure was modeled, where B is equal to the diameter of the inner 
extrusion unit and is also equal to the layer height, C. After printing 
under different parameters, the resulting prints were compared to the 
default print. The structure should not have any leakages, non-extruded 
parts and the total area and volume has to correspond with original 
model geometry. Error estimates for pressure, temperature difference 
and speed are provided during the optimization process. For each 
evaluation, the other parameters are fixed as constants. In Table 1, all 
parameters for the best performance are estimated with an error that 
describes the geometric deviations from the CAD-designed models. 
Regarding the extruder for speed and temperature testing, we evaluate 
the unit obtained from the pressure evaluation with the lowest error rate 
among the other optimal error rates. This was a needle with a diameter 
of 0.41 mm for BCD/CNC and 0.25 mm for RCD/CNC. The compara-
tively smaller optimal inner diameter of the RCD/CNC extruder can be 
attributed to rheological differences between RCD/CNC and BCD/CNC. 
As shown above, BCD/CNC has a higher viscosity, better shear thinning 
behavior, and higher fidelity than RCD/CNC. As such, much lower 
pressure can be applied to extrude RCD/CNC inks. Moreover, the lower 
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Fig. 3. Sol-gel phase diagram for (a) BCD/CNC and (b) RCD/CNC inks with different CD:CNC ratio. (c) Viscosity under different shear rates for BCD/CNC and RCD/ 
CNC with different CD:CNC ratios (optimum CD:CNC ratios are highlighted).
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the pressure, the greater the influence of the fidelity factor, which also 
provides better printability for RCD/CNC inks. With this variation, the 
optimal printing parameters were determined, with compliance rates of 
0.46 % and 0.20 % for BCD/CNC and RCD/CNC, respectively.

Mechanical properties of printed structures

In CD/CNC films, a difference was observed between the results 
based on tensile direction and its correspondence for shear-induced 
alignment of CNC. When stretched, the cast films with randomly 
aligned CNCs are less elastic than the horizontally extruded films that 
were stretched in one direction. However, stretching the printed film in 
a direction that does not correspond to the print alignment leads to a 
lower elastic modulus. The results for CD/CNC are consistent with the 
tensile behavior of polymer fibers applied randomly and via 3D printing 
when stretched parallel to the extrusion direction [94]. With proper 
implementation of structure into commercial goods (e.g., packaging 
with stretch films), it is possible to find an advantage here in front of 
films with random distribution of CNC due to being more resistant to 
tensile break.

Printed and casted films at metal plate substrate have coating 
adhesion 93 – 99 %, with minor advancements for printed films. Impact 
test has shown resistance to strike from heights 35 – 48 cm. Here, the 
advantage of printed films is more obvious, due to resistivity caused by 
specific alignment formation through extrusion. All obtained data by 
mechanical testing are shown in Table 2.

Two-factor security labels

Autodesk Fusion software was used to create digital models that were 
then finalized in CellInk Heartware, which was used to incorporate 
second-order hidden structures. Fig. 5 shows all prepared patterns as 
imaged under a microscope equipped with fluorescent filter cubes and a 
polarization lens. Fig. 5a,b show a barcode printed using both BCD/CNC 
and RCD/CNC. When excited at λex = 360 nm, only the part of barcode 
printed using the BCD/CNC ink fluoresced, giving off strong blue 
emission (Fig. 5a); however, the opposite is observed when the printed 
structure was excited at λex = 530 nm, and only the parts of the barcode 
printed using the RCD/CNC hydrogel fluoresced, giving off strong red 
emission (Fig. 5b). In polarization mode (POM), at 90 degrees, the linear 
pattern consistent with extruder movements is visible. A hidden image 

was also encoded into the barcodes by changing the number of lines that 
made up each large line (LL). As shown in Fig. 5a,b, most of the visible 
LL consists of a single polarization line; however, some of the wider LLs 
consist of two, three, or five lines. Using this algorithm, the number 
“231131511111115” was hidden inside the barcodes (Fig. 5a,b).

