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Mulberry-Leaves-Derived Red-Emissive Carbon Dots for
Feeding Silkworms to Produce Brightly Fluorescent Silk

Jun Liu, Taoyi Kong, and Huan-Ming Xiong*

Fluorescent silk has promising applications in dazzling textiles, biological
engineering, and medical products, but the natural Bombyx mori silk has
almost no fluorescence. Here carbon dots (CDs) made from mulberry leaves
are reported, which have a strong near-infrared fluorescence with absolute
quantum yield of 73% and a full width at half maximum of 20 nm. After
feeding with such CDs, silkworms exhibit bright red fluorescence, grow
healthily, cocoon normally, and turn to moths finally. The cocoons are pink

in daylight and show bright red fluorescence under ultraviolet light. After
breaking out of such cocoons, the red-emissive moths can mate and lay
fluorescent eggs which would hatch normally. The growth cycle of the second
generation of the test silkworm is the same as that of the control group,
which means such CDs have excellent biocompatiblility. Dissection and
analyses on both the test silkworms and cocoons disclose the metabolic route
of the CDs, that is, the fluorescent CDs are absorbed by silkworms from ali-
mentary canals, then transferred to silk glands, and finally to cocoons, while
those unabsorbed CDs are excreted with the feces. All experimental results
confirm the excellent biocompatibility and fluorescence stability of such CDs.

1. Introduction

Fluorescent silk is a target of advanced material research for
its promising applications in dazzling textiles, biological engi-
neering, and medical products. Natural Bombyx mori silk has
extraordinary biocompatibility and mechanical properties, but
shows faint blue, pale yellow, or no fluorescence under ultra-
violet (UV) light.=3] To obtain fluorescent Bombyx mori silk,
genetic modification and dyeing with organic dyes have been
developed in the past decade.**! In general, genetic modifica-
tion is an expensive and time-consuming work that may pro-
duce unexpected trouble to silkworm species, while production
and use of organic dyes are always harmful to health and envi-
ronment. Previous research has shown that feeding nanopar-
ticles to small species can significantly change the properties
of their bodies(® or products.”® Therefore, feeding silkworms
with nontoxic, biocompatible, environmental benign, highly
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luminescent, and low-cost substances
seems to be the optimal strategy to pro-
duce fluorescent silk.>-!

Carbon dots (CDs) are the most com-
petitive candidates for the above target,
because they have shown outstanding bio-
compatibility and superior fluorescence in
previous research such as bioimaging, 213!
drug delivery™"™ and photothermal
therapy.'®"] In fact, many CDs are made
from Dbiomass, which guarantees the
biosafety, low price, and green chemistry
in CDs production.'® In comparison with
fluorescent organic dyes, rare earth nano-
particles, and semiconductor quantum
dots, CDs would be the optimal choice for
feeding silkworms. In 2019, blue-emissive
CDs were first employed to feed silk-
worms, which produced blue-emissive silk
with enhanced mechanical properties.!”]
In the same year, blue-emissive CDs,
CdSe/ZnS quantum dots, and rhodamine
were fed to silkworms which produced
the corresponding blue, green and red fluorescent silk, respec-
tively.2% By far, CDs-derived fluorescent silk with longer emis-
sion wavelengths has not been reported yet. The reasons lie in
the state of the art for CDs. On one hand, there are only a few
reports about red-emissive CDs with both high quantum yield
(QY) and narrow emission peaks, and even fewer red-emissive
CDs that could be made in a large scale at low cost.?'l On
the other, hydrophilic CDs are quickly discharged from the silk-
worm body and are not suitable for dyeing silkworms, while
hydrophobic CDs are apt to accumulate excessively in the body
and cause serious harm to silkworms,! because most of the
hydrophobic CDs are made from aromatic compounds at pre-
sent.3130 Therefore, it is really a challenge to synthesize hydro-
phobic red-emissive CDs from cheap biomass, which must
adhere to the body and the silk of silkworms safely for a long
time.

