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Banana peel is a common solid biowaste. This paper reports a sustainable synthesis of carbon quantum dots
(CQDs) from banana peel waste by a simple hydrothermal method. The resulting CQDs have a narrow size
distribution, and the average particle size was measured as 5 nm. The nitrogen-containing and oxygen-containing
functionalities on/in the surface of carbon structure were observed in the resulting CQDs. CQDs emit intense blue
fluorescence under the excitation of UV-light (365 nm) with a good quantum yield of 20% without any surface
passivation chemicals. Besides, CQDs exhibit excellent water solubility and excitation-dependent emission per-
formance. Furthermore, the banana peel waste-derived CQDs had almost no photobleaching under UV-light
irradiation for a long-time, suggesting that they have high photostability. Since no chemical reagent was
involved in the synthesis of CQDs, the synthesized CQDs were confirmed to have lower toxicity for nematodes
even at a high concentration of 200 pg mL™'. Because of the intense fluorescence with excellent fluorescence
stability and biocompatibility, CQDs can be used for bioimaging in nematodes. The CQDs efficiently stained into
the whole body of the nematodes and brightly illuminated the multicolor by varying the excitation wavelength.
Therefore, fluorescent CQDs would be a great potential candidate for bioimaging applications.

1. Introduction CQDs for the various applications. Numerous top-down (arc-discharge,

laser ablation, and electrochemical oxidation) and bottom-up (micro-

Carbon quantum dots (CQDs) are a new class of zero-dimensional
carbon nanoparticles that are mainly comprised of carbon with a size
below 10 nm. They have earned great attention because of their wide
range of applications such as medical diagnosis, photocatalysis, fluo-
rescent sensing, optoelectronic devices, cellular labeling, and bio-
imaging due to their multicolor optical properties, excellent water
solubility, high chemical stability, low toxicity, and outstanding
biocompatibility. Since semiconductor quantum dots have notable
cytotoxicity, biomass CQDs are considered to be a potential alternative
for them towards biological applications [1-8]. Hence, great efforts
have been focused on the favorable synthesis of CQDs and developing

wave, ultrasonic, solvothermal, hydrothermal treatment, and so on)
methods/strategies have been reported so far for the synthesis of CQDs
[9-12]. However, most of the top-down approaches are burdened by
manufacturing difficulties, largescale production expenses due to the
use of costly equipment and tedious processes. In contrast, bottom-up
approaches are simple and environmentally friendly. Among these re-
ported bottom-up approaches, the hydrothermal method attracted much
attention due to its eco-friendly, facile, cost-effective, and mass pro-
duction [13]. In particular, hydrothermal methods using natural pre-
cursors to produce CQDs have been widely reported because of their
green chemistry nature [14-17]. A lot of precursors were used as the
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Scheme 1. Schematic illustration of the formation of fluorescent CQDs from banana peel waste via hydrothermal treatment.

starting materials for the synthesis of CQDs. In general, organic mole-
cules are selected as the most reliable precursors to form high-quality
CQDs with good quantum yield. However, the toxicity of the aromatic
hydrocarbon precursors severely limited their widespread use. There-
fore, developing non-toxic precursors for the production of CQDs instead
of toxic organic precursors are still desirable. Some effort has been made
to utilize a wide range of easily available natural biomass/biowaste such
as vegetables, fruits, milk, and even waste as precursors due to their
renewable, non-toxic, cost-effective, and biocompatible properties [18].
The further doping of heteroatoms into the carbonaceous framework
and the surface passivation can substantially enhance the fluorescence
activity of CQDs [19,20]. If the heteroelement doping and passivation
can proceed simultaneously, highly fluorescent CQDs can be prepared
more facilely. Besides, natural materials usually contain multifarious
heteroatoms, so CQDs synthesized from these materials are always
packed with various surface groups and possess unique properties
without further passivation or modification [21]. Therefore, many ef-
forts have been devoted to synthesize CQDs from various natural
biomass/biowaste.

In this work, banana peel waste was adopted as precursors to prepare
carbon quantum dots (CQDs) through facile and green hydrothermal
methods without any passivates or additives. The synthesized CQDs
exhibited excellent fluorescence properties, good water-solubility,
acceptable quantum yield, low toxicity, good biocompatibility, and
robust resistance against photobleaching were obtained. The CQDs were
characterized by transmission electron microscopy (TEM), attenuated
total reflectance-Fourier transforms infrared (ATR-FTIR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), UV-vis and fluorescence

spectra. Under different excitation wavelengths (Aey), they exhibited
multi-emission fluorescence. The toxicity of CQDs against nematodes
was studied through a standard MTT assay. The CQDs served as efficient
probes for cellular multicolor imaging.

