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ABSTRACT
Since carbon quantum dots have high photoluminescent efficiency, it has been a desired material
in sensor and bioimaging applications. In recent years, the green chemistry approach has been
preferred and the production of quantum dots has been reported in many studies using different
precursors from natural, abundant, or waste sources. Hydrothermal, chemical oxidation, microwave
supported, ultrasonic, solvothermal, pyrolysis, laser etching, solid-state, plasma, and electrochem-
ical methods have been reported in the literature. In this review article, green chemistry strategies
for carbon quantum dot synthesis is summarized and compared with conventional methods using
methodologic and statistical data. Furthermore, a detailed discussion on sensor and bioimaging
applications of carbon quantum dots produced with green synthesis approaches are presented
with a special focus on the last decade.
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Introduction

Nanocrystals of carbon materials with dimensions smaller
than 10 nm are known as carbon quantum dots (CQDs).[1]

The optical properties of CQDs can be fine-tuned by pro-
ducing them with different sizes and morphologies or by
surface modifications, and are therefore preferred in many
applications.[2] CQDs typically have an absorption character-
istic that extends from the ultraviolet region to the visible
range. The triplet state-excited aromatic carbonyls on the
surface of CQDs can cause photoluminescence (PL), more-
over, the emission wavelength and intensity can be changed
by excitation, modification, or electron/energy transfer.[3,4]

Another desired optical feature of CQDs in fluorescent
applications is its ability to perform up-conversion

photoluminescence (UCPL) and stimulation of CQDs in the
near-infrared (NIR) region can result in an emitted light at
540 nm.[5] Besides, CQDs provide chemiluminescence (CL)
and electro-chemiluminescence (ECL).[6] CL and ECL prop-
erties can be adjusted by changing the surface properties of
CQDs.[7,8] Besides, CQDs can show the behavior of photoin-
duced electron transfer and charge separation.[9] A recently
published review article on the unique optical properties of
CQDs can be found in the literature.[10]

CQDs have been synthesized by different techniques after
they were discovered accidentally in 2014.[11] These techni-
ques include laser ablation,[12] arc discharge,[13] electro-
chemical methods,[14] chemical oxidation,[1] hydrothermal/
solvothermal treatment,[15,16] microwave irradiation,[17]
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ultrasonic treatment,[18] and thermal decomposition techni-
ques.[19] The advantages of CQDs such as the ability to dis-
perse well in the aqueous environment, biocompatibility,
chemical stability, and structure suitable for modification
allowed CQDs to be used in different areas. Therefore,
CQDs are employed in biological imaging,[20] sensors,[21]

biomedical applications,[22] and material science.[23] CQDs
can be produced using different precursor materials such as
citric acid,[24–26] ascorbic acid,[27] ammonium citrate,[28]

ethylene glycol,[29] benzene,[30] phenylenediamine,[31] phytic
acid,[32] ethylenediaminetetraacetic acid (EDTA),[33,34] and
thiourea.[35] In Table 1, conventional CQDs production
methods, and maximum emission wavelength, quantum
yield (QY, %) and reported CQDs dimensions of CQDs pro-
duced by these methods were compared.

In the literature, 2,330 research articles and 149 review
articles were found in the Scopus database, which was car-
ried out in June 2020, with the keyword “carbon quantum
dots”, including the title, summary, and subject contents.
Figure 1 shows the number of articles published in the last
decade by years. There is an exponential increase in the
number of research articles with both carbon quantum dots
and green synthesis content. In this review article, sensor
and bioimaging applications of CQDs produced by green
chemistry methods are classified and analyzed according to
the synthesis methods of CQDs and summarized in Tables
2–5. In this review, the following criterion has been applied
to all tabulated literature data:

� If more than one different CQDs was synthesized, the
data of the CQDs providing the highest QY are given.

� If the material of different sizes is produced, the average
reported size is taken.

� The wavelength of the maximum emission peak was
reported. Emission color represented here are calculated
RGB value of the corresponding wavelength with ±20 nm
accuracy, and just for demonstration purposes.

Green chemistry strategies for carbon quantum
dot synthesis

Due to the increasing demand for more sustainable proc-
esses in the chemical industry, the “Green Chemistry” field
was introduced by the Environmental Protection Agency
reporting a set of principles more than two decades ago. It
was aimed to reduce or prevent the use of toxic and hazard-
ous substances and to minimize or prevent waste.[59] Green
chemistry provides opportunities for sustainable production
as it has advantages such as minimizing environmental
impact, reducing environmental burden, and improving pro-
cess economy as a process that supports efforts to increase
efficiency, reduce waste and improve quality.[60]

Green synthesis of nanoparticles used in comprehensive
applications such as catalysis, sensor, electronics, photonics,
and medicine has been a remarkable subject especially in
recent years.[59] Particularly in the last decade, there has
been a great deal of interest in the synthesis of CQDs and
their application in various fields, due to their superior
properties such as high photobleaching resistance, good bio-
compatibility, easy synthesis and functioning, and lumines-
cence emission that can be changed with excitation
wavelength along with the CQDs size.[61] Synthetic methods
used to produce CQDs are categorized into two classes:
“bottom-up” and “top-down.” These production methods
use chemical, electrochemical or physical processes.[62] Top-
down approaches include the processes of breaking up large

Table 1. Features of CQDs produced using various conventional methods.

Method Precursor CQDs size (nm) Emission (nm) QY% References

Electrochemical Alcohols 3.2 495 15.9 [36]

Electrochemical Carbon nanotube 2.8 410 6.4 [17]

Electrochemical Graphite 4 437 11.2 [37]

Electrochemical Sodium citrate, urea 2.3 433 11.9 [38]

Hydrothermal Ascorbic acid 2 430 6.8 [27]

Hydrothermal Citric acid, ethylene diamine 4 443 80 [24]

Hydrothermal Dopamine 3.8 400 6.4 [16]

Hydrothermal Polyethyleneimine 3.5 460 53.4 [39]

Hydrothermal Sodium citrate 1.6 435 68.2 [40]

Hydrothermal Streptomycin 2.9 410 7.6 [41]

Laser ablation Graphite 1.7 410 6.2 [42]

Laser ablation Toluene 4.2 475 18 [43]

Microwave Citric acid 2.6 420 20.6 [44]

Microwave Citric acid 3.5 480 19.9 [45]

Microwave Citric acid, urea 4 450 15 [46]

Microwave Citric acid, urea 4 518 36 [47]

Oxidation Carbohydrates 5 512 13 [48]

Oxidation Carbon soot 4 520 3 [49]

Pyrolysis Citric acid 7 420 16.3 [50]

Pyrolysis Glucose 2.3 545 7.5 [51]

Pyrolysis Sodium alginate 10 450 2 [52]

Thermal Citric acid 4.2 456 88.6 [53]

Thermal Citric acid 6 464 2.3 [54]

Thermal Citric acid, N-(b-Aminoethyl)- c-aminopropyl
methyl dimethoxy silane

0.9 455 47 [55]

Thermal Hydroquinone 7 368 16 [56]

Ultrasonic Ascorbic acid, ammonia 3.4 446 10.9 [57]

Ultrasonic Glucose 5 540 7 [58]

Ultrasonic Polyamide 3 510 28.3 [18]

2 M. O. CAGLAYAN ET AL.
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carbon structures to smaller dimensions using methods such
as arc discharge, laser ablation, and electrochemical. On the
other hand, bottom-up approaches are based on the forma-
tion of CQDs from molecular precursors with supporting
synthetic techniques such as thermal routes, pyrolytic pro-
cess, hydrothermal and aqueous techniques, reverse micelle
technique, microwave-assisted strategy, and substance oxida-
tion.[61,62] These methods are summarized in Figure 2, and
the relative proportions of the studies discussed in this
review article are also represented here.

The bottom-up approach has advantages in terms of
sustainability and compliance with green chemistry princi-
ples. Among these methods, chemical or thermal oxidation
of molecular precursors is an important way to synthesize
CQDs in large quantities.[61] The hydrothermal method is
mostly used because it is simple, repeatable, and cost-
effective and can be applied to most carbon sources.[63]

The luminescence efficiency of CQDs can be increased
during synthesis and the use of natural resources in the
synthesis of CQDs results in adjustable emission and high
PL efficiency due to self-passivation and heteroatom doping
(such as N, S, and P).[64] Furthermore, the addition of
other elements is relatively easy and inexpensive when
using natural resources. Also, the QY values of different
precursors can result in a wide range of PL yields depend-
ing on the process (from 2% to 70%).[65] In this section,
we focused on CQDs production methods with different
green-chemistry approaches and presented them by classify-
ing them.

