Chemical Engineering Science 302 (2025) 120868

Contents lists available at ScienceDirect

g

N

Sl Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Check for

3D printing of aligned silk fibroin microfibers covered with nitrogen-doped &

carbon dots for anti-counterfeiting

Anastasia Kryuchkova ', Anna Ponomarets ', Victoriia Suchilova, Egor Ryabchenko,
Chantal Tracey, Pavel Krivoshapkin, Elena Krivoshapkina

EnergyLab, ITMO University, 9 Lomonosova Street, Saint Petersburg 191002, Russian Federation

ARTICLE INFO ABSTRACT

Keywords: Counterfeiting has serious economic and social consequences, prompting researchers worldwide to develop
Si.lk ) innovative and highly secure anti-counterfeiting methods, including the use of various polymer printing tech-
Fll_)rom niques and the integration of functional materials to create patterns with customized designs that are easy to
ggg;iiﬁg detect and cannot be falsified. Composite inks made of silk fibroin microfibers and polyvinyl alcohol or poly-
Optical properties ethylene glycol were developed to produce patterns with the microstructures aligned in the direction of extrusion
Microfibers during the 3D printing process. Fibroin microfibers were obtained via high temperature treatment and used as a

Anti-counterfeiting

precursor for carbon dot synthesis. This approach allowed the microfiber structure to be maintained and be

amenable to the synthesis of carbon dots doped with N-heteroatom on its surface, resulting in a material that
fluoresces bright blue when irradiated at 365 nm but remains invisible in normal lighting conditions.

1. Introduction

The counterfeiting of pharmaceutical and food products is particu-
larly concerning because the lack of proper controls in supply chains can
jeopardise public health and safety when such goods bypass quality
checks and certifications (Yoon et al., 2013). As such, one of the main
goals of contemporary anti-counterfeiting is the development of systems
with advanced features that can generate security codes and/or markers
that are impossible to replicate. Of the many methods developed so far,
the use of advanced luminescent materials in security 3D printing shows
significant potential. While luminescent tags and labels have are com-
mon anti-counterfeiting measures, they can be copied due to their pre-
dictable encoding methods. Recent studies suggest that 3D-printed
structures with unique shapes could address this problem.

3D-printed structures are highly suited to the high-speed
manufacturing of high-end security markers because they are easily
scalable; readily produced under industrial conditions; and can be
applied on surfaces of various shapes, sizes, and geometries at relatively
low temperatures and non-specific settings (Muthamma et al., 2021).
Since its inception, three-dimensional printing technology has evolved
from the layer-by-layer creation of physical structures based on
computer-aided design drawings (Tofail et al., 2018). Today, the
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complexity of tasks and structures undertaken by 3D printing has un-
dergone significant technological advancements, which now allows for
the creation of advanced materials and devices such as sensors (Jarosova
et al., 2019), self-powered systems (Lin et al., 2019), remote commu-
nication sensors (Krykpayev et al., 2017), and enables applications in
the Internet of Things (Yin et al., 2016).

The use of inkjet and 3D inkjet printing in biotechnology (Hussin
et al., 2021), biosensing (Li et al., 2015), and diagnostics (Rosati et al.,
2022) has seen significant progress over the last decade — especially in
terms of the development of customised inks from a broad selection of
materials. Unfortunately, the majority of these inks quickly lose their
functional properties during degradation, and tend to be toxic (Guo and
Ma, 2014; Seal et al., 2001). Furthermore, problems associated with ink
stability, the mechanical and storage stability of printed patterns at
room temperature, and the implementation of functional properties
remain unresolved (Qiu et al., 2022). The latter is often attributed to the
non-uniform distribution of functional materials throughout the ink,
which results in the deterioration of rheological characteristics (West
and Hubbell, 1999).

Studies have shown that stimuli-responsive luminescent tags have
the ability to show encrypted messages under certain lighting and are
flexible and easy to integrate in packaging or products, making them

Received 1 July 2024; Received in revised form 22 September 2024; Accepted 22 October 2024

Available online 28 October 2024

0009-2509/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:kef@scamt-itmo.ru
www.sciencedirect.com/science/journal/00092509
https://www.elsevier.com/locate/ces
https://doi.org/10.1016/j.ces.2024.120868
https://doi.org/10.1016/j.ces.2024.120868
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2024.120868&domain=pdf

A. Kryuchkova et al.

highly suited for security and authentication purposes (Gao et al., 2019).
Such tags can be obtained using luminescent nanoparticles such as
semiconductor nanocrystals (Han et al., 2017; Sun et al., 2012), inor-
ganic perovskite nanocrystals (Kalytchuk et al., 2018), rare-earth-doped
nanostructures (Gupta et al., 2010), polymer nanoparticles (Chang et al.,
2014; Peng et al., 2016), hybrid materials (Kaczmarek et al., 2017; Ma
et al., 2018), and carbon dots (Jiang et al., 2017, 2016; Song et al.,
2016). These optically active, functional nanoparticles can be easily
incorporated into suitable polymer matrices to create viable inks whose
optical, mechanical, and rheological properties can be controlled,
enabling the creation of luminescent security tags for product authen-
tication (Blanco, 2020; Sai Saran et al., 2022).

