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The design and fabrication of optical security marks are of great importance
for information encryption and data protection. Herein, biocompatible marks with
excellent optical properties, printed easily on arbitrary surfaces, remain a challenge. Here,
we report on the design of a series of transparent organic inks based on Gewald’s 2-
aminothiophene derivatives, which are utilized then for inkjet printing of large-scale
1 invisible images with 60 pm resolution on arbitrary substrates. The encryption regime is
provided through a combination of organic inks possessing different photoluminescence
(PL) spectra ranging from 584 to 625 nm. The decoding of such images is achieved in the
PL regime manually and can be read with the naked eye upon ultraviolet radiation. The
s high biocompatibility of the inks, confirmed by the epithelial-like cell line of mouse
cutaneous melanoma and mouse embryonic fibroblasts, paves the way to scalable inkjet
printing of biocompatible images for optical encryption and goods protection.
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9 The rapid growth of the consumer market raises a problem for
0 protecting personal information and goods from counter-
feiting, thus forming a new direction in material science and
» digital technology to encrypt the information.' > One of the
3 promising solutions, combining new materials and encryption
4 technologies, is optical information encryption, since it is a
s quite fast, remote, safe (including for human health), and low-
6 energy-consumptive approach.””'® In most cases, optically
7 active or photoluminescent inorganic, organic, and hybrid
g materials'”~* are utilized for optical encryption through a

—

29 change in their color or photoluminescent (PL) signal.
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o However, the design and fabrication of the optical security
1 marks on arbitrary surfaces with PL decoding, allowing also a
2 human contact, is still in its infancy.

3 To address this challenge, inkjet printing can be considered
4 a promising method. Indeed, low cost, high efficiency, and
s precision printing made it the widely used and biocompatible
6 method in industry.”" ™" In its basics, the droplets of inorganic
7 or organics inks are produced with controllable size (up to a
s single atom) and delivered to a specific location on an arbitrary
9 substrate (solids, flexible polymers, and even skin) to create

40 metallic, dielectric, organic and hybrid patterns, and optical

4

images.”*~** Besides high efficiency and precision, there are

sy

42 some unique features of inkjet printing such as drop-on-
43 demand, noncontact, and multi-ink delivery. Thereby, the
44 printing is utilized to fabricate planar electronic devices,
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flexible robots, as well as living cells.**7°° At the same time, the

design of the inks for optical security marks, providing
biocompatibility and excellent PL properties for encryption,
remains a challenge.

Here, we report on the design of a series of transparent
organic inks based on Gewald’s 2-aminothiophenes derivatives,
which are utilized then for inkjet printing of large-scale
invisible images with 60 pm resolution on arbitrary substrates
(glass, aluminum, polypropylene, paper, and carton). The

53

encryption regime is provided through a combination of s4

organic inks possessing different PL spectra ranging from 584
to 625 nm. Herein, the decoding of such images is achieved in
the PL regime manually and can be read with the naked eye
upon ultraviolet radiation. Excellent biocompatibility of the
synthesized inks has been confirmed with embryonic fibroblast
and cutaneous melanoma cell lines. The cells incubated with
the inks at different concentrations retained their viability and
morphological features. The results, thereby, pave the way to
the scalable inkjet printing of biocompatible images for optical
encryption and goods protection.
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Scheme 1. Synthesis of Organic Inks (7a—7f).
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Figure 1. Transmission (a) and PL (b) spectra of 7a—7f in a dry form (organic crystals). Inset in (a) corresponds to an optical image of the 7f
organic crystal; scale bar, SO ym. Arrows in (b) indicate the center of PL for 7a (608 nm), 7c (584 nm), and 7f (625 nm).

65 As organic (luminescent) molecules for inks, we have chosen
66 substituted derivatives of Gewald’s 2-aminothiophenes. Next to
67 high biocompatibility and a wide range of biological
6s activities,>">* these compounds have also been utilized as
69 precursors to design optical materials for solar cells, laser-