After screening many routes and carbon sources, we find a
green and sustainable approach to prepare deep-red-emissive
CDs (R-CDs) from mulberry leaves. The as-prepared CDs have
a main emission peak at 676 nm with a shoulder at 725 nm, pos-
sessing an full width at half maximum (FWHM) of 20 nm and
QY of 73%. They are the brightest deep-red-emissive CDs so far
to our knowledge. Since their strong red fluorescence can be
observed by naked eyes under a wide range of excitation wave-
lengths from UV to red, even in the sunlight, the R-CDs-fed
silkworms can be monitored under the visible light irradiation
safely. During several months’ observation, these R-CDs-fed

© 2022 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202200152&domain=pdf&date_stamp=2022-03-15

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

silkworms grew healthily, wove cocoons, became moths, mated,
and laid eggs. It is amazing that all these species, silkworms,
cocoons, moths, and eggs are brightly luminescent! Such fluo-
rescent eggs can be hatched for the next cycle of growth just
like those in the control group, which strongly confirms the
biocompatibility of R-CDs. In order to explore the distribution
and metabolism of R-CDs in silkworms, the organs of silk-
worms were dissected and analyzed. The results showed that
R-CDs could be partially metabolized through the silkworm
excrement and partially transferred into silk glands and body
walls through the alimentary canals. Finally, these absorbed
R-CDs would enter into silk and form red-emissive shells of the
€oCoons.

2. Result and Discussion

Experimentally, fresh mulberry leaves were mashed and
extracted with ethanol at first, and then the ethanol solution
was heated in autoclaves at 150 °C for 4 h. After cooling down
to room temperature, the solution was filtered and then dried
by rotary evaporation, followed by extraction using a mixture of
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dichloromethane and water with a volume ratio of 1:1. As shown
in Figure 1a, the dried sample was separated into two parts:
green-emissive CDs (G-CDs) in water and red-emissive CDs
in dichloromethane. The aqueous solution of G-CDs is brown
in the room light, only emitting green fluorescence under UV
light (Figure 1b). In contrast, the R-CDs solution is dark green
in the room light, which emits bright red fluorescence under
UV, green and red light, respectively (Figure 1c). The absorp-
tion spectra in Figure 1d discloses the reason: G-CDs have
only one absorption band at about 350 nm while R-CDs have
a broad absorption band covering UV and visible regions. The
photoluminescent (PL) emission spectra in Figure le shows
that G-CDs have a broad emission band at about 500 nm, while
R-CDs have a sharp emission peak at 676 nm with a shoulder at
725 nm. Such a sharp near-infrared emission is similar to that
of R-CPDs made from taxus by Yang and co-workers,*”] but our
preparation process needs neither dialysis nor silica column
chromatography and thus has a high yield.®® The FTIR spectra
interpret the solubility difference between G-CDs and R-CDs
(Figure 1f). Although two samples have similar vibrations of
O—H/N—H (=3700-3000 cm™}), C=0 (=1734-1653 cm™), and
C—N (=1400-1330 cm™!) bonds, G-CDs show much stronger
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Figure 1. a) Synthesis and separation of CDs. b,c) Photos of CDs solutions under different irradiation light: b) G-CDs obtained from the above aqueous
solution, and c) R-CDs obtained from the above CH,Cl, solution. d) Absorption spectra of G-CDs and R-CDs, respectively. €) PL emission spectra of
G-CDs and R-CDs, respectively. f) FTIR spectra of G-CDs and R-CDs, respectively.
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Figure 2. a) TEM and the inset HRTEM images of R-CDs. b) AFM image of R-CDs, and the inset histogram of height distribution of particles locating
at the blue line. ¢) Cls XPS involving different carbon species and d) Ols XPS involving different oxygen species of R-CDs, respectively. e) PL emission
spectra of R-CDs excited by different wavelengths of light, and the inset photo of an R-CDs solution in the sunlight. f) The R-CDs solution photos under

different wavelengths of irradiation light, respectively.

