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In the context of the circular economy, the huge amounts of biomass waste should be converted into
value-added materials and energy to diminish pollution, atmospheric CO, levels and costly waste dis-
posal. Biological imaging usually uses expensive and toxic chemicals e.g., organic dyes, semiconductor
quantum dots, calling for safer, greener, cheaper fluorescent probes for biological imaging in vitro and
in vivo. In these regards, carbon quantum dots (CQDs)-based fluorescent probes using biomass waste as
a precursor may have much higher potential. Here we transformed the biomass waste of peach leaves
into value-added fluorescent CQDs through a low-cost and green one-step hydrothermal process. The
obtained CQDs show excitation-dependent photoluminescence properties with a fluorescence lifetime of
5.96ns and a quantum yield of 7.71% without any passivation. In addition, the CQDs have a fine size
of 1.9nm with good hydrophilicity and high fluorescent stability over pH 4.0-11.0 range. Fluorescence
imaging of in vitro cell cultures and in vivo with zebrafish show that CQDs possess ultra-low toxicity and
remarkable performance for biological imaging. Even when CQDs present at a concentration as high as
500 pg/mL, the organism can still maintain more than 90% activity both in vitro and in vivo, and present
bright fluorescence. The cheaper, greener, ultra-low toxicity CQDs developed in this work is a potential
candidate for biological imaging in vitro and in vivo.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Various organic dyes, e.g., porphyrins, boron-dipyrromethene,
indocyanines, rhodamines and phthalocyanines [1] and semicon-
ductor quantum dots (SCQDs) such as CdSe, ZnS, ZnSe, CdS,
PbS [2] have been used as fluorescent probes in vitro and in
vivo biological imaging studies. Although those dyes and SCQDs
have specific chemical structures with excellent photolumines-
cence (PL) properties, they may not be suitable for being uti-
lized in real-time long-term imaging or cell multiplication due
to security issues [3]. Their main limitations are the low photo-
bleaching thresholds, potential toxicity, poor solubility, high costs
and small Stokes shift [4]. In this regard, CQDs emerged as an
alternative to fluorescence probes for biological imaging applica-
tions owing to their unique PL, low-toxicity, biocompatibility and
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environmentally-friendly properties [5]. However, as shown in Ta-
ble S1 (Supporting information), previously the biological imaging
of most reported CQDs was mainly used in vitro cell cultures. Com-
pared with intracellular imaging, observing in vivo fluorescence
imaging of CQDs is more significant.

CQDs as a new type of carbon nanomaterial have been in-
tensively used in bio-imaging, sensing, anti-counterfeiting, opto-
electronic devices, phototherapy, drug release and photo-catalysis
[6,7]. The production of CQDs is done by top-down and bottom-
up methods [8]. Top-down methods break down macroscopic car-
bon precursors such as graphite, carbon nanotubes, carbon black,
candle soot, and activated carbon, into small-sized CQDs by chem-
ical treatment or physical cutting [9]. Bottom-up methods produce
CQDs from small organic compounds through thermal decom-
position, template-based routes, solvothermal/hydrothermal treat-
ment, and ultrasonic/microwave irradiation [10]. Unfortunately,
most of these strategies use expensive or toxic precursors, sophis-
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Scheme 1. Illustration of the CQDs extraction from peach leaves waste and their
use in biological imaging.

ticated equipment, harsh reaction conditions, complicated purifica-
tion processes, useless by-products, and strong acids or alkali, re-
sulting in manufacturing difficulties and the increase of the pro-
duction cost. Therefore, there is a need for safer, efficient and cost-
effective methods to produce CQDs, such as biomass conversion.

