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ABSTRACT: Feeding silkworms with functional materials as additives to produce naturally
modified silk is a facile, diverse, controllable, and environmentally friendly method with a low
cost of time and investment. Among various additives, carbon dots (CDs) show unique
advantages due to their excellent biocompatibility and fluorescence stability. Here, a new type
of green fluorescent carbon dots (G-CDs) is synthesized with a high oil−water partition ratio
of 147, a low isoelectric point of 5.16, an absolute quantum yield of 71%, and critically
controlled surface states. After feeding with G-CDs, the silkworms weave light yellow cocoons
whose green fluorescence is visible to the naked eye under UV light. The luminous silk is sewn
onto the cloth to create striking patterns with beautiful fluorescence. Such G-CDs have no
adverse effect on the survival rate and the life cycle of silkworms and enable their whole
bodies to glow under UV light. Based on the strong fluorescence, chemical stability, and
biological safety, G-CDs are found in the digestive tracts, silk glands, feces, cocoons, and even
moth bodies. G-CDs accumulate in the posterior silk glands where fibroin protein is secreted,
indicating its stronger combination with fibroin than sericin, which meets the requirements for practical applications.
KEYWORDS: Biosafety, Carbon dots, Feeding silkworms, Fluorescence, Lipophilicity

For thousands of years, silkworms have been fed by humans
to produce silk for various textiles.1 After modification by

modern science and technology, the application of silk has been
expanded to drug delivery, tissue engineering, biological
imaging, and so on.2−6 The modification methods mainly
include changing silk surfaces by chemical reagents, recombin-
ing the DNA of silkworms by genetic engineering, and feeding
silkworms by functional substances.7−9 The postmodification
processes have been industrialized which often cause environ-
mental pollution, and the chemicals usually damage the internal
structure of silk protein. The genetic modification requires a
long time of research and a huge economic cost, and the
successful products are rare at present.10,11 In contrast, adding
functional substances to feed silkworms is easy to design and
simple to operate, which can endow silk with various
modifications in a short time.12,13 So far, various substances
have been developed and fed to silkworms. For example, single-
walled carbon nanotubes (SWNTs) and graphene were fed to
silkworms to gain mechanically enhanced silk.14 The feed of Ag
nanowire (Ag NW) modified diets improves not only the
mechanical properties but also electrical and thermal con-
ductivities,15 and the rare earth ions, metal nanoparticles,
polymer dots, organic dye, and AIE molecules were employed as
feed additives to obtain silk with enhanced mechanical and
antibacterial properties, UV resistance, different colors and
fluorescence, respectively.16−21

Among the reported additives, carbon dots (CDs), a new type
of zero-dimensional carbon nanoparticles with excellent optical
properties and good biocompatibility, have shown unique

advantages beyond their counterparts.22,23 The synthetic routes
of CDs include “top-down” and “bottom-up” approaches, and
the latter has been adopted more frequently in recent years.24−26

The precursors for CDs include various biomass, small
molecules, macromolecules, and polymers.27−29 In the family
of fluorescent materials, CDs have better photostability and
chemical stability than organic dyes and possess lower
biotoxicity and easier degradation than metal-based quantum
dots/metal oxide nanoparticles.30−32 Moreover, the structure of
precursors, reactant ratio, solvent, temperature, and time can be
finely adjusted to regulate the fluorescence emission wavelength,
quantum yield, particle size, and surface functional groups of
CDs.33−35 Although CDs are commonly used in LED lighting,
biosensing, imaging, and fluorescence analyses, their tunable
fluorescence properties and low toxicity make it possible to
produce on a large scale for feeding silkworms to obtain
fluorescent silk.36−40 So far, there are only several reports on
raising silkworms with CDs. In 2019, blue fluorescent CDs were
fed to silkworm to obtain modified silk with increased
mechanical properties and intrinsic fluorescence, but the
fluorescence of such silk could only be seen under a laser
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confocal microscope.41 In 2022, red fluorescent silk visible to the
naked eye was produced successfully by feeding silkworms with
the mulberry leave derived carbon dots (R-CDs) with deep red
fluorescence, but such R-CDs were found more in the sericin
and would be removed after degumming.42 Therefore, it is a
great challenge to produce fluorescent silk fabrics based on CDs
with other colors in which CDs are located mainly in the fibroin.
In the present work, two small molecules with conjugation