IR bands of C—O—C at around 1100 cm™" which indicates their
good solubility in water. In contrast, R-CDs exhibit a very strong
IR band at =3100-2800 cm™, representing the hydrophobic long
alkyl chains and aromatic rings. In addition, R-CDs show sig-
nificant C=C bonds in the aromatic ring skeleton at 1610 cm™,
stretching vibration of C=C bond at 1460 cm™ and the four
consecutive -CH, rocking vibrations at 720 cm™. All these dis-
tinguished signals confirm the hydrophobicity of R-CDs. More-
over, the aromatic rings and large conjugated systems in R-CDs
are the proofs for their significant absorption of visible light
and their PL emission in near-infrared region.

Both the hydrophobicity and the near-infrared fluorescence
of R-CDs are beneficial for feeding silkworms, and thus R-CDs
are characterized in detail while the corresponding measure-

Adv. Mater. 2022, 34, 2200152
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ments on G-CDs are deposited in the supporting informa-
tion. The transmission electron microscopy (TEM) image
of R-CDs in Figure 2a shows the monodispersed sample has
a uniform size of about 3 nm, with the inset high-resolution
TEM (HRTEM) image revealing a graphite lattice (100) dis-
tance of 0.21 nm. This result is identical with the histogram
of R-CDs height distribution measured by the atomic force
microscope (AFM) in Figure 2b. By fast Fourier transform
(FFT) calculation, R-CDs have three lattice distances of 0.21,
0.24, and 0.34 nm, which correspond to the (100), (1120), and
(002) planes of graphite, respectively (Figure S1, Supporting
Information).23139#1] In contrast, the average particle size of
G-CDs is slightly smaller than that of R-CDs, and no crystal
lattices are found for G-CDs under HRTEM (Figure S2,

© 2022 Wiley-VCH GmbH
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Supporting Information), which verifies again that R-CDs have
a much higher graphitization degree than G-CDs, just like the
above FTIR analyses. It is well known that the nanoparticle
sizes measured by dynamic light scattering (DLS) are generally
larger than those observed by TEM and AFM. Interestingly, the
DLS results show that the evaluated size of R-CDs in ethanol
solution is 38 * 20 nm, while that of G-CDs in aqueous solu-
tion is 296 + 100 nm (Figure S3, Supporting Information). This
phenomenon can be ascribed to the organic chains on the CDs
surfaces. G-CDs have a lower degree of carbonization, that is,
there are more hydrophilic polymer chains on the surfaces,
hence G-CDs adsorb plenty of water molecules to form larger
hydration diameters than R-CDs.

The elemental composition and the chemical bond configu-
rations of R-CDs and G-CDs are compared by X-ray photoelec-
tron spectroscopy (XPS) measurements (Figure S4, Supporting
Information, Figure 2c¢,d). According to the XPS survey data
(Table S1, Supporting Information), the element composition of
R-CDs is C (78.89%), N (0.27%), and O (20.84%), while that of
G-CDs is C (67.92%), N (1.2%), and O (30.88%). On one hand,
the carbon content in R-CDs is larger significantly, indicating
that R-CDs have a higher carbonization degree. On the other,
both nitrogen and oxygen contents in G-CDs are higher, sug-
gesting their good hydrophilicity. The high-resolution XPS
curves of Cls and Ols are deconvoluted for further analyses.
For both R-CDs and G-CDs, the Cls spectra contain C—C/
C=C (284.4 eV), C—N (285.2 eV), C—O (286 €V), C=N (287 eV),
and C=0 (288.2 eV), respectively, while the Ols spectra con-
tain C=0 (531.7 eV) and C—O (533.2 eV), respectively.[*243]
These results are in accordance with the above FTIR data. On
the basis of TEM, FTIR, and XPS results, the red emission of
R-CDs can be ascribed to their larger conjugated system and
higher graphitization degree in comparison with G-CDs.