Carbonization and pyrolysis methods

Carbonization and pyrolysis methods have been used for
carbon production from waste biomass for many years. The
fact that these methods are cheap and provide large amounts
of carbon for industrial production has attracted great inter-
est. Besides, other methods are complex (multi-step), require
additional post-synthesis processes, and need expensive
equipment, making carbonization and pyrolysis methods
preferred.[70–72]

Using the simplicity of carbonization and using different
precursors, heteroatom-doped CQDs were obtained. Jiang
et al. reported a simple and green method to prepare nitro-
gen-doped CQDs (N-CQDs) using alkali lignin carbon sour-
ces and deep eutectic solvent as solution and nitrogen
source.[73] Another N-CQDs with approximately the same
PL efficiency was obtained using waste carbon paper as a
carbon source.[74] The water hyacinth derivative phos-
phorus-doped CQDs (P-CQDs) obtained using phosphoric
acid as an activator, emitted at 370 nm (17% QY) and were
�5 nm in size.[75] CQD with approximately the same PL
yield was obtained by pyrolysis of mango leaves and showed
excellent fluorescent properties with blue emission spectra
(around 525 nm) upon excitation at 435 nm.[76] A carboniza-
tion method using the litchi peel as a carbon source has also
been reported.[77] CQDs obtained using the watermelon
rind contained 1.13% N and 26.6% O by mass and provided
7% QY.[70] Some green-synthesized CQDs produced by car-
bonization methods had approximately similar dimensions
(�2 nm), quantum efficiencies (�10%), and maximum

Table 3. Green CQDs produced using the microwave-assisted method and their use in sensor and bioimaging applications.

Precursor kem max. Size (nm) QY (%) Analyte LOD Range Cell line Reference

Aspartic acid and urea 450 2.8 17 Myricetin 18.4 nM 1–80 mM [87]

Citric acid, urea, sodium fluoride 600 10 1.2 C6 glioma cells [102]

Cotton linter waste 420 10.1 NA H2452 and HUVEC [101]

Eggshell membrane 450 5 14 Glutathione 0.48lM 0.5–80lM [88]

Flour 442 1-4 5.4 Hg2þ 0.5 nM 0.5–10 nM [96]

Gallic acid 455 3 25 HeLa [90]

Garlic 440 5 5 Macrophages [97]

Glucose NA �10 nm NA Ascorbic acid 10 lM 0.01–3mM [100]

Onion peel 450 3 NA MG63/HFFs cells [98]

Quince fruit 450 4.9 8.6 As3þ 0.02lg/mL 0.1–2lg/mL HT-29 [99]

Silk fibroin 420 6.1 15 KB cells
Female nude Balb/c mice

[89]

Xylan and BPEI 463 8.6 8 Tannic acid 36.8 nM 0.1–5 lM [103]

Agricultural Animal Biomass Fruit Insect Juice Plant Conventional Waste

4 M. O. CAGLAYAN ET AL.
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emission wavelength (�450 nm). Lychee seed and peanut
shells were used as precursors in the synthesis of these
CQDs.[71,72] Compared to these CQDs, slightly larger par-
ticles (�50 nm) were synthesized as CQDs using a lentil
grain flour precursor.[78] The highest QY value of 76%
obtained using the carbonization method was from vitamin
B1 precursor.[79] Processing food-waste with carbonization
methods to obtain CQDs also reported recently to provide a
high efficiency of 41% at 432 nm maximum emission.[80]

Stabilizing these CQDs using the nitric acid treatment and
glutathione contributed to this high QY. In another study
where ayurvedic leaves (Azadirachta indica, Ocimum tenui-
florum, and Tridax procumbens) were used as precursors,
the produced CQDs had a maximum emission
at 518 nm.[81]

The highest QY (22.3%) N, P-CQDs obtained by pyroly-
sis were produced by co-pyrolysis of cytidine diphosphate
choline (CDPC) and ethylenediamine showing strong emis-
sion at 450 nm as illustrated in Figure 3.[82] Another green-
CQDs with 22% QY was produced by pyrolysis using
Konjac flour precursor and had a maximum emission at
434 nm.[83] It has been proven that using the pyrolysis
method together with suitable precursors, green-CQDs with
high luminescence efficiency can be produced. CQDs that
provide lower QY were also produced with the pyrolysis
method. Kumari synthesized CQDs using waste polyolefin
as a carbon source and pyrolysis in the initial phase and
then ultrasonic-assisted process. The PL efficiency of the
2.5 nm dots emitting at 540 nm was �5%.[84] Besides, there
is also CQDs synthesis using pyrolysis and chia seeds&finger
millet ragi (Eleusine coracana) as a carbon source.[85,86]

Microwave-assisted methods

Microwave-assisted methods are generally desired in the
production of green-CQDs because they can be applied eas-
ily and quickly with repeatable temperature adjustments.
With this method, various green-CQDs with PL efficiency
�15% are produced using different carbon sources. N-CQDs

were synthesized from aspartic acid and urea precursor
using the microwave-assisted method and had a strong
emission at 450 nm and an average size of 2.8 nm.[87] In the
study conducted by Wang et al., the first study in micro-
wave-assisted green-CQDs production, CQDs with 14% QY
at 450 nm were produced from eggshell membrane precur-
sor.[88] CQDs with approximately the same PL performance
was produced using silk fibroin as the carbon source.[89]

Within this method, the highest PL efficiency was reported
by Lu using gallic acid as a carbon source (QY 25%@
455 nm kem).

[90]

Various precursors such as, eutrophic algae flowers,[91]

rose petals,[92] crab shell with chitin content and Gd3þ,
Eu3þ and Mn2þ additive,[93] winged animal feather contain-
ing 16.3% N, 1.90% S and 33.3% O by mass,[94] silkworm
chrysalis containing 5.72% N by mass (QY 46%),[95] flour
(QY 11%),[96] garlic (QY 5%),[97] onion peel,[98] quince fruit
(QY 8.6%),[99] glucose[100] and cotton linter waste contain-
ing �5% N and S by mass,[101] were used in the microwave
supported green-CQDs synthesis. The quantum yields of
CQDs produced with these precursors are generally higher
than the CQDs with N and F additives (QY 1.2%) synthe-
sized using the conventional precursor citric acid, urea, and
sodium fluoride.[102]

Recently, Yang et al. synthesized polyamine-functional-
ized CQDs from xylan and branched polyethyleneimine
from renewable sources using a microwave-assisted method.
These �9 nm CQDs with an emission maximum at 463 nm
had 8% efficiency and showed excitation-independent emis-
sion behavior.[103] CQDs were also produced using gallic
acid precursor provided 25% QY at 455 nm emission peak
and was shown to be utilized as a bioimaging material and
retain the antitumor activity gallic acid.[90]

Oxidation, thermal, and ultrasonic methods

Oxidation, thermal and ultrasonic methods are among the
methods that are easy to apply and suitable for the produc-
tion of fluorescent particles with very high PL efficiency.[62]

Many different precursors have been reported in green-
CQDs synthesis by the oxidation method. In the earlier
reports, CQDs production from plant soot, Trapa bispinosa
peel, and waste frying oil precursors with QY between 1 and
4% and a particle size between 1 and 7 nm were
reported.[104–106] In addition to these precursors, cow
manure[107] with a very high QY (65%) and hair fiber[108]

precursors (QY 11% and kem 383 nm) were successfully used
in the production of CQDs with oxidation.

Soni et al. used palm shell powder and triflic acid to pro-
duce N and S co-doped CQDs. Their CQDs (�7 nm) had a
graphitic-like structure with narrow size distribution and
exhibited a bright green fluorescence (@410 nm).[109] Luffa
sponge derivative CQDs had emissions at 473 nm with 2.1%
QY.[110] Also, oxidative methods have been reported in
which coconut shells and bread are used as precursors and
CQDs with �4% QY are produced.[111,112] In two methods
(QY < 4%) using oxidation and conventional precursors,

Figure 1. Number of related articles obtained by Scopus database search dated
June 2020.
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13 nm and 15 nm size CQDs with an emission maximum at
520 and 440 nm were obtained.[49,113]

Different precursors have been used in obtaining green-
CQDs with thermal methods. Hair, as in the oxidative
method, was used as a precursor in this method, and a very
high 11% to 17% QY was obtained.[114,115] Since creatine
contains high levels of C, N, and O, the CQDs produced is
N doped. Another material, coffee grounds, was used as a
precursor and CQDs with 3.8% QY (kem@440 nm) were
produced.[65] In one of the first thermal method CQDs stud-
ies, banana juice derived CQDs provided 9% QY.[116] The
average 2 nm size CQDs produced in a study using fuller-
enes as a conventional precursor had 4.8% QY, and these
CQDs had nearly similar performance to green-synthe-
sized CQDs.[117]

Compared to other CQDs produced by the thermal
method, CQDs with low QY was reported in two separate
studies using soybean grounds, and lactose and NaOH as
precursors.[118,119] Liu et al. synthesized a highly photolumi-
nescent (40% QY@570 nm) CQDs with a mean diameter of
1.76 nm for the first time using lac dye as a precursor by
one-pot ethanol thermal method.[120] An interesting precur-
sor used in the thermal method is urine with a high nitro-
gen content.[121]