Carbon dots (CDs) are considered highly promising luminescent
nanomaterials for anti-counterfeiting applications due to their strong
fluorescence (PL) and non-toxic nature (Hola et al., 2014; Zhang and Yu,
2016). CDs have garnered substantial interest across various industries
due to their appealing functional characteristics, including strong
luminescence, high photo- and chemical stability, and low toxicity. They
have found application across a wide range of technologies, including
light-emitting devices (Zhang et al., 2013), water splitting (Fernando
et al., 2015), catalysis (Du and Guo, 2016), and various biomedical
applications like cellular optical imaging, biosensing, photothermal
therapy, and drug delivery (Luo et al., 2013; Peng et al., 2017). Recent
studies have also demonstrated the potential of invisible CD luminescent
tags for anti-counterfeiting purposes (Jiang et al., 2016; Qu et al., 2012;
Song et al., 2016). A clear advantage exists for the use of CDs as the way
to control the optical properties of printed patterns by using environ-
mentally friendly nanoparticles sourced from natural materials that are
safe and efficient and can be effectively utilised in the pharmaceutical
and/or food industries (Jiang et al., 2015; Li et al., 2010; Muthamma
et al., 2021; Tomal et al., 2021; Wang et al., 2017).

In this work, we developed a simple and green approach to creating
anti-counterfeiting labels by combining 3D printing technology and
creating optically active Bombyx mori (B. mori) silk fibroin microfibers
(FMF) coated with CDs. To effectively create optically active tags for
anti-counterfeit purposes, CD serves as the primary optically active
agent, while silk fibers provide a carbon source and substrate. B. mori are
a type of Lepidoptera insect (Singh and Jayasomu, 2002), and its silk, a
natural macromolecular protein, has a broad range of applications
(Tracey et al., 2023; Yao et al., 2022). Due to its biocompatibility,
biodegradability, and excellent mechanical properties as well as the
ability to process it into multiscale dimensions, silk fibroin (SF) is widely
used in traditional textiles; advanced sectors like optics, electronics,
biomedicine; and environmental engineering (Molinnus et al., 2021; Tao
et al., 2012; Wang et al., 2023). In addition to acting as a substrate, silk
also served as the carbon source for CDs because, in addition to being
simple, quick, eco-friendly, and cost-effective, the technical processes
required for the alteration are also preserve the original characteristics
of the silk (Zhang et al., 2015). It is hypothesised that functional com-
posite materials suitable for aligned 3D printing can be created using silk
microfibres, which will be oriented in the direction of extrusion.
Ensuring that the microfibers are oriented in the direction specified by
the user is crucial for producing polymer-matrix composites with cus-
tomised attributes. We used a unique approach that allows us to use the
functional groups on the silk surface as nucleation points for CDs, which
leads to their strong crosslinking to the silk surface and prevents their
leaching, minimising their chances of contaminating the protected
product. Using such an approach, we developed a custom fluorescent
FMF-based ink. Using extrusion-based 3D printing enabled FMF align-
ment, which allowed the creation of encrypted, stimuli-responsive
luminescent tags. The chosen polymer materials for extrusion-based
printing were selected based on their low polydispersity, ensuring the
preservation of CD optical properties, as well as their favorable print-
ability and film-forming abilities.

The CD/FMF ink fluoresces vivid blue upon irradiation with ultra-
violet (UV) light with an excitation wavelength of 365 nm UV light but is
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invisible in daylight. Not only do their notable characteristics, such as
intense and stable fluorescence, minimal toxicity, and affordability,
make them a promising option for fluorescent ink in anti-counterfeiting,
but this innovative technique allows for the creation of intricate and
personalized structures based on a pattern of aligned FMF, enabling the
production of a wide range of unique designs.