2. Experimental
2.1. Materials

Dwarf banana fruits were purchased from the food market, Republic
of Korea. S-basal buffer, sodium azide (NaN3), and 3-(4,5-Dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich, Republic of Korea. All the chemicals were used as
received and the deionized (DI) water was used throughout this study.

2.2. Synthesis of carbon quantum dots

The fluorescent CQDs were synthesized from banana peel waste via a
simple hydrothermal method. Briefly, the banana peel waste was ground
well with DI water and transferred into a Teflon lined stainless steel
autoclave. The autoclave was tightly sealed then placed in a domestic
hot air oven, and heated for 24 h at 200 °C. Then obtained brownish-
yellow crude product was filtered through a mixed cellulose ester
membrane (0.22 pm) to remove the larger substances (particles).
Finally, the clear brownish-yellow (CQDs) solution was collected and
the supernatant liquid was showing fluorescent properties. The obtained
CQDs solution was stored in a refrigerator and maintained at 4 °C until
used. To meet the needs of characterization, sometimes it needed to be

Fig. 1. (a) TEM image of synthesized CQDs and (b) HRTEM image of synthesized CQDs. Inset (a) is a particle size distribution graph of CQDs.
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Fig. 2. (a) Raman spectrum and (b) ATR-FTIR spectrum of synthesized CQDs. (c) XPS survey spectrum, (d) high-resolution C 1 s spectrum, (e) high-resolution N 1 s

spectrum and (f) high-resolution O 1 s spectrum of synthesized CQDs.

prepared as a solid, for that sample was prepared as follows: A part of
CQDs solution was taken out and vacuum freeze-dried for 48 h to obtain
the solid brown powder product. They were used for further charac-
terization and applications.

3. Results and discussion

The fluorescent CQDs were synthesized from banana peel waste via a
simple hydrothermal method and the illustration of the formation as
shown in Scheme 1. The morphology and size of the synthesized CQDs
were examined by TEM and HRTEM. Fig. 1(a) shows the particle size
range within the limits of 4-6 nm and the average diameter of particles
was about 5 nm suggesting the particle is in narrow distribution with a
spherical shape. The particle size histogram of synthesized CQDs is
shown as the inset of Fig. 1(a). As shown in the graph, the particle sizes
are mainly distributed from 4 to 6 nm and the average diameter of CQDs
is around 5 nm, determined by fitting a Gaussian model. The HRTEM

images (Fig. 1(b)) reveals that the synthesized CQDs are having good
lattice fringes, which imply a good crystalline structure. The inner part
of CQDs is highly crystalline as compared to the outer surface of CQDs
which confirms from the inset Fig. 1(b). CQDs showed lattice spacing
approximately 0.21 nm is due to the (1 0 0) plane of typical graphene.
The XRD pattern of the synthesized CQDs (Fig. S1) shows the peaks
centered at 20 = 23 and 42.5° corresponding to the (0 0 2) and (1 0 0)
planes of carbon-based materials, respectively [22]. The CQDs have a
predominantly graphitic structure with the interlayer spacing of 0.38
and 0.21 nm are attributed to the (0 0 2) and (1 0 0) planes, respectively.
The d-spacing is larger than the distance between the (0 0 2) planes in
typical bulk graphite (~0.34 nm) which is due to the presence of several
functionalities and or miners turbostratic/amorphous carbon phase/s-
tructure. The calculated d-spacing of 0.21 nm as corresponds to the
plane (1 0 0) facets of carbon-based materials, agrees well with HETEM
results. Besides, broad peaks were observed in the XRD patterns, con-
firming the smaller particles and or amorphous materials. The functional
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Fig. 3. (a) UV-Vis spectrum, (b) fluorescence excitation spectrum, (c) excitation-dependent fluorescence emission spectra and (d) excitation-dependent fluorescence

emission normalized spectra of synthesized CQDs.

groups on the surface of the CQDs are resultant of the slight amorphous
phase. Furthermore, the graphitization/crystallization of the synthe-
sized CQDs were examined by the Raman spectroscopy technique and
the corresponding Raman spectrum is presented in Fig. 2 (a). Raman
spectrum of synthesized CQDs showed two broad peaks at 1360 and
1592 em ™!, The peaks 1360 cm ™! is conventionally referred to as the
D-band, which is known to become defective/disordered crystallites of
graphite [23]. The high-frequency peak at 1592 cm™! is conventionally
referred to as the G-band of graphite, assigned to the C-C in-plane
stretching vibration (Exg) of graphite [24]. Hence, the D to G band

ratio (Ip/Ig) represents the concentration of defects in the graphitic
structure, and the low value of Ip/Ig in CQDs implies the integrity of the
graphitic shells is sufficiently high to protect the core material well from
corrosion and oxidation. The Ip/Ig ratio of the CQDs is ~0.7, which
reveals that the CQDs are with acceptable graphitization [25]. Contri-
bution from functional groups and or amorphous carbon during the
synthesis cannot be excluded and thus leads to broad D-band.