In the PL emission spectra of R-CDs, the sample exhibit a
sharp peak at 676 nm with a shoulder at 725 nm (Figure 2e).
The emission wavelength does not change when the excita-
tion wavelength increases from 410 to 670 nm, which means
the sample is not a mixture of different fluorescent matters.
Such a strong deep-red emission can be clearly seen under
different wavelengths of light (Figure 2f), even in the sun-
light by naked eyes (inset of Figure 2e), indicating the high
luminescent efficiency of R-CDs. The absolute QY of R-CDs
were measured by an integrating sphere carefully (Figure S5,
Supporting Information), for which R-CDs were dissolved in
ethanol with an absorbance value below 0.1 at the optimal
excitation wavelength of 406 nm. Under this condition, the
PLQY was measured to be 72.6%. When the excitation wave-
length was changed to be 510 nm, the QY was measured to be
41.4%, indicating the silkworms fed with R-CDs could show
considerable fluorescence under green light. In comparison
with those extensively cited literatures, both the QY and the
FWHM of our R-CDs are outstanding among the reported
red-emissive CDs (Table S2, Supporting Information). Fur-
thermore, among those highly red-emissive CDs, only a few
samples were made from biomass which could guarantee
eco-safety.’”] In brief, all the merits including near-infrared
emission, high QY, narrow FWHM, good hydrophobicity, and
biosafety, endow the mission of feeding silkworms to our
R-CDs.
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Hundreds of silkworms were fed with ordinary fresh mul-
berry leaves until the second day of the fifth instar, among
which 120 silkworms with similar body weight were picked out
for the following experiments. 20 silkworms were set as con-
trol and fed as before, while the others were fed with mulberry
leaves sprayed with R-CDs solutions of different concentrations,
respectively. All of the silkworms grew healthily under very
careful treatment till cocooning (Figure S7, Supporting Infor-
mation), with a maintained humidity of 60% at 25 °C. After a
24 h fast, the silkworms in the test group were studied under
green light irradiation. In Figure 3a-i, bright red fluorescence
can be seen from the whole body of the silkworm by naked
eyes. Through the filter of an automatic stereo fluorescence
microscope, the images of the abdomen (Figure 3a-ii), the head
and the thorax (Figure 3a-iii) show the red fluorescence mainly
located at the dorsal blood vessels and both sides of the thorax
of the silkworm. In the fluorescence video (supporting informa-
tion), the silkworm is moving freely and emitting brightly red
fluorescence in its whole body, which was recorded by a camera
through a filter under green light irradiation. This phenom-
enon can be seen in Figure S8, Supporting Information, even
when the silkworms are cocooning. In contrast, the silkworms
in the control group exhibits no obvious fluorescence under the
green light irradiation (Figure S8d, Supporting Information).
Only under the UV light irradiation, faint yellowish fluores-
cence can be seen at their four pairs of abdominal legs and the
junction of the abdominal segment after the fifth abdominal
segment (Figure 3b).

Although these silkworms were divided into 6 groups and
fed with different amounts of R-CDs respectively, all silkworms
grew steadily in the fifth instar and their weights are close to each
other (Figure 3c). No silkworms died during this period, and all
of them could cocoon normally after the fifth instar, which veri-
fies the biosafety of our R-CDs. The UV-vis absorption spectra
and PL spectra of different silkworm body walls are compared
in Figure 3d,e. The absorption curve of the silkworm body wall
in the test group has two peaks at 406 and 660 nm respectively,
while that of the control group shows no significant peaks. In
the PL spectra, the test group exhibits the same R-CDs emission
features, while the control group shows very weak yellow-green
emission. These results confirm that R-CDs did not change after
intake on one hand, and on the other, the silkworms in the fifth
instar have almost no background fluorescence under green light
irradiation, which is beneficial for further bioimaging research.

