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Abstract
Photoluminescent carbon dots have gained increasing attention in recent years due to their unique optical properties. Herein, a
facile one-pot hydrothermal process is used to develop nitrogen-doped carbon dots (NCDs) with durian shell waste as the
precursor and Tris base as the doping agent. The synthesized NCDs showed a quantum yield of 12.93%with a blue fluorescence
under UV-light irradiation and maximum emission at 414 nm at an excitation wavelength of 340 nm. X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared (FTIR) spectroscopy showed the presence of nitrogen and oxygen functional
groups on the NCD surface. The particles were quasi-spherical with an average particle diameter of 6.5 nm. The synthesized
NCDs were resistant to photobleaching and stable under a wide range of pH but were negatively affected by increasing
temperature. NCDs showed high selectivity to Tetracycline as the fluorescence of NCDs was quenched significantly by
Tetracycline as a result of the inner filter effect. Based on sensitivity experiments, a linear relationship (R2 = 0.989) was
developed over a concentration range of 0–30 μM with a detection limit of 75 nM (S/N = 3). The linear model was validated
with two water samples (lake water and tap water) with relative recoveries of 98.6–108.5% and an RSD of <3.5%.
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Introduction

In the past decade, carbon dots (CDs) have emerged as a novel
class of nanomaterials that can be developed through econom-
ical and eco-friendly avenues using biomass resources [1–4].
This has resulted in CDs potentially having a significant role
in the fabrication of sustainable materials. In addition, CDs

also provide unique optical and electronic properties including
tunable photoluminescence, low photobleaching, aqueous sol-
ubility, biocompatibility, and low toxicity [5]. These charac-
teristics have resulted in CDs with diverse applications in the
field of novel sensors for the detection of metal ions [1, 2, 5, 6]
and organic compounds [7–9]. Apart from these pollutants,
CDs can be effectively used as a fluorescent probe for emerg-
ing pollutants like antibiotics [10, 11]. With the ever-
increasing global antibacterial market, overuse and misuse of
antibiotics have led to the dissemination of antibiotic-resistant
bacteria which is considered to be a major global health crisis
[12]. Thus, there are increasing demands on developments in
analytical techniques for antibiotic screening and detection.
The current analytical practices involve high-performance liq-
uid chromatography (HPLC) or mass spectroscopy (MS), cap-
illary electrophoresis and iodometry, albeit these techniques
have the downside of using expensive equipments and analyt-
ical columns, specialized manpower, chemical consumption
and high maintenance cost [13]. Thus, developments of novel
methods and sensors that are cheaper, faster and greener are
important in future efforts of determination of antibiotics.

Durian (Durio zibethinus) is a tropical seasonal fruit that is
popular in Asian countries including Thailand, Malaysia,
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Indonesia, China, Singapore and Taiwan with an annual har-
vest of 1.4 million tons [14]. The issue with durian is 60–75%
(w/w) of the entire fruit is thrown away as waste, mainly in the
form of its shell [15]. The bulk of durian shell waste is cellu-
lose (~60%), but it also contains extractives which can be a
rich source of carboxylic acids and phenolic groups [16, 17].
During hydrothermal carbonisation, the lignocellulosic bio-
mass will hydrolyze, forming oligomers and glucose [18].
These intermediary products will further undergo complex
pathways involving dehydration, condensation, polymeriza-
tion and a nucleation reaction to form a crystalline nanoparti-
cle core with a hydrophilic shell containing oxygen functional
groups [18–20]. Oxygen-rich functional groups including -
COOH and -OH are expected to provide versatile anchoring
points for doping agents to improve the performance of car-
bon dots [17, 21]. Thus, elemental doping with nitrogen is
proposed where the nitrogen containing chromophore can
act as a surface passivation agent to improve the quantum
yield of the synthesized CDs [22]. In this paper, nitrogen
doped florescent CDs (NCDs) are produced from Durian
Shell Waste (DSW) with Tris base as the doping agent in a
one-pot HTC process. The NCDs are characterised for phys-
ical, chemical and optical properties. Further, the synthesized
NCDs have been tested for selective and sensitive detection of
Tetracycline (TC). TC is a broad spectrum antibacterial widely
used as a first-line antibiotic in human and veterinary medi-
cine [23]. In recent years, several works have been published
in association with tetracycline detection. However, most of
these reports include either a complex synthetic process or
expensive chemicals. This paper identifies the potential of
using a waste material with naturally existing oxygen func-
tional groups to produce a Tetracycline sensor that shows
better or comparable sensing results to these previous reports.
The proposed sensing methodology is further validated with
two real water systems. This paper introduces a fast, sensitive
and straightforward fluorescent probe to detect TC in an aque-
ous medium and an efficient fluorescent ink.