It was believed that the surface of CQDs might have enormous
functionalities. The functionalities of the CQDs were characterized by
FTIR spectroscopy. In the ATR-FTIR spectrum (Fig. 2(b)), the peaks

(b)
(D 8
m
E
S 300
o
S
<, 200
=
[72]
c s 00 Min
‘2 1001 ¥ s 30 min
-_— s 60 min
0 mmmm 90 Min
400 450 500 550 600 650
Wavelength (nm)

Fig. 4. (a) Optical images of synthesized CQDs under the daylight and UV light and (b) fluorescence spectra of synthesized CQDs aqueous solution at different
irradiation times of 365 nm UV light (Inset: Optical images of CQDs solution at 0 and 90 min irradiations).
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Scheme 2. Plausible formation mechanism of CQDs from the banana peel by hydrothermal process.

observed around 3366 and 3277 cm™! are ascribed to the stretching
vibrations of -OH and N-H groups, respectively [26]. C-H as-symmetric
and symmetric stretching vibrations were observed at 2936 and 2868
cm L, respectively [2]. The peaks located around 1686, 1570, 1395,
1290 and 1072 em ™! correspond to the respective functional groups
C=0, C=C, C-N-C, C-OH and C-O-C reveals the presence of nitrogen
and oxygen element in/on the surface of CQDs [27,28]. The peak
observed at 670 cm™! can be assigned to the methylene symmetric
bending vibrations in the CQDs. All these functionalities contribute to
the excellent aqueous solubility of CQDs and suggested that the pre-
pared CQDs will be useful for further modifications and biological ap-
plications. Furthermore, XPS measurement was performed to determine
the surface states including functionalities and elemental composition of
CQDs. The full-scan XPS spectrum (Fig. 2(c)) shows three bands at
around 285, 400 and 533 eV reveals the existence of carbon (C 1s), ni-
trogen (N 1s) and oxygen (O 1s) respectively, with an atomic ratio of
C/N/O is 83/3/14 as calculated from the survey spectrum. The C 1s
core-level XPS spectrum (Fig. 2(d)) can be deconvoluted into five con-
tributions at 283.7, 284.2, 284.9, 285.8 and 287.3 eV, which are asso-
ciated with carbon in the states of CH3C—=0, C-C/C—=C, C-N/C-O,
C=N/C=0 and HO-C=O0, respectively [29,30]. In the expanded XPS
spectrum (Fig. 2(e)), N 1s core level can be deconvoluted into two peaks
at 399.2 and 400.1 eV suggesting nitrogen exists mostly in the form of

C-N-C and (C)3-N bonds, respectively [31-33]. As shown in Fig. 2(f),
the O 1s core-level XPS spectrum can be deconvoluted into four con-
tributions at 530.6, 531.6, 532.4, and 533.3 eV which can be assigned to
C=0, C-OH, C-O-C and HO-C=O, respectively [34,35]. It can be
concluded that CQDs have a variety of polar groups including hydroxyl,
alkyl, and carboxyl. The presence of these functionalities in the CQDs is
responsible for their good dispersion/solubility in water.

Optical properties are the crucial factor to decide the optical-based
applications. Hence, the hydrothermal duration has been varied for
the synthesis of CQDs to explore an excellent fluorescence property.
Fig. S2 displays the fluorescence spectra of CQDs prepared at different
times (12, 24, and 48 h). The fluorescence intensity of CQDs was grad-
ually enhanced with increasing the hydrothermal duration. However,
the fluorescence intensity of CQDs at 24 h significantly improved
compared to 12 h reaction time, also insignificant enhancement was
observed for 48 h when compared to 24 h. Hence, we optimized 24 h is
an optimum reaction time for the synthesis of highly fluorescent CQDs
and utilized for the characterization and suitable applications. The op-
tical properties of synthesized CQDs were confirmed by the UV-vis and
fluorescence spectra. The UV-vis absorbance curve (Fig. 3(a)) of the
synthesized CQDs shows the broad absorption ranges at 277 and 322 nm
in the UV region which are correlated to the typical n—n* transition
band of the aromatic (C=C) sp2 hybrid orbitals and n—xn* transition