The use of waste kitchen chimney oil (7.5% QY@472 nm)
and dopamine (3.6% QY@434 nm) precursors have been
reported in green-CQDs production by ultrasonic meth-
ods.[122,123] CQDs produced with dopamine have also been
reported to exhibit possess superior water dispersibility and
stability, bright and stable fluorescence against variations of
pH and ionic strength, low cytotoxicity, and high
photostability.[123]

The laser ablation method, which is rarely encountered,
was used in CQDs production using Platanus biomass pre-
cursor and with an average size of 8 nm CQDs, an emission
maximum of 447 nm, 32% QY was obtained.[124] Another
rare method is plasma treatment, and in a previous study,
Wang et al. produced CQDs with 8% QY using chicken egg
precursor.[125] It has been reported that another advantage

of direct solid-state synthesis is CQDs product yield, and the
product can be obtained with a yield of up to 95%.[114]

Hydrothermal methods

Hydrothermal methods are frequently preferred in the pro-
duction of green-CQDs. The proper control of the condi-
tions and product uniformity are some of the main reasons
for choosing this method. Natural resources such as plant
leaves, juices, fruit peels are precursors that are successfully
used in the hydrothermal synthesis of green-CQDs.

CQDs with high QYs were obtained using various leaf-
based green-precursors such as Aegle marmelos (22%),[126]

Azadirachta indica (27%),[127] cinnamon (36%), red chili
(27%), turmeric (38%) and black pepper (44%),[128] Pinellia
ternata (21%),[129] and Tamarindus indica (47%).[130] Figure
4 shows the synthesis of CQD using a leaf-based green-pre-
cursor, Tamarindus indica. Moreover, CQDs with somewhat
low PL efficiencies were obtained using the leaves of con-
ventional Chinese medicine (12%),[131] Maojian green tea
(13%),[132] waste green tea (12%),[133] and purple perilla
(9%)[134] as a precursor. Studies utilizing crown daisy, grass,
jujube, Ocimum tenuiflorum, orange peel, ginkgo biloba,
paulownia and magnolia flower, pipe tobacco, Prosopis juli-
flora, scallion, scindapsus, and willow leaves have also been
reported.[135–144]

CQDs synthesis methods have also been reported in
which plants, fruits and plant roots are used as precrusors.
Jinhua bergamot (51%),[145] pear, avocado and kiwi (20, 35,
and 23%),[146] citrus lemon (31%),[147] fungus fibers
(28%),[148] foxtail millet (21%),[149] papaya (19%),[150] and
garlic (18%)[151] were used as precrusor for high PL effi-
ciency CQDs. Green- CQDs have somewhat lower PL than
these, but >10% QY were produced using precrusors such
as, cabbage (17%),[152] jackfruit (15%),[153] sweet corn
(15%),[154] walnut oil (15%),[155] Coccinia indica (14%),[156]

Phyllanthus acidus (13%),[157] prickly pear cactus (13%),[158]

ginger (13%),[159] bagasse (12%),[160] and sandalwood
(12%).[161] In this group, CQDs were also hydrothermally
synthesized using potato, beetroot extract, broccoli, cherry

Figure 2. Various methods for the CQDs synthesis (Inspired by Singh et al.[62]). �The presence of CQDs in natural resources has been demonstrated in several stud-
ies. Instant coffee powder (NescafeVR , QY 5.5%),[66] commercial beer (QY 7.4%),[67] honey[68] and tea[69] are known examples.
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tomatoes, corncob, cornstalk, Enteromorpha prolifera, soy
milk, willow bark, and sweet potato precursor.[162–172]

Fruit juices are also a good candidate used in the hydro-
thermal method to produce CQDs with high PL efficiency.
Lemon juice (79%, 28%, and 17%),[173–175] banana juice
(32%),[176] orange juice (26%),[177] bitter orange juice
(20%),[178] and grape juice (14%)[179] precursors were used
in the hydrothermal synthesis of green-CQDs. In addition to
those specified, CQDs with QY �11% were also produced
by hydrothermal method using precursors such as apple
juice,[180,181] Eleocharis dulcis juice,[182] carica papaya
juice,[183] watermelon juice,[184] strawberry juice,[185] and
sugar cane juice.[162]

Food wastes are another hydrothermal green-CQDs pre-
cursor. CQDs with rather high PL efficiency was obtained
using the hydrothermal treatment of orange peel waste
(36%),[186] onion waste (28%),[187] oil palm waste (25%),[188]

and rice residue and glycine (24%)[189] precursors, in the lit-
erature. Also, relatively low PL efficiency CQDs were
obtained from pomelo peels, orange pericarp, orange waste
peel, grape peel, grapefruit peel, and lemon peel precur-
sors.[190–195] Another commonly used type of abundant pre-
cursor is an animal and insect-borne carbon precursors. In
this context, CQDs with high PL efficiency were synthesized
using dried shrimp (54%),[196] cocoon silk (38%),[197] hair
(25%),[198] pigskin (24%),[199] honey (20%),[200] spider silk
(18%),[201] Bombyx mori silk (14%),[202] bee pollen

(13%),[203] and milk (12%).[204] CQDs with relatively lower
QY values were produced with the hydrothermal treatment
of pig liver, milk, Cyanobacteria biomass, eggshell mem-
brane, and chicken blood precursors.[205–209]

CQDs that show successful results using biological origin
precursors such as tartaric acid and bran (46%),[210] man-
delic acid (41%),[211] biomass tar (26%),[212] cellulose/ionic
liquid (15%),[213] and collagen (15%)[214] were also produced
by hydrothermal route. Besides, fructose and L-cysteine, an
interesting abundant resource cigarette filter, and chitosan-
based CQDs synthesis have also been reported.[215–218]

When comparing CQDs produced by the hydrothermal
method in general, it is seen that the reported QY for CQDs
produced with conventional precursors is quite high. For
example, 2.8 nm CQDs with a maximum emission of 410 nm
obtained with citric acid precursor with 52% QY.[219] CQDs
synthesized with other conventional precursors also shown
good PL performance such as citric acid only: 50% and 29%
QY,[220,221] citric acid and urea precursor (N-CQDs): 36%
QY,[222] citric acid and ammonia precursor (N-CQDs): 35%
QY,[223] and citric acid and boric acid precursor (B-CQDs)
31% QY.[224] Also, conventional precursors such as graphene
oxide and ammonia,[225] hydroquinone and BBr3,

[56] polycyc-
lic aromatic hydrocarbon,[226] and tetrahydrofuran[227] were
used in the production of stable CQDs with QY >10%.

In Figure 5, the maximum emission wavelength, particle
sizes, and QY values of the CQDs produced with

Figure 3. Schematic illustration of the one-step synthesis of bio-inspired CQDs for sensitive and selective detection of vitamin B12 and Co2þ. Cellular imaging in liv-
ing cells was also demonstrated. Reproduced from Ref.[82]
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conventional methods and green-synthesis are compared
(N> 40 for conventional methods and N� 140 for green-
chemistry). Considering the maximum emission wavelength,
it is seen that the CQDs produced by conventional methods
have a distribution at 400–460 nm emission maximum. In
CQDs produced with green-chemistry, distribution at
450 nm is noticeable for maximum emission. Also, it can be
said that CQDs produced with green-chemistry emit at
higher wavelengths (red-shift) compared to those produced
by conventional methods and are therefore more “greener”.

It is seen that the average maximum emission values (both
mean and median) are around 450 nm for both groups. It is

interesting to note that the CQDs size distribution is similar
in both methods. Both mean and median values were
approximately the same in both classical and green-chemistry
methods, and an average CQDs size of around 4.5 nm was
generally achieved. However, considering the QY values of
CQDs, it should be noted that while there is a 10% difference
in maximum QY, mean and median values are also close to
each other. While the distribution of QY 0–20% values is
observed with conventional methods, a dense distribution
between 0 and 15% is observed with green-chemistry meth-
ods. However, it can be concluded that the CQDs produced
using both approaches are not so different, after all.

Figure 4. Schematic representation of the synthesis of CQD using a leaf-based green-precursor, Tamarindus indica (QY of 47%). A simple and one-step hydrother-
mal treatment of the leaves was applied and demonstrated in a turn-off and turn-on sensing system. Reproduced from Ref.[130] with permission from The Royal
Society of Chemistry.