Experimental

Materials and Chemicals

Durian shell was obtained from the local markets in
Singapore. Tris base was obtained from Promega
Corporation (U.S.). Amoxicillin sodium was purchased from
MedChemExpress. (U.S.). Quinine sulfate was purchased
from Alfa Aesar. (U.S.). Dichloromethane, Streptomycin sul-
fate, Ampicillin sodium, Chloramphenicol, Lincomycin hy-
drochloride, Tetracycline hydrochloride and sulfanilamide
were obtained from Sigma-Aldrich Co. LLC. (U.S.). NaOH
was obtained fromMerck Pte. Ltd. (U.S.). All chemicals were
of analytical grade and used as received.

Sample Preparation

Durian shells were washed thoroughly with tap water and cut
into 1–2 cm pieces and dried at 105 °C for 24 h. The dried
durian pieces were ground with a ball mill (RETSCH PM100,
Germany) and sieved with a 0.22 mm wire mesh. The pow-
dered DSW was stored at 4 °C until use.

Synthesis of C-Dots

The NCDs were synthesized by hydrothermal carbonisation of
DSW as shown in Fig. 1. 1 g of powdered DSW with 0.4 g of
Tris base was introduced to 25 ml of DI water. The mixture was
transferred to a Teflon-lined autoclave and heated at 210 °C for
12 h. The resulting NCD solution was then allowed to cool
naturally to room temperature and then filtered with a 0.45 μm
filter followed with 0.22 μm filter membranes to remove the
larger particles. The solution was then washed with dichloro-
methane to remove any unreacted organic moieties and subject-
ed to dialysis against deionized (DI) water through a dialysis
membrane (3500 MWCO) for 48 h before use. The produced
NCD solution was stored at 4 °C until characterisation.

Fig. 1 Schematic diagram of the preparation and application of NCDs
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Characterisation

Fluorescence spectra were acquired with the Agilent Cary
Eclipse Fluorescence Spectrophotometer (USA). Ultraviolet-
Visible absorption spectra were recorded with a Varian Cary
50 UV/Vis Spectrophotometer (USA). Time resolved fluores-
cence spectroscopy was done with Horiba fluorolog-3 spec-
trofluorometer (Japan) equipped with a 360 nm nanoLED.
Fourier transform infrared spectroscopy (FTIR) was mea-
sured with a Bruker Tensor 27 FTIR spectrophotometer
(USA). Transmission electron microscopy (TEM) was per-
formed on a JEOL 2010 HR transmission electron micro-
scope (Japan). Raman pattern was obtained with the
HORIBA XploRAPLUS Raman Microscope (Japan). X-ray
photoelectron spectroscopy (XPS) measurements were con-
ducted on a Kratos Analytical AXIS Supra photoelectron
spectrometer (UK). X-ray Powder Diffraction (XRD) was
performed on a Bruker D8 Advance (USA).

Quantum Yield (QY) Measurement

The fluorescence quantum yield of NCDs was determined
using quinine sulfate (QY is 54% in 0.5 M H2SO4 solution)
as a standard sample at 366 nm excitation wavelength and
calculated with the following equation [24]

QCD ¼ Qst
INCD
Ist

� �
Ast

ACD

� �
ηCD
ηst

� �2

where subscripts BNCD^ and Bst^ stands for NCDs and ref-
erence standard respectively. BQ^ refers to the QY, BI^ refers
to the integrated Photoluminescence (PL) intensity, BA^ refers
the absorbance measured at the excited wavelength and Bη^
refers to the refractive index. To minimize re-absorption ef-
fects in the 10 mm fluorescence cuvette, absorbencies were
kept under 0.1. QYof the NCDs was calculated to be 12.93%.

