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Abstract: In biomedical engineering, optics, and photonics, fluorescent silkworm silk has many
potential applications, but its complex preparation process and the environmental pollution of
corresponding chemical dyeing methods hinder its development. Herein, we provide a green and
effective method for fabricating fluorescent silkworm silk with enhanced mechanical properties.
Citric acid and urea were selected as raw materials for synthesizing carbon dots (CDs), which were
applied as additives of silkworm feed to produce fluorescent silkworm silks by microwave-assisted
methods. The results showed that a diet of mulberry leaf with 0.5 wt% CDs was safe for silkworms
and did not affect silk yield. CDs rapidly entered silkworms and accumulated in their blood and silk
glands. After feeding for 90 min, the silk gland fluorescence appeared prominent. Compared with
ordinary silk, the highest elongation at break of the CD-modified silk was 22.24%, and the breaking
strength was 28.07 MPa, which were increases of 5.05 and 22.84%, respectively. The CD-modified
silk displayed intrinsic blue fluorescence when exposed to a 405 nm laser, exhibited no cytotoxic
effect on L929 cells and had excellent cell adhesion. The strategy proposed in this work is not only
environmentally friendly but can also produce high-quality fluorescent silk on a large scale.

Keywords: silkworm silk; carbon dots; fluorescent silk; mechanical properties; feeding method; toxicity

1. Introduction

As a natural filament fiber, silkworm silk has been used for thousands of years. In
traditional textile production, due to its excellent mechanical properties, it is widely used [1].
However, with the continuous development of chemical technology, artificial synthetic
fibers that can imitate the appearance and characteristics of natural silk fibers are now
being produced. Synthetic fibers continue to occupy and expand the market, resulting in
great challenges for traditional silk products. To improve the performance of silkworm
silk and expand its functions and applications, many researchers have been devoted to the
functional modification of silk. For example, silkworms were fed organic colored matter
to produce colored silk [2,3], their genes were modified to acquire fluorescent silk [4], silk
fibroin was regenerated to obtain bioactive biomaterials [5,6], and silk was processed with
chemical or physical methods to obtain multifunctional silk [7,8].

Fluorescent silk will be essential for developing tissue engineering scaffolds in the
future [9]. Unfortunately, natural silk has almost no fluorescence. A variety of exogenous
postprocessing techniques have been used to successfully prepare functional fluorescent
silk, such as combining quantum dots (QDs) [10,11], metal nanoclusters [12,13], and or-
ganic dyes [14,15] combined with silkworm silk by chemical or physical means. However,
most of these techniques inevitably require harsh postprocessing conditions and complex
procedures and are not environmentally friendly. In addition, the stability of the fluorescent
substance bound to silk is still a problem. Gene engineering technology for preparing
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fluorescent silk is indeed a feasible method [16], but it is expensive, inefficient, and com-
plicated to operate. Studies have shown that feeding silkworms with dye-containing feed
can directly produce natural fluorescent silk [17,18]. Compared with the above two meth-
ods, the feeding method is a significant improvement in convenience and is friendly to
the environment, conducive to large-scale production and can allow the modification of
silk properties at the source. An innovative class of fluorescent nanomaterials, carbon
dots (CDs) have outstanding biocompatibility and superior fluorescence properties [19].
Moreover, a large number of CDs are manufactured from biomass, so they are bio-safe,
low-priced, and environmentally friendly [20]. Compared with fluorescent organic dyes,
rare earth nanoparticles and semiconductor QDs, CDs have better mechanical properties,
higher brightness and light stability, and lower toxicity, making them ideal for feeding
silkworms [21]. In addition, as a nanodye, CDs disperse evenly in the diet, promoting
in vivo uptake to form high-quality silk [17]. Blue-emitting CDs were earlier used to feed
silkworms in 2019 and produced intrinsically fluorescent silkworm silk [17]. The same year,
feeding blue-emitting CDs, CdSe/ZnS QDs and rhodamine to silkworms produced blue,
green and red fluorescent composite silk, respectively [18]. The biosafety of CdSe/ZnS
QDs is a thorny issue due to their potential cytotoxicity.

Hydrothermal and microwave-assisted methods are commonly used for the synthesis
of CDs. The hydrothermal method is a method to prepare CDs by mixing the carbon source
and water or organic solvent and then transferring them to a reaction vessel, which is heated
to produce high temperature and pressure in the reaction vessel [22]. The microwave-
assisted method is a synthesis method that uses microwaves to provide reaction heat [23],
and the greatest advantage is that it can provide precise, intensive, and uniform energy
to the reaction system, thus compensating for the low efficiency of CD synthesis and
undesirable physical and chemical properties caused by the traditional hydrothermal
method due to uneven heating, strict experimental conditions and long reaction time. In
recent years, many researchers have applied microwave-assisted methods to the synthesis
of CDs [24], using the microwave method to synthesize multicolor fluorescent CDs in only
14 min, which greatly saves the synthesis time compared with the traditional hydrothermal
method. The microwave-assisted method can rapidly and efficiently convert biomass into
functional nanomaterials. Therefore, in this study, citric acid/urea CDs (CA/U-CDs) were
synthesized by the microwave-assisted method using citric acid and urea as raw materials.