Figure 5. Comparison of the maximum emission wavelength, CQDs size, and CQDs QYs of CQDs produced using various green chemistry and conventional meth-
ods. Statistical data are given on the chart.
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Green CQDs in sensor applications

CQDs are excellent candidates in colorimetric sensor appli-
cations as an alternative to conventional fluorescent dyes.
The high photoluminescence efficiency of CQDs has been
used by many researchers in sensor applications using
model analytes. A comparative list of CQDs produced with
green chemistry and used in sensor applications is given in
Table 2–5. Also, sensor applications of some CQDs pro-
duced with different strategies but produced with conven-
tional methods without using green chemistry are given for
comparison purposes. The reason why CQDs are preferred
in fluorescent-based specific sensor applications is unique
advantages such as high photostability and high colloidal
solubility in aqueous media, high surface area/volume ratio,
surface functionality that can be changed by easy modifica-
tion methods, the possibility of using multimodal applica-
tions, and narrower spectral bands compared to other
carbon-based nanomaterials.[228]

In one of the sensor applications of CQDs synthesized
using a green chemistry approach, metal ions are generally
determined from different aqueous environments. When
metal ions interact with CQDs with high selectivity, they
cause new electron-hole recombination through energy trans-
fer. In this case, the fluorescent intensity of the CQDs varies,
resulting in a measurable signal.[136] In some cation detection
strategies, the analyte, which interacts with carboxyl or amine
groups on the surface of CQDs, causes the creation of a new
non-radiating electron-hole pair and quenching of CQDs
fluorescence.[96,190] Similar mechanisms are also valid for the
detection of other multivalent cations using the fluorescence
method with CQDs.[195,229] Generally, during sensor applica-
tions of green-synthesized CQDs, changes in fluorescence
properties occur through different mechanisms such as reson-
ance energy transfer, internal filter effect, photo-induced elec-
tron, and charge transfer.[199] The sensitivity of some green
synthesized CQDs to pH has also been reported, and this
sensitivity is associated with the protonation of the carboxyl
group on the CQDs surface.[92,106]

Doped CQDs (N-CQDs, sulfur-doped: S-CQDs boron-
doped: B-CQDs, etc.) gave even more successful results in
the determination of multivalent cations. In addition to the
self-passivization of materials used in green chemistry, add-
itional N-CQDs,[136,185,199,230–232] S-CQDs,[106] and branched
polyethyleneimine (BPEI) capped CQDs[233] were reported.

For multivalent cation detection, CQDs produced from
various precrusors including tea,[69] urine,[121] hair,[114] ber-
gamot,[145] Ocimum sanctum,[234] honey,[200] wool,[235] cori-
ander leaf,[236] papaya,[150] rose heart radish,[237] Prunus
avium,[238] banana,[239] onion waste,[187] bamboo leaves,[233]

pig skin,[199] peach gum,[232] and lemon peel[195] has been
reported in the literature. In addition, CQDs for the detec-
tion of some toxic anions have been produced using precru-
sors including sweet pepper,[240] fish scales,[241] carrot,[242]

and banana.[239] Moreover, CQDs-based intra/inter-cellular
biosensors have been used to visually monitor the glu-
cose,[243] cellular copper,[244] phosphate,[245] iron,[24] potas-
sium,[246] pH,[247] and nucleic acid.[248]

Carbonization and pyrolysis methods

Carbonization is another widely used method in CQDs pro-
duction using a green precursor. Green CQDs produced
with this method has been used in sensor applications of
different analytes and some applications encountered in the
literature have been listed in Table 2. Shu et al. recently
used the CQDs they synthesized using the litchi peel as an
ascorbic acid sensor. The CQDs that show peroxidase-like
activity were used to detect absorbance change, first by the
oxidation of tetramethylbenzidine and then by reduction
with ascorbic acid in the presence of peroxide. Their results
showed that ascorbic acid can be detected in commercial
beverages with a low detection limit (LOD) of 0.14 lM and
in the range of 1.0–105 lM.[77] Another group of researchers
reported colorimetric sensors for methylene blue (MB with
50 mM LOD) using litchi seeds.[71]

Immense efforts have been made on the production of
CQDs with carbonization methods as nitrogen-doped. In
one study, N-CQDs were obtained using waste carbon paper
as a CQDs precursor and 3-aminopropyl triethoxysilane as a
nitrogen source, and the resulting CQDs were used as tri-
nitrotoluene (TNT) colorimetric sensor. Researchers
reported that this N-CQDs based sensing probe selectively
shows high sensitivity for TNT in the 4.4 nM–26.4lM
range, and delivers a 7.4 ppb detection limit.[74] In another
study using N-CQDs, the detection of Fe3þ with alkaline lig-
nin-based CQDs was performed sensitively and selectively
for Fe3þ with a LOD of 0.44 lM.[73] Phosphoric acid was
also used in one study as an activating agent and water hya-
cinth as a precursor for P-CQDs, an analysis of soil conta-
minated with pretilachlor (an herbicide) was performed and
2.9 lM LOD was reported.[75]

Pyrolysis is one of the inexpensive, green, and one-pot
synthesis methods used in the production of CQDs from
green precursors. Sensor applications of green-CQDs pro-
duced with pyrolysis encountered in the literature are also
compared in Table 2. Singh et al. have recently reported
CQDs using mango leaves to develop an efficient sensing
platform for metal ions.[76] The synthesized CQDs had the
sensing potential to detect Fe2þ ions in water and real sam-
ple with a limit of detection of 0.62 ppm. In another study,
it was reported that Cu2þ strongly quenched the fluorescent
intensity of CQDs produced by pyrolysis of the finger millet
ragi. In this study, CQDs have been applied in sensing of
Cu2þ in real water samples with LOD of 10 nM and the
range from 0 to 100mM. In a study where Cu2þ is detected
in real water samples, the synthesized CQDs shown excellent
selectivity and sensitivity toward Cu2þ ions with a 6.33 nM
LOD, and linear detection range of 1–8.0 mM using waste
olefin-based green CQDs.[84]

Wang et al. proposed a green, low-cost, and straightfor-
ward method for the synthesis of highly fluorescent biomim-
etic CQDs that have been developed via pyrolysis of CDPC
and ethylenediamine. The CQDs they developed was suc-
cessfully applied to probe vitamin B12 in living cells, which
broaden its potential application in vivo system, over
0.5–300 lM detection range with 81 nM LOD.[50] Sha et al.
reported a highly sensitive and selective electrochemical
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sensor for the detection of hydrazine using CQDs for the
first time that was synthesized by pyrolysis of chia seeds.[85]

In their study, they were able to detect hydrazine in a wide
detection range (125–1125 mM) with a LOD value
of 39.7 mM.

There are also CQDs produced with the pyrolysis method
using conventional precursors and cation determination
studies performed with them. For example, in a study,
highly efficient CQDs (QY�29% at 426 nm maximum emis-
sion) obtained using oxalic acid precursor provided 4.8 and
2.4 nM LOD value in the detection of Fe3þ and Agþ as
shown in Figure 6.[249] In other studies, using the pyrolysis
method, CQDs produced from oriental plant leaves and
konjac flour was used for the Fe3þ detection.[83,250]

Mercuric ion detection was also performed in the range of
0–3 mM with 4.2 nM LOD using EDTA precursors.[34]

Microwave-assisted methods

Microwave-assisted heating and carbonization methods have
been preferred in various studies in terms of ease of use and
fast production. The sensor applications of green-CQDs pro-
duced using the microwave-assisted method are summarized
in Table 3. In a study where CQDs were prepared via green
and straightforward microwave-assisted heating method
using aspartic acid and urea as precursors, Liu et al.
reported a label-free fluorescent sensor for the determination
of myricetin. The developed CQDs sensor was sensitive to
myricetin with a wide linear detection range of 1 to 80mM
and a low LOD of 18.4 nM in red wine samples.[87]

A polyamine-functionalized CQDs from xylan and BPEI
precursors have been synthesized using a microwave-assisted
method by Yang et al.[103] They reported a tannic acid sen-
sor that was used for real lake water and white wine samples
with a dynamic range from 0.1 to 5 lM and reported a LOD
of 36.8 nM. Ascorbic acid was detected successfully in the
dopamine and uric acid interfering molecules environment
using CQDs derived from glucose in a green-CQDs based
electrochemical sensor approach (10 mM LOD).[100]

In an earlier study, microwave-assisted green synthesized
flour derivative CQDs were used for the detection of Hg2þ

in real samples.[96] The glutathione sensor was developed in
one of the first studies of microwave-assisted green-CQDs
synthesis from eggshell membrane precursor by Wang
et al.[88] In a more recent study, Ramezani et al. developed
an As3þ sensor operating in the detection range of 0.1–2 lg/
mL with a LOD of 0.02lg/mL using quince fruit deriva-
tive CQDs.[99]

