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a b s t r a c t 

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 2 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

5.96 ns and a quantum yield of 7.71% without any passivation. In addition, the CQDs have a fine size

of 1.9 nm 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 μg/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 .
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Various organic dyes, e.g. , porphyrins, boron-dipyrromethene, 

ndocyanines, rhodamines and phthalocyanines [1] and semicon- 

uctor quantum dots (SCQDs) such as CdSe, ZnS, ZnSe, CdS, 

bS [2] have been used as fluorescent probes in vitro and in 

ivo biological imaging studies. Although those dyes and SCQDs 

ave specific chemical structures with excellent photolumines- 

ence (PL) properties, they may not be suitable for being uti- 

ized in real-time long-term imaging or cell multiplication due 

o security issues [3] . Their main limitations are the low photo- 

leaching thresholds, potential toxicity, poor solubility, high costs 

nd small Stokes shift [4] . In this regard, CQDs emerged as an 

lternative to fluorescence probes for biological imaging applica- 

ions owing to their unique PL, low-toxicity, biocompatibility and 
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nvironmentally-friendly properties [5] . However, as shown in Ta- 

le S1 (Supporting information), previously the biological imaging 

f most reported CQDs was mainly used in vitro cell cultures. Com- 

ared with intracellular imaging, observing in vivo fluorescence 

maging of CQDs is more significant. 

CQDs as a new type of carbon nanomaterial have been in- 

ensively used in bio-imaging, sensing, anti-counterfeiting, opto- 

lectronic devices, phototherapy, drug release and photo-catalysis 

 6 , 7 ]. The production of CQDs is done by top-down and bottom-

p methods [8] . Top-down methods break down macroscopic car- 

on precursors such as graphite, carbon nanotubes, carbon black, 

andle soot, and activated carbon, into small-sized CQDs by chem- 

cal treatment or physical cutting [9] . Bottom-up methods produce 

QDs from small organic compounds through thermal decom- 

osition, template-based routes, solvothermal/hydrothermal treat- 

ent, and ultrasonic/microwave irradiation [10] . Unfortunately, 

ost of these strategies use expensive or toxic precursors, sophis- 

https://doi.org/10.1016/j.cclet.2022.107998
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cclet.2022.107998&domain=pdf
mailto:wangchuanyi@sust.edu.cn


Scheme 1. Illustration of the CQDs extraction from peach leaves waste and their

use in biological imaging.
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Fig. 1. (a) TEM and (b) HRTEM micrograph images, (c) size distribution histogram

and (d) Raman spectrum of CQDs.
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icated equipment, harsh reaction conditions, complicated purifica- 

ion processes, useless by-products, and strong acids or alkali, re- 

ulting in manufacturing difficulties and the increase of the pro- 

uction cost. Therefore, there is a need for safer, efficient and cost- 

ffective methods to produce CQDs, such as biomass conversion. 

Waste biomass is regarded to be low-value or useless and is 

ften discarded, resulting in environmental pollution. About 4.3 

illion tons of waste biomass are produced annually in China 

ue to inefficient disposal [ 11 , 12 ]. Waste biomass should there- 

ore be converted into value-added material such as carbon nano- 

aterials, thus reducing CO 2 emissions and environmental issues 

 13 , 14 ]. Biomasses, such as food waste, vegetables, fruits and plant

esidues, have been recently used as a carbon source for the pro- 

uction of carbon nanomaterials [ 15 , 16 ]. Peach leaves are a com-

on biomass waste left in the field after harvesting. For instance, 

hina is one of the major agroforestry nations in the world, with 

n annual production of 2 million tons of peach leaves waste. Thus, 

he recycling of such waste is a major problem for local farmers. 

he peach leaf is a renewable and sustainable carbon-rich raw ma- 

erial that is mainly composed of soluble carbohydrates, crude pro- 

ein, crude fiber and crude fat [ 12 , 17 ]. If this resource can be re-

ycled and effectively used, it may alleviate environmental pollu- 

ion and create more value-added products. However, few reports 

ave studied the use of peach leaves waste as a precursor for the 

roduction of CQDs. Peach leaves waste has great potential for the 

arge-scale and low-cost production of CQDs because they can not 

nly supply abundant carbon sources but also minimize the use of 

oxic and expensive chemicals. 