Mulberry silkworms are an economic insect sensitive to the environment. The mul-
berry silkworm variety “9 Fu x 7 Xiang” is a major production variety fed widely in South
China. We fed mulberry silkworms of the “9 Fu x 7 Xiang” variety with different doses
of CA/U-CDs during the period from the second day of the fifth instar until silkworms
matured to produce fluorescent silk. Firstly, the safety of CDs for silkworms was eval-
uated by the silkworms’ growth, the quality of the cocoons and the morphology of silk
glands. Further, we also preliminarily explored the absorption, metabolism of CA/U-CDs
in silkworms, and the accumulation and distribution in silk glands. Finally, the fluorescent
and mechanical properties of silk fibroin fiber were analyzed. The cytotoxic effect on
L929 cells of CD-modified silk was evaluated. This study would provide a basis for the
large-scale production of fluorescent silk in South China, as well as references for tissue
engineering applications.

2. Materials and Methods
2.1. Preparation of CDs

CA and urea were used as the carbon source and surface passivation agent, respec-
tively [19]. Under microwave-assisted conditions, these two components were mixed in
H,O and heated at 750 W for 4 min. We dissolved 3.0 g of CA and 2.0 g of urea with
10 mL of distilled water. After heating the mixture in a domestic microwave oven for 4 min,
the colorless solution transformed into a reddish-brown solid, indicating CD formation.
A minimum amount of distilled water was used to dissolve the resulting solid and cen-
trifuged (8000 rpm) for 10 min. Furthermore, using a dialysis bag (molecular weight cutoft:



Coatings 2023, 13, 31

30f19

1000 Da), the brown supernatant was dialyzed in distilled water for 2 days to remove
low-molecular-weight impurities. Finally, the purified products (inside the dialysis bags)
were lyophilized and collected for further use.

2.2. CD Characterization Technique

Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were collected using a JEM-2100 transmission electron micro-
scope (JEM-2100, JEOL, Tokyo, Japan). A Shimadzu UV-2550 spectrophotometer was used
to record the UV-vis absorption spectra. Fluorescence spectra curves were recorded with a
fluorescence spectrofluorometer (F-7000, Hitachi, Tokyo, Japan). Fourier transform infrared
spectra (FT-IR) were measured using a Thermo Fisher Nicolet IS10 FI-IR spectrometer
(Nicolet IS10, Thermo Fisher, Waltham, MA, USA).

2.3. Silkworm Feeding and Fluorescent Silk Production

Silkworms (9-Fu x 7-Xiang strain from China) were raised in a climatic chamber.
All silkworms were fed fresh mulberry leaves until the second day of the fifth instar. A
number of 200 silkworms were equally split into four groups: control, CDs-0.25%, CDs-
0.5%, and CDs-0.75% groups, respectively. Then, we fed them regular mulberry leaves
and mulberry leaves containing 0.25, 0.50 and 0.75 wt% CDs from the second day of the
fifth instar until they had spun their cocoons. During the rearing period, we observed
the apparent performance (mental state and activity of silkworms), weighed them daily,
and recorded the survival rate. Mulberry leaves containing different doses of CDs were
prepared by the following procedure. Firstly, CDs were weighed according to the mass
fraction ratio of CDs/fresh mulberry leaves, and CDs were dissolved in the minimum
amount of distilled water and sprayed on the surface of fresh mulberry leaves. Finally, they
were dried naturally at room temperature. Note that before spraying on fresh mulberry
leaves, all aqueous CD dispersions underwent a 20 min sonication process. The reeling of
the silk from the cocoons was performed according to a previously reported method [25].
To produce silk fibroin fiber, the silk was degummed twice using a 0.5% (w/v) Nay;COs
solution at 90 °C for 30 min each time. The silk was then thoroughly rinsed with deionized
water and dried at 50 °C.

2.4. Paraffin Sectioning of Silkworm Tissue

Five silkworm larvae from each group were dissected right before cocooning on the
sixth day of the fifth instar stage. The middle and posterior silk glands were fixed in a 4%
paraformaldehyde solution, embedded in paraffin after being dehydrated with ethanol
graded solutions from 70 to 100%, sliced to a thickness of 5 um by a paraffin slicing machine,
and stained with hematoxylin and eosin (H&E) for histopathologic analyses.