Oxidation, thermal, and ultrasonic methods

CQDs produced by oxidation, thermal and ultrasonic meth-
ods are generally of high purity and the size control of
CQDs can be easily achieved. These methods used in the
synthesis of green CQDs are discussed comparatively in
Table 4. Oxidation methods generally refer to chemical oxi-
dation and are preferred due to their low cost, high purity
of produced CQDs, high efficiency, and easy size control of

produced CQDs. In the first sensor study of CQDs devel-
oped with the oxidation method, waste frying oil was used
as a precursor and the obtained CQDs were tested as pH
sensors in the range of 3–9 pH.[106] Soni et al. used N and S
co-doped CQDs prepared using palm shell powder and
triflic acid on the sensor they developed for nitrophenol and
its derivatives. This sensor was used for nitrophenol detec-
tion with a LOD of 79 nM in the linear detection range of
0.2–0.40 lM.[109] Recently the fluorescence quenching effect
of Cr6þ ion on CQDs was investigated by Luo et al.[110] In
this study, Cr6þ ion detection in the range of 0 to 0.4 lg/L
was performed using luffa sponge based activated carbon
fiber-based CQDs (�0.1 lg/L LOD). In an electrochemical
Hg sensor study, the detection was performed against vari-
ous excess of interfering ions with a wide linearity range
(0.5–300 nM) and the lowest LOD value (2.5 nM). In this
study, Barvin et al. used the CQDs obtained by chemical
oxidation from the coconut shell.[111]

Thermal methods, on the other hand, are very similar to
hydrothermal methods and it is a process where different
solvents are used instead of water. In one of the first
reported studies, CQDs obtained using human hair were
used to detect Hg2þ.[114] In a study using fullerene as con-
ventional precursors, Fe3þ detection was performed with a
LOD value of 20 nM in the detection range of
0.02–0.6 mM.[117] In a more recent study, CQDs produced
using lactose and NaOH were used for the detection of folic
acid in the range of 80 nM–60 mM with a LOD value of
1.2 nM.[119] Ultrasonic methods have also been used in the
production of different CQDs and sensor applications. In a
study illustrated in Figure 7 in which waste kitchen chimney
oil was used as a precursor, Das et al. reported a Fe3þ sen-
sor with a 0.18 nM LOD value operating in the 0–100lM
detection range. This CQDs based sensor with a very low
LOD value was also tested against the inter-cellular Fe3þ ion
sensing probe.[122] An approach in the ultrasonic synthesis
of CQDs has been achieved using dopamine precursors in
dimethylformamide to obtain N-CQDs. Lu et al. used the
N-CQDs they obtained with this approach to detect Fe2þ

ions in the range of 0–50lM with 38 nM LOD value.[123]

Hydrothermal methods

Hydrothermal methods are the most used method in the
synthesis of green CQDs. We examined the sensor applica-
tions of CQDs produced by hydrothermal synthesis based
on the analytes determined. In general, Fe3þ determination
in intracellular or intercellular medium, and Fe3þ and Hg2þ

determination in aqueous media have been fre-
quently performed.

Green synthesized CQDs used in the detection of Fe3þ

and Cu2þ

The produced green CQDs generally be used in Fe3þ sensor
applications because of the high fluorescence quenching fea-
ture of Fe3þ. CQDs produced in a recent study using orange
peel, Ginkgo biloba leaves, paulownia leaves, and magnolia
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flower as the carbon source was used for the detection of Fe3þ

ions from pond water in the concentration range of
0.2–100lM, with 0.073lM LOD value.[139] In two recent stud-
ies, N-CQDs were prepared from chitosan. In one of the stud-
ies, Fe3þ ion determination from real water samples was
performed with a detection limit of 1.6lM, while in the other
study 0.15lM LOD value was obtained.[217,218] The detection
range was approximately the same in these studies (0–200lM).

Another green CQDs source for the hydrothermal method
is various juices. A green hydrothermal strategy has been
devised to produce water-soluble N/P co-doped CQDs from
edible Eleocharis dulcis juice by Bao et al.[182] Using the CQDs
developed in this study for the determination of Fe3þ, a LOD
value of 0.56mM LOD was reported in the 50 to 350mM detec-
tion range. Using CQDs produced from the watermelon juice
precursor, Fe3þ was determined with a LOD value of 0.16lM
and a detection range of 0–300lM.[184] In the same study, the
cysteine sensor was also developed (0.27 lM LOD). In their
study, Woo et al. obtained the CQDs prepared in the form of
both film and dispersion using the hydrothermal method using
cellulose/ionic liquid solution. The Fe3þ sensor developed using
these CQDs with a very high QY provided a LOD value of
0.40lM in the detection range of 2.5–500lM.[213] Fe3þ was
detected from the blood with 0.75mM LOD value by

hydrothermally produced CQDs using enzymatically hydro-
lyzed corncob.[166] Utilizing N-CQDs synthesized by the pres-
ence of functional groups such as carboxylic acids, aldehydes,
and aromatics in biomass tar, Fe3þ detection took place in a
fairly wide range (60nM–1mM) and with a relatively low
LOD value (60nM).[212] Chen et al. obtained similar perform-
ance using N/S/P co-doped CQDs with the hydrothermal syn-
thesis of the natural foxtail millet. They used the CQDs they
produced to detect Fe3þ with a LOD value of 46nM in the
detection range of 5 to 150lM.[149] CQDs that generally pro-
vide approximately similar Fe3þ detection limits in aqueous
environments have been produced by hydrothermal method
using green-precursors including Aegle marmelos leaves pow-
der,[126] Enteromorpha prolifera (a green alga),[168] grape
peel,[193] jujube,[137] onion waste,[187] papaya,[150] rice residue
and glycine,[189] and sweet potato.[171]

Yang et al reported that honey, as a precursor, has the
highest analytical performance in the detection of Fe3þ

among the green synthesized CQDs. CQDs produced with
high emission efficiency (QY� 20%), allowed Fe3þ detection
with 1.7 nM LOD value in the 5 nM–100 mM detection
range.[200] Recently, Chaudhary et al. synthesized highly
fluorescent N, S co-doped CQDs (NS-CQDs) using banana
juice and made a fluorescent sensor for Cu2þ detection.

Table 6. Advantages of green synthesized CQDs.

Advantages Reason

Price The synthesis of green CQDs is relatively
inexpensive compared to CQDs
synthesized using conventional methods.
Low-cost precursors (waste material or
grass) provide large scale synthesis and
easy scale-up capability.

Sustainability Green CQDs use renewable natural resources
that can provide more
sustainable solutions.

Environmental safety The synthesis of green CQDs offers an
environmentally friendly approach by
minimizing the use of hazardous
chemicals as well as preventing
unintentional contamination.

Recycling The use of waste materials for CQDs
synthesis offers new ways to manage
waste using recycling.

High QY The QY values obtained using green routes
to produce CQDs are at
comparable levels.
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They detected copper ions in the concentration range of
1–800 lg/mL with the LOD of 0.3 lg/mL with the CQDs
they produced.[176] In another study, N-doped CQDs were
fabricated using crown daisy leaves, a kitchen waste, as car-
bon source, and CQDs produced were used for Cu2þ detec-
tion from river water.[135] The fluorescence efficiencies of
the developed sensor were linearly related to the Cu2þ con-
centrations in the range of 10 nM to 120 nM, with a LOD
value of 1.0 nM. CQDs produced using tartaric acid and
bran had high chemical stability and were used in the deter-
mination of Cu2þ from real samples with a 50 nM LOD.[210]

CQDs produced from grass and pipe tobacco precursors,
whose PL efficiency is lower compared to other reported
studies (QY� 3%), were also used in Cu2þ detection.[136,140]

Two CQDs-based Fe3þ sensors which have convention-
ally been obtained from citric acid precursor have been
reported, which can operate in the detection range of
2–50 mM and 50 nM–4 mM, reaching 1.3 mM and 9.7 nM
LOD values, respectively.[219,221] These two CQDs with very
different emission characteristics (e.g., 410 nm and 594 nm)
were �3 nm and �4.5 nm respectively and had QY > 30%.