Waste biomass is regarded to be low-value or useless and is
often discarded, resulting in environmental pollution. About 4.3
billion tons of waste biomass are produced annually in China
due to inefficient disposal [11,12]. Waste biomass should there-
fore be converted into value-added material such as carbon nano-
materials, thus reducing CO, emissions and environmental issues
[13,14]. Biomasses, such as food waste, vegetables, fruits and plant
residues, have been recently used as a carbon source for the pro-
duction of carbon nanomaterials [15,16]. Peach leaves are a com-
mon biomass waste left in the field after harvesting. For instance,
China is one of the major agroforestry nations in the world, with
an annual production of 2 million tons of peach leaves waste. Thus,
the recycling of such waste is a major problem for local farmers.
The peach leaf is a renewable and sustainable carbon-rich raw ma-
terial that is mainly composed of soluble carbohydrates, crude pro-
tein, crude fiber and crude fat [12,17]. If this resource can be re-
cycled and effectively used, it may alleviate environmental pollu-
tion and create more value-added products. However, few reports
have studied the use of peach leaves waste as a precursor for the
production of CQDs. Peach leaves waste has great potential for the
large-scale and low-cost production of CQDs because they can not
only supply abundant carbon sources but also minimize the use of
toxic and expensive chemicals.

In this work, we developed a green, facile and low-cost strategy
to extract the value-added CQDs from peach leaves waste for the
first time, via a simple one-step hydrothermal process (Scheme 1).
With this process, the CQDs with graphite-like structure, fine size
of 1.9 nm, abundant surface functional groups, good hydrophilicity,
high fluorescence stability and fluorescence quantum yield (QY) of
7.71% without any passivation are extracted. To our interest, the
CQDs are applicable in cell imaging (in vitro) and zebrafish imag-
ing (in vivo), demonstrating their ultra-low toxicity in high of the
obtained CQDs and remarkable biological imaging performance.

Compared with previously reported methods, as shown in Table
S1, our extraction strategy is greener, safer, simpler and more in-
expensive, endowing their easier application to the large-scale ex-
traction of fluorescent CQDs, due to the process of using peach
leaves waste as a carbon source, only using water as a solvent,
without adding any chemical reagents, and avoiding complicated
purification processes (e.g., high-speed centrifugal, long-term dial-
ysis). Furthermore, compared with other reported CQDs, the ob-
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Fig. 1. (a) TEM and (b) HRTEM micrograph images, (c) size distribution histogram
and (d) Raman spectrum of CQDs.

tained CQDs are comparable to them in property and biological
imaging. Even at a higher CQDs concentration (500 pg/mL), the or-
ganism can still maintain more than 90% activity both in vitro and
in vivo, and present bright fluorescence.

The microstructure of CQDs extracted from peach leaves waste
was characterized by transmission electron microscopy (TEM) and
Raman. The TEM image presented in Fig. 1a displays that CQDs are
fully dispersed in a quasi-spherical shape without any agglomera-
tion. The high-resolution TEM (HRTEM) image in Fig. 1b shows that
the CQDs are highly crystallized with a lattice distance of 0.21 nm
which corresponds to the (100) planes of graphite [18]. The cor-
responding size distribution histogram (Fig. 1c) was obtained by
measuring 400 nanoparticles, indicating that the CQDs have a nar-
row size distribution in the range of 1.1-3.0nm with an average
size of 1.9nm. Raman spectrum of CQDs exposed in Fig. 1d dis-
plays two distinct peaks at 1356 cm™! and 1582 cm!. These peaks
correspond to the disordered (D) graphitic band and graphitic (G)
band of sp? carbon, respectively [19,20]. The ratio of D and G band
intensities (Ip/Ig) is equal to 0.86, indicating the relatively low de-
gree of graphitization due to the defects in the sp? carbon sites
of CQDs arising from the functional groups on the surface [21].
Overall, these results prove that the graphite-like structure of these
CQDs can be synthesized from peach leaves waste by applying the
hydrothermal process.