planes and high lipophilicity are selected as precursors to
prepare CDs together because some highly lipophilic and weakly
acidic substances are apt to enter the posterior silk gland where
fibroin protein is secreted.43,44 After careful adjustment and
optimization, the as-prepared G-CDs showed strong emission at
535 nm with a high quantum yield of 71%. Their oil−water
partition concentration ratio is up to 147 times (Lg P > 2), and
their isoelectric point is 5.16, which is close to that of the
posterior silk gland. The G-CD-fed silkworms emitted strong
green fluorescence in their bodies and produced brightly green
fluorescent cocoons, both of which were visible to the naked eye
under UV light. The control experiments proved that G-CDs
had no influence on the silkworm life cycle and did not transfer
to the silkworm eggs, which means the next generation of the
tested silkworms is not influenced either. G-CDs were mainly
found in the posterior silk gland of silkworms, which proved that
G-CDs were apt to combine with the fibroin. The optical
features of G-CDs remained in the silk glands, feces, and
cocoons, demonstrating their excellent fluorescence stability,
chemical stability, and biological safety. Finally, the obtained
fluorescent cocoons were reeled to threads and sewn on the
cloth to show striking patterns, indicating that the natural
fluorescent fibers could be used on a large scale.
Figure 1 displays the preparation route of G-CDs, in which o-

phenylenediamine (o-PDA) and L-tryptophan (L-Try) are

selected as the synthetic precursors. They were dissolved in
DMF containing a few catalytic HCl and then heated at 200 °C
for 90 min in a Teflon-lined autoclave. After cooling to room
temperature, the reaction solution was poured into water
followed by extraction by dichloromethane (DCM). The
product was extracted repeatedly in a separatory funnel until
the water phase was colorless. The oil phase (DCM solution)
was collected and dried naturally to obtain G-CDs. Figure 1 b is
the transmission electron microscope (TEM) image of G-CDs
with the inset high-resolution TEM (HRTEM) image, in which
the nanoparticles are uniform and monodispersed, with the
lattice spacing of 0.21 nm, corresponding to the (100) crystal
face of graphitic carbon, which may derive from the structures
formed at the initial stages of bottom-up synthesis.45−47 Figure 1
c presents the particle size distribution of G-CDs counted by
TEM in which the average diameter of G-CDs is about 3 nm.
The TEM results are in accord with the detailed investigation by
HRTEM shown in Figure S1. Figure 1 d shows the UV−visible
absorption spectra and photoluminescence (PL) spectra of G-
CD ethanol solutions, confirming that the sample has a typical
n−π* transition of aromatic sp2 structure38,48 and strong green
emission at 535 nm. Figure 1 e illustrates the sample’s photos in
sunlight and UV light, respectively, indicating that G-CDs have
very strong fluorescence efficiency. The absolute quantum yield
(QY) of our G-CDs measured by an integrating sphere is 71%,
much higher than many other green emissive CDs in the
literature.
It should be noted that although o-PDA and L-Try can

produce CDs at the same solvothermal conditions our G-CDs
are a new kind of CDs. The o-PDA-derived CDs show yellow
emission at 575 nm (Figure S2 a), while the L-Try-derived CDs
exhibit blue emission at 467 nm (Figure S2 b). When the G-CD
solution is excited by different wavelengths of light from 420 to