Green synthesized CQDs used in the detection of Hg2þ,
Agþ, and multivalent cations
Tadesse et al. used high PL efficiency N-CQDs (QY�31%)
as a fluorescent probe obtained using citrus lemon as a

carbon source in Hg2þ detection. 5.3 nM LOD value was
reported with a detection range between 1 nM and
1 lM.[147] CQDs with similar Hg2þ detection performances
were synthesized using the hydrothermal method and
Maojian green tea in the presence of ascorbic acid and citric
acid. Hg2þ was detected from complex samples including
wastewater, tea, and rice with a detection limit of 6.3 nM in
the detection range of 0.2–60 lM.[132] Approximately the
same analytical performance (�6 nM LOD) was obtained
using CQDs produced from Prosopis juliflora[141] and
Tamarindus indica[130] from real samples including water
and human serum. An eggshell membrane derivative CQDs,
which provides somewhat weaker analytical performance in
Hg2þ detection, was reported by Ye et al.[208]

The best analytical performance in Ag ion determination
applications was obtained using CQDs where purple perilla
was used as a carbon source.[134] The wide detection ranges
of 0–3 mM obtained in this study and a low LOD value of
1.4 nM were quite good compared to CQDs (75 nM LOD)
synthesized using pure tetrahydrofuran as a carbon
source.[227] In a study evaluating the performance of broc-
coli derivative green-CQDs in Agþ detection, a 0.5 mM LOD
value was obtained in the detection range of 0
to 600mM.[164]

CQDs obtained using prickly pear cactus fruit have been
passivated with glutathione and a selective fluorescent sensor
has been developed for As3þ/ClO� ions. In this study, As3þ

Figure 6. Schematic illustration of a study by Lu et al. demonstrating highly efficient polymer-like CQDs produced using oxalic acid precursor for the detection of
Fe3þ and Agþ. Produced CQD has low toxicity and distinctive photoluminescence properties. Reproduced from Ref.[249] with permission from The Royal Society
of Chemistry.
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and ClO� ions could be detected in the range of 2–12 nM
and 10–90lM with lower LOD values of 2.3 nM and
0.016lM, respectively.[158] The CQDs probe has also been
reported for the detection of multivalent cations (Cr6þ and
V5þ) using the ethylenediamine and Pinellia ternata medi-
cinal plant,[129] and lemon juice as a carbon precursor.[173]

LOD values were 15 nM for Cr6þ and 3.2 ppm for V5þ and
both fluorescent probes were tested in real samples such as
serum and water.

CQDs (QY 35%) obtained using the hydrothermal route
from citric acid and ammonia precursors have been used in
the detection of Hg2þ with 1.48 nM LOD and a wide detec-
tion range of 0–10 lM.[223] In a study in which jackfruit was
used as a precursor, Hg2þ and Cr6þ detection were per-
formed in the range of 5–70 nM with a LOD value of 8 nM
and 10 nM, respectively.[153] CQDs (QY �6%) synthesized

using strawberry juice and apple juice were also used in
Hg2þ detection and a LOD such as 2 nM was obtained in
the detection range of 5 nM–50 mM.[181,185] Other CQDs
precursors that have applications for the detection of multi-
valent cations are pigskin,[199] hair,[198] and cocoon silk.[197]

Fruit peels such as lemon peel,[195] Jinhua bergamot peel
(QY�51%),[145] and pomelo peels[190] have also been used
as CQDs precursors and the resulting CQDs has been suc-
cessfully applied in multivalent cation detection. CQDs (QY
14%) obtained by hydrothermal synthesis from Coccinia ind-
ica precursor provided a low Hg2þ detection limit (3.3 nM)
in a very wide detection range (0 to 0.025mM).[156] In this
study, N, S, and O elements added to the structure using
organic precursors such as l-cysteine, ethylenediamine, and
glycine in production provided this high analytical perform-
ance. In the same study, self-passivated CQDs were used to

Figure 7. Schematic representation of the preparation of a Fe3þ sensor based on CQDs produced using waste kitchen chimney oil as a precursor. A very low LOD
value of 0.18 nM was reported for Fe3þ. Reproduced from Ref.[122]
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detect Cu2þ, Pb2þ, and Fe3þ ions in a selective manner with
lower LOD values of 0.045, 0.27, and 6.2 lM, respect-
ively.[156] In addition, Hg2þ sensors using low PL emission
efficiency (QY <10%) CQDs (from sweet potato, and con-
ventional Chinese medicine precursor) have also been
reported.[131,172]

Green synthesized CQDs used in the detection of pesticide,
drug, biological analytes and anions
Some CQDs produced by the hydrothermal method using
conventional precursors have been shown to detect different
analytes. Zhang et al. developed an Amoxicillin sensor
(0.83 mM LOD) using the CQDs with citric acid and boric
acid precursors resulting in a 31% QY (maximum emission
@ 405 nm) in the detection range of 1.43–429 mM.[224] A cit-
ric acid and ethylenediamine derivative CQDs used in the
determination of acrylamide and provided a 0.81mM LOD
value.[252] CQDs produced with boron-doped hydroquinone
precursor (QY �15% @368 nm max emission) were used for
glucose detection and 8 mM LOD was obtained.[56]

Green-CQDs-based fluorescent probes for use in the
detection of adulterants are found in the literature. In a
study where malachite green, an adulterant, was detected in
food samples, leaf-extracts of Ocimum tenuiflorum has been
used as a precursor to producing CQDs.[138] They success-
fully detect this adulterant in food samples with a LOD
value of 18 nM and a detection range of 0–120 nM. Anmei
et al. reported a study where Sudan I dye was detected in
food samples in the range of 2.4–104lM (950 nM LOD)
using cigarette filters as carbon sources for CQDs.[216]

In another study, nitrogen and sulfur dual-doped CQDs
were produced using naturally renewable biomaterial fungus
fibers as a carbon source and were successfully used with a
15.6 nM LOD value in detecting tetracycline from

aquaculture wastewater.[148] In a recent study published by
Lai et al., CQDs obtained using fresh cherry tomatoes as a
carbon source were used to detect trifluralin with successful
analytical performance, such as 0.5 nM LOD in real soil
samples in the detection range of 0.050–200 lM.[165]

In two studies where green-CQDs were used as peroxide
sensors, mustard seeds[253] and Azadirachta indica[127] based
CQDs utilizing peroxidase-like mimetic activity were used
for peroxide detection in the range of 0–500 mM with 15 mM
and 35 mM LOD, respectively. In a study where mustard
seeds were used as carbon sources, a sensor was developed
for the detection of AA using the reduction of 3,30,5,50-tetra-
methylbenzidine in the presence of AA (3.3 mM LOD).[253]

In another sensor working with a similar mechanism, the
LOD in AA detection with Azadirachta indica based CQDs
was 1.8 mM.[127] A CQDs based sensor used for the detection
of cysteine utilizing peroxidase-like mimetic activity was
produced using chicken blood as a carbon source.[209] This
cysteine sensor was used in the human serum sample with a
LOD value of 0.4 lM and a detection range of 0.5–20 lM.
N, S-CQDs were produced using scallion leaves for detection
of hemin from a human serum sample, and detection with
0.1 lM LOD was performed.[142] For the determination of
p53 protein in biological fluid samples as shown in Figure 8,
a sandwich-type immunosensor was developed encapsulating
grapefruit peel-extracted CQDs into silica nanoparticles.[194]

With this immunosensor, the p53 protein was detected in
the range of 0.01–50 ng/mL with a LOD value of 2.7 pg/mL.
A sensor was obtained as a result of modification of N-
CQDs obtained using cornstalk as a carbon source for direct
detection of pathogenic fungi (Candida albicans) with water-
soluble amphotericin B. With this sensor, fungi can be
detected in real samples such as beef sausage with 1124
CFU/mL LOD.[167] CQDs obtained by the hydrothermal

Figure 8. Schematic illustration of a sandwich-type immunosensor based on CQDs produced using grapefruit peel encapsulated with silica nanoparticles. The p53
protein was detected in the range of 0.01–50 ng/mL with a LOD value of 2.7 pg/mL. Reproduced from Ref.[194]
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method from cherry tomatoes were used for trifluralin
detection with a very low LOD (0.5 nM),[165] and fructose
and L-cysteine derivative CQDs were used in clenbuterol
detection (23 pg/mL LOD).[215] A permanganate sensor
(0.06 lM LOD) using CQDs produced with pig liver precur-
sor, and a picric acid sensor (41 nM LOD) using CQDs
from a mandelic acid precursor with a fairly high QY (41%)
has also been reported.[205,211]

Green CQDs in bioimaging applications

Since CQDs are one of the biocompatible fluorescent nano-
materials, they can also be used for fluorescent and multi-
modal bioimaging of cells and tissues. They have several
advantages in bioimaging such as natural fluorescence emis-
sion, high resistance to photo-bleaching, high solubility in
water, high biocompatibility, and low cytotoxicity. CQDs
obtained by both conventional methods and green synthesis
have been used successfully in many bioimaging applica-
tions. It is known that CQDs can reach the cell nucleus in
some cases by passing through the cell membrane and cyto-
plasm (however, some opposite cases were also reported[91]).
Furthermore, the toxicities of CQDs are highly dependent
on the production method and precursor type. Table 2–5
also shows some of the CQDs produced using different
strategies for bioimaging purposes. Biocompatibility and
usability as a bioimaging agent have been demonstrated in
the cell-lines provided in these studies. The first in vitro and
in vivo bioimaging study with CQDs was reported in
2009.[256,257] After this study, many CQDs were produced
with green-chemistry methods and used successfully in bioi-
maging. Different cell and tissue types such as bacteria,[258]

yeasts,[162] and fish[66] were used in imaging studies as well
as cancer cells and mice. Various studies have also been
reported on determining analytes in the cell.[171,234,259–262]

The fact that CQDs produced in the specified methods are
also candidates for multimodal imaging (the combination of
magnetic resonance imaging and optical imaging methods)
increases the interest in green-CQDs.[93,263] This section
summarizes the CQDs produced using different production
methods and different precursors and used in bioimaging.