For more intricate designs, it is possible to hide entire images within 
the polarization pattern. As shown in Fig. 5c, a square-like pattern 
consisting of three parts – BCD/CNC at the top, RCD/CNC at the bottom, 
and a 5 % CNC suspension droplet at the center of the model – was 
printed. Extrusion was top to bottom for the northwest and southeast 
quadrants and left to right for the northeast and southwest quadrants. 
The CNC drop was added after the printing process was completed. 
Microscopy showed that the lines in the pattern copied the extrusion 
directions. It is also possible to create patterns based only on GCode 
editing; thus, for this gel ink system, a new degree of protection based on 

Fig. 4. (a) Variation of shear rate and viscosity measurements for optimized inks. Fidelity test and ramp viscosity measurements for (b) BCD/CNC and (c) RCD/CNC 
at 0.01 s− 1 and 100.0 s− 1.

Table 1 
Optimum parameters for 3D printing of BCD/CNC and RCD/CNC inks.

Ink Extrusion pressure (Pa•s) Temperature (◦C) Speed (mm⋅s¡1) Error rate (%)

Ink SubstrateInner diameter (mm)

0.52 0.41 0.25 0.21

BCD/CNC 12 16 24 36 20 10 25 0.5
RCD/CNC 8 12 20 20 0.20

Table 2 
Mechanical properties of tested BCD/CNC and RCD/CNC films.

Film and casting 
features

BCD/ 
CNC, 
cast

BCD/CNC, 
extruded 
vertically

RCD/ 
CNC, 
cast

RCD/CNC, 
extruded 
vertically

ET, vertical 
stretching (MPa)

528 ±
72

665 ± 25 628 ±
53

721 ± 22

ET, horizontal 
stretching (MPa)

531 ±
59

485 ± 61 633 ±
27

588 ± 17

Impact test results 
(cm)

36 ± 1 42 ± 1 44 ± 2 46 ± 2

Coating adhesion, 
metal plate (%)

95 98 96 97

Coating adhesion, 
PET (%)

99 99 99 99

Coating adhesion, 
PVC (%)

99 95 98 93

Coating adhesion, 
LDPE (%)

95 97 97 93

Coating adhesion, 
PP (%) 
Coating adhesion, 
PS (%)

98 
97

95 
99

98 
97

96 
94

Coating adhesion, 
FG (%)

99 99 99 99

Average adhesion 
mark (according 
to ISO 2409)

0 0 0 0
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the direction of extrusion during printing can be incorporated not. This 
approach was used to print Escher patterns (Fig. 5d) where BCD/CNCs 
served as the basic foundation before RCD/CNC droplets were deposited 
unto the surface. Under polarization, BCD/CNC nanoparticles are 
aligned while RCD/CNC nanoparticles have random orientation.

Conclusion

This work investigates the design and development of multi- 
protection inks based on carbon dots and cellulose nanocrystals for 
protection of consumer goods. Using both negatively charged compo-
nents, we demonstrate an approach to form a physically cross-linked 
shear-thickening gel. As with previously investigated gels based on 
oppositely charged components, we have shown that gel formation also 
occurs within a certain range. Moreover, the inks adhesion for different 
substrates remarkable high which expand the field of application for 
labels based on them. Also in this work, we have demonstrated a multi- 
factor security 3D printing approach, one using fluorescent patterns and 
another based on polarization patterns visible only under a polarizing 
lens.
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Fig. 5. (a) Barcode-like pattern printed with BCD/CNC and analyzed under fluorescence microscope through filter cube (second image), polarization lens (third 
image); (b) barcode-like pattern printed with RCD/CNC and analyzed under fluorescence microscope through filter cube (second image), polarization lens (third 
image); (c) complex square-like three-part pattern; (d) Escher-like pattern printed on glass.
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