2.5. Fluorescence Imaging and Fluorescence Spectroscopy

The middle and posterior silk glands and blood obtained from silkworm from the
control and CD groups were placed in a UVP gel imaging system (BIO-RAD, Richmond,
CA, USA) for fluorescence imaging. After being excited by a 405 nm laser, photographs
of the silk fibroin fiber were captured using confocal laser microscopy (ZEISS, LS M880,
Oberkochen, Germany). The photoluminescence (PL) spectra of the middle, posterior silk
glands and silk fibroin fiber were recorded after excitation with a 370 nm laser by using a
Hitachi FL-7000 PL instrument.

2.6. Scanning Electron Microscopy

Using a scanning electron microscope, the silk fibroin fibers from each group were
morphologically examined (ZEISS, EVO MA 15, Oberkochen, Germany). Each sample
was given a 20 nm gold covering, and the microscope was operated at 10.0 kV. To observe
the growth and proliferation of L929 cells on silk scaffolds by SEM, L929 cells seeded on
scaffolds (1.929 cells/silk scaffolds) were fixed in 1.0% osmic acid solution for 1 h. After
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removing the osmic acid solution, and after further PBS washes, L929 cells/ silk scaffolds
were dehydrated using a gradient of ethanol aqueous solutions (50, 70, 80, 90 and 100 vol%).
Finally, the resulting L1929 cells/silk scaffolds were treated in a mixture of ethanol and
isoamyl acetate and then critical point-dried.

2.7. Mechanical Properties Measurement

The mechanical properties of silkworm silk were tested at 25 °C and 60% relative
humidity with an MTS Industrial Systems (Shenzhen, China) 2 kN tensile testing machine
at a constant crosshead speed of 10 mm/min. The experimental stress—strain curves were
recorded to obtain the elongation at break and breaking strength.

2.8. FT-IR Spectroscopy

The secondary structure of silk fibroin fibers was analyzed by Fourier infrared spec-
troscopy (Nicolet IS10, Thermo Fisher, Waltham, MA, USA). The secondary structure of the
silk fibroin fiber was quantified by studying the spectral region corresponding to the amide
I band (1600 cm~!-1700 cm~!) and deconvoluting the amide I band in the IR spectrum
using the software Peak Fit 4.0 [26].

2.9. Cell Culture

The CD-modified silk’s biocompatibility was examined using mouse fibroblast L929
cells obtained from Procell Life Science & Technology Co., Ltd. The cells were propagated
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum added, and
they were incubated in a CO, incubator at 5% CO,, 37 °C. Silk scaffolds were constructed
by manually twining the silk fibroin fiber around a glass coverslip. After being repeatedly
washed with phosphate-buffered saline (PBS), silk scaffolds were put in a 6-well plate and
sterilized using a 75% (v/v) ethanol aqueous solution. They were seeded on scaffolds at
a density of 2 x 10° cells per well, and the 1.929 cells/silk scaffolds were incubated for
24 and 72 h at 37 °C in a humid environment with 5% CO,. Finally, the cell morphology
was observed using an inverted microscope.

2.10. Flow Cytometry

We collected 1929 cells that were cultured on inoculated silk scaffolds for 72 h. The
cells were subjected to two PBS washes, resuspended in loading buffer and stained at room
temperature with annexin V-APC and propidium iodide (PI) to identify cell apoptosis. The
treated cells were immediately analyzed using a fluorescence-activated cell sorting (FACS)
flow cytometer (BD, AccuriTMC6 plus, Franklin Lakes, NJ, USA).

2.11. Confocal Microcopy

Fluorescent pictures of cells on silk scaffolds were captured by laser confocal mi-
croscopy. The cells were planted and cultivated on the silk scaffolds for 72 h. The matrices
were then washed two times with PBS to remove excess serum, followed by incubation in
4% paraformaldehyde for 10 min. The samples were permeabilized for 10 min at room tem-
perature with 0.50% Triton X-100. The constructs were first stained with DAPI for 30 min
at room temperature and then incubated with rhodamine—phalloidin solution for 30 min.
Using a confocal laser scanning microscope, fluorescence pictures of stained constructs
were captured (ZEISS, LS M880, Oberkochen, Germany). The laser wavelength of DAPI
was 405 nm and that of rhodamine-phalloidin was 559 nm.