Carbonization and pyrolysis methods

CQDs (5–10 nm to 10–14 nm sizes) produced using mango
fruit as a carbon source were used in bioimaging in the
A549 cell-line.[251] The CQDs of �2 nm, which provide
approximately 10% QY and have a maximum emission
between 440 and 490 nm, were green-synthesized using the
carbonization method using watermelon peels,[70] lychee
seed,[71] and peanut shell precursors,[72] and bioimaging
study was performed in HeLa and HepG2 cell-line, respect-
ively. CQDs with approximately the same PL efficiency and
synthesized using lentil grain flour precursor but larger, had
a maximum emission at 510 nm, and were claimed to be
used in bioimaging by their authors, but a cell-line was not
used in this study.[78] Bhunia et al. used CQDs with the
highest QY obtained by the carbonization method using

vitamin B1 precursor and providing maximum emission at
475nm in bioimaging in Chinese hamster ovary (CHO).[79]

Recently, Anthony et al. used ice-biryani precursor, a food
waste. CQDs with maximum emissions of 432nm (QY 41%),
which they obtained with nitric-acid treatment, were stabilized
with glutathione and used in bioimaging in A549 cell-line.[80]

CQDs with homogeneous size distribution (�6–12nm) and
green fluorescent (518nm) emissions produced using ayurvedic
plant leaves precursors such as Azadirachta Indica,
OcimumTenuiflorum, and Tridax Procumbens, used for bioi-
maging in HeLa cell-line and more than 85% biocompatibility
has been reported.[81] CQDs produced by hydrothermal treat-
ment using the residue obtained by pyrolysis of waste polyole-
fins (QY�5%) were also used in MDA-MB 468 cell-line
bioimaging.[84] In a previous study, Teng et al. achieved a high
QY of 22% (at 434nm) using konjac flour as a precursor and
used these CQDs in bioimaging in HeLa cell-line.[83]

Microwave-assisted methods

CQDs, which were recently produced with microwave-assisted
methods utilizing waste cotton linter precursor, were used in
the human mesothelioma cell line, H2452, and human umbil-
ical vein endothelial cells (HUVEC). In this study, cell viability
and proliferation assays indicated that the material was cyto-
toxic against both cell lines and inhibited cell growth in a
time- and dose-dependent manner.[101] CQDs (QY 25%) pro-
duced by microwave-assisted method from gallic acid, where
the precursor is also used as an anti-tumor agent, was used as
both a bioimaging agent and antitumor agent in both cell-
based assays (HeLa) and mouse xenograft tumors (Figure
9).[90] Ko et al. reported that silk fibroin-based CQDs (QY
15%) showed stable emission, good water dispersity, low tox-
icity, and good biocompatibility for bioimaging in KB cells and
female nude Balb/c mice (Figure 10).[89] Besides, CQDs pro-
duced using the microwave-assisted method with <10% QY
are obtained using garlic,[97] onion peel,[98] quince fruit[99] pre-
cursors were used in bioimaging in macrophages, MG63/HFFs
cells, and HT-29 cell-line, respectively. CQDs produced using
citric acid, urea, and sodium fluoride conventional precursors
had a maximum emission at 600nm and although they have a
low QY of 1.2%, their use in bioimaging was shown using C6
glioma cell-line.[102]

Oxidation, thermal and ultrasonic methods

Various CQDs with maximum emission between 378 and
535 nm with <5% QY produced by oxidation methods have
been produced using various green-precursors including
bread,[112] Trapa bispinosa peel,[105] waste frying oil,[106] and
plant soot,[104] and used for bioimaging with human blood
cells, MDCK cell-line, HeLa and CHO, respectively. The two
different CQDs obtained by conventional methods had a
yield of less than 5% QY and a particle size of around
10 nm, and their usability in bioimaging application was
demonstrated using HepG2 and MCF-7 cell-line.[49,113]

CQDs obtained from hair fiber precursors, whose QYs were
slightly better (>10%), were used in the HeLa cell-line.[108] In
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a more interesting approach, CQDs from cow manure precur-
sors had a very high PL efficiency (65%) and were also used in
MCF-7, MDA-MB-231, Caco-2, and DU145 cell-lines.[107]

Thermal methods generally had relatively high PL effi-
ciency compared to carbonization. Some CQDs that are
claimed to be used in bioimaging but have not been tested
with cell lines were obtained using banana juice, hair, and
overcooked BBQ precursors.[64,115,116] CQDs, the presence
of which was demonstrated in NescafeVR , was used in the
human hepatocellular carcinoma cell-line (SMMC-7721).[66]

Hsu et al. used CQDs obtained using coffee grounds in
imaging with LLC-PK1 cell-line.[65] Grounded soybean-
based CQDs were used in NIH3T3 cell-line.[118] N-CQDs
(QY � 4%) produced using the ultrasonic method were
used in HepG2 cell-line and it was stated that bright and
stable fluorescence against variations of pH and ionic
strength, low cytotoxicity, and high photostability.[123]

Hydrothermal methods

Adenocarcinomic human alveolar basal epithelial
(A549) cells
In studies that confirmed bioimaging performance using the
A549 cell-line, green-synthesized CQDs with �14% QY and
maximum emission peak between 420 nm and 470 nm were
reported. To produce these CQDs, bagasse,[160] Bombyx
mori silk,[202] and ginger[159] were used as precursors.

Recently CQDs with � 15% QY obtained using sweet corn
precursors were used in bioimaging applications using Vero
and A549 cell-line and produced more than 90% of cell via-
bility in both cell-lines at 250lg/mL.[154]

Human cervical cancer (HeLa) cells
There are many studies on bioimaging applications of
green-synthesized CQDs using the HeLa cell line. CQDs
with PL efficiency <10% QY were obtained using grape
peel[193] and Enteromorpha prolifera[168] precursors. The
precursors, which provide CQDs PL yields approximately 2
times higher than these precursors, were papaya[150] and
grape juice,[179] and bioimaging was performed using HeLa
cell-line. Recently, CQDs obtained using the purple perilla
precursor were used in the HeLa cell-line and low cytotox-
icity, and good biocompatibility was reported.[134] Besides,
two CQDs with high PL yield were obtained using the
hydrothermal method using lemon juice[174] and pigskin[199]

precursors. High PL efficient QDs (�3 nm in size) produced
from graphene oxide and ammonia precursor (QY�25%)
and citric acid and urea precursor (QY�36%) were success-
fully used in HeLa cell-line bioimaging.[222,225]

Human hepatocellular carcinoma (HepG2) cells
In a recent study, Irmania et al. produced manganese-doped
CQDs using a waste green tea precursor to include magnetic

Figure 9. (Left). Schematic illustration of gallic acid-based quantum dots. (Right) Different cell imagings of treated cells (a, b, and c), in-vivo bioimaging of the
tumor in mice (d and e), cell viability of HeLa cells after incubating with gallic and gallic-based CQDs. Reproduced from Ref.[90] with permission from The Royal
Society of Chemistry.
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resonance properties, and these CQDs with 12% QY were
used to screen HeLa, HepG2, and B16F10 cancer cells.[133]

Besides, folic acid and chlorin e6 conjugated Mn-CQDs
shown no significant toxicity up to 500 ppm. High QY
(28%) nitrogen and sulfur dual-doped CQDs were produced
using fungus fibers and used for imaging in the HepG2 cell-
line.[148] The CQDs, which have the highest QY (38%)
among the green-CQDs used in the HepG2, HeLa, and
293T cell-lines, was produced by hydrothermal processing
of cocoon silk.[197] In studies with different precursors,
sweet potato,[171] honey,[200] watermelon juice,[184] and glu-
cose and monopotassium phosphate[254] were used as carbon
sources and produced CQDs were used for bioimaging in
HepG2 cell line.