Table 1

Comparison of optical properties of carbon dots with quantum yield from various precursors and various synthesis methods.
Carbon Precursor (Resulting Material) Synthesized Method Aex (nm) Aem (nmM) QY (%) Application Reference
Magnolia flower (MF-CQDs) Hydrothermal 350 435 8.13 Detection of Fe>* ions [42]
Spinach (R-CDs) Solvothermal 440 680 15.34 Bioimaging [43]
Syringa Obtata Lindl (B-CDs) Hydrothermal 450 520 12.4 Sensors and Cells imaging [44]
Waste chimney oil (COC-dots) Ultrasonication 380 472 7.5 Sensors, bio-labeling, and ink [45]
Manilkara zapota fruit (C-dots) Solvothermal 420 515 7.9 Bioimaging [46]
Solanum Lycopersicum (B, G, Y-CDs) Solvothermal 360 450 12.7 Sensors and Bioimaging [471
Protein (P-CDs) Microwave 310 414 6.81 - [48]
Nannochloropsis (N-S-C-Dots) Microwave (HTL) 340 430 13.71 Bioimaging [49]
Bamboo leaves (CD hybrids) Hydrothermal 400 493 4.7 Detection of Pb" ions [50]
Rice residue (N-CQDs) Hydrothermal 440 500 23.48 Detection of Fe>* jons [51]
Unripe peach (N-CDs) Hydrothermal 310 400 15 ORR [35]
Malus floribunda (N-CDs) Hydrothermal 335 406 19 Bioimaging [23]
Banana Peel (CQDs) Hydrothermal 355 429 20 Bioimaging Present work
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(f)

Fig. 5. (a) Toxicity assay of nematode incubation with different concentrations of synthesized CQDs. Multicolor imaging of in vivo model nematode incubation with
CQDs (100 pg mLY) under the excitation wavelength of (b) 400 nm, (c) 470 nm, (d) 550 nm, (e) bright-field (BF) and (f) merge (overlap). Live nematodes were
immobilized using 0.05% sodium azide (NaN3) for imaging under fluorescence filters.

band of the (C=0) sp> hybrid orbitals (functional group on the surface
of CQDs), respectively [36]. Fig. 3(b) shows the fluorescence excitation
spectrum of CQDs in aqueous solution reveals that the maximum exci-
tation is centered around 355 nm. Fig. 3(c) displays the fluorescence
emission spectra of CQDs aqueous solution at the different excitation
wavelengths. The fluorescence intensities of CQDs are enhanced with
increasing excitation wavelength up to 355 nm beyond that decreased
gradually. When the excitation wavelength is 355 nm, CQDs showed the
strongest fluorescence. Besides, it is interesting that the fluorescence
emission spectra exhibit a redshift (longer emission wavelength, Aem)
with respect to the increment of the excitation wavelength ranging from
290 to 460 nm, which is vividly seen in the normalized fluorescence
emission spectra (Fig. 3(d)). The synthesized CQDs should be noted that
the fluorescence emission properties concerning the excitation wave-
length. The origin of the optical properties of CQDs is still hotly debated
and is not yet well understood. Therefore, mechanisms involving
quantum confinement, surface traps, the formation of aromatic struc-
tures, and the recombination of excitons have been proposed [37,38]. A
tunable and stable fluorescence emission is preferred for practical bio-
imaging. Hence, the synthesized CQDs are more suitable for cell imaging
applications.

The fluorescence photostability of the CQDs is one of the crucial
parameters for real-time applications. Particularly, the good photo-
stability of fluorescent material is significant for their application in the
biological filed. The photostability of the synthesized CQDs was

investigated by using the fluorometric method. As shown in Fig. 4(a),
the final product of synthesized CQDs is yellowish in aqueous solution
under the daylight and emitted intensive blue/cyan fluorescence under
excitation of 365 nm UV light. The CQDs aqueous solution was exposed
under the 365 nm UV light at the different irradiated time and then the
fluorescence intensity of CQDs in aqueous solution was measured which
is shown in Fig. 4(b). The fluorescence curve of CQDs does not exhibit
obvious weakened fluorescence with UV exposure time 0-90 min. The
intensity of the emission peak remained unchanged as that of the orig-
inal intensity (0 min) even after being irritated for 90 min suggested that
the synthesized CQDs showed excellent photostability for a longer time.
This property makes the CQDs as good fluorescent probes for live-cell
imaging, which may have a potential for microscopy and analytical
applications [15].