2. Experimental methods
2.1. Materials

Polyvinyl alcohol (PVA, 95.0 %) and glycerol (C3HgO3, 99.5 %) were
obtained from LenReaktiv (Russia). Polyethylene glycol 4000 (PEG-
4000) and sodium carbonate (NayCO3, 99.0 %) were purchased from
Sigma-Aldrich. Urea (CO(NH3)2, >99.8 %) and hydrochloric acid (HCI,
36 %) were acquired from NevaReaktiv (Russia). Isopropyl alcohol (IPA,
99.8 %) was purchased from Ecos-1. All chemicals from commercial
sources were used without further purification. Milli-Q deionized (DI)
water (15 MQ-cm resistivity) was used in all experiments unless other-
wise stated. The IMTHAILAND Company supplied B. mori cocoons,
which consist of completely natural silkworm silk.

2.2. Purification of B. mori silk cocoons

B. mori cocoons were cut into small pieces (1 — 5 cm) before being
degummed by boiling them in 0.02 M NayCOj3 solution (1 % w/v) at
90 °C under continuous stirring for 90 min, and then washed with
deionized water (Roblin et al., 2023). Following that, the degummed silk
pieces were introduced to a 1 M HCI solution (5 % w/v) at 40 °C and
sonicated for 4 h before being dried at 60 °C for 12 h (Kiseleva et al.,
2021).

2.3. Preparation of FMF covered with N-doped CD

The synthesis technique described by Tian et al. (Tian et al., 2017)
was modified to produce B. mori FMFs covered with CDs. This method
allows to synthesize N-doped CD in-situ during the formation of the
FMF. Fig. 1 illustrates the synthetic procedure. Briefly, silk (0.5 g), urea
(2 g), and water (10 mL) were made to react at 160 °C for 4 h under
hydrothermal conditions in a 20 mL Teflon-lined stainless-steel auto-
clave and then allowed to cool room temperature. The precipitate was
collected, dispersed in IPA, and centrifuged (8000 rpm, 10 min) four
times to remove residual solvents and small organic molecules.

2.4. Preparation of FMF-based composite inks for 3D printing

Two types of inks were developed for the creation of suitable anti-
counterfeiting tags. An aqueous suspension of FMF was used. The con-
centration of FMF was determined using a Goryaev camera and
amounted to 367 200 microfibers in 1 pL of water (i.e., 40 wt%). The first
ink was made by dissolving PVA in deionized water at 80 °C under
constant stirring to obtain an 8 wt% solution that was then mixed with
the aqueous FMF suspension to obtain 1 wt% FMF-PVA. For the second
ink, PEG-4000 was melted at 45 °C under stirring and mixed with 4 mL
of the aqueous FMF suspension to obtain 10 wt% FMF-PEG. Both inks
were stored in a dark place at room temperature until further use.

2.5. Anti-counterfeiting tag fabrication

Anti-counterfeit tags were fabricated using two extrusion ap-
proaches: extrusion-based 3D printing and using a syringe. In the first
approach, a Cellink BIO X printer (CELLINK AB, Sweden) was used to
extrude the FMF-PEG ink with the assistance of the open-source software
Tinkercad. Briefly, 1.5 mL of FMF-PEG was put in a Nordson syringe and
attached to the Cellink BIO X printer via the pneumatic syringe holder. A
glass slide (Hermeon, Film Dressings, 76 x 26 x 1 mm) was placed into
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Fig. 1. Complex approach to the mechanism of optically active FMF formation.

the bioprinter plate holder. The ink was extruded onto the glass slide at a
speed of 10 mm/s and pressure of 48 kPa using 250 pm syringe tips. To
ensure appropriate printing conditions, the printhead was heated to
50 °C, as well as the printing temperature was cooled down to 16 °C. In
the second approach, a BD Micro Fine Plus syringe with a 30G needle
(external diameter of 0.30 mm) was to extrude the FMF-PVA ink. FMF-
PVA was slowly and carefully extruded out of the syringe by hand to
completely coat the solidified FMF-PEG structure on the glass slide to
make it invisible under natural light.

2.6. Characterisation

The morphologies of both native SF and FMF were studied using
scanning electron microscopy (SEM). SEM micrographs of the samples
were obtained using a Vega Tescan 3 (SBH, Czech Republic) at an
operating voltage of 2 kV with the samples fixed on carbon tape.
Composition analyses were conducted using energy-dispersive X-ray
(EDX) spectroscopy equipped with an X-ACT EDX detector from Oxford
Instruments, Inc. Examination of the structure of the printed FMF ob-
jects was conducted using a Levenhuk DTX RC2 Digital Microscope
(Levenhuk, Russian Federation). The size distribution of 400 FMF was
analyzed using 10 SEM images and ImageJ image analysis software.