Fluorescence Measurement

To assess the selectivity of antibiotics, Amoxicillin,
Streptomycin, Chloramphenicol, Sulfanilamide, Lincomycin,
Tetracycline (TC) and Ampicillin were evaluated with the
NCDs. In a typical 2 ml volume assay, final NCD concentra-
tion was maintained at 125 μg/ml while the antibiotic concen-
tration was 100 μM. The PL spectrum was recorded at an
excitation wavelength of 340 nm. The emission was recorded
from 350 nm to 600 nm. Detector voltage was maintained at
800 V throughout the samples and all measurements were
performed in triplicates. Then, to determine the sensitivity,
different concentrations of TC solutions from 2 μM–
100 μM were prepared. The NCD concentration was main-
tained at 125 μg/ml. All solutions were prepared in DI water.

Two different water samples (Jurong Lake water and tap
water) were used to validate the proposed TC sensor. All water
samples were filtered with 0.22 μm syringe filter membranes
to remove particles. Subsequently, 2 ml of the real water sam-
ples were spiked with known concentrations of TC and ex-
posed to 125 μg/ml NCD. The fluorescence emission spectra
were analyzed at an excitation wavelength of 340 nm.

Results and Discussion

Characterisation of NCD

Characterisation tests were conducted to get insights into the PL
mechanism of the NCDs. The functional groups of the synthe-
sized NCDs were evaluated by the FTIR spectrum (Fig. 2a).
The broad absorption peak at 3413 cm−1 and 3243 cm−1 corre-
sponds to the N-H and phenolic-OH, and stretching vibrations
[2]. The absorption peak at 2916 cm−1 and 2815 cm−1 were
assigned to the C-H stretching vibrations [5, 25]. The absorp-
tion at 1750 cm−1 and 1650 cm−1 corresponds with -CO- (car-
boxylic acid) and C=N functional groups, respectively [2]. The
aromatic C = C bending at 1604 cm−1 indicates the presence of
a sp2 hybridized honeycomb lattice. The band at 1200 cm−1

represents the C-O-C group [25] while the stretching vibration
bands at 1090 cm−1 indicates -C-O oxygen containing function-
al groups including carboxyl groups [5]. Overall, the presence
of these oxygen and nitrogen containing functional groups im-
prove the dispersibility of NCDs in water by enhancing the
hydrophilicity [26].

Raman spectroscopy (Fig. 2b) indicated two vibrational
peaks, at 1380 and 1607 cm−1, which corresponded with dis-
ordered (D) structures in graphene and graphitic (G) bands
respectively [27]. The ratio of D and G peak intensities (ID/
IG) was around 1.42, which suggested the NCDs produced
had high surface defects compared to the sp2 graphitic struc-
ture. Further, the XRD patterns were used to confirm the crys-
talline phase of the synthesized NCDs as shown in Fig. 2c.
The peak at 16° showed the presence of disordered carbon
[28] and the broad diffraction peak around 22° which
corresponded with a carbon lattice spacing of 3.99 Å was
slightly higher than the (002) lattice spacing of 3.44 Å [25].
This increment was attributed to the increase in the amorphous
nature of the NCD surface [29].

TEM imaging was employed to view the particle morphol-
ogy and size distribution of the NCDs. Results indicated the
NCDs were well dispersed (Fig. 2d), and shape of the NCDs
was quasi-spherical. The average diameter of the particles was
measured to be 6.5 nm (Fig. 2e).