Figure 1. (a) Schematic path of G-CDs preparation. (b) TEM and the inset HRTEM images of G-CDs. (c) Diameter distribution of G-CDs. (d) UV−
vis absorption and PL emission curves of G-CDs (excitation wavelength = 450 nm). (e) Photos of G-CD ethanol solutions in (left) daylight and (right)
UV light, respectively. (f) Photos under an incandescent and UV lamp for the distribution of G-CDs (6 μg·mL−1) in the mixture (volume ratio of n-
octanol/PBS = 1). The concentration standard curves of UV−vis absorption of G-CDs are (g) y = 0.0764x + 0.0138 in n-octanol, R2 = 0.9961, c =
13.209 μg·mL−1 and (h) y = 0.0466x + 0.0328 in phosphate buffer saline (PBS), R2 = 0.9839, c = 0.090 μg·mL−1, respectively. Calculation of the oil/
water partition coefficient: Lg P = 13.209/0.090 = 2.167. (i) Zeta potentials of G-CDs in aqueous solutions with different pH values.
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470 nm, the emission peaks locate at about 540 nm constantly
(Figure S2 c), which proves that G-CDs are not a simple mixture
of the above two kinds of CDs. In addition, G-CDs are very
stable under continuous irradiation of 450 nm (Figure S3),
which proves their good resistance to photobleaching. The oil/
water partition coefficient (Lg P) is commonly used to quantify
lipophilicity in the biomedical fields, and here n-octanol and PBS
solution are chosen as the solvents. The shake flask method is
employed to test the Lg P of G-CDs.49−52 Figure 1 f shows that
only the upper n-octanol layer is luminescent under UV light,
verifying G-CDs are lipophilic. According to the absorbance
values of the upper and lower layers as well as standard curves,
the retention concentrations of G-CDs in the two layers after
sufficient distribution are calculated to be 13.209 and 0.090 μg·
mL−1, respectively (Figure 1 g and h). That is, the concentration
ratio in the oil/water phase is about 147, and the corresponding
Lg P is 2.167, suggesting that G-CDs have excellent lipophilicity.
It was reported that when Lg P > 2 feed additives can migrate to
the silk glands through the digestive tract of silkworms.18,53

Besides, the lower isoelectric point (pI, the pH value when Zeta
potential is zero) of the additive materials favors their
enrichment in the silk glands of silkworms.53,54 In Figure 1 i,
the pI value of G-CDs is estimated by measuring the Zeta
potential at different pH values, and the result of 5.16 indicates
that G-CDs are weakly acidic.20,21,55 Therefore, both high
lipophilicity and weak acidity of G-CDs favor their trans-
portation in silkworm bodies to silk glands.
Figure 2 reveals the internal chemical structure of the G-CDs.

In the IR spectra (Figure 2 a), the 3500−3000 cm−1 broad band

is attributed to the stretching vibration of−OH and−NH−, and
the sharp peak at 1680 cm−1 is assigned to the stretching
vibration of −C�O, confirming the existence of a carboxyl
group and the secondary amine, respectively.37 The band of
3136−3000 cm−1 and the strong peak at 742 cm−1 are separately
ascribed to the stretching vibration and out-of-plane bending
vibration of C−H on the aromatic ring, as well as the band of
1620−1450 cm−1 derived from the stretching vibration of the
benzene ring.56,57 The band of 2853−2923 cm−1 originates from
the stretching vibration of C−H on the saturated carbon. The

full scan X-ray photoelectron spectroscopy (XPS) in Figure 2 b
presents the element composition of the G-CDs. The C 1s fine
spectrum in Figure 2 c can be divided into two peaks: C−C/C�
C (284.6 eV) and C−N/C−O (285.8 eV), respectively. G-CDs
have low N content, and the fine N 1s spectrum is divided into
two peaks of C�N (399.0 eV) and C−N (400.1 eV) (Figure
S4). The O 1s fine spectrum can be separated into the peaks of
C�O (532.1 eV) and C−O (533.5 eV) (Figure 2 d).58,59 In
addition, the XRD spectrum of G-CDs (Figure S5) displays a
broad peak at about 25°, confirming the (002) lattice of the
graphite structure.60 In the Raman spectra (Figure S6), the
intensity ratio of the D-band (disordered carbon, 1343 cm−1)
andG-band (graphitic carbon, 1597 cm−1) is 1.04, indicating the
interlaced structure of graphite and defect carbon in G-CDs.61

The Raman peak at 1450 cm−1 may be derived from the N-
doping effect, suggesting the existence of five- or seven-
membered rings.46,62