Fourier transform infrared (FTIR) spectroscopy was used to investi-
gate the secondary structure of silk. FTIR spectra were acquired using a
Thermo Scientific Nicolet iS5 FTIR spectrometer in the absorbance mode
over a range of 4000-500 cm L. Dry samples were mixed with crystal-
line KBr (1 mg of the sample:199 mg of KBr) and then pressed into
pellets. The data were collected with a resolution of 0.5 cm ™! using 20
scans and achieving a signal-to-noise ratio of 40 000:1. Manufacturer-
provided Omnic 9 software was utilized to process the data, with
background collection occurring prior to the accumulation of FTIR
spectra from the samples.

The secondary structure of proteins was determined by amide I peak
deconvolution using the method described by Madurga et al. (Madurga
et al., 2017). The amide I and II peaks were fitted using Gaussian
functions, with initial conditions determined based on the second de-
rivative of the experimental spectrum. The minima of the second de-
rivative were used to determine the number and positions of the
Gaussian functions for fitting. The initial full width at half maximum was
set and fixed at 8 cm™?, and peak positions were fixed for all Gaussians
used in the fitting. The fitting was completed after a linear baseline was
applied. The fitting was consistently done using Omnic 9 software in all

instances. The areas of the Gaussians were then used to estimate the
content of different secondary structures based on the band assignments
provided in Table 1.

Fluorescent microscopy images showing the PL of microfibers in
contrast to native SF were obtained on an inverted Leica DMi8 micro-
scope using a x 10 objective in DAPL, Rhodamine, and FTIC filters. The
PL excitation and emission spectra of FMF were obtained using a Tecan
Spark multimode microplate reader from Tecan Group Ltd. based in
Switzerland.

The rheological behaviours of the FMF-PVA and FMF-PEG inks were
analyzed by measuring the shear viscosity at different shear rates using a
rheometer (AR-2000, TA Instruments, New Castle, DE, USA) equipped
with a 40 mm/2° tapered plate at 20 °C and 40 °C, respectively. The
temperatures were chosen based on the most clearly observed graph
structures.

To determine the Young’s modulus of FMF-PEG and FMF-PVA, strain
sweep and frequency sweep experiments were conducted. In the strain
sweep experiments, frequency was held constant at 1 Hz while strain
varied from 15 % to 50 %. Conversely, frequency sweep experiments
were performed at a constant strain of 1 % while frequency varied from
1 Hz to 100 Hz. The obtained elastic and viscous moduli (G’ and G’,
respectively) were then used to calculate the shear modulus.

The shear modulus of both inks was calculated as G = VG2 + G*2.

Table 1
Vibrational band assignment in the amide I and II regions.
Wavenumber Assignment References
(em™)
1475, 1490 CHy, CH3 bending in (Koperska et al., 2014)
alanine
1501 amide II, p-sheets (Geminiani et al., 2023)
1539 amide II, a-helix/ (Geminiani et al., 2023)
random coil
1610-1620 Aggregated p-strand/ (Jung, 2000), (Jackson and Mantsch,
intermolecular f-sheet 1995), (Tretinnikov and Tamada,
2001), (Taddei and Monti, 2005)
1638-1655 random coil (Teramoto and Miyazawa, 2005), (
Tretinnikov and Tamada, 2001)
1663-1694 B-turn (Mouro et al., 1997), (Tretinnikov
and Tamada, 2001), (Taddei and
Monti, 2005), (Dong et al., 1990), (
Wilson et al., 2000)
1728 Y(C = 0O) amide I bond, (Geminiani et al., 2023)

B-sheets
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Youngs modulus was determined as
E=2G(1+v)

Were Poisson ration (v), was approximated to 0.5.
3. Results and discussion
3.1. Formation of FMFs covered with N-doped CDs