3. Results and Discussion
3.1. Structure and Properties of CDs

A straightforward one-step microwave-assisted method with anhydrous CA and urea
was used to synthesize CDs. The CDs were first characterized by TEM. The TEM pho-
tographs confirmed that the resulting CDs had good dispersion in aqueous solution with
an average particle size of approximately 2.8 nm (Figure 1a). The HRTEM images showed
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0.24 nm lattice stripes, corresponding to the (1120) face of graphite (Figure 1b) [27,28]. Due
to their size-limiting effect and photoluminescent properties, bright blue fluorescence was
seen in the CD aqueous solution under excitation at 365 nm (Figure 1c). The PL emis-
sion spectra in Figure 1d show that when CDs were excited by a laser at wavelengths of
300—400 nm, their dilute solution exhibits a fluorescence emission centered at 467 nm, with
an optimal excitation of 376 nm, which indicates that CDs can absorb UV light and convert
it into blue light. The CDs’ UV-vis spectra revealed an absorption at around 240 nm that is
caused by the 7-7r* transition and a typical peak at about 380 nm that is attributed to the
n-7* leap of C=0/C=N bond (Figure le) [29]. FTI-IR was used to further investigate the
chemical composition and structure of the synthesized CDs. According to Figure 1f, the
broad absorption band at 3442 cm ! is attributed to the stretching vibrations of O-H and N-
H bonds [30]. The absorption peak at 2931 cm ™! is attributed to the stretching vibrations of
—-CH and -CHj, which represent hydrophobic long alkyl chains and aromatic rings [21,31].
The absorption peak at 1688 cm ™! is ascribed to the C=0 stretching vibration peak, and
the absorption peak at 1400-1200 cm ™! is ascribed to the in-plane bending vibration of
O-H and the tensile vibration of C-O, which indicates the presence of -COOH on the CD
surface [32]. The FI-IR findings show that the CDs have an amphiphilic structure and the
CD surface contains -OH, -COOH, -NH; and other abundant functional groups.
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Figure 1. Characteristics of CDs. (a) TEM image of CDs (inset: particle size distribution); (b) HRTEM
image of CDs; (c) photo of CD powder aqueous solution under 365 nm UV radiation; (d) PL spectra
of CDs; (e) UV-vis spectra of CDs; (f) FT-IR spectra of CDs.

As typical renewable resources, CA and urea have many advantages, such as wide
source, low price and high biosafety. In this work, compared with the raw material
used by Zhang [17] for CD fabrication (synthesized from CA and ethylenediamine by
a hydrothermal method), our raw materials were safer, and the synthesis process was
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more rapid, cost-effective and sustainable. The resulting CDs had a small particle size
(approximately 2.8 nm), good dispersion and amphiphilic structure, which is crucial for
the feeding method. The nanosize and excellent dispersibility of CDs not only facilitates
entry into the silk gland but also does not significantly affect the normal physiological
activities of silkworms. In addition, the amphiphilic structure of CDs and the abundant
—-COOH and —OH groups on the surface can form hydrogen bonds with the amino groups
of silk fibroin, producing high-quality silk. The nanosize, excellent fluorescent properties
and amphiphilic structure of CDs are beneficial for feeding silkworms. Therefore, the
CDs were used as additive substances to obtain fluorescent silkworm silk with enhanced
mechanical properties.

3.2. Evaluation of the Safety of CDs for Silkworms

To investigate the safety of CDs for silkworms, the growth status of silkworms was
first observed, and for each group, the average weight, growth rate and survival rate of
the silkworm larvae were determined. Although these silkworm larvae were divided into
four groups and fed different doses of CDs, all silkworm larvae were steadily in the fifth
instar, and their weights increased from 0.61 to 2.31 g, with an average growth rate of
0.27 g/d (Figure 2a). Finally, each group’s survival rate reached 95% (Figure 2b). These
results preliminarily suggested that the modified diet was safe for silkworms.

I Control
" Il CcDs-0.25% ~100}
I CDs-0.50% s
| : A mHm
g = L
B
S 40
1
=
w2
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s 20
Z
7
- 0
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Figure 2. Effect of CDs on silkworm growth. (a) Weight of silkworm larvae from the first to the
seventh day of the fifth instar. (b) Survival rate of silkworm larvae.

Silk glands are vital organs for silkworms to produce sericin and silk fibroin [33].
Therefore, we prepared H&E stained sections of silk glands to further analyze the effect
of CDs on silkworm tissues. The silk gland mainly comprises the outer membrane, glan-
dular cell layer and inner membrane. It is understood that the quantity of membrane
vacuolization can be used to assess the degree of structural damage to the silk gland [34],
where the vacuole is the structure surrounded by the epidermoid cell of the membrane [35].
According to Figure 3a,b, the silk gland of the control group had a complete morphology
and the glandular cell layer was arranged neatly and densely. All CD groups had normal
middle silk gland structures with thin walls and relatively full gland lumens, with no
significant pathological changes (Figure 3a). However, the posterior silk glands of the CD
groups had different degrees of vacuoles (Figure 3b, white arrows); the number of vacuoles
in the posterior silk glands increased as the CD dose increased, especially in the CDs-0.75%
group. This phenomenon may be due to the accumulation of CD particles mainly in the
posterior silk glands [17]. From a biological point of view, nanoparticles are small enough
to interact with the cells of living organisms. When exogenous nanoparticles enter an or-
ganism, the nanoparticle surface is immediately wrapped by biomolecules such as proteins,
organic matter and enzymes, forming a new binding body called the protein crown [36]. A
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Control

nanobio interface is created between the biomolecules and nanoparticles, and this process
affects protein synthesis and secretion to some extent. The high concentration of protein
adsorbed on the nanoparticle surface can increase the partial unfolding of proteins, and the
interactions between nanoparticles and proteins may also lead to protein agglomeration
and the production of harmful products, such as amyloid deformation [37]. An irreversible
change in protein structure is the main molecular mechanism causing the damage, which
also explains the pathology of the posterior silk glands of the silkworm during the late
feeding period.

o

CDs-0.25% CDs-0.50% CDs-0.75%

Figure 3. Histophysiological images of silkworms: (a) middle silk gland; (b) posterior silk gland. The
white arrow points to the vacuoles in the posterior silk glands.

