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Highly selective and sensitive detection of
amaranth by using carbon dots-based nanosensor+

Lizhen Liu,? Zhi Mi, ©*2 Haihong Li,° Caiging Li,* Qin Hu® and Feng Feng & *2

In this work, a novel fluorescence nanosensor for selective and sensitive determination of amaranth was
constructed using carbon dots (C-dots). Water soluble C-dots with strong fluorescence were obtained
by a simple microwave-assisted method using urea and glycine as raw materials. It was found that
amaranth can efficiently and sensitively quench the C-dots fluorescence by the inner filter effect (IFE)
and non-radiative energy transfer (NRET) mechanisms. The fluorescence quenching efficiency (Fo/F) was
strongly correlated with the concentration of amaranth in the 0.2-30 pM range. The detection limit
(LOD) is 0.021 puM. There was no significant change in the fluorescence intensity of C-dots when other
potentially interfering substances were present in the system. Our C-dots-based nanosensor was
successfully utilized for the analysis of amaranth in drinks and showed rapid, sensitive and accurate
responses. It indicates that the novel C-dots-based nanosensor has great potential in amaranth
detection for real-life applications.

Introduction

Coloration is important for consumer perception and accep-
tance, because it often correlates with the freshness or accept-
ability of the food. Food dyes can be either natural or synthetic
dyes. Natural dyes are usually extracted from natural sources
and show some disadvantages in their properties such as low
tinctorial strength, instability toward light, pH, temperature
and redox agents, high cost and easy discoloration during
processing or storage. Compared with natural dyes, synthetic
ones offer colour uniformity, good stability, low cost and strong
dyeing power, therefore, they are widely used in the food
industry. However, many synthetic dyes pose potential risks to
human health and their use is strictly regulated by laws and
regulations all over the world.

Amaranth (Fig. S11), a typical synthetic aromatic azo dye
showing fascinating red color, is often used as an additive in
foods and soft drinks. However, some studies showed negative
effects such as cytotoxicity, cytostatic and genotoxicity of
amaranth on human health."” Based on Food and Agriculture
Organization (FAO) and World Health Organization (WHO)
guidance, the acceptable daily amaranth intake should be
within 0-0.5 mg kg~ '.* Thus, the amount of amaranth in food
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must be strictly controlled and it is of high significance to
develop an accurate, sensitive, simple, rapid and economic
method for amaranth detection to safeguard human health and
food safety. Currently, methods for amaranth determination
include high performance liquid chromatography-diode array
detector ~ (HPLC-DAD),**  high  performance liquid
chromatography-ultra-violet detection (HPLC-UV),* liquid
chromatography-mass spectrometry (LC-MS),” electrochem-
istry,®*° capillary electrophoresis (CE),"* thin layer chromatog-
raphy (TLC)” and enzyme-linked immunosorbent assay
(ELISA)* methods. Although these methods have been effec-
tively used for amaranth detection, they still have some short-
comings such as materials and time consumption, complex
operation and expensive instruments.* Compared with other
analytical methods, fluorescence method is a preferable
method for trace analysis because of its low cost, simple oper-
ation, rapid and high sensitivity.*®

Carbon dots (C-dots) represent a new member family of
carbon nanomaterials with former family members of fuller-
enes, nano-diamonds, graphene sheets and carbon nano-
tubes.'®"” It was first discovered in 2004 during separating and
purifying sing-walled carbon nanotubes.'® The C-dots are typi-
cally almost spherical with sizes less than 10 nm. The C-dots
cores generally consist of amorphous carbon or sp* hybridized
carbons.* Since C-dots discovery, various methods have been
established to synthesize them, including laser ablation,*
chemical and electrochemical oxidation,*** carbonizing
organic molecules,” hydrothermal strategies* and micro-
wave*?® methods. C-dots, as emerging light-emitting nano-
materials, have drawn great attention because of their
prominent characteristics such as facile synthesis, easy
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functionalization, favorable photoluminescence, good water
solubility, high chemical and photo stability, excellent
biocompatibility and low cytotoxicity.> These outstanding
properties make C-dots a promising material and can be used in
the fields of bioimaging,**** energy conversion and storage,*
biomedicine®* and photocatalysis.*® In addition, C-dots are also
widely used to detect various analytes based on changes in
fluorescence intensity. Sooksin's group prepared N-doped C-
dots and used them as fluorescence nanosensor for AI** detec-
tion.*® Zhang's group synthesized C-dots doped with N and
applied them as nanosensor for Cr(vi) and ascorbic acid detec-
tion.*” Zan's group synthesized C-dots simultaneously doped
with P and N and used them as an effective fluorescent nano-
sensor for nitrite ions detection.*® Dang's group produced C-
dots doped with both N and S and used them for the detec-
tion of Ag'*® Zeng's group produced C-dots with poly-
ethylenimine functionalized for selective detection of 6-thio-
guanine.* However, as far as we aware, research on the appli-
cation of C-dots as a fluorescent nanosensor for selective and
sensitive detection of amaranth was not published in the
literature.