In this paper, optically active FMFs capable of alignment during 3D
printing were obtained via hydrothermal synthesis. First, the fibers were
treated with a solution of Na;CO3 at about 90 °C for 90 min, which is the
typical alkali degumming process (Horan et al., 2005; Kim et al., 2005;
Li et al., 2003). Silk fibers consist of two proteins arranged in a core—
shell structure, with internal fibroin fibers being held together by an
outer layer of sericin (Koh et al., 2015; Qi et al., 2017). Fibroin provides
structural support and unique mechanical properties to silk while sericin
acts as a binding agent during cocoon formation (Vepari and Kaplan,
2007). Depending on the type of silk, sericin can make up 25-30 % of the
cocoon weight, with fibroin accounting for the remainder (Seo et al.,
2023). The separation of these proteins through degumming, where
sericin is dissolved in a chemical bath leaving fibroin almost intact, in-
fluences mechanical properties and standardizes material quality
(Johansson et al., 1985; Kasoju and Bora, 2012). Degumming, which
depends on NayCOs concentration and processing conditions (Dou and
Zuo, 2015), removes sericin by dispersing, solubilizing, and hydrolysing
sericin polypeptides (Sahoo et al., 2010). It should be noted that
degumming can also be performed using acids. The effectiveness of
removing sericin through the use of acids and alkalis can be attributed to
the fact that sericin is an amphoteric protein with an isoelectric point
between 3.9 and 4.3 (Ma et al., 2022; Zhou et al., 2014). As a result, the
solubility of sericin is greatly influenced by the pH of the solution. The
degumming process is accelerated in both highly alkaline and extremely
acidic solutions. Sericin, being amphoteric, can form ionizable salts with
acids and alkalis, leading to increased solubility (Haggag et al., 2007).
Studies have shown that degumming has negligible impact on fibroin
structure (Lucas et al.,, 1958; Pérez-Rigueiro et al., 2002). After
degumming, haphazardly arranged individual fibroin fibrils became
prominently visible. Additionally, internal voids and cracks formed in
the cross-section of the fibers (Figure S1), which made silk fibroin (SF)
more brittle. As long as there is a sericin layer protecting the inner
protein chain, SF will remain structurally sound; however, once the
alkaline solution comes in contact with fibroin, the integrity of the SF
structure can be affected (Bucciarelli et al., 2021). It should be noted
that the SF structure can begin to degrade before sericin is completely
removed.

The next step in the preparation of SF was a 4 h ultrasound treatment
in 1 M HCI solution to prepare SF for high-temperature processing by
additional hydrolysis and removal of sericin residues that were not
removed during alkaline degumming. Sonication, which can trigger
various chemical and physical transformations in polymers (Wang et al.,
2015), generated a highly intense physical setting and prepared SF for
the production of microfibers (Zhu et al., 2022). This intense physical
environment can later enable modifications to the secondary structure
of SF under elevated temperatures during hydrothermal treatment.

Following four hours of continuous hydrothermal treatment, SF
underwent a complete transformation into almost uniform FMF. This
suggests that hydrolysis under critical high temperature conditions plays
a crucial role in the degradation of fibroin fibers into FMF, particularly
during hydrothermal treatment at 160 °C. Such reaction conditions were
essential for keeping FMF integrity during subsequent synthesis of CD
directly on their surface, preventing complete FMF decomposition. It is
possible to suggest that there is a step-by-step degradation of SF areas
that are more susceptible to hydrolysis, like the non-crystalline sections
(Mandal et al., 2012). SF primarily consists of the amino acids glycine
(Gly), alanine (Ala), serine (Ser), and tyrosine (Tyr), which make up
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about 90 % of the structure and are arranged in repetitive sequences
with weak chemical bonds (Chen et al., 2012; Guo et al., 2018). During
the initial stage of hydrolysis, the sericin remaining after degumming
dissolves due to its strong solvation by water (Li et al., 2013; Wang et al.,
2021; Zhang et al., 2014) while hydroxyl ions break the network of
hydrogen bonds of amorphous random regions, resulting in the forma-
tion of FMF (Jia et al., 2021). Over time, the structures dominated by
amorphous and crystal forms gradually begin to hydrolyse into small
amino acids due to the strong solvation effect and high reactivity of
water molecules towards weak chemical bonds (e.g., ester or amido
bonds) under subcritical conditions (Quitain et al., 2006). Since the
number of available reaction sites of such amino acids as Gly, Ala, Ser,
and Tyr on the FMF surface increases, these amino acids serve as in situ
molecular precursors for carbon nanomaterials, acting as both a carbon
source and a support material (Titirici and Antonietti, 2010). These
surface SF moieties reacted with urea, which acted as a N source for CD
heteroatom doping (Chekini et al., 2020; Maltseva et al., 2022). Urea
and fibroin amino acids form a nanoplate structure through intermo-
lecular H-bonding that then undergoes dehydration to create nitrogen-
rich CDs with carboxyl, hydroxyl, and amide groups on the surface
under hydrothermal conditions (Tian et al., 2017). While urea served as
a doping agent, any additional impact on the extent of dehydration and
carbonization between fibroin and urea depends on the solvent. The
degrees of dehydration and carbonization increase gradually in water,
leading to an increase in sp>-domains and a violet-blue shift in CD ab-
sorption and emission bands (Yan et al., 2020). As intermolecular
dehydration and hydrothermal carbonization progress on the FMF sur-
face, uniform CDs are eventually formed, covering the surface of the
resulting silk fibroin microrods. Figure S2 shows SEM images of silk
fibroin after the same synthesis without urea.