To investigate whether the vacuoles in the posterior silk glands could affect the
silkworm spinning behavior, the silk yield of the silkworms was calculated, including
the cocoon shape, cocoon mass, cocoon shell mass and the ratio of the cocoon shell. The
cocoons of the control and CD groups were nearly the same size, with long oval shapes,
white colors, irregular wrinkles on the surface and a natural luster (Figure 4). As shown
in Table 1, the average weight of the cocoon mass in the CD groups was 0.87 to 0.90 g,
which was close to that in the control group. The CD and control groups had almost the
same cocoon shell mass (approximately 0.19-0.20 g). The cocoon shell ratio measures how
much silk can be reeled from a specific number of young, fresh cocoons [38]. There was no
discernible difference between the ratio of cocoon shell in the CD groups and the control
group (approximately 21.74-22.61%). Therefore, it is assumed that the vacuoles in the
posterior silk glands do not affect the spinning behavior and silk yield of silkworms. The
above results indicated that the method reported in this work can be further applied to the
production of functional silk. Although high doses of CDs could damage the silk glands
of silkworms to a certain extent, the damage to the silk glands by CDs did not affect the
growth and spinning behavior of silkworms and thus reduce the silk yield.
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Control CDs-0.50%  CDs-0.75%
Figure 4. External appearance of the cocoons of the control and CD groups.
Table 1. Effect of CDs on the silk yield of silkworms.
- Control CDs-0.25% CDs-0.50% CDs-0.75%
Cocoon length (mm) 26.64 + 1.58 2712+ 1.52 27.04 £ 1.52 26.93 + 1.60
Cocoon width (mm) 14.66 + 1.07 14.83 £ 0.65 14.73 £ 1.05 14.70 £ 0.74
Cocoon mass (g) 0.89 £ 0.05 0.89 £ 0.02 0.90 4 0.02 0.87 £ 0.02
Cocoon shell mass (g) 0.20 £+ 0.03 0.20 £ 0.01 0.19 £ 0.02 0.19 £ 0.01
Ratio of cocoon shell (%) 21.90 + 0.52 22.61 +0.78 21.74 +1.01 2195+ 1.19

3.3. Accumulation and Distribution of CDs in the Silkworm Body

Shortening silkworm feeding cycle and improving the additive conversion efficiency
are crucial for optimizing the feeding method. Thus, we dissected the silkworms at different
points after feeding to investigate the CD uptake and distribution in silkworm tissues and
the CD excretion, which will provide new ideas for optimizing the feeding cycle of additives.
It was observed that the silkworm blood had a bright yellowish fluorescence after feeding
silkworms with a CD-modified diet for 60 min. It changed from the original yellowish color
to blue-white after 90 min of feeding (Figure 5a). After approximately 90 min of feeding,
the silk glands showed bright blue-white fluorescence (Figure 5b). This indicated that a
large number of CDs had diffused into the glandular lumen of the silk glands from blood.
The CD absorption and distribution in silkworm bodies were tentatively demonstrated by
the changes in the fluorescence phenomena of tissues using the UVP gel imaging system,
which indicated that CDs could quickly and efficiently accumulate in the silk glands, and
this change became evident after feeding for 90 min. This is similar to the absorption
process of other fluorescent dyes, such as rhodamine B, which is rapidly absorbed by most
tissues of the silkworm body, and this change becomes apparent within the first 2 h and
saturates within a day [39]. CDs rapidly enter silkworms and accumulate in their blood
and silk glands, which allows the feeding cycle to be shortened. This means that to produce
fluorescent silks, the silkworms only need to be fed CDs on the sixth day of the fifth instar.
Previous research has shown that some dye compounds, such as rhodamine B hexyl ester
and acridine orange, were firmly retained without significantly excretion, which caused
silkworm death within three days [39]. Thus, we collected silkworm feces after feeding
the silkworms a CD-modified diet for 12 h to detect CD excretion from the silkworm. The
silkworm feces aqueous extract showed the same blue fluorescence as CD solution under
UV light (Figure 5c) and exhibited an intense emission peak centered at 453 nm when
exposed to a 370 nm laser (Figure 5d). Therefore, we concluded that the fluorescence of
the silkworm feces aqueous extract originated from CDs. The excretion of CDs avoids the
toxicity that may result from excessive accumulation.
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Figure 5. Fluorescence images of (a) silkworm blood, (b) silk gland, (c) feces aqueous extract and
(d) PL spectra of silkworm feces aqueous extract (measured with an excitation wavelength of 370 nm).