Figure 3a represents the XPS survey spectrum conducted
for C, O, N elements on the NCDs. The corresponding w/w
elemental composition were 75.32%, 22.35% and 2.33%, re-
spectively. The high resolution C1S spectrum shown by
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Fig. 3b is deconvoluted into three peaks at 284.8, 286.5 and
288.3 eV, which is attributed to C-C/C=C, C-O and C=O
bonds, respectively [30, 31]. The O1s spectrum (Fig. 3c)
was resolved to two peaks at 531.7 and 532.9 eV, which are
due to C-O and C −OH/C −O −C groups, respectively [5].

The N1 s spectrum (Fig. 3d) was deconvoluted to three peaks
at 397.5 ev for C ≡ N, 399.7 eV for C-N and 400.9 eV for N-
H bonds [5, 32]. Thus, XPS results further confirmed the
presence of oxygen and nitrogen functional groups on the
synthesized NCDs.

Fig. 3 a XPS spectrum of the
NCDs, b, c, and d High-
resolution C1s, O1s, and N1 s
XPS spectra of the NCDs

Fig. 2 a FTIR Spectra, b Raman Spectra, c XRD Spectra, d TEM images of the NCDs, e particle diameter distribution
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Figure 4a illustrates the UV/vis absorption spectrum of
NCDs with the maximum excitation and emission spectra.
UV-absorption of the NCDs (Fig. 4a) conformed with the
general optical absorption of the carbon quantum dots in the
UV region with a tail extending to the visible range [33–35].
However, absorption shoulders could be observed at 254,
280 and 320 nm. The broad peak at 254 and 280 nm was
attributed to π -π* aromatic sp2 hybridisation [36, 37] while
the 320 nm peak corresponded with the n– π* transition of
the carbonyl group [38]. The maximum photoluminescence
was observed at 414 nm upon excitation at 340 nm. Figure 1
shows the synthesized NCD solution exhibited a bright blue
colour under a UV light of 365 nm which was transparent
yellow under daylight. The synthesized NCDs exhibited ex-
citation dependent emission between 320 and 440 nm which
is shown in Fig. 4b, and this was attributed to the presence
of trap states arising from the surface defects [39, 40]. The
NCD solution was used as a fluorescent ink directly without
any pretreatment as shown in Fig. 4c. The photographs
show the text was distinct from the background under UV
light and so suggested the NCDs can be material for fluo-
rescent ink.

To investigate the applicability of the synthesized NCDs
as a fluorescent probe, the stability of the NCDs dispersed in
water was evaluated by measuring the PL intensity variation
with pH, temperature, and time. Under varying pH values

from 3 to 11 (Fig. 5a), the PL intensity was consistent with
two drops at pH 5 and pH 10. This is due to the N-H and
COO- groups present on the NCD surface which created
varying isoelectric points and dissociation constants [41].
However, the overall intensity variation was within a relative
standard deviation (RSD) of 2.1%. Thus, it can be consid-
ered the NCDs were resistant to pH variation. In contrast,
the intensity variation with temperature was significant
where lower temperatures had higher fluorescent intensity
(Fig. 5b). The temperature dependent fluorescence was at-
tributed to thermal activation of non-radiative trappings in
surface and defective sites [42]. The photostability of NCDs
was also quantified by continuous exposure to UV irradia-
tion (Fig. 5c) and the intensity was preserved at 97% of its
initial value after continuous exposure to UV irradiation by
18 W Hg lamp for 120 mins, suggesting the high
photostability of the synthesized NCDs.

Mechanism and Detection of Antibiotics

To investigate the influence of antibiotics to the
photoluminescence property of NCDs, First, the selectivity to-
wards different antibiotics including Lincomycin (Lin),
Tetracycline, Amoxicillin (Amox), Ampicillin (Amp),
Streptomycin (Str), Sulfanilamide (Sulf) and Chloramphenicol
(Chlo) was investigated (Fig. 6a) and the results indicated that

Fig. 4 The optical properties of the NCDs. a UV/Vis absorption spectrum with maximum emission and excitation spectra, b PL emission spectra of
NCDs at different excitation wavelengths and Photographic image of a text written fluorescent ink under (c1) normal indoor light and (c2) UV-light