3.2. Characterization of native SF and FMF

SEM was used to observe the morphologies of SF and FMF and to
measure their apparent sizes. The results displayed in Fig. 2A indicate
that the shape of SF is relatively uniform, but not completely circular.
Additionally, the image shows that SF coils in a helix around its axis. The
diameter of the silk threads produced by silkworms ranges from 10 to
slightly less than 20 pum, as observed through SEM imaging (Fig. 2A),
and is not visibly altered by the solvent treatment used in the degum-
ming process. SEM images of FMF in Fig. 2B show that the silk retain
their microfibrous structures, unlike conventional silk solutions, which
consist of particles of varying sizes. When compared to native SF, FMF
had the same diameter (10 — 20 pm) but was notably shorter in length,
ranging from 20 to 110 pm. Fig. 2C shows that FMFs have a wide size
distribution with a peak at 64 pm.

EDX analysis was used to study the chemical compositions of SF
(Fig. S3A,B) and FMF (Fig. S3C,D) and to verify the existence of N-
doped CDs on the FMF surface. While both EDX mapping images confirm
the presence of nitrogen, the levels were found to be greater in FMF
compared to SF. This higher nitrogen content may be attributed to the
effective formation of N-doped CDs on the FMF surface. It indicates that
CD containing N-heteroatoms can be produced on FMF surfaces without
complete destruction of SF from carbon in protein residues and nitrogen
in urea.

FTIR was used to compare the molecular structures of native SF and
FMF. Both the spectra of SF (Fig. S4A) and FMF (Fig. S4B) showed
numerous peaks related to protein content, including amide I, II, and III
bands at 1620, 1510, and 1226 em™! for SF and 1626, 1521 and 1229
cm ! for FMF. Amide I is the most intense peak in the FMF FTIR spec-
trum and corresponds to the stretching vibration of the C = O bond in
the peptide backbone (Taddei et al., 2016; Teramoto and Miyazawa,
2005; Van De Weert et al., 2001). The amide II band for FMF is
noticeably smaller than that of native SF, which may be attributed to a
combination of fewer bending vibrations of the N-H bond and the
stretching vibration of the C-N bond in the peptide backbone
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Fig. 2. SEM images of (A) SF and (B) FMF. (C) Size distribution of FMF. FTIR deconvoluted amide I and II bands and percentage of structures in (D) SF and (E) FMF.

(Kryuchkova et al., 2023). The FMF spectrum was characterized by the
strong O-H stretching (3000-3600 cm™!) band of water (Laity et al.,
2015), which was the predominant component when compared with the
SF band at 3130 — 3350 cm . The peaks at around 1062 and 1401 cm™*
in the SF spectrum and 1042 and 1444 cm ™" in the FMF spectrum can be
attributed to the C-O stretching and C-O-H bending vibrations of serine
(Barth, 2000; Teramoto and Miyazawa, 2005), which accounts for
approximately 12 % of the amino acids in B. mori fibroin (Gamo et al.,
1977; Lucas et al., 1960). The minor peak at 3064 em~! in the SF
spectrum could be linked to the aromatic C-H stretching band of tyrosine
(Kumar et al., 2011), which makes up about 5 % of the amino acids in
B. mori silk proteins (Gamo et al., 1977). This peak was not present in
FMF. These differences suggest a higher proportion of tyrosine in SF
compared to FMF, which agreed qualitatively with our suggestions of
the FMF formation process in which a significant part of tyrosine is
hydrolysed.

Deconvolution of the FTIR spectra (Fig. 2D,E) shows a diverse set of
secondary structures in SF and FMF. p-sheets of amide I and II are pre-
dominant (~35-40 %), followed by random coils, a-helices, and p-turns.
Also, peak fitting for both SF and FMF shows the content of CHy, CH3
bending in alanine, which is 24.16 % for SF and 14.19 % for FMF.
Basically, the main difference in the content of secondary structures in
SF and FMF is the different ratios of amorphous to crystalline phase
between amides I and II, despite the fact that the total p-sheets ratio is
approximately the same for both samples. as illustrated by the diagrams
in Fig. 2D,E.

FMF PL was investigated using a Leica optical microscope with PL
filters and the images are shown in Fig. 3A-F, H-J. The results showed
that the fibroin microstructures exhibited bright PL in Rhodamine, FITC,
and DAPI filters (Fig. 3E-F), while native SF does not fluoresce (Fig. 3B-
C). In order to reveal the nature of PL and to make sure that the PL signal
does not come from fibroin proteins but from CDs, we repeated the
synthesis excluding urea as a doping agent. Fig. 3H-J shows FMF formed
at the carbonisation stage. The resulting FMF exhibit identical

morphology to FMF covered with N-doped CDs, but do not show any PL.