We further investigated the CD distribution in the silk gland under different CD
doses. When exposed to UV light, the middle and posterior silk glands of the control
group exhibited weak fluorescence, while the silk glands of the CD groups exhibited strong
blue-white fluorescence (Figure 6a,b). As the CD mass fraction ratio reached up to 0.50%,
the whole silk glands showed bright blue-white fluorescence. The middle and posterior
silk glands of the CD groups showed a strong emission peak at 460 nm, the intensity of
which increased as the CD dose increased (Figure 6c,d). Only a weak, broad emission
peak could be seen in the control group. The fluorescence emission spectra confirmed that
the photoluminescence intensity of the posterior silk glands was significantly higher than
that of the middle silk glands, illustrating that CDs were most likely located within the
posterior silk glands. The fluorescence intensity of the silk glands of the CD groups was
dose-dependent. Among them, the CDs-0.75% group had the greatest and most uniform
fluorescence intensity. The CDs in this work exhibited an intense emission peak center at
467 nm (Figure 1d). Hence, the fluorescent properties of the silk glands originated from
the CDs, and the silkworms could uptake a certain quantity of CD and maintain a certain
CD content during the processes of concentration and spinning, causing the modified
silk to have an intrinsic blue fluorescence [17]. It has been observed that hydrophilicity,
lipophilicity, and the structures created following molecular self-assembly are the factors
influencing the distribution of substances in silk [2]. The hydrophilic ligands on the CD
surface can interact with the hydrophilic polypeptide chains of sericin and effectively
transfer CDs to sericin and fibroin. Therefore, CDs can be distributed in both sericin and
fibroin and result in fluorescence.
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Figure 6. Effect of CDs on the fluorescence intensity of silk glands. (a,b) UV pictures of (a) the
middle and (b) posterior silk glands. (c¢,d) PL spectra of (c) the middle and (d) posterior silk glands
(measured with an excitation wavelength of 370 nm).

3.4. Structure and Properties of Silk Fibroin Fiber

The microscopic morphologies of the control and CD-modified silk fibroin fibers
were first compared. Under close magnification in SEM images (Figure 7a—d), the silk
fibroin fiber exhibited a similar smooth morphology and had a diameter of approximately
10 pm, illustrating that feeding with CD had no discernible impact on the morphology
of the silk. These results may be explained by the CDs’ high water dispersibility and
small number, which are characteristic differences from graphene, TiO, and other inorganic
nanoparticles [40,41]. The fluorescence phenomenon of the silk fibroin fiber was observed at
an excitation wavelength of 405 nm by using a confocal laser microscope. A key finding was
that just a tiny CD dose could endow the silk with special properties. With the exception of
the control group, all silk fibroin fibers displayed an inherent, uniform blue fluorescence
at a 405 nm excitation wavelength (Figure 8a—d). In contrast, the silk fibroin fiber of the
control group showed weak intrinsic fluorescence. The silk fibroin fiber of the CDs-0.50%
group had a better fluorescence performance. The PL spectra (Figure 8e) also demonstrated
that the fluorescent intensities of the silk fibroin fibers of the CD groups were more intense
than those of the control group. Moreover, we found that excessive CD feeding reduced the
fluorescence properties of the silks. In this experiment, as the CD mass fraction increased
from 0.50 to 0.75 wt%, the fluorescence intensity of the silk fibroin fiber did not increase
but instead decreased. The reason for this may be due to the agglomeration of CDs, which
caused a quenching (ACQ) effect [42], leading to silk with a weaker fluorescence. Note that
unlike silk fibroin fiber, the silk glands contain a certain amount of water, and the CDs had
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a certain dispersion in the silk glands. Thus, the fluorescence performance of silk glands
improved with increasing CD mass fraction.

(©) (d)

Figure 7. SEM images of silk fibroin fiber: (a) control, (b) CDs-0.25%, (¢) CDs-0.50% and
(d) CDs-0.75%.