In this work, we developed a green, facile and low-cost strategy 

o extract the value-added CQDs from peach leaves waste for the 

rst time, via a simple one-step hydrothermal process ( Scheme 1 ). 

ith this process, the CQDs with graphite-like structure, fine size 

f 1.9 nm, abundant surface functional groups, good hydrophilicity, 

igh fluorescence stability and fluorescence quantum yield (QY) of 

.71% without any passivation are extracted. To our interest, the 

QDs are applicable in cell imaging ( in vitro ) and zebrafish imag- 

ng ( in vivo ), demonstrating their ultra-low toxicity in high of the 

btained CQDs and remarkable biological imaging performance. 

Compared with previously reported methods, as shown in Table 

1, our extraction strategy is greener, safer, simpler and more in- 

xpensive, endowing their easier application to the large-scale ex- 

raction of fluorescent CQDs, due to the process of using peach 

eaves waste as a carbon source, only using water as a solvent, 

ithout adding any chemical reagents, and avoiding complicated 

urification processes ( e.g. , high-speed centrifugal, long-term dial- 

sis). Furthermore, compared with other reported CQDs, the ob- 
ained CQDs are comparable to them in property and biological 

maging. Even at a higher CQDs concentration (500 μg/mL), the 

rganism can still maintain more than 90% activity both in vitro 

nd in vivo , and present bright fluorescence. 

The microstructure of CQDs extracted from peach leaves waste 

as characterized by Transmission electron microscopy (TEM) and 

aman. The TEM image presented in Fig. 1a displays that CQDs are 

ully dispersed in a quasi-spherical shape without any agglomer- 

tion. The High-resolution TEM (HRTEM) image in Fig. 1b shows 

hat the CQDs are highly crystallized with a lattice distance of 

.21 nm which corresponds to the (100) planes of graphite [18] . 

he corresponding size distribution histogram ( Fig. 1c ) was ob- 

ained by measuring 400 nanoparticles, indicating that the CQDs 

ave a narrow size distribution in the range of 1.1–3.0 nm with 

n average size of 1.9 nm. Raman spectrum of CQDs exposed in 

ig. 1d displays two distinct peaks at 1356 cm 

-1 and 1582 cm 

-1 . 

hese peaks correspond to the disordered (D) graphitic band and 

raphitic (G) band of sp 

2 carbon, respectively [ 19 , 20 ]. The ratio of

 and G band intensities ( I D / I G ) is equal to 0.86, indicating the rel-

tively low degree of graphitization due to the defects in the sp 

2 

arbon sites of CQDs arising from the functional groups on the sur- 

ace [21] . Overall, these results prove that the graphite-like struc- 

ure of these CQDs can be synthesized from peach leaves waste by 

pplying the hydrothermal process. 

The surface functional groups, chemical compositions and ele- 

ental states of CQDs were examined by X-ray photoelectron spec- 

roscopy (XPS), Fourier transform infrared (FTIR) and zeta potential. 

he XPS spectrum ( Fig. 2a ) of CQDs displays the existence of C, O

nd N in the CQDs, with corresponding contents of 73.29%, 20.13%, 

nd 6.58%, respectively. The high-resolution XPS spectrum of C 1s 

n Fig. 2b shows three peaks at 284.8, 286.3 and 288.2 eV, which 

re attributed to C–C/C = C, C–N/C–O and C = O, respectively [ 21 , 22 ].

he high-resolution XPS spectrum of O 1s in Fig. 2c contains two 

eaks at 531.5 and 532.6 eV, which can be assigned to C = O and

–O–C/C–OH/, respectively [ 22 , 23 ]. The high-resolution XPS spec- 

rum of N 1s shown in Fig. 2d displays two peaks at 399.8 and

01.1 eV, which are ascribed to N–C and N–H, respectively [ 22 , 23 ].

his result was confirmed by the FTIR spectrum of CQDs presented 

n Fig. 2e . The latter shows the characteristic absorption peaks of 

–H/N–H at 3221 cm 

-1 , C–H at 2864 cm 

-1 , C = O at 1665 cm 

-1 , C = C

t 1462 cm 

-1 , C–N at 1398 cm 

-1 , and C–O–C at 1089 cm 

-1 [24] . The

eta 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 



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.