As such, it was concluded that the PL of FMF is associated with the
formation of CDs on the FMF surface and is associated with electronic
transitions of conjugated © domains in the sp® hybridized core and
surface defects, such as imperfect sp? hybridized domains, sp> hybrid-
ized carbon atoms, and surface functional groups, of fibroin. To explore
the optical properties of FMF in more detail, the photoluminescence (PL)
spectra were recorded. The results in Fig. 3G indicate that when excited
with a wavelength of 334 nm, the sample exhibits its highest PL emission
intensity at 413 nm in the violet-blue region of the spectrum. In order to
make the FMF fluorescent, we doped CDs with N heteroatoms, as pre-
viously detailed (Arcudi et al., 2016). We treated the material through
hydrothermal synthesis in 10 mL of water, with natural SF playing dual
roles as a carbon source and support material and urea acting as a ni-
trogen source. Nucleation resulted from the thermal carbonization of
precursors in the solution, then the heteroatom is doped through a high
temperature synthesis process, significantly enhancing the PL signal of
CDs (Miao et al., 2020). Therefore, the nuclei expanded because of
additional molecules diffusing to the CD surface.

3.3. Characterization of FMF-based hybrid ink for 3D printing

To make FMF suitable for practical printing, it was mixed with PVA
or PEG - depending on the extrusion approach. PEG is a synthetic
hydrogel that is commonly used in 3D printing due to its hydrophilic
properties as well as its customizable chemical structure (Chiappone
et al., 2016). In this work, PEG was used to prepare a FMF-PEG com-
posite ink for aligned 3D printing. PVA is another highly hydrophilic,
inexpensive polymer that has been approved by the United States Food
and Drug Administration for medical use (Baker et al., 2012; DeMerlis
and Schoneker, 2003), making it a suitable FMF composite component
for syringe extrusion.

The selection of polyvinyl alcohol (PVA) and polyethylene glycol
(PEG) as components in this application is related to their properties as
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Fig. 3. Fluorescent microscopy images of (A-C) SF, (D-F) FMF and (H-J) FMF obtained by hydrothermal synthesis without urea. Images A, D — phase contrast; B, E, I
— DAPI channel (DAPI); C, F, J — FITC channel (FITC), H - bright field. (G) PL spectrum under an excitation wavelength of 334 nm with emission at 413 nm for FMF.

biodegradable packaging materials. These polymers are widely consid-
ered viable alternatives to conventional plastics in packaging, which
often lack the desired functional properties. The packaging industry
increasingly prioritizes research in the field of biodegradable, optically
active materials that possess superior mechanical characteristics and
their further practical implementation (Yousefi et al., 2019).

PVA’s ability to form thin films is a key factor in the creation of
invisible tags (Oun et al., 2022). The sequential application of FMF-PVA
and PVA layers enables the desired optical properties, resulting in tags
that are invisible in daylight but easily detectable under UV light.
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PEG, characterized by its low polydispersity index, ensures the
preservation of the optically active properties within the final structure,
independent of adverse effects caused by polydispersity (Hu and Liu,
2022). Additionally, PEG’s ease of optimization as an ink component
enhances the system’s practical applicability.

Since composite ink properties depend on polymer base and micro-
fiber filler material properties as well as interactions between both
constituents and filler material arrangement in the matrix, nonlinear
rotational experiments were conducted to generate flow curves for the
FMF-PVA and FMF-PEG samples, as shown in (Fig. 4A,B). Comparing
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Fig. 4. (A) Variation in FMF-PVA ink viscosity plotted as a function of shear rate at 20 °C and (B) FMF-PEG ink viscosity plotted as a function of shear rate at 40 °C.
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the inks based on FMF and unmodified polymers, no shear-thinning
behavior was observed in the case of neat polymers, which confirms
that the inks qualify as non-Newtonian and are suitable for 3D gel
printing.