Quasi-static tensile tests were conducted on silk fibers to analyze the effect of CDs on
the mechanical properties of silkworm silk. The stress—strain curves (Figure 9a) show that
the addition of CDs improved the mechanical properties of silk fiber. Among them, the
strongest breaking strength was the 28.07 MPa breaking strength of the CDs-0.50% group,
which was nearly 1.23 times that of the control group (22.85 MPa), and the elongation
at break increased from 21.17 to 22.24%. This indicated that using 0.5% CDs in the diet
could effectively enhance the mechanical properties of silk fiber. In addition, this silk fiber
was a kind of dual-performance modified silk with intrinsic fluorescence and enhanced
mechanical properties. Note that the strain of the silk fiber appears to decrease with
increasing CD dose in the range of 0.50-0.75 wt%, which provides a possibility of adjusting
the performance of silk fiber for different applications. The modified silks obtained by using
a feeding additive can be regarded as a kind of composite in which the silk fibroin was the
matrix while the additive, especially the nanoparticle, was the reinforcement. In contrast to
organic dyes, such as RhB, Rh110, Rh101 and Rh123, CDs as inorganic nanoparticles have
better brightness, and lower toxicity [18]. Therefore, CDs were incorporated in silk fibroin
fiber as reinforcement through this in situ approach to produce dual-performance modified
silks. In 2019, blue-emitting CDs were first employed in silkworm feed, which produced
super strong and intrinsically fluorescent silkworm silk [17]. It is necessary to note that
these good functions of modified silk result from a substantial amount of feeding additive.
The number of additives in the modified silk should be as few as feasible for bioimaging
and other biomedical applications, although these additives have little adverse effect on
the growth of silkworms [43]. Moreover, a small dose of additives can reduce the costs of
scaling production and avoid any adverse effect of excessive additives on silkworms and
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silk fiber. Hence, 0.50 wt% was chosen as the optimum CD dose in this work. This not only
ensured a low dosage of additives in the diet but also maintained the best properties of silk
while adhering to the principle of sustainable development.

Control CDs-0.25% CDs-0.50%
(c)
3500
Control
3000 —-— CDs-0.25%
CDs-0.50%
~ 2500 - N ---=CDs-0.75%
-}
& 2000
£
Z 1500 -
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= 1000 |
500 |-
0 -
400 450 500 550 600
Wavelength (nm)
(e)

Figure 8. Effect of CDs on the fluorescent intensity of silk fibroin fiber. (a-d) Confocal laser microscopy
images of silk fibroin fiber (measured with an excitation wavelength of 405 nm); (e) PL spectra of silk
fibroin fiber (measured with an excitation wavelength of 370 nm).
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Figure 9. Effect of CDs on the mechanical properties of silk fiber. (a) Stress—strain curves of silk fiber;
(b) FT-IR spectra of silk fibroin fiber; the deconvolution of FT-IR spectra in the amide I bands of
(c) control, (d) CDs-0.25%, (e) CDs-0.50% and (f) CDs-0.75%. (g) Contents of secondary structures
obtained based on the amide I bands in FT-IR spectra.

Furthermore, we measured the secondary structures of the silk fibroin fibers, which
were connected to mechanical characteristics, by FT-IR. The amide I band (1720-1600 cm 1),
amide II band (1600-1500 cm™!) and amide III band (1350-1200 cm~!) were the three
primary absorption bands of silk fibroin. The amide I band is most relevant for the study of
silk fibroin fiber secondary structures. As shown in Figure 9b, the (3-sheet conformation
was attributed to the signals at 1625 cm~!. The signals at 1650 cm~! were attributed to
the random coil and «-helix conformation. The 3-turn conformation was attributed to the
peak at 1691 cm ! [17]. To ascertain the contents of the secondary structures, Fourier self-
deconvolution was performed to the amide I region of the silk fibroin fiber (Figure 9c—f); the
findings are shown in Figure 9g. Compared with control silk, the CD-modified silk did not
have any new characteristic peaks or changes in peak positions, indicating that the addition
of CDs did not change the basic structure of silk, but the CD-modified silk contained more
chains in random coil / a-helix conformations and fewer 3-sheet conformations. The 3-sheet
conformations of CD-modified silk decreased by 2.56, 4.54 and 11.43%, respectively, which
the random coil/ a-helix conformations increased by 3.72, 4.96 and 8.81%, respectively,
compared with the control group. This may be due to the numerous -COOH and -OH
groups on the CD surface, which create hydrogen bonds with the amino groups of silk
fibroin fibers and hinder the conformational transitions of silk fibroin fibers from random
coils/ «-helices to 3-sheets. The increased random coil/ «-helix conformation content was
beneficial to improve the strain of the silk fibers. When pulled by external force, the flexible
fibroin peptide chains of random coil/ -helix conformation in the amorphous region would
deform, firstly. Then, the intensive hydrogen bond interactions causes the CDs to move with
protein chains, in turn providing more space for chains to move. This collaborative mobility
endowed larger elongation to the modified silk fibers [17]. The creation of CD knots in the
fiber due to the formation of hydrogen bonds between the CDs and silk fibroin can improve
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the density of the net structure, effectively dispersing outside pressures and showing more
significant stress [44]. Furthermore, the CD addition introduced stiff nanomaterials into
the silk, further increasing the performance of the modified silk. Interestingly, we observed
that the surface of CD-modified silk was smoother and the fibers had fewer flaws than
those of the control (Figure 7). Some studies showed that the decreased likelihood of flaws
in a fiber could lead to the increase in fiber strength [18]. Based on the above observations,
we suggest that the hydrogen bond interactions between the silk fibroin fiber and CDs
acted as “cross-linking knots” and hindered the movement of molecular chains, confining
the crystallization of the silk fibroin fiber. These factors had a significant part in improving
the mechanical properties of the material.