Figure 3 portrays the luminescent phenomena of living
silkworms, as well as their cocoons, moths, and eggs. Silkworms
feed on mulberry leaves. Their whole lives are divided into five
ages, and the fifth age is the mature silkworm stage, which lasts
for 7−9 days, when the amount of mulberry leaves is the largest,
the body weight increases quickly, and the silk gland develops
rapidly. From the third day of the fifth instar, the G-CD ethanol
solutions were sprayed on the mulberry leaves and dried to feed
the experimental silkworms, while the control group was fed as
before.21 After 2 days of feeding, the luminescence of silkworms
could be seen clearly by the naked eye and investigated by a
stereofluorescence microscope. In Figure 3 a, the whole body of
an experimental silkworm shows intense green fluorescence,
including its head, chest, and tail (Figure 3 b ∼ d). In contrast,
the control silkworm only shows fluorescence in its head (Figure
3 e ∼ g), which is ascribed to its autofluorescence.63 Under the
UV lamp, the control silkworm shows no fluorescence (Figure 3
h), which agrees well with Figure 3 f and g. The body weights of
all silkworms at the fifth instar increase synchronously, and the
final weights of the experimental groups are slightly higher than
those of the control (Figure 3 i). Figure S7 manifests the whole
process of the experimental silkworms from egg to maturity,
cocoon, copulation, laying eggs, and hatching of the second-
generation eggs, certifying no impact of G-CDs on the lifecycle
of silkworms. Moreover, all groups survived and wove cocoons
successfully with almost zero mortality.
By the end of the fifth instar, a moving silkworm (Movie 1)

and a cocooning silkworm (Movie 2) in the experimental group
were filmed under UV light. In Movie 1, the fluorescence is
observed mainly in the large blood vessels and every joint on the
back of the silkworm, indicating that G-CDs are enriched in
these parts. In Movie 2, the silkworm is spinning bright silk,
which verifies that G-CDs are transferred from its body to the
cocoon. Figure 3 j is a screenshot fromMovie 2. A lot of cocoons
are produced in this way (Figure S8). Under white light, the
control cocoons are light brown or pale pink (Figure 3 k), while
the experimental cocoons look light yellow (Figure 3 m). Under
UV light, the control cocoons appear dim with faint colors
(Figure 3 l), while experimental cocoons exhibit bright green
fluorescence (Figure 3 n). Figure 3 o and Figures S9 and S10
exhibit that the experimental female moths have green
fluorescence on their abdomen, whereas no fluorescence was
observed in the control moths. All of the moths were able to
mate and lay eggs normally, and the fresh eggs show light yellow
color under daylight and faint yellow fluorescence under UV
light, with no significant difference between the control and the

Figure 2. (a) FT-IR spectra of G-CDs. (b) Full scan XPS data of G-
CDs. The peak fitting analyses of the fine XPS (c) C 1s and (d) O 1s for
G-CDs.
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experimental groups. These results suggest that G-CDs are not
transmitted to the next generation of experimental silkworms,
avoiding the potential influence of G-CDs on the offspring.
Figure 4 provides detailed analyses of the morphology,

fluorescence, and composition of the obtained silk and
meanwhile explores the application of this novel luminescent
fiber in silk woven artware. The loose silk was collected from the
outer layer of the dry cocoons and compared in Figure 4 a. The
control silk appears light pink in daylight and shows no
fluorescence under UV light, while the experimental silk looks
pale yellow in daylight and shines bright green under UV
irradiation. These two kinds of silk were extracted with ethanol,
and the obtained solutions are shown in Figure 4 b. Both of them
are yellow in daylight, due to the pigments from mulberry
leaves.64,65 Under UV light, the control extract has a weak blue
fluorescence, while the experimental one emits strong green
fluorescence. Their PL spectra in Figure 4 c verify the difference
in both luminescence color and intensity between two samples,
and the experimental one has a PL peak at 535 nm which is
coincident with G-CDs. Both the TEM and HRTEM images in
Figure 4 d also agree with those of G-CDs (Figure 1 b). These

results testify that G-CDs are indeed present in the cocoons and
silk of the experiment group and responsible for the typical green
luminescence. SEM images of the two silk samples do not show
any difference (Figure 4 e and f), which means that the
incorporation of G-CDs does not destroy the natural silk
morphology. The experimental cocoon silk was reeled to one
spool (Figure 4 g ∼ h), which also shows green fluorescence
under UV light. The patterns of “FDU” were sewn on the red
and the black cloth with the fluorescent silk, respectively (Figure
4 i ∼ l), which emit beautiful and striking green fluorescence
under UV light. Since such fluorescent silk has eminent
toughness to support the requirement of decoration and
embroidery, the G-CDs incorporation can endow high value
to the natural silk.
Figure 5 shows the distribution and metabolic pathways of G-