Both examined inks demonstrated inelastic behavior, as evidenced
by G’ being less than G. The values reported as 1.53 x 107 and 6.02 x
1073 for PEG. The G’ and G’ values for the PVA-based ink were deter-
mined to be 1.81 x 107° and 3.58 x 107>, respectively. The Young’s
modulus of the inks was calculated to be 1.81 x 10~* for FMF-PEG and
1.07 x 10~* for FMF-PVA. These results further confirm the elastic
behavior of the obtained inks, which is essential for their applicability in
printing. Both inks displayed shear thinning properties, where viscosity
decreased as shear rate increased, which is advantageous for 3D printing
(Khuu et al., 2019; Morozova et al., 2021). Between them, the FMF-PVA
ink had higher viscosity, as shown in Fig. 4A. The viscosity curve of the
FMF-PVA ink dropped significantly as shear rate increased from 0.01 to
30 s}, reaching a viscosity value of approximately 5 Pa-s. An important
peculiarity of the FMF-PVA ink is its non-stability, as the flip test in
Fig. 4A shows. Inks containing PVA harden in air during extrusion from
a syringe onto a substrate. The FMF-PEG ink had an apparent viscosity of
almost 1 Pa-s and significant shear thinning behaviour across the shear
rate range from 10 to 100 s~ (Fig. 4B). Fig. 4B also shows the FMF-PEG
hybrid ink flip test at room temperature (22 °C), which indicates its
stability. All the produced inks are still functional, 1 year after synthesis.
The PVA-based inks gel only after exposure to open air and can be
recovered through reheating. PEG-based inks are solid at room tem-
perature, and are supposed to be used after heating, so it does not gel
under normal conditions.

The ability to control the arrangement of microfibers in FMF-PVA
composite inks extruded using a syringe was also investigated. This
approach could provide a unique advantage for tailoring the design of
printed materials by creating unique labels without the need for special
conditions or equipment. When tested, a considerable degree of fiber
alignment in the direction of extrusion was visible in the produced
samples, which indicates the anisotropy of the resulting material.
However, because of the additional layer of PVA coating on top of the
pattern, both the printed pattern and the oriented FMF are not visible in
daylight, as shown in Fig. 5A. The printed pattern is clearly visible only
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in ultraviolet irradiation due to the PL of FMF (Fig. 5B). Thus, we offer
an effective approach to the development of unique printed patterns
with various emission colours, which are urgently demanded due to
their promising prospects in the next-generation anti-counterfeiting
materials. Fig. 5C shows highly aligned clusters of microfibers at the
macroscale in daylight and Figure S5 demonstrates their optical activity
under UV light.

A Cellink BIO X 3D printer was used to explore the connection be-
tween microfiber orientation and the parameters of the manufacturing
process, which is an essential aspect in the development of 3D-printed
polymer-matrix composite materials with customized material charac-
teristics. Extrusion of the FMF-PEG ink was realized through the nozzle
of the Cellink Bio X. This gives rise to aligned fibroin structures in the
direction of flow and allows anisotropy, which is especially noticeable
under UV light (Fig. 5D,E). An important advantage of this approach is
the possibility to select the nozzle width, print speed, and pressure,
which allows the number of FMF distributed across the print width to be
controlled (Fig. 5D-F). One year after printing, PL microscopy images
were obtained for both FMF-PVA and FMF-PEG inks, indicating that the
inks are highly stable and capable of retaining their optical properties.
Fig. 5J-L demonstrates that there is no degradation of FMF optical
properties after 12 months of storage.

4. Conclusion

In this work, we produced stimuli-responsive luminescent tags able
to show encrypted messages under UV light that are easy to incorporate
into packaging for potential anti-counterfeiting applications due to their
difficult-to-replicate unique optical properties. FMF covered with violet/
blue-emissive fluorescent CD (Aey, = 413 nm) were obtained by hydro-
thermal synthesis using SF, which acted as both a carbon source and a
substrate, and the —-NH; functional groups in urea as a nitrogen het-
eroatom source. Using a Cellink BIO X printer and a syringe, we
demonstrated two working approaches of FMF-PVA and FMF-PEG
extrusion, respectively. Both approaches demonstrated the uniform
distribution and alignment of 100 pm FMF during the printing process,
meeting the requirements of complex design, high-speed production,
straightforward operation, and hidden images security features. Due to
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Fig. 5. Images of FMF-PVA sample extruded through a syringe under (A) natural light and (B) UV light. (C) Optical microscopy image of FMF-PVA sample. Images of
3D-printed FMF-PEG sample under (D) natural light and (E) UV light. (F) Optical microscopy image of FMF-PEG sample. Fluorescent microscopy images demon-
strates that there is no degradation of FMF optical properties after 12 months of storage of FMF-PVA sample extruded through a syringe (G-I) and 3D-printed FMF-
PEG sample (J-L). Images G, J — DAPI channel (DAPI), H, K - FITC channel (FITC), I, L — Cy5 channel (Cy5).
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the alignment of FMF in the PVA or PEG polymer matrix upon extrusion,
the final material has unique structural and functional characteristics
that cannot be attained by each component individually. Merging
luminescence and oriented 3D printing of FMF-based inks would greatly
improve anti-counterfeiting security measures, enabling the creation of
safe and unique labels for security printing. This approach can be
applied in 3D printing and rapid prototyping to enhance the production
of layered composite materials with embedded microfiber patterns.
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