Fig. 5 The PL variation of NCDs with a solution pH, b solution temperature and c the effect of time measured by a continuous exposure to UV
irradiation by a Hg lamp
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NCDs had strong sensitivity towards TC with a fluorescent
quenching around 80% and moderately sensitive towards
Amoxicillin with fluorescent enhancement around 16% at an
antibiotic concentration of 100 μM. The sensitivity of NCDs
fluorescence quenching to TC was further evaluated with var-
ious concentrations of TC. The fluorescence intensity declined
gradually with the increase of TC concentrations ranging from
0 to 100 μM (Fig. 6b and c). A good linear regression correla-
tion was found as below:

Y ¼ 0:0241 X−0:419

with a correlation coefficient R2 of 0.989 over the concen-
tration range 0–30 μM. The lowest detection limit (LOD)
was calculated to be 75 nM based on a signal to noise ratio
of 3 and as seen on Table 1, the performance of TC sensing

was better or comparable with previously reported fluores-
cent probes.

To explore the sensing mechanism of TC, a series of
studies were carried out. According to Fig. 7a, there is a
good spectral overlap of the absorption spectrum of TC
with the excitation spectra of the NCDs compared to other
antibiotics. This indicated the quenching could happen by
inner filter effect (IFE) or/and fluorescence resonance en-
ergy transfer (FRET) process. However, the lifetime of the
NCDs in the presence and absence of TC remained un-
changed (Fig. 7b) and was measured to be at 5.8 ns.
Thus, it was reasonable to exclude FRET as a possible
mechanism in TC quenching. Further, the absorption spec-
tra of the NCDs, NCDs with TC and TC were examined
(Fig. 7c) and there was no difference in the NCD absorp-
tion spectra when TC was added. This confirmed the

Fig. 6 a Selectivity of NCDs
towards different antibiotics, b
Fluorescent intensity with TC
concentration c PL emission
spectra with increasing TC

Table 1 Comparison of TC
detection with other reported
probes in recent years

Fluorescent probe Linear range (μM) LOD (nM) Reference

Europium-doped CDs 0.5–200 300 [43]

Citric acid and glutathione CDs 2–150 520 [44]

Polymer imprinted CDs 0.02–40 5.48 [45]

Silica imprinted CDs 0.1–50 9.0 [46]

Cadmium telluride quantum dots 13.4–134 308 [47]

Molecularly imprinted polymer ZnO nanorods 2–120 127 [48]

Nitrogen doped Durian shell waste CDs 0–30 75 This work
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absence of ground state complex formation. Thus, the IFE
served as the primary quenching mechanism for NCDs in
the presence of TC. In recent years, IFE based sensors have
gained more attention due to their simplicity and flexibility
as these have no requirement for electron or energy transfer
processes or any covalent linking between the fluorophore
and quencher [44]. Thus, the synthesized NCDs provided a
highly selective, sensitive and simpler sensing platform to
detect TC.

To validate the sensing parameters of TC with NCDs, ex-
periments were conducted on actual water samples. The water
samples were spiked with known concentrations of TC and
the recovery percentages and relative standard deviations
(RSD) are as shown in Table 2.

As expected the fluorescence decreased with increasing TC
concentration and the recoveries were between 98.6–108.5%
while the RSD was below 3.5%. This reinforced the argument
NCDs is a promising sensor to detect TC in environmental
water samples.

Conclusion

Blue-emitting nitrogen doped NCDs could be successfully
synthesized using a one-pot hydrothermal method using

durian shell waste with tris base as the doping agent. The
presence of natural existing oxygen groups in the durian shell
provided versatile anchoring points for the nitrogen dopant
which resulted in carbon dots with good fluorescent properties
and stability. Thus, durian shells can possibly be an effective
and cheap carbon precursor material for future CD develop-
ment. The synthesized NCDs exhibited high selectivity to-
wards TC based on the IFE process with a limit of detection
at 75 nM. The IFE based sensing strategy would provide an
efficient, convenient and sensitive technique to detect TC
while avoiding any complex covalent bonding. Thus, the syn-
thesized NCDs have a high potential for use as an efficient and
simple TC detection sensor in environmental systems.
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