CDs in the silkworm body. At the end of the fifth instar of
silkworm, the intake of mulberry is enough, and a large amount
of sericin and fibroin protein is synthesized in the silk gland.
After the residual mulberry leaves and water are excreted out
through feces and urine, the silkworm begins to spin, when the
gelatinous substance in the silk gland is transformed into silk

Figure 3. (a) Experimental silkworm under a stereofluorescence microscope. After eating G-CDs, the silkworm’s fluorescence images of the (b) head,
(c) chest and abdomen, and (d) tail. (e) For the control group under the same microscope, only the head is fluorescent, while the (f) chest and
abdomen and (g) tail have almost no fluorescence. (h) A silkworm of the control group under a UV lamp. (i) The body weight variation during the fifth
instar of the experimental silkworms that have eaten different concentrations of G-CDs, compared with the control. (j) An experimental silkworm is
weaving a cocoon under UV light. (k) The cocoons of the control group under white and (l) UV light and those of the experimental group under (m)
white and (n) UV light, respectively. (o) The mating silkworm moths of the experimental group under UV light. (p) The fresh eggs laid by the above
silkworm moths under white light.
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fiber. By the end of the fifth instar the silkworms were fasted for 1
day and then sacrificed and dissected. The exposed organs of the
experimental and control groups are compared in Figure S11.
Under UV light, the silk glands of the experimental group have
obvious green luminescence, while the control have almost no
luminescence. In general, mulberry silk is composed of sericin
(ca. 30 wt %) and fibroin (ca. 70 wt %).66,67 Sericin is mainly
secreted by themiddle silk gland, which is the thickest part of the
whole silk gland and usually aggregates pigments. Fibroin is
mainly secreted by the posterior silk gland, which is the longest
part. Besides, the anterior silk gland is the most slender part,
connecting to the spinneret.43,44,68−70 As shown in Figure 5 a
and Figure S11, the whole silk gland from the experimental
group is luminous, green in both the anterior and the posterior
while yellow in the middle. But in the control group, only the
middle silk gland shows weak yellow fluorescence due to some
flavonoid pigments. Thus, the bright yellow-green fluorescence
in the experimental silk gland may arise from the superposition
of the flavonoids and G-CDs.64,71,72 After 1 day of fasting, there
is no undigested mulberry leaf debris in the digestive tract of the
experimental group, which manifests the same green fluo-
rescence with G-CDs. In contrast, the control manifests no
green fluorescence but weak yellow fluorescence at the posterior
digestive tract, probably owing to the accumulation of
flavonoids.72,73 The whole silk gland and the divided three
parts, anterior, middle, and posterior from another silk gland, as
well as the digestive tract, are extracted by equal amounts of
ethanol, respectively, and displayed in Figure S12. TEM and
HRTEM images (Figure 5 b) of the ethanol extract from the
whole experimental silk gland show that there are plenty of
nanoparticles with the same size and 0.21 nm lattice spacing as
G-CDs, confirming that the fluorescent substance in the silk
gland is indeed G-CDs.
The UV spectra of ethanol extracts of the different parts in

silkworm body were measured as well as that of G-CDs (Figure
S13). For the whole, anterior, middle silk gland and the digestive
tract, the spectral features of the control and the experiment
group are similar, while those of the posterior silk glands are
unlike. In Figure 5 c, the curve of the experimental group is close
to that of G-CDs, indicating that G-CDs are mainly gathered in
the posterior silk gland. The fluorescence spectra of the integral
silk gland were tested (Figure 5 d); the intensity of the
experimental group is much higher than that of the control
group; and the emission peak at 535 nm is the same as that of G-
CDs (Figure 1 e). The fluorescence spectra of the other four
different silkworm parts are compared in Figure S14. All samples
from the experimental group have much stronger fluorescence
than those of the control at around 535 nm, except those from
the digestive tract (Figure S14 e). Although the control digestive
tract also has a fluorescence peak, it is located at 550 nm and
looks yellow, in accordance with the anatomy picture in Figure
S11. Figure 5 f presents photographs of ethanol extracts from the
integral and each part of the silk gland under UV irradiation. As
expected, the integral silk glands show significant fluorescence
contrast, and the fluorescence color of the experimental group is
the same as that of G-CDs. Among the extracts of three different
silk gland parts, the fluorescence contrast of the anterior silk
gland is the smallest; that of the middle is weak; and their color
in daylight is deep. The fluorescence of the posterior silk gland
extract of the experimental group is the brightest, and its color in
daylight is light. These results indicate that the content of G-
CDs in the posterior silk gland is much larger than those in both
the anterior and middle silk glands. The fluorescence spectra of