Fig. 3. (a) UV–vis absorption, PL excitation and emission spectra of CQDs in aque- 

ous solutions ( λex = 360 nm and λem = 440 nm); (inset) appearance of CQDs un- 

der daylight and 365 nm UV light illumination. (b) CIE coordinates of CQDs. (c)

Excitation-emission PL spectra of CQDs. (d) Time-resolved decay and fitting curves

of CQDs.
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he existence of O- and N-related functional groups on its surface. 

hese results demonstrate the existence of N and O-containing 

unctional groups on the surface of CQDs which improves their hy- 

rophilicity and stability in aqueous systems within the practical 

pplication in biological imaging. 

The optical properties of CQDs were explored by UV–vis absorp- 

ion and photoluminescence spectroscopy. The UV–vis absorption 

pectrum of CQDs in aqueous solutions is shown in Fig. 3a . The 

QDs have strong absorption in the UV region, which is consistent 

ith the range of the excitation wavelength of CQDs. It exhibits an 

ntensive peak, at 255 nm, and a shoulder peak at 325 nm. These 

wo peaks are attributed to the π–π ∗ transition of C = C bands and 

–π ∗ transition of C = O and C–N bands, respectively [25] . The max- 

mum emission intensity is observed at around 440 nm under the 

xcitation wavelength of 360 nm ( Fig. 3a ). The CQDs are completely 

cattered in the water and present bright blue fluorescence under 
65 nm UV irradiation ( Fig. 3a , inset). These water-soluble fluores- 

ent CQDs help the application of biological imaging. 

The blue fluorescence of CQDs was further confirmed by the 

ommission Internationale d’Eclairage (CIE) coordinates at (0.1951, 

.2145) obtained from the emission data at 360 nm excitation ( Fig. 

b ). The CQDs exhibit excitation-dependent PL properties ( Fig. 3c ). 

hen the excitation wavelength is tuned from 310 nm to 360 nm, 

he PL intensity of CQDs increases gradually. The optimal PL peak is 

entered at 440 nm for 360 nm excitation. This peak decreases with 

he increase of the excitation wavelength from 360 nm to 400 nm. 

he normalized PL spectra of CQDs (Fig. S1 in Supporting infor- 

ation) clearly exhibit redshift by increasing the excitation wave- 

ength (310–400 nm). These findings reveal that the PL of CQDs 

s the excitation-wavelength dependence of the emission wave- 

ength on intensity. The CQDs characteristic excitation-dependent 

L property helps to achieve biological imaging in different color 

hannels. 

The fluorescence QY of the CQDs, about 7.71%, was measured 

sing quinine sulfate as a reference (Fig. S2 in Supporting informa- 

ion). This value is relatively higher, compared with that of other 

iomass-derived CQDs [26–29] . Owing to its excitation-dependent 

roperty, the lifetime decay curve was also computed by applying 

he fitting formula ( Eq. 1 ) [30] written below to acquire the three-

xponential fitting curve of CQDs ( Fig. 3d ). 

 ( t ) = B 1 e 
( −τ/τ1 ) + B 2 e 

( −τ/τ2 ) B 3 e 
( −τ/τ3 ) + B 4 e 

( −τ/τ4 ) (1) 

here τ is time; B 1 , B 2 , B 3 and B 4 are the fractional intensities; τ 1 ,

2 , τ 3 and τ 4 are PL lifetimes, the parameters gained from iterative 

e-convolution of the decay with the instrument response function 

IRF). 

The observed lifetimes of CQDs were τ 1 = 0.72 ns (23.39%), 

2 = 4.14 ns (49.95%) and τ 3 = 13.48 ns (26.66%). Previous reports 

ointed out that the short-lived component τ 1 , as well as the long- 

ived components τ 2 and τ 3 , were associated with the core states 

nd surface states of CQDs, respectively [31] . According to previous 

eports [32] , the long lifetime of CQDs in our study demonstrates 

hat the PL results mainly from the surface functional groups. The 

verage lifetime was equal to 5.96 ns, revealing that CQDs can 

e appropriately used in optronic and biological applications. Fur- 

hermore, except that the excitation-dependent down-converted PL 

haracteristic, the CQDs also exhibit an up-converted PL property. 

ig. S3 (Supporting information) shows the up-converted PL spec- 

ra of CQDs excited by long wavelengths ranging from 600 nm to 

00 nm with the emission located in the range from 350 nm to 



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 μg/mL

CQDs.