In general, CQDs formation is suggested to proceed via four stages
including dehydration, polymerization, carbonization, and passivation
[39]. Herein, we proposed the preparation of CQDs from the banana
peel with three stages including dehydration, polymerization, and
carbonization as depicted in Scheme 2. Mostly, natural
resources-derived CQDs were exhibited a strong fluorescence without
any passivation. Although the formation of CQDs has been extensively
investigated, the formation pathway is still unclear [40]. Banana peel
possesses different phytoconstituents such as alkaloids, glycosides, sa-
ponins, tannins, flavonoids and so on which are essential in the forma-
tion of CQDs. Banana peel juice turned to fluorescent CQDs by the
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hydrothermal process. In the first stage, phytoconstituents such as al-
kaloids, glycosides, saponins, tannins, and flavonoids undergo dehy-
dration above 100 °C, presence of hydroxyl groups in phytoconstituents
derived to formation of the furfural derivatives. The nitrogen-containing
functionalities in phytoconstituents might react with carbonyl groups of
phytoconstituents that will make stable complex. In the second stage,
the dehydrated compounds will polymerized to form a linear and
branched water-soluble polymers. In third stage, the water-soluble
polymers and the stable complex of nitrogenized phytoconstituents
will undergo carbonization which derived as functionalities of CQDs.
The surface functionalities of CQDs are responsible for the solubility and
good optical properties [41]. Optical performance and application of
CQDs from waste banana peel compared with some other fluorescent
CDs as shown in Table 1 [23,35,42-51]. It can be seen that the waste
banana peel-derived CQDs showed better or comparable optical per-
formance, including the multicolor fluorescence with quantum yield and
bioimaging applications.

The fluorescent properties of CQDs were widely utilized for various
biological applications. Compared to conventional organic dyes, CQDs
are not suffering from photobleaching and photodegradation. Therefore,
CQDs demonstrated great potential for cell imaging and labeling as a
biocompatible fluorescent nanomaterial [52]. Due to
excitation-dependent fluorescence emission, CQDs can be used as a
multicolor nanoprobe that can be excited with different excitation
wavelengths. The toxicity of CQDs is a natural concern for bioimaging
applications [53]. Hence, the toxicity of CQDs was tested in live-cell
lines (nematodes). MTT assay was used to perform the viability test at
different CQDs concentrations from 0 to 200 pg mL~*. Nematodes (Fig. 5
(a)) show a small decrease in viability (<5%). There is no significant loss
in viability of nematodes even at higher concentrations of CQDs. This
result is confirming that the synthesized CQDs exhibit good biocom-
patibility. Considering the above-mentioned properties such as intense
fluorescence with excellent photostability, great water solubility and
good biocompatibility of the synthesized CQDs, they are suitable can-
didates for bioimaging and other biomedical applications. The CQDs
have been applied in in-vivo cellular studies using nematodes and cor-
responding microscopy images are shown as Fig. 5(b-f). The CQDs
internalized into the nematodes and labeled not only the cell membrane
and into the whole body of the nematodes. Besides, CQDs incubated
nematodes have emitted blue, green, and red fluorescence upon 400,
470, and 550 nm excitation, respectively. The CQDs exhibit huge
functional decoration on their surface which is inherent for the bonding
of suitable nanomedicine. Subsequently, the nanomedicine bonded
CQDs could be used for the targeted drug delivery because of their small
size (~5 nm).

4. Conclusions

In summary, a novel CQDs have been synthesized through a simple
hydrothermal carbonization method in an environment-friendly manner
with the use of banana peel waste as both carbon and nitrogen sources.
The resultant CQDs had near-spherical morphology with an average
diameter of ~5 nm and exhibits an acceptable degree of graphitization.
The biomass CQDs have excellent water solubility due to its function-
ality and showed bright fluorescence without further surface treatment
with an acceptable quantum yield of 20%. Besides, CQDs have good
biocompatibility and excellent fluorescence stability, which are ideal
candidates for in vivo bioimaging applications. Their excitation-
dependent fluorescence behaviors were successfully employed as an
effective fluorescent probe in multicolor imaging applications of nem-
atodes. More importantly, these results may motivate the cost-effective,
green, and sustainable synthesis of highly fluorescent multifunctional
carbon-based nanomaterials with various future potential applications
such as biomedical and optoelectronic applications.
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