The surface functional groups, chemical compositions and ele-
mental states of CQDs were examined by X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared (FTIR) and zeta potential.
The XPS spectrum (Fig. 2a) of CQDs displays the existence of C, O
and N in the CQDs, with corresponding contents of 73.29%, 20.13%,
and 6.58%, respectively. The high-resolution XPS spectrum of C 1s
in Fig. 2b shows three peaks at 284.8, 286.3 and 288.2 eV, which
are attributed to C-C/C=C, C-N/C-0 and C=0, respectively [21,22].
The high-resolution XPS spectrum of O 1s in Fig. 2c¢ contains two
peaks at 531.5 and 532.6eV, which can be assigned to C=0 and
C-0-C/C-0H/, respectively [22,23]. The high-resolution XPS spec-
trum of N 1s shown in Fig. 2d displays two peaks at 399.8 and
401.1 eV, which are ascribed to N-C and N-H, respectively [22,23].
This result was confirmed by the FTIR spectrum of CQDs presented
in Fig. 2e. The latter shows the characteristic absorption peaks of
O-H/N-H at 3221 cm™!, C-H at 2864cm™!, C=0 at 1665 cm!, C=C
at 1462 cm™, C-N at 1398cm!, and C-0-C at 1089cm! [24]. The
zeta potential of CQDs suspended in water is —17.3 mV at pH 6.0
(Fig. 2f), indicating that the CQDs are negatively charged due to
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Fig. 2. (a) XPS survey spectrum, (b) C 1s spectrum, (c) O 1s spectrum, (d) N 1s spectrum, (e) FTIR spectrum and (f) zeta potential curve of CQDs.
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Fig. 3. (a) UV-vis absorption, PL excitation and emission spectra of CQDs in aque-
ous solutions (Aex=360nm and Aem=440nm); (inset) appearance of CQDs un-
der daylight and 365nm UV light illumination. (b) CIE coordinates of CQDs. (c)
Excitation-emission PL spectra of CQDs. (d) Time-resolved decay and fitting curves
of CQDs.

the existence of O- and N-related functional groups on its surface.
These results demonstrate the existence of N and O-containing
functional groups on the surface of CQDs which improves their hy-
drophilicity and stability in aqueous systems within the practical
application in biological imaging.

The optical properties of CQDs were explored by UV-vis absorp-
tion and photoluminescence spectroscopy. The UV-vis absorption
spectrum of CQDs in aqueous solutions is shown in Fig. 3a. The
CQDs have strong absorption in the UV region, which is consistent
with the range of the excitation wavelength of CQDs. It exhibits an
intensive peak, at 255nm, and a shoulder peak at 325nm. These
two peaks are attributed to the w-m* transition of C=C bands and
n-mr* transition of C=0 and C-N bands, respectively [25]. The max-
imum emission intensity is observed at around 440 nm under the
excitation wavelength of 360 nm (Fig. 3a). The CQDs are completely
scattered in the water and present bright blue fluorescence under

365nm UV irradiation (Fig. 3a, inset). These water-soluble fluores-
cent CQDs help the application of biological imaging.

The blue fluorescence of CQDs was further confirmed by the
Commission Internationale d’Eclairage (CIE) coordinates at (0.1951,
0.2145) obtained from the emission data at 360 nm excitation (Fig.
3b). The CQDs exhibit excitation-dependent PL properties (Fig. 3c).
When the excitation wavelength is tuned from 310 nm to 360 nm,
the PL intensity of CQDs increases gradually. The optimal PL peak is
centered at 440 nm for 360 nm excitation. This peak decreases with
the increase of the excitation wavelength from 360 nm to 400 nm.
The normalized PL spectra of CQDs (Fig. S1 in Supporting infor-
mation) clearly exhibit redshift by increasing the excitation wave-
length (310-400nm). These findings reveal that the PL of CQDs
is the excitation-wavelength dependence of the emission wave-
length on intensity. The CQDs characteristic excitation-dependent
PL property helps to achieve biological imaging in different color
channels.

The fluorescence QY of the CQDs, about 7.71%, was measured
using quinine sulfate as a reference (Fig. S2 in Supporting informa-
tion). This value is relatively higher, compared with that of other
biomass-derived CQDs [26-29]. Owing to its excitation-dependent
property, the lifetime decay curve was also computed by applying
the fitting formula (Eq. 1) [30] written below to acquire the three-
exponential fitting curve of CQDs (Fig. 3d).

R(t) =Ble(*f/fl) + Bze(*f/fz) 338(*7/73) + B4e(*f/74) (])

where 7 is time; By, By, B3 and B, are the fractional intensities; 71,
T,, T3 and 74 are PL lifetimes, the parameters gained from iterative
re-convolution of the decay with the instrument response function
(IRF).