Fig. 5. Fluorescence images of zebrafish larvae treated for 3 days at 28 °C with different concentrations of CQDs. Scale bar = 100 μm. 
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00 nm. The up-converted emission of CQDs may be attributed to 

he multi-photon active process, in which the synchronous absorp- 

ion of two or more photons leads to a shorter emission wave- 

ength [33] . The results indicate that the CQDs may supply po- 

ential applications in energy conversion, bioscience, and optoelec- 

ronic device. 

To investigate the effect of concentration on PL intensity, the 

L spectra of CQDs at different concentrations were measured. As 

hown in Fig. S4 (Supporting information), the CQDs displayed 

oncentration-dependent PL property with the maximum PL in- 

ensity at 1.2 mg/mL. Moreover, the PL stability of the as-extracted 

QDs under various pH systems, different ionic strengths and sev- 

ral UV irradiation durations were evaluated. As shown in Figs. 

5a–d (Supporting information), the pH values affected consider- 

bly the PL intensity. The pH value was adjusted by adding NaOH 

r HCl. The CQDs exhibit stable PL intensity at pH 4.0–11.0. Then, 

he 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

nhanced non-covalent bond interactions under extreme pH con- 

itions, such as hydrogen bonding between hydroxyl, carboxyl and 

mino [ 24 , 34 ]. Thus, the excellent properties of pH 4.0–11.0 envi-

onment make CQDs ideal candidates in bio-applications as most 

iological activities happen in this pH range. In addition, CQDs so- 

ution had a good photostability since their PL intensities did not 

ignificantly change under continuous excitation at 365 nm with a 

V lamp for 3.0 h, as indicated in Figs. S5b–e (Supporting informa- 

ion). Moreover, PL intensity was not modified in the concentra- 

ion of NaCl up to 1.0 mol/L (Figs. S5c–f in Supporting information), 

hich demonstrates that the ionic strength did not affect the PL 

ntensity of CQDs. All these observations reveal that as-extracted 

QDs had stable PL over a wide pH range and hard environmen- 

al conditions, which makes CQDs of great potential to be used in 

uorescence imaging. 

Through the detailed analysis above, we found that the peach 

eaves waste-derived CQDs exhibit fine particle size, good hy- 

rophilicity, and stable fluorescent performance. These findings 

uggest that the CQDs may be promising for fluorescence imaging, 

hich we will evaluate the biological imaging potential of CQDs in 

itro and in vivo . For bio-application of peach leaves waste-derived 

QDs, the MTT approach was used to analyze the vitro cytotoxic- 

ty of CQDs using A549 (human lung adenocarcinoma) cells ( Fig. 

a ). A549 cells were selected as a model, since lung cancer is 

he second-most prevalent type of cancer in the world [35] . Re- 
ults show that, after 24 h of culturing different concentrations of 

QDs and A549 cells, the cell viability does not decrease signifi- 

antly with the increasing concentrations of CQDs. Even if diluted 

o 500 μg/mL, the cell survival rate remains above 90%. This find- 

ng proves that the CQDs possess ultra-low cytotoxicity and can be 

sed in bio-applications including bio-imaging. 

A549 cells were incubated with 400 μg/mL of CQDs for 24 h 

hen they were imaged by a confocal microscope ( Fig. 4b ). Results 

how that the confocal image exhibits bright blue fluorescence in 

he A549 cells. Obviously, the fluorescence is primarily situated in 

he cytoplasmic region, which means that the CQDs can enter the 

ell through the cell membrane. In addition, the shape of the A549 

ells treated with high concentration CQDs does not change con- 

iderably, endorsing the bio-compatibility of CQDs. These results 

ndicate that hydrophilic CQDs derived from peach leaves waste 

an be used as excellent cell imaging reagents. Compared with in- 

racellular imaging, observing in vivo fluorescence imaging of CQDs 

s more significant [36] , which we will investigate the potential of 

QDs in vivo imaging. 