emitted diodes, and luminescent displays.”*>~®" In detail, we

have carried out a multistep synthesis of the inks based on
substituted 2-amino-4-oxobut-2-enoic acids (7a—f), containing
Gewald’s aminothiophene groups. Preliminarily, the starting
intermediates such as substituted 2-hydroxy-4-oxobut-2-enoic
acids (3) and 2-aminothiophene-3-carboxylic acids (6, Scheme
1) have been obtained. On the first step, 2-hydroxy-4-oxobut-
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77 2-enoic acids (3) have been synthesized by the Claisen
78 condensation method via the reaction of diethyl oxalate (2)
79 with substituted methyl ketones (1) in the presence of sodium
so methoxide (2 equiv) in methanol, with a subsequent
81 decomposition of the intermediate salt (Scheme 1, condition
82 a). Then, the substituted 2-aminothiophene-3-carboxylic acids
83 (6) have been prepared by Gewald’s reaction of the
84 corresponding substituted ketones (4) with ethyl 2-cyanoace-
gs tate (5) and sulfur in the one-pot method (Scheme 1,
86 condition b). In the final step, the substituted 2-hydroxy-4-
g7 oxobut-2-enoic acids (3) react with substituted 2-amino-
ss thiophene-3-carboxylic acids (6) in ethanol at 60 °C, resulting
80 in the compounds (7a—7f) based on substituted 2-amino-4-
90 oxobut-2-enoic acid (Scheme 1).

91 To study the optical properties of the resulting compounds
92 (7a—7f), we have transferred them to a dry form through
93 solvent (acetonitrile) removal and densification on a glass
94 substrate under normal conditions. The formed organic
9s crystals with an average thickness of 100 ym (Figure la,
96 inset) possess a reddish color, which has been confirmed by
97 optical spectroscopy, showing a decrease in transmission at 550
98 nm (Figure 1a). PL spectroscopy has also been performed for
99 the entire series of the organic compounds (7a—7f) in a dry
100 form (see sec4). As can be seen in Figure 1b, an optical
101 pumping at 350 nm leads to relatively narrow (90 nm width)
102 PL spectra centered at 584 (for 7c) to 625 nm (for 7f). Such
103 40 nm spectral shift of PL signal with 90 nm width may not be
104 obvious to the naked eye, but it is still sufficient for optical
105 encryption. Therefore, we have selected three types of organic
106 compounds (7a, 7c, and 7f) which are maximally different
107 from each other in the PL spectra to further create an optically
108 transparent encrypted image for decoding and reading in the
109 ultraviolet PL regime (see below).

110 At the intermediate stage, we checked the biocompatibility
111 of the selected organic compounds at different concentration
112 ranges. For this, their cytotoxic effect has been evaluated on
113 B16—F10 and MEF MEF2 cells (epithelial-like cell line of
114 mouse cutaneous melanoma and mouse embryonic fibroblasts)
115 using Calcein AM staining. The B16—F10 cell line has been
116 used as a skin model, since it is an epithelial-like cell isolated
117 from skin tissue, while the MEF NF2 cell line has been used as
118 a healthy cell model. The fluorescent images have been
119 obtained using confocal laser scanning microscopy (CLSM, see
120 Figure 2: cells with green fluorescence are living cells). As
121 shown in Figure 2a,b, the CLSM images for 7a, 7¢c, and 7f
122 clearly demonstrated that the cells are viable, possessing
123 normal morphology at different concentrations (0.12S, 0.25,
124 0.5, and 1 mg mL™") of each tested compound. In order to
125 quantitatively confirm the nontoxicity of the compounds, ICs,
126 values have been calculated using the AlamarBlue analysis.
127 Figure 3a—c shows the cytotoxic efliciency, expressed in ICs,
128 values, which represent the concentration of the compounds
129 required to obtain 50% inhibition of cell growth. In detail,
130 Figure 3a represents the histograms of dependence of cell
131 viability on the concentrations of the compounds. Figure 3b
132 shows the calculated curves for ICS0 values, while Figure 3c
133 summarizes the ICS0 values for 7a, 7¢, and 7f in the case of
134 two cell lines (B16—F10 and MEF MEF2). According to the
135 data obtained, all organic compounds possess low toxicity,
136 while 7c demonstrated the best biocompatibility (ICS0 equals
137 to 2.08 mg mL™" in the case of MEF NF2 cells and ~1.38 mg
138 mL™! for B16—F10 cells).

=

—_

—

a Control 0.125 mg/mL  0.25 mg/mL

0.5 mg/mL

b 0.25 mg/mL 0.5 mg/mL

Figure 2. CLSM images of B16—F10 (a) and MEF NF2 (b) cells
incubated with the organic compounds (7a, 7c, and 7f) at different
concentrations (0.125—1 mg mL™") and stained with Calcein AM.
Scale bar, 50 ym.