Figure 4. (a) Loose silk from (left) the control and (right) the
experimental groups under (upper) white and (bottom) UV light,
respectively. (b) The ethanol solutions extracted from the two samples
of (a) under (left) white and (right) UV light, respectively. (c) PL
emission spectra of the two samples of (b). (d) TEM image of the
ethanol extract from the cocoon of the experimental group, with the
inset HRTEM image. (e) SEM images of the cocoon of the control and
(f) the experimental group. (g) A spool with silk reeled from the
cocoons of the experimental group under white and (h) UV light,
respectively. FDU patterns embroidered on red cloth under (i) white
and (j) UV light and on black cloth under (k) white and (l) UV light,
respectively.

Figure 5. (a) The silk gland of the experimental silkworm under (left)
white and (right) UV light, respectively. (b) TEM and inset HRTEM
images of the ethanol extract from (a). (c) The UV−vis absorption
spectra of the ethanol solutions extracted from the posterior silk glands,
in comparison with that of G-CDs. (d) PL emission spectra of the
ethanol solutions extracted from the integral silk glands (excitation
wavelength = 450 nm). (e) PL emission spectra of the ethanol solutions
extracted from the anterior, the middle, and the posterior silk glands of
the experimental silkworm (excitation wavelength = 450 nm). (f) The
ethanol extraction for the integral, anterior, middle, and posterior silk
glands of silkworms from (left) the control and (right) the experimental
groups under UV light, respectively.
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the ethanol extracts from different silk gland parts in the
experimental group (Figure 5 e) also confirm this result. Besides,
most of the natural pigments that exhibit deep color but weak
fluorescence are located in the middle silk gland.
Figure S15 analyzes the ethanol extract of silkworm feces and

depicts the entire metabolic process of G-CDs in the silkworm
body. In Figure S15 a, the red fluorescence at 672 nm is ascribed
to chlorophyll, which is from mulberry leaves undigested by
silkworms.74,75 The PL spectra indicate that the experimental
silkworm feces have both chlorophyll and G-CDs, while the
control had only chlorophyll fluorescence. Furthermore,
nanoparticles with the typical CD lattice spacing of 0.21 nm
are observed in the TEM image of the experimental extract
(Figure S15 b). Therefore, the whole metabolic process of G-
CDs in a silkworm body can be delineated. G-CDs are sprayed
on mulberry leaves, dried, and then ingested by silkworms
through feeding. G-CDs first enter the digestive tract and
subsequently are transferred by hemolymph to the silk gland
(mainly in the posterior part) where G-CDs are mixed with
fibroin to form fluorescent silk when weaving cocoons. It is clear
that G-CDs undergo the ingestion and excretion in silkworm
bodies without affecting their health and maintain their optical
features during the whole process. These results demonstrate
that G-CDs exhibit very high biosafety, chemical stability, and
fluorescent efficiency during their long journey inside silkworms.
A new type of green fluorescent carbon dots, G-CDs, was

prepared and sprayed on mulberry leaves for feeding silkworms.
From eating G-CDs to spinning cocoons, the silkworms
exhibited bright green fluorescence in their whole bodies
under UV light, which was visible to the human naked eye. The
obtained silk fibers had a smooth surface and good toughness.
The silk was reeled to thread and sewn into patterns on the cloth,
which were beautiful and dazzling under UV light. The presence
of G-CDs in the cocoons, silk glands, and silkworm feces was
confirmed by various measurements, indicating that G-CDs
were transferred in the silkworm bodies safely without any
change. Moreover, G-CDs were enriched in the posterior silk
gland and introduced into fibroin, which was outstanding
compared to many other feed additives. Such G-CDs have
promising potential in producing naturally fluorescent silk fibers
for practical applications, suggesting that multifunctional natural
silk will come true in the near future by designing CDs as feed
additives.
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