3.5. Noncytotoxicity of CD-Modified Silks

Silkworm silk as a natural material has been extensively used as a biological scaffold.
The use of fluorescent silk as scaffolds can improve the visualization of tissue scaffolds and
the interface between scaffolds and cells for easy monitoring of scaffold function [17]. In
this work, we created silk scaffolds by encircling silk fibroin fibers around a coverslip to
culture L929 cells (Figure 10). After seeding for 24 and 72 h, the cell morphologies of L929
cells on different substrates were similar. The L929 cells grew well with a clear cell outline
and showed spindle-like or flattened morphologies (Figure 11). After staining with DAPI
and rhodamine-phalloidin, the L929 cells showed intact nuclei and a clearly structured
cytoskeleton (Figure 12). The laser scanning confocal microscopy (LSCM) images further
confirmed that the good cytocompatibility of silkworm silks was retained by the CD-
modified silks. After 72 h of cell culture, flow cytometry was used to further examine the
apoptotic statuses of the L929 cells on silk scaffolds. The results showed that the percentages
of viable apoptotic cells on different substrates were all less than 1% (Figure 13a). The
percentages of necrotic cells on the coverslip and control silk scaffolds were both less than
1.50%, and that on the CDs-0.50% silk scaffolds was slightly higher at 3.1% (Figure 13b). The
percentages of total apoptotic cells on the coverslip, control and CDs-0.50% silk scaffolds
were 1.9, 2.1 and 4.0%, respectively (Figure 13c). Finally, the percentages of intact and viable
cells on the coverslip, control and CDs-0.50% silk scaffolds were more than 98, 97 and 96%,
respectively (Figure 13d), which suggested that CD-modified silks had no cytotoxicity. We
further observed the adhesion of L929 cells on the CD-modified silks by SEM. The SEM
images showed that a large number of cells adhered to both the control silk scaffolds and
CDs-0.50% silk scaffolds after culturing for 72 h (Figure 14). The excellent cytocompatibility
and good mechanical properties of the CD-modified silks had a positive impact on cell
adhesion and culture, which endowed the modified silks with application potential in tissue
engineering. Ultimately, CD-modified silks with good mechanical properties, intrinsically
fluorescent properties and excellent biocompatibility might motivate new applications in
tissue engineering, fluorescent fabrics and other fields.

Figure 10. Silk scaffolds created by encircling a coverslip with silk fibroin fiber.
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Figure 11. Growth and proliferation of L929 cells on silk scaffolds. 1929 cells cultured for 24 h on
coverslip (a), control (b), and CDs-0.50% silk scaffolds (c); L929 cells cultured for 72 h on coverslip
(@), control (b’) and CDs-0.50% silk scaffolds (c’).
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(8) (h) (i)

Figure 12. LSCM images of L929 cells cultured for 72 h on coverslip (a—c), control (d—f) and CDs-
0.50% silk scaffolds (g-i); (a,d,g) L929 cells/silk scaffolds stained with DAPL; (b,e,h) L929 cells/silk
scaffolds stained with rhodamine—phalloidin; (c,f,i) L929 cells/silk scaffolds stained with DAPI
and rhodamine-phalloidin.
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Figure 13. Apoptosis of L929 cells on silk scaffolds. (a) Viable apoptotic cells; (b) necrotic cells;
(c) total apoptotic cells; (d) intact and viable cells.
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Figure 14. SEM images of 1929 cells cultured for 72 h on (a,a’) coverslip, (b,b") control and (c,c’)
CDs-0.50% silk scaffolds.

4. Conclusions

The advent of additive feeding strategies provides green and effective methods for
manufacturing silk fibers with fluorescent properties. In this work, citric acid and urea
were selected as raw materials for synthesizing CDs by microwave-assisted methods. As
a result, the synthesized CDs had the advantages of small particle size (approximately
2.8 nm), good dispersion and amphiphilic structure. We fed silkworms with these CDs
to fabricate fluorescent silk with enhanced mechanical properties, which was safe for the
silkworms and did not affect the silk yield. Compared with ordinary silk, the CDs-0.5%-
modified silk displayed intrinsic blue fluorescence when exposed to a 405 nm laser, and the
highest elongation at break of this kind of fluorescent silk was 22.24% while the breaking
strength was 28.07 MPa, which were increases of 5.05 and 22.84%, respectively. This silk
exhibited no cytotoxic effect on 1929 cells and had excellent cell adhesion. This study
expands our capacity to produce high-quality fluorescent silk on a large scale in a green
and sustainable manner.
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