—

Next, to make organic inks based on the selected 139
compounds for inkjet printing on different substrates (glass, 140
aluminum, polypropylene, paper, and carton), a high-viscosity 141
and wettability solution has been utilized. Since the wetting 142
angle of the substrate corresponds to 90° for water, we have 143
faced with the problem of making a thin image from the water 144
solution of the organic compounds (7). To increase the 145
viscosity and wettability of the resulting inks, food gelatin has 146
been used. For this, 1.5 g of gelatin has been dissolved in 150 147
mL of water under heating and constant stirring, followed by 148
the addition of 0.5 mL of N,N-dimethylformamide for the 149
efficient dissolution of the organic compounds. Then, the 150
selected compounds (7a, 7c, 7f, and the combination of 7c— 151
7f) have been added to the solution. The solution has been 152
heated to 90 °C with stirring at 1000 rpm and cooled for 24 h 153
at 4 °C to obtain the organic ink. The resulting inks had a 154
viscosity of 1.6 mPa per second (measured on a rotary 1ss
viscometer), which is higher than that of water (1 mPa per 156
second), while lower than that of gelatin, which has a viscosity 157
ranging from 2 to 10 mPa per second.®” 158

Finally, the inkjet printing has been performed on a 159
homemade setup (Figure S2) allowing sequential supply of 160
the inks to create a multicolor planar pattern. An electronically 161
controlled feed of the inks (3 mL drop) through the syringe to 162
a specific place on the substrates has been performed with a 5 163
mm s~ rate. To vary the brightness of the resulting images 164
(Figure SS), printing was performed several times. After each 165
print, the image has been dried for 1 min at ambient 166
conditions. As one can see in Figures 4 and S3, the printed 1674
images are optically transparent (since the thickness is less 168
than 1 um, the width of the printed lines is about 60 um; 169
Figure S4) and invisible to the naked eye. However, when an 170
ultraviolet lamp is switched on, the images show their color 171
depending on the PL features. Moreover, the combination of 172
the organic compounds (7c—7f) gives a shade to the color of 173

—

—

—
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Figure 3. (a,)b) Effect of the organic compounds (7a, 7c, and 7f) on the viability of BI6—F10 and MEF NF2 cells. AlamarBlue assay has been used

to assess their cytotoxic activity. Time of incubation was 24 h. The concentration range of the tested compounds was 0.015—4 mg mL

L (c) IC,

values calculated for the tested compounds. The results are shown as average value =+ standard deviation (n = 3).

10 mm

Figure 4. Inkjet-printed images upon ultraviolet irradiation (a) and
day light (b). (c—f) PL decoding of the inkjet-printed images based
on 7a, 7f, and 7c and a combination of 7¢—7f inks.

174 the resulting images, which can be read as an optically encoded

175 image.

We report on the design of a series of transparent organic inks
based on Gewald’s 2-aminothiophene derivatives, which are
utilized then for inkjet printing of large-scale invisible images
with 60 ym resolution on arbitrary substrates (glass, aluminum,
polypropylene, paper, and carton). The encryption regime is
provided through a combination of organic inks possessing
different PL spectra, ranging from 584 to 625 nm. Herein, the
decoding of such images is achieved in the PL regime manually
and can be read with the naked eye upon ultraviolet radiation.
The cytotoxicity assays performed on B16—F10 and MEF NF2
cells confirmed the high biocompatibility of the synthesized
inks. The results, thereby, pave the way to scalable inkjet
printing of biocompatible images for optical encryption and
goods protection.

All of the chemical reagents have been purchased from commercial
sources and used without further purification unless otherwise
specified. The details are presented in the Supporting Information.

All the air-sensitive reactions have been carried out under a nitrogen
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atmosphere in standard Schlenk flasks. All the chemicals were of 194

analytical grade and used without further purification. 4'-Methyl-
acetophenone (95%), 4'-methoxyacetophenone (99%), 2’,4’-dime-
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thoxyacetophenone (97%), 4'-bromoacetophenone (98%), 2-acetylth-
iophene (98%), diethyl oxalate (>99%), 2-butanone (>99.0%),
acetophenone (99%), propiophenone (99%), cyclohexanone
(299.0%), sulfur (99.98%), morpholine (>99%), and ethyl
cyanoacetate (>98%) were purchased from Sigma-Aldrich. Methanol
(MeOH), acetonitrile, and ethanol (EtOH) have been dried over
activated molecular sieves (3 A) in Erlenmeyer flasks for 2 days prior
to use. Chemically pure grade solvents were subjected to additional
purification and drying.