The gene sequence of zebrafish is highly homologous to hu- 

an and it is widely used in drug delivery and bio-compatibility 

esearch [37] . Thus, zebrafish was utilized as a model system to 

urther evaluate the potential of CQDs in vivo imaging. The CQDs 

an quickly enter the pores of the chorion after simple immer- 

ion, because the size of CQDs (1.9 nm) is smaller than that of 

he nanoscale pores of the zebrafish chorion (0.17 μm 

2 ). In the 

xperiment, we observed that when the incubation concentration 

f CQDs reached 500 μg/mL, zebrafish larvae began to appear ab- 

ormal growth of spinal cord flexure. As revealed in Fig. S6 (Sup- 

orting information), when zebrafish larvae were exposed to CQDs 

ven up to 500 μg/mL for 3.0 days at 28 °C, the viability of ze-

rafish larvae increased up to 90%, which indicates the excellent 

io-compatibility and ultra-low toxicity of the extracted CQDs. 

Fig. 5 shows that zebrafish larvae treated with different concen- 

rations of CQDs exhibit blue fluorescence signal, the fluorescent 

ntensity in the zebrafish larva rise with the increase of CQDs’ con- 

entration. In particular, the yolk sac shows the strongest blue flu- 

rescence signal, compared to other tissues, which predominantly 

ccumulated in the intestine and allow the CQDs to enter the di- 

estive system to be metabolizable. In addition, CQDs could accu- 

ulate selectively in the eyes, which proves that the CQDs, hav- 

ng wonderful histocompatibility, can enter the eyes through the 

lood-ocular barrier. These results demonstrate that the CQDs are 
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onsidered a potential fluorescent probe in biological imaging and 

ther correlative biomedical applications. The biological imaging 

esults demonstrated that the extracted CQDs had ultra-low toxi- 

ity and remarkable biocompatibility, which can be attributed to 

ur extraction process is very green, no any chemical reagents are 

dded, and natural biomass waste is used as the precursor. 

Finally, Table S2 (Supporting information) compares the prop- 

rties of biomass waste derived CQDs to SCQDs and organic dyes 

 2,  4 ]. It reveals that biomass waste-derived CQDs can be efficiently

mployed in bio-compatibility, toxicity, synthesis, fluorescence, en- 

ironmental aspects, hydrophilicity, and cost. Besides, CQDs have 

een considered as a potential solution to the challenges that SC- 

Ds and organic dyes have encountered because they are more 

iocompatible, ultra-low toxicity, and could be extracted from 

bundant and nontoxic biomass raw materials. Overall, these re- 

ults confirm that biomass waste-derived CQDs could be consid- 

red as a potential replacement for organic dyes and SCQDs in vitro 

nd in vivo biological imaging. 

In summary, value-added fluorescent CQDs were successfully 

xtracted from peach leaves waste, sustainable and low-cost natu- 

al waste biomass, by adopting a low-cost, green, and simple one- 

tep hydrothermal process using only water as a solvent and with- 

ut adding any chemical reagents. The obtained CQDs with excel- 

ent PL property, fine size, high hydrophilicity, low cost, ultra-low 

ytotoxicity, and good biocompatibility. They can be considered as 

 potential candidate for biological imaging reagents, as verified by 

he in vitro (cell culture) and in vivo (zebrafish) model systems. 

his work not only provides a meaningful solution to the end-up 

nvironmental issues of biomass waste by converting it into value- 

dded CQDs, but also can supply insights for developing safer and 

heaper CQD-based biological imaging agents in vitro and in vivo. 

Compared with blue light emissive CQDs, long-wavelength 

missive, especially near-infrared CQDs, are more beneficial in bi- 

logical imaging because of their deeper tissue penetration power. 

he effect of surface functionalization on the optical properties of 

iomass waste derived CQDs will be the focus of our future study 

o achieve near-infrared light emission with higher QY. 
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Experimental 
Materials: Peach leaves waste were collected from local farmland (Xianyang, China). 