The observed lifetimes of CQDs were 7;=0.72ns (23.39%),
T, =4.14ns (49.95%) and t3=13.48ns (26.66%). Previous reports
pointed out that the short-lived component 71, as well as the long-
lived components t, and T3, were associated with the core states
and surface states of CQDs, respectively [31]. According to previous
reports [32], the long lifetime of CQDs in our study demonstrates
that the PL results mainly from the surface functional groups. The
average lifetime was equal to 5.96ns, revealing that CQDs can
be appropriately used in optronic and biological applications. Fur-
thermore, except that the excitation-dependent down-converted PL
characteristic, the CQDs also exhibit an up-converted PL property.
Fig. S3 (Supporting information) shows the up-converted PL spec-
tra of CQDs excited by long wavelengths ranging from 600 nm to
900 nm with the emission located in the range from 350nm to
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Fig. 4. (a) Cell viability of A549 cells after 24 h incubation with various concentrations of CQDs. (b) Confocal fluorescence images of A549 cells after culture with 400 ug/mL
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Fig. 5. Fluorescence images of zebrafish larvae treated for 3 days at 28 °C with different concentrations of CQDs. Scale bar =100 pm.

600 nm. The up-converted emission of CQDs may be attributed to
the multi-photon active process, in which the synchronous absorp-
tion of two or more photons leads to a shorter emission wave-
length [33]. The results indicate that the CQDs may supply po-
tential applications in energy conversion, bioscience, and optoelec-
tronic device.

To investigate the effect of concentration on PL intensity, the
PL spectra of CQDs at different concentrations were measured. As
shown in Fig. S4 (Supporting information), the CQDs displayed
concentration-dependent PL property with the maximum PL in-
tensity at 1.2 mg/mL. Moreover, the PL stability of the as-extracted
CQDs under various pH systems, different ionic strengths and sev-
eral UV irradiation durations were evaluated. As shown in Figs.
S5a-d (Supporting information), the pH values affected consider-
ably the PL intensity. The pH value was adjusted by adding NaOH
or HCL. The CQDs exhibit stable PL intensity at pH 4.0-11.0. Then,
the PL intensity reduces at lower pH (pH < 4.0) and higher pH (pH
> 11.0), which may be due to aggregation of CQDs originated from
enhanced non-covalent bond interactions under extreme pH con-
ditions, such as hydrogen bonding between hydroxyl, carboxyl and
amino [24,34]. Thus, the excellent properties of pH 4.0-11.0 envi-
ronment make CQDs ideal candidates in bio-applications as most
biological activities happen in this pH range. In addition, CQDs so-
lution had a good photostability since their PL intensities did not
significantly change under continuous excitation at 365 nm with a
UV lamp for 3.0 h, as indicated in Figs. S5b-e (Supporting informa-
tion). Moreover, PL intensity was not modified in the concentra-
tion of NaCl up to 1.0 mol/L (Figs. S5c-f in Supporting information),
which demonstrates that the ionic strength did not affect the PL
intensity of CQDs. All these observations reveal that as-extracted
CQDs had stable PL over a wide pH range and hard environmen-
tal conditions, which makes CQDs of great potential to be used in
fluorescence imaging.

Through the detailed analysis above, we found that the peach
leaves waste-derived CQDs exhibit fine particle size, good hy-
drophilicity, and stable fluorescent performance. These findings
suggest that the CQDs may be promising for fluorescence imaging,
which we will evaluate the biological imaging potential of CQDs in
vitro and in vivo. For bio-application of peach leaves waste-derived
CQDs, the MTT approach was used to analyze the vitro cytotoxic-
ity of CQDs using A549 (human lung adenocarcinoma) cells (Fig.
4a). A549 cells were selected as a model, since lung cancer is
the second-most prevalent type of cancer in the world [35]. Re-

sults show that, after 24 h of culturing different concentrations of
CQDs and A549 cells, the cell viability does not decrease signifi-
cantly with the increasing concentrations of CQDs. Even if diluted
to 500 pg/mL, the cell survival rate remains above 90%. This find-
ing proves that the CQDs possess ultra-low cytotoxicity and can be
used in bio-applications including bio-imaging.