Human breast cancer cell lines (MCF-7 and SKBR3)
In a recent study, Tadesse et al. synthesized N-CQDs using
citrus lemon precursor (QY 31%) and used it for bioimaging
in MCF-7 cell-line.[147] In a study where CQDs with an
average diameter of 12 nm were produced using walnut oil
precursor, PC3, MCF-7, and HT-29 human carcinoma cell
lines were used.[155] In this study, the induction of apoptosis
by CQDs was accompanied by an increase in the activation
of caspase-3 was reported. Recently, Fatahi et al. used the
hydrothermal method in the synthesis of CQDs with �20%
QY derived from the bitter orange juice and utilized it in
imaging studies using SKBR3 breast adenocarcinoma cell
line and NIH/3T3 mouse embryonic fibroblast. In this study,
high biocompatibility was also reported.[178]

CQDs produced using the citric acid precursor have been
used for imaging in MCF-7 and HeLa cell lines after func-
tionalization with folic acid. It was stated that these CQDs
provide 50% QY at the emission maximum of 450 nm and
their biocompatibility is 97%.[220] CQDs obtained using
polycyclic aromatic hydrocarbon precursor and providing

maximum emission at 498 nm (QY 12%) were also used in
MCF-7 imaging.[226] Moreover, there are also MCF-7 imag-
ing studies of CQDs produced from garlic (QY�18%) and
dried shrimp (QY 54%) precursor.[151,196]

Human bone osteosarcoma cells (MG63), brain epithelial
glioblastoma cells (U87), kidney cell lines (Vero, HEK293,
HK2), and Colon carcinoma cell lines (LoVo, Caco-2)
Sahu et al. used orange juice-derived green-CQDs in imag-
ing studies using L929 and human osteosarcoma (MG-63)
cell line. The efficiency of the emissions of these CQDs at
455 nm was 26%.[177] Recently, CQDs obtained hydrother-
mally from sandalwood precursors showed good fluores-
cence in both cytoplasm and nucleus of MG63 cells.[161]

CQDs (QY 24.6%) produced using biomass produced by the
palm oil industry as precursors also used for imaging in the
Vero cell-line.[188] CQDs (QY 28%) from onion waste were
used in HEK-293 and HeLa cells imaging.[187] CQDs with
high PL efficiency was produced from cinnamon, red chili,
turmeric, and black pepper precursors (QY 27%–44%) used
for imaging in LN-229 and HK-2 cell-lines. In this study, it
was stated that the uptake in cancer cells is higher than
non-cancerous cells and these CQDs can be used to display
cancer cells.[128] CQDs (529–538 nm emission) with high PL
efficiency and about 4.5 nm in size obtained from pear, avo-
cado and kiwi precursors have been used for imaging of epi-
thelial human kidney cells HK-2 and epithelial human
colorectal adenocarcinoma Caco-2 cell-lines.[146] A CQDs
with a lower PL efficiency compared to the green-CQDs
given in this section were synthesized by the hydrothermal
method using bee pollens and used in LoVo human colon
carcinoma cell-line imaging.[203]

Figure 10. A study by Ko et al. demonstrating (a) side and front views of in-vivo images of silk fibroin-based CQDs injected mice (b) ex-vivo images of isolated
organs from silk fibroin-based CQDs injected mice and (c) quantified fluorescence intensity in organs of healthy mice at 18 h post-administration of silk fibroin-based
CQDs indicating that there was a negligible amount of accumulation of silk fibroin-based CQDs in the major organs. Reproduced from Ref.[89]
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Bacteria and other cell lines
CQDs produced by the hydrothermal method from Carica
papaya juice precursor were used for imaging of Fusarium
avenaceum and Pseudomonas aeruginosa cells.[183,263] Mehta
et al. used CQDs derived from apple juice for bioimaging of
Mycobacterium tuberculosis, Pseudomonas aeruginosa and
Magnaporthe oryzae.[165,180] Escherichia coli and S. cerevisiae
cells bioimaging were carried out with CQDs obtained using
sugar cane juice and potato precursors.[162] Milk-based
CQDs (7.6% QY) were also used for bioimaging of human
liver cancer cell lines (SMMC-7721).[206] Dehghani et al.
performed the visualization of RL-14 human fetal ventricular
cardiomyocytes cells embedded in a luminescent 3D printed
scaffold using collagen-based CQDs (QY 15%).[214] Another
study using high PL efficient CQDs demonstrated HaCaT
cells with cabbage-based CQDs.[152] Recently, a study has
been reported on Cyanobacteria biomass derivative CQDs
that create a clear distinction between cytoplasm and
nucleus on the pheochromocytoma PC12 cell-line.[207] In a
study using onion epidermal cells for plant cells imaging,
lemon juice derivative CQDs (16.7% QY) were used.[175] In
the imaging study using Caenorhabditis elegans as a model,
consistent fluorescence in the gut tissues of the worms with-
out exerting any sign of toxic effects on the nematodes. The
CQDs used in this study were obtained using the beetroot
extract precursor.[163] In another study, CQDs were obtained
using Phyllanthus acidus precursor were used for high-con-
trast Caenorhabditis elegans bioimaging and in-vivo studies
suggested that the N-CQDs showed excellent
biocompatibility.[157]

Bioimaging claim only
Some studies declared that green-synthesized CQDs can be
used for bioimaging with the hydrothermal method but have
not been experimented with cell-line. In one of these studies,
36% QY was obtained at 431 nm using orange waste peel.[186]

Recently, 11.4% of QY was obtained using orange waste
peel.[192] Some other green-synthesized CQDs with QY yields
<6% have also been reported for bioimaging, using soy
milk,[169] willow bark, and leaves,[144,170] Scindapsus
leaves,[143] and orange pericarp[191] as carbon sources.

Other methods

There are a limited number of articles on green-CQDs pro-
duction using other methods. It has been claimed that
CQDs with 8% QY obtained by plasma treatment of chicken
egg precursors can be used as a bioimaging agent.[125] In a
recent study, Ren et al. obtained high PL efficient CQD up
to 32.4% QY by laser ablation method using Platanus bio-
mass as a precursor and used these CQDs in HeLa cell-line
for bioimaging.[124] For comparison, it should be noted that
CQDs produced by the laser ablation method using toluene
precursor provides 18% CQDs at 475 nm emis-
sion maximum.[43]

Conclusion and future perspective

CQDs synthesis attracted great attention due to its econom-
ical and easy synthesis methods, structure enabling surface
modification, excellent photoluminescence efficiency, adjust-
able PL properties, and water solubility. Among all men-
tioned advantages, especially environmentally friendly and
low-cost production is important for industrial-scale produc-
tion of CQDs. In an earlier demonstration of CQDs synthe-
sis, CQDs with low QY and low solubility were produced
using certain carbon materials. Higher PL efficiency can be
obtained by both surface passivation and heteroatom add-
ition. Different dopants and citric acid are widely used as
precursors in the CQDs synthesis. However, it is easier to
add dopants such as N, S, and P to the CQDs during syn-
thesis using green synthesis approaches. Because, “green pre-
cursors” are obtained from natural, abundant, or waste
sources that already contains such dopants naturally. A wide
range of green-precursors, including plants, leaves, juices,
biomass, animal-derived biomaterials, and even bacteria,
have been proposed by researchers in the literature.
Feasibility and scaling studies for uniform and bulk CQDs
production using green-precursors should also be studied.
The development of the size control, modification strategies,
and fine-tuning of PL features of CQDs in the coming years
will be helpful for industrial-scale production. Table 6 sum-
marizes the advantages of CQDs obtained with the green-
chemistry approach.

It was observed that CQDs produced using green-precur-
sor do not show any significant difference compared to
CQDs produced in conventional ways. Furthermore, PL effi-
ciency and biocompatibility of green CQDs were found to
be higher than CQDs produced by conventional methods.
Therefore, it is expected that CQDs production using green
chemistry approaches will attract more attention in the com-
ing years. The wide use of CQDs (such as sensing, bioimag-
ing, and other areas such as photocatalytic reactions drug-
delivery systems, electronic and photothermal cancer therapy
which are not included in this article) brought many novel
approaches to the literature whether these methods are
green or not.

There are still undiscovered areas in the production of
CQDs using green- precursor and their use in sensor and
bioimaging applications. The physicochemical characteristics
of the produced CQDs, which depend on the method and
precursor, allow any kind of green-precursor to be used as a
successful source of CQDs. Therefore, natural resources,
including endemic species, different abundant materials, and
waste materials are always potential CQDs sources. Also,
different material conjugation of CQDs has not been studied
deeply enough in sensor applications. This affects the suit-
ability of CQDs for various signal enhancing approaches.
Therefore, there is a gap in sensor applications for the
detection of a wide variety of analytes with different conju-
gates such as aptamers, enzymes, or antibodies.
Furthermore, a limited number of studies have been carried
out on the use of CQDs for a wide range of transducing
approaches such as SPR, SERS, ellipsometry, or QCM. On
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the other hand, multimodal strategies in bioimaging are also
not well investigated using green-approaches.

In this review article, a summary of the studies for CQDs
production was presented focusing on sensing and bioimag-
ing applications in the last decade. However, clinical practi-
ces such as drug and gene delivery, drug release, and cancer
therapy are not in the scope of this review article. Although
conventional methods for the production of CQDs are often
preferred, literature data on green chemistry approaches
indicate that green CQDs show comparable performance in
sensing and bioimaging applications. Consequently, it is
expected that more researchers will focus on greener solu-
tions to produce CQDs and develop strategies for industrial-
scale production.
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[101] Eskalen, H.; Uruş, S.; C€omertpay, S.; Kurt, A. H.; €Ozgan, Ş.
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