The cocoons of all test groups are pink in the daylight
and emit red fluorescence under UV light (Figure 3f). After
creeping out of the cocoons, the silkworm moths also exhibit
weak red fluorescence under UV light (Figure 3g). These results
suggest that the R-CDs fed to silkworms have been successfully
ingested and expressed in cocoons and even in moths. More
importantly, the cocoon-breaking moths in the test groups
could mate and reproduce normally. Their eggs could hatch out
normally, and the newborn healthy silkworms could grow and
reproduce like their ancestors (Figure 3h,i). These results con-
firm the excellent biocompatibility of our R-CDs undoubtedly
(Figure S9, Supporting Information). It should be mentioned
that the cocoons in the control group appear light pink in day-
light, and have almost no fluorescence under the UV lamp
(Figure S10, Supporting Information).

© 2022 Wiley-VCH GmbH
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Figure 3. a) Photographs of a silkworm in the test group: i) the whole body under green light, ii) the head, and iii) the chest under an automatic stereo
fluorescence microscope (filtering out the green excitation light). b) The silkworms in the control group under UV light. c) Weight changes of silkworms
fed with different concentrations of R-CDs, from the second day of the 5th instar to cocooning (normalized to weight, n = 20). Data are expressed
as means * SD. Differences were assessed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. ***P < 0.001,
**P < 0.01, *P < 0.05. d) UV-vis absorption curves and e) PL emission spectra of the silkworm body wall in the control and the test group, respectively.
f) Cocoons of and g) silkworm moths of the test group in daylight and UV light, respectively. h) The second-generation silkworms hatched out from
the eggs. i) Eggs photo under room light, which are laid by the silkworm moths of the second-generation.

To find the fluorescence origin, both the cocoons and the
silkworm feces were extracted by ethanol and analyzed by
the fluorescent techniques, respectively. After dissection, a
silkworm cocoon has three parts: the coat, the shell, and the
lining. Under the UV light, both the coat and the shell of the
test group are red-emitting, while the lining is yellow emitting.
On the contrary, all three parts of the control group show very
weak yellowish fluorescence or no fluorescence (Figure S10,

Adv. Mater. 2022, 34, 2200152
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Supporting Information). The ethanol solutions of the above
parts have the same PL features as they are observed under UV
light. Both the cocoon coats and the cocoon shells in the test
group show the same PL spectra as that of R-CDs (Figure 4a).
The TEM images of their ethanol solutions are also similar to
those of R-CDs (Figure 4b). Obviously, the red fluorescence
of these two parts originates from the ingested R-CDs. In
contrast, the PL spectra of the control cocoons extraction are

© 2022 Wiley-VCH GmbH
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Figure 4. a) The PL emission spectra of the ethanol solution extracted from the cocoon coats and the cocoon shells in the test group, under different
wavelengths of excitation light. Inset photos: the cocoon coats under the room light and in UV light. b) TEM and the inset HRTEM images of the ethanol
extraction of cocoon coats. c) PL emission spectra of the ethanol solution extracted from the cocoon coats and the cocoon shells in the control group,
under different wavelengths of excitation light. d) PL emission spectra of the ethanol solution extracted from the silkworm feces in the test group. Inset
photos: the above ethanol solution under the room light (left) and the UV light (right).

complicated, exhibiting a very broad emission band with multi
peaks (Figure 4c). And the PL emission bands vary constantly
when the excitation wavelength changes. This phenomenon
indicates that the natural cocoons have complex fluorescent
components, but fortunately these components show very
weak emissions that do not interfere with the strong emission
of R-CDs. As for the feces of silkworms, the ethanol extraction
of the test group is red-emitting under UV light and shows
the R-CDs PL features (Figure 4d), which indicates R-CDs
have passed through the whole alimentary canal but not been
absorbed completely.