A549 cells were incubated with 400pg/mL of CQDs for 24h
then they were imaged by a confocal microscope (Fig. 4b). Results
show that the confocal image exhibits bright blue fluorescence in
the A549 cells. Obviously, the fluorescence is primarily situated in
the cytoplasmic region, which means that the CQDs can enter the
cell through the cell membrane. In addition, the shape of the A549
cells treated with high concentration CQDs does not change con-
siderably, endorsing the bio-compatibility of CQDs. These results
indicate that hydrophilic CQDs derived from peach leaves waste
can be used as excellent cell imaging reagents. Compared with in-
tracellular imaging, observing in vivo fluorescence imaging of CQDs
is more significant [36], which we will investigate the potential of
CQDs in vivo imaging.

The gene sequence of zebrafish is highly homologous to hu-
man and it is widely used in drug delivery and bio-compatibility
research [37]. Thus, zebrafish was utilized as a model system to
further evaluate the potential of CQDs in vivo imaging. The CQDs
can quickly enter the pores of the chorion after simple immer-
sion, because the size of CQDs (1.9nm) is smaller than that of
the nanoscale pores of the zebrafish chorion (0.17 um?). In the
experiment, we observed that when the incubation concentration
of CQDs reached 500 pg/mL, zebrafish larvae began to appear ab-
normal growth of spinal cord flexure. As revealed in Fig. S6 (Sup-
porting information), when zebrafish larvae were exposed to CQDs
even up to 500 pg/mL for 3.0 days at 28°C, the viability of ze-
brafish larvae increased up to 90%, which indicates the excellent
bio-compatibility and ultra-low toxicity of the extracted CQDs.

Fig. 5 shows that zebrafish larvae treated with different concen-
trations of CQDs exhibit blue fluorescence signal, the fluorescent
intensity in the zebrafish larva rise with the increase of CQDs’ con-
centration. In particular, the yolk sac shows the strongest blue flu-
orescence signal, compared to other tissues, which predominantly
accumulated in the intestine and allow the CQDs to enter the di-
gestive system to be metabolizable. In addition, CQDs could accu-
mulate selectively in the eyes, which proves that the CQDs, hav-
ing wonderful histocompatibility, can enter the eyes through the
blood-ocular barrier. These results demonstrate that the CQDs are
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considered a potential fluorescent probe in biological imaging and
other correlative biomedical applications. The biological imaging
results demonstrated that the extracted CQDs had ultra-low toxi-
city and remarkable biocompatibility, which can be attributed to
our extraction process is very green, no any chemical reagents are
added, and natural biomass waste is used as the precursor.

Finally, Table S2 (Supporting information) compares the prop-
erties of biomass waste derived CQDs to SCQDs and organic dyes
[2,4]. It reveals that biomass waste-derived CQDs can be efficiently
employed in bio-compatibility, toxicity, synthesis, fluorescence, en-
vironmental aspects, hydrophilicity, and cost. Besides, CQDs have
been considered as a potential solution to the challenges that SC-
QDs and organic dyes have encountered because they are more
biocompatible, ultra-low toxicity, and could be extracted from
abundant and nontoxic biomass raw materials. Overall, these re-
sults confirm that biomass waste-derived CQDs could be consid-
ered as a potential replacement for organic dyes and SCQDs in vitro
and in vivo biological imaging.

In summary, value-added fluorescent CQDs were successfully
extracted from peach leaves waste, sustainable and low-cost natu-
ral waste biomass, by adopting a low-cost, green, and simple one-
step hydrothermal process using only water as a solvent and with-
out adding any chemical reagents. The obtained CQDs with excel-
lent PL property, fine size, high hydrophilicity, low cost, ultra-low
cytotoxicity, and good biocompatibility. They can be considered as
a potential candidate for biological imaging reagents, as verified by
the in vitro (cell culture) and in vivo (zebrafish) model systems.
This work not only provides a meaningful solution to the end-up
environmental issues of biomass waste by converting it into value-
added CQDs, but also can supply insights for developing safer and
cheaper CQD-based biological imaging agents in vitro and in vivo.

Compared with blue light emissive CQDs, long-wavelength
emissive, especially near-infrared CQDs, are more beneficial in bi-
ological imaging because of their deeper tissue penetration power.
The effect of surface functionalization on the optical properties of
biomass waste derived CQDs will be the focus of our future study
to achieve near-infrared light emission with higher QY.
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