3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl tetrazolium bromide (MTT, 98%) was obtained from Beijing Solarbio Science & 
Technology Co., Ltd. (China). Cell lines A549 and the wild-type Tubingen zebrafish strains were obtained from the Shanghai 
Saibaikang Biological Technology Co., Ltd. (China) and the National Zebrafish Resources of China (Beijing), respectively. All 
other reagents and chemicals were of analytical grade. 

Characterization: High-resolution transmission electron microscope (HRTEM) was executed on an FEI Talos F200i field 
emission electron microscope operating at a voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were 
performed on a Thermo Scientific K-Alpha spectrometer using Al Kα X-ray beam of 250 W as the excitation source. Raman 
spectrum was recorded on a HORIBA LabRAM HR Evolution Raman Spectrometer with a 532 nm laser. Fourier transform 
infrared (FTIR) spectra were recorded on a KBr medium on a Brucker (Verte70 V) spectrometer. Zeta potential measurements 
were executed on a Malvern Zetasizer Nano ZS90. The photoluminescence (PL) spectra were carried out using an Edinburgh 
Instruments FS5 spectrofluorometer; lifetime measurements were obtained on the same FS5 Edinburgh Instruments equipped 
with an EPLED-340 pulsed source. Ultraviolet-visible (UV-vis) absorption spectrum was recorded with a 
UV spectrophotometer UV-2600 (Shimadzu). 

Environment-friendly production of carbon quantum dots (CQDs): The value-added fluorescent CQDs were produced 
from peach leaves waste by a one-step simple hydrothermal process. The whole production process is more efficient and 
greener, because no useless by-products, only using water as a solvent and without adding any chemical reagents, as well as 
avoiding complicated purification processes (e.g., high-speed centrifugal, long-term dialysis). A typical synthesis process is 
shown in Scheme 1, in which peach leaves waste was cleaned with ultrapure water and dried at 80 °C. The dry peach leaves 
were grounded into a powder. 0.5 g of the latter was mixed with 60 mL ultrapure water. Subsequently, the homogenous 
mixture was transferred into a 100 mL autoclave and heated at 200 °C for 10 h. The autoclave was cooled naturally. The dark 
brown suspension was filtered several times by the 0.05 µm membrane filter in order to separate the solution containing CQDs 
from the solid residue. The small amount of the solid product as a hydrochar was produced after the hydrothermal 
carbonization process, which can be seen as a high-value by-product in several applications [1-3]. Finally, the brownish-yellow 
CQDs suspension was collected and freeze-dried to obtain the CQDs powder with a yield of ca.64.5 wt% for further 
experiments. 

* Corresponding author.
E-mail addresses: wangchuanyi@sust.edu.cn (C. Wang).
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Calculation of QY: The QY of CQDs was calculated using quinine sulfate (dispersed in 0.1 M H2SO4, QY = 54%) as a 
reference. The relative QY was calculated applying the following equation [4]: 

QY#$%& = QY()*(
,#$%&
-#$%&

)(
-/01
,/01

)(
2#$%&
2/01

)3 = QY()*(
4#$%&
4()*

)(
2#$%&
2()*

)3 

where “I” represents the integrated emission intensity, “η” is the refractive index of the solvent, “k” denotes the slope of the 
integrated emission intensity-absorbance linear-regression curve under different concentrations, and “A” refers to the 
absorbance at the optimum excitation wavelength of 360 nm (usually kept below 0.1 to reduce the re-absorption effects). For 
all these CQDs solutions, ηCQDs/ηref was approximately equal to 1. 
 

Cellular toxicity test: The cytotoxicity of CQDs was measured by A549 cells using the MTT experiment [5]. A549 cells 
were incubated in a 96-well plate with a density of 8×103 cells per well. Afterward, the cells were cultured in a medium 
containing different concentrations of CQDs for 24 h (5% CO2, 37 oC). Subsequently, the medium was removed and the cells 
were washed three times with pphosphate-buffered saline. 100 µL of MTT (0.5 mg/mL) was added into each well and further 
incubated at 37 °C for 4 h. Then, the medium was replaced with 100 µL of dimethyl sulfoxide followed by shaking the solution 
for 10 min. The optical density (OD) of each well was obtained at 570 nm utilizing an enzyme labeling apparatus. The cell 
viability was calculated applying the formula written below: 

Cell	Viability(%) =
ODB/0CB0D
ODEFGB/FH

× 100% 

The ODtreated and ODcontrol in the formula are the optical density of the well in the presence of CQDs and blank, respectively. All 
experiments were repeated thrice. 
 