NMR spectra were recorded on Bruker Avance III (400 MHz) and
DRX-500 (500 MHz) spectrometers. The chemical shifts (§) have
been measured in parts per million with respect to the solvent
(CDCI3, 16: § = 7.26 ppm, 13C: § = 77.2 ppm; DMSOd6, 165: § =
2.50 ppm, 13C: & = 39.5 ppm). IR spectra were recorded on an FSM-
1202 spectrometer from the samples dispersed in mineral oil.
Elemental analysis was performed with a Leco CHNS-932 elemental
analyzer. Melting points were determined with Stuart SMP 40. The
details are presented in Supporting Information.

A system with two independent optical channels was used to measure
the optical transmittance and photoluminescence spectra of single
organic crystals.”*~%® Photoluminescence excitation has been carried
out by femtosecond laser radiation (Avesta TEMA, 150 fs pulse
duration, 1050 nm central wavelength, and 350 nm of third
harmonics, and 80 MHz repetition rate), while the optical
transmission has been analyzed with the use of a white light lamp
(Ocean Optics). Next, the laser radiation passed through the bottom
optical channel with an objective (50X, 0.46 NA). The re-emitted or
transmitted optical signal has been collected by the top optical
channel (objective 50X, 0.46 NA) and then analyzed via a HORIBA
LabRam confocal spectrometer with a water-cooling charge-coupled
device (CCD, Andor DU 420A-OE 325) with 150 g mm™" diffraction
grating.

All photoluminescent images printed on glass, aluminum,
polypropylene, paper, and carton in Figures 4 and S3 have been
obtained in the reflection mode when UV pumping illuminated the
image from the observer’s side.

For in vitro studies, an epithelial-like cell line of mouse cutaneous
melanoma B16—F10 cultured in aMEM (Alpha Modification of
Eagle’s Medium) with the addition of 10% FBS (fetal bovine serum)
has been used. A line of mouse embryonic fibroblasts MEF NF2
cultured in DMEM (Dulbecco’s modified Eagle's medium) with the
addition of 10% FBS has been used as a normal cell line. Then, cells
were incubated in a humidified atmosphere, containing 5% CO?2 at 37
°C.

Calcein AM staining was used to observe cell morphology and their
survival. AlamarBlue assays have been used to study the viability of
cells after their incubation with organic compounds at various
concentrations. The detailed protocols for these experiments are
provided in the Supporting Information. The Calcein AM staining
was performed using inks at concentrations of 0.125, 0.25, 0.5, and 1
mg mL ™" after 24 h of incubation. The cells have been then visualized
using a confocal laser scanning microscope (CLSM, SP8 Leica).

For the AlamarBlue assay, B16—F10 and MEF NF2 cells were
seeded into a 96-well plate (10* cells per 100 uL) and incubated
overnight at 5% CO2, 37 °C. Before addition to cell cultures, all
tested compounds were dissolved in 10 yL of DMSO and then
diluted in a cellular medium (4 mg mL7'). After that, several
concentrations of the tested compounds were added (0.015, 0.03,
0.06, 0.125, 0.25, 0.5, 1, 2, and 4 mg mL™") into the wells with cells
(B16—F10 and MEF NF2) and incubated for 24 h. After that, the cell
medium was removed, and AlamarBlue (10% by w/w) was added to
each well. All wells were incubated for 4 h at 5% CO, and 37 °C and
rechecked for color change. The absorption was analyzed on a
spectrophotometric microplate reader at wavelengths of 570 and 600
nm. Untreated cells were used as control cells. The results were

evaluated according to the formula given in the Supporting
Information.

The “drop-on-demand” inkjet technology has been used to build the
setup (Figure S2) containing a 3D manipulator and a controller with a
modified open Marlin firmware. A syringe pump was installed as an
extruder (the element that feeds the material during the inkjet
printing). The volume of the ink drops can be varied, and we set a
value of 3 mL. The needle of the printing syringe has been sharpened
in a special way, so that, on the one hand, it was parallel to the
substrate and, on the other, not to scratch it when printing, even with
small distortions. Based on a 3D model, the image has been generated
in special software for installing the inkjet printing, taking into
account the process parameters, selected during the experiments. The
optimal printing rate was 5 mm/s, while the line thickness was 0.01
mm.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c00340.
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