After feeding with R-CDs for 7 days and one day of fasting,
a mature silkworm in the 5th instar was dissected under a
UV light. As shown in Figure 5a and Figure S12, Supporting
Information, the alimentary canal, the anterior and the middle
silk glands emit bright red fluorescence, while both the rear
silk gland and the urinary system emit bright yellow fluores-
cence. The alimentary canal of the control group (Figure 5b)
looks green in daylight and shows weak yellow-green fluo-
rescence under UV light. In contrast, the alimentary canal of
the test group looks yellow in daylight, with some gray-green
areas (Figure 5¢). Under the UV lamp, the fluorescent color of
this alimentary canal turns from red (top) to yellow (bottom).
According to previous reports, the yellow fluorescence is owing
to flavonoid glycosides in mulberry leaves.**>! Obviously, the
red-fluorescence distribution indicates that R-CDs are probably

Adv. Mater. 2022, 34, 2200152
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absorbed into the body through the second half of the alimen-
tary canal (Figure 5d). To verify this hypothesis, the midgut of
the test group was cleaned thoroughly and then broken by an
ultrasonic cell disruption system. The sample was extracted
with ethanol for TEM observation. In Figure 5Se, both the TEM
image and the inset HRTEM images confirm the existence of
R-CDs in the midgut. Furthermore, both the UV-vis absorp-
tion (Figure 5f) and the PL emission (Figure 5g) spectra of the
test group are similar to those of R-CDs, while the extraction of
the control groups shows a rather weak absorption and yellow
fluorescence.

In daylight and UV light, the silk glands of the silkworms
in the test group look red and yellow in different areas respec-
tively, while the silk glands of the silkworms in the control
group are nearly transparent and colorless (Figure S13, Sup-
porting Information). Since the anterior and middle silk
glands emit red fluorescence in UV light, this part was broken
in an ethanol solution of CaCl,. The resulting solution was
concentrated and dried by rotary evaporation, followed by
extraction of petroleum ether, and finally dispersed in ethanol.
Both TEM and HRTEM images in Figure 5h show that the as-
obtained sample is similar to R-CDs and that extracted from
the midgut. In addition, the UV-vis absorption (Figure 5i)
and the PL emission (Figure 5j) spectra are also similar to
those of R-CDs, respectively. Therefore, both TEM and PL
analyses prove that one metabolic route of the R-CDs digested

© 2022 Wiley-VCH GmbH
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Figure 5. a) A full anatomical picture of a silkworm in the test group under UV light. b) The alimentary canal of the control group, c) the alimentary
canal of the test group, and d) the silk glands of the test group were photographed in daylight (left) and UV light (right), respectively. e) TEM and the
inset HRTEM images of the alimentary canal extract from the test group. f) The UV-vis absorption curves of the sample and the control. g) PL emission
spectra of the sample and the control. h) TEM and the inset HRTEM images of the silk gland extract from the test group. i) The UV-vis absorption
curves of the sample and the control. j) PL emission spectra of the sample and the control.

and absorbed by silkworms is from alimentary canals to silk
glands, and finally to cocoons. It should be mentioned that
the alimentary canals of both the test and the control groups
show yellow fluorescence as reported before, but in the silk
glands and the cocoon lining, only the test group have signifi-
cant yellow fluorescence. This phenomenon might be ascribed
to some stress reactions caused by the intake of R-CDs, which
leak the yellow-emissive flavonoid glycosides from alimentary
canals to silk glands.>>%3]

Adv. Mater. 2022, 34, 2200152
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3. Conclusion

Near-infrared-emissive CDs were fed to silkworms safely to pro-
duce brightly luminescent natural silk. The silkworm bodies,
alimentary canals, silk glands, feces, cocoons, and moths are
red fluorescent with the spectral features of R-CDs, and R-CDs
can be separated from the above tissues. Therefore, the physi-
ological activities of the test silkworms can be monitored by flu-
orescence imaging, even be seen by naked eyes. The test group

© 2022 Wiley-VCH GmbH
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grew healthily, developed normally, mated, and laid eggs that
could hatch to produce the next generation. All these achieve-
ments are based on the merits of our R-CDs, including NIR
emission above 700 nm, high QY of 73%, narrow FWHM of
20 nm, good hydrophobicity, and excellent biocompatibility.
Since such R-CDs can be easily prepared from mulberry leaves
on large scale and the fed silkworms have a survival rate of
nearly 100%, the fluorescent Bombyx mori silk will have a mass
production for practical applications in the future.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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