Cellular imaging: The potential of CQDs in biolabeling was evaluated by the cellular imaging of A549 cells. The latter 
were seeded in Dulbecco’s modified eagle medium with 10% (pH 7.0) phosphate-buffered saline (5% CO2, 37 oC) for 24 h and 
additional 24 h after addition of 400 µg/mL CQDs. To remove the CQDs, the cells were washed with phosphate-buffered saline 
thrice and, then, fixed using 4% formaldehyde. Images were obtained employing a confocal laser scanning microscope (Leica 
TCS SP8) under the excitation of 364 nm. 

 
Zebrafish imaging: The wild-type Tubingen zebrafish strains, maintained according to the standard experimental 

protocols set by the laboratory of tissue engineering and stem cell experiment center of Guizhou Medical University, were 
selected as the experimental fish. They were also maintained according to the guidelines of the experimental animal welfare 
specified by the Ministry of Science and Technology of the People’s Re-public of China (2006). 2 mL of E3 embryo media 
containing different concentrations of CQDs (0, 100, 200, 300, 400, 500 µg/mL) were placed in a 12-well plate and 20 
zebrafish larvae were cultivated at each concentration for 3 days at 28 oC. The viability of zebrafish larvae was observed and 
recorded at 72 hpf time points to evaluate the toxicity of CQDs. The fluorescent images were taken under an excitation light 
wavelength of 340 nm with Nikon eclipse 80i microscope. Then, they were recorded by NIS Elements D5 20.00 image 
analysis software. 
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Fig. S1. Normalized photoluminescence (PL) spectra at various excitation wavelengths (310-400 nm). 

 
 
Fig. S2. Relationship between the absorbance and the integrated photoluminescence (PL) intensity of quinine sulfate and 
carbon quantum dots (CQDs) 

 

 
 
Fig. S3. The up-converted PL spectra of carbon quantum dots (CQDs). 
 
 
 

 
 
Fig. S4. PL spectra of carbon quantum dots (CQDs) (λex = 360 nm) with different concentrations (0.4-1.6 mg/mL). 
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Fig. S5. Effect of pH (a, d), UV irradiation time (b, e) and ionic strength (c, f) on the photoluminescence (PL) intensity of 
carbon quantum dots (CQDs) measured at 360 nm excitation. 

 

 
 

Fig. S6. Viability of zebrafish larvae exposed to different concentrations of carbon quantum dots (CQDs) for 3 days at 28 °C. 
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 Table S1 Comparison of properties and biological imaging with other reported carbon quantum dots (CQDs). 
Precursor   Synthetic method   Solvent Purification method Size 

(nm) 

Wavelength  

(nm)  

QYs (%)  Fluorescence  

lifetime (ns) 

Biological imaging 

in vitro/in vivo 

Concentration 

(µg/mL) 

in vitro/in vivo 

Viability (%) 

in vitro/in vivo 

Refs. 

Bio-waste lignin Carbonization at 300 oC            

and ball-milling   

NA 

 

Membrane filtration 6.0 280/350   8.1    5.20 Cells imaging/NA 100/NA 96.8/NA [6] 

Mango peel    H2SO4 oxidation   H2SO4 High-speed centrifugal                                       

and membrane filtration 

3.0   310/425 8.5   3.24 Cells imaging/NA   500/NA   90/NA   [7] 

Manilkara zapota 

fruits 
H2SO4 Hydrothermal        

oxidation method 

H2SO4 Alkaline neutral and dialysis 1.9    350/443   5.7    4.30 Bacteria imaging/NA 300/NA 90/NA [8] 

Groundnuts  One-step hydrothermal   Water Centrifugal and filtration 2.5   360/443      7.8 2.76 Cells imaging/NA 1000/NA 83/NA [9] 

Sugarcane molasses   Hydrothermal Ethanol Filtration and centrifugal 2.4   328/390    NA   NA NA/zebrafish imaging   NA/ 200 NA/80 [10] 

Caulis polygoni 

multiflora 

Hydrothermal pyrolysis Water High-speed centrifugal and 

dialysis 

2.3     380/461 42    3.32 Zebrafish and cells 

imaging   

400/500 80/90   [11] 

Cyanobacteria   Hydrothermal pyrolysis      Water Filtration and dialysis 2.48 360/439   9.24    3.18 Cells imaging/NA   500/NA    80/NA   [12] 

White rice waste Carbonization at 250 oC                        

and HNO3 oxidation   

Acetone and 

HNO3 

Filtration and dialysis 5.0 340/432   5.46   7.29 Cells/albino mice 

imaging   

100/100   90/90   [13] 

Cydonia oblonga   Microwave synthesis   Water High-speed centrifugal 4.85   350/450 8.55 NA Cells imaging/NA 500/NA 80.5/NA   [14] 

Shiitake mushroom Hydrothermal    Water Filtration and dialysis 4.2   330/410 5.5    NA Cells imaging/NA 400/NA   60/NA [15] 

Citric acid Hydrothermal    Ethylenediamin

e /boric acid 

Dialysis 4.0 340/450 10.7 6.01 Cells imaging/NA 400/NA 95/NA [16] 

Citric acid Hydrothermal   Urea and 

sodium fluoride 

Dialysis 5.0 340/450 15.1 NA Cells imaging/NA 8/NA 80/NA [17] 

Reactive Red 2 Hydrothermal   Water High-speed centrifugal                                       

and membrane filtration 

2.43 360/428 15.7 NA Zebrafish and cells 

imaging 

400/400 90/90 [18] 

Fresh mint leaves Hydrothermal   Water High-speed centrifugal 6.5 360/441 7.64 5.19 Cells imaging/NA 200/NA 90/NA [19] 

Glucose and 

phenylenediamine  

microwave-assisted 

hydrothermal 

Ethylene glycol Dialysis 22.3

3 

370/500 11.2 NA Cells imaging/NA 100/NA 80/NA [20] 
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Peach leaves waste One-step hydrothermal   Water Nano-membrane filtration 1.9    360/440    7.7   5.96 Zebrafish and  

cells imaging 

500/500    90/90    This 

work 

NA: not available 
 
 
 
 



7 
 

Table S2 Comparison of the properties of the biomass waste derived carbon quantum dots (CQDs), semiconductor 
quantum dots (SCQDs) and organic dyes. 

Properties CQDs SCQDs Organic dyes 

Size < 10 nm and tunable < 20 nm and tunable < 0.5 nm protein or small molecule,  

 

Synthesis 

use of natural and green precursors  

low costs, one-step production,  

consume less energy  

precursors are toxic and expensive 

 high costs, complicated synthesis, 

necessitate the use of special 

equipment and require higher energy 

consumption 

organic small molecules are used  

high costs, tedious synthesis process,  

often with chemicals 

 

Optical 

properties 

easy to operate tunable quantum yields 

high resistance to photo-bleaching, narrow 

emission spectra, wide absorption spectra 

extend to the Vis  

and near-infrared region 

high detection sensitivity 

high quantum yields 

high resistance to photo-bleaching,  

narrow emission spectra,  

broad absorption spectra, 

high detection sensitivity 

low quantum yields 

low resistance to photo-bleaching 

broad emission spectra with red-shirt 

tail, narrow absorption spectra 

low detection sensitivity 

 

Bio-imaging 

properties 

emission-dependent tissue penetration 

good hydrophilicity 

low toxicity 

non-metallic precursors 

medium size-dependent tissue 

penetration 

poor aqueous solubility,  

potential toxicity in-vivo 

potential for heavy metal leaching 

high tissue penetration 

high aqueous solubility,  

chemistry dependent,  

typically rapid metabolism 

Key 

challenges 

difficult to near-infrared emission based 

 on biomass-derived CQDs 

poor water solubility and stability,  

difficult to alter biodistribution 

Prone to photo-bleaching, difficult to 

achieve in-vivo multiplex imaging 
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