In this work, we first reported the application of C-dots as
a fluorescent nanosensor for the detection of amaranth. The C-
dots were synthesized using urea and glycine as raw materials.
As-synthesized C-dots exhibit excellent solubility in water and
show strong fluorescence, which can be efficiently quenched by
amaranth. Using these properties of C-dots, we developed
a selective and sensitive nanosensor based on fluorescence
quenching to detect amaranth. This C-dots-based nanosensor
was successfully implemented for amaranth analysis in drinks.
The proposed fluorescence method not only exhibited excellent
sensitivity and selectivity but also demonstrated its feasibility
for practical applications.

Experimental

Materials

Amaranth (95%) was bought from Aladdin Chemistry Limited
Company (Shanghai, China). Urea was from Tianjin Jinbei Fine
Chemical Limited Company (Tianjin, China). Quinine sulfate
was obtained from Sinopharm Chemical Reagent Limited
Company (Shanghai, China). Dibasic sodium phosphates
(Nay,HPO,), sodium hydroxide (NaOH), hydrochloric acid (HCI),
sodium dihydrogen phosphate (NaH,PO,) and potassium
bromide (KBr) were acquired from Tianjin Zhiyuan Chemical
Reagent Limited Company (Tianjin, China). Starch, KCl, CaCl,,
ZnCl,, FeCl; and NaCl were bought from Jiangsu Qiangsheng
Functional Chemistry Limited Company (Changshu, China).
Glycine, phenylalanine, vitamin C, vitamin By, tyrosine, threo-
nine, alanine and glutamic acid were purchased from Tianjin
Damo Chemical Reagent Factory (Tianjin, China). Glucose and
malt sugar were purchased from Tianjin Beichen Fangzheng
Chemical Reagent Factory (Tianjin, China). All reagents were
analytically pure and used without further purification. Deion-
ized water (resistivity of 18.2 MQ cm™ ") was used in all experi-
ments. Phosphate buffer saline (PBS) solutions with different
pH values of 2-12 were obtained by adding different amounts of
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NaOH or HCI (1 M) to 0.01 M mixture solution of Na,HPO, and
NaH,PO,. 2 mM amaranth standard solution was prepared by
using deionized water as solvent and keep in a refrigerator at
4 °C for further use.

Synthesis of C-dots

The C-dots were produced by microwave irradiation of a solu-
tion containing urea and glycine. To prepare this solution, 2.0 g
of urea was mixed with 2.0 g of glycine in 40 mL of deionized
water. The mixed solution was irradiated in a microwave reactor
for 3 min with microwave radiation at 800 W. The resulting
brown products were then mixed with 60 mL of deionized water
and dialyzed using dialysis tubing (MWCO, 500-1000 Da)
against deionized water for 12 h, after which the C-dots solution
was freeze dried.

Characterization

Transmission electron microscopy (TEM) was performed by
a FEI Tecnai F-20 TEM (Hillsboro, USA) instrument at an
accelerating voltage of 200 kv. TEM samples were prepared by
dropping the C-dots aqueous solution onto carbon-coated
copper grid which was left to dry before analysis. Fourier
transform infrared (FTIR) spectra were recorded using Bruker
Tensor 27 FTIR spectrometer (Bruker, Germany) at a resolution
of 4 cm™" in the range of 400-400 cm™'. The C-dots/KBr disk
was prepared by mixing few milligrams of C-dots with about
100 mg of KBr powder, grinding to approximately 2 pm in
a mortar and subjecting to 29.7 MPa pressure by a pressing
machine. X-ray photoelectron spectroscopy (XPS) was per-
formed by using Krato XPS instrument (Krato, UK) with AIKo
radiation operating at 1486.6 eV. UV-vis absorption spectra were
recorded on TU-1800 spectrometer (Beijing, China) in 1 cm
quartz cell and the spectra were collected from 200 to 700 nm.
Fluorescence spectra were obtained using F-2500 spectrometer
(Hitachi, Japan) equipped with a xenon lamp as the excitation
light source. Time-resolved fluorescence decay spectra were
performed on an Edinburgh FLS 920 spectrometer (Edinburgh,
UK) with the excitation wavelength at 320 nm.

Sensing of amaranth

For analysis of amaranth, 1800 pL PBS solution (0.01 M, pH = 7)
was mixed with 200 pL of C-dots solution (1 mg mL~") and then
30 uL of amaranth or sample solution at different concentration
(0-2 mM) was added (final concentration of the amaranth is 0-
30 uM). The mixed solution was hand-shaken and incubated for
5 min at ambient environment. 10 nm was set as the emission
and excitation slit width. Fluorescence intensity was obtained at
320 nm excitation wavelength. Quenching efficiency was
calculated based on the relative fluorescence intensity (Fo/F),
where F, and F are C-dots fluorescence intensity without and
with amaranth presence in the solution, respectively. Other
substances such as sugars (glucose, starch and malt sugar),
vitamins (vitamin C and vitamin B,), amino acids (glycine,
phenylalanine, tyrosine, threonine, alanine and glutamic acid)
and salts (KCl, CaCl,, ZnCl,, FeCl; and NaCl) were measured
under the same conditions for selectivity test.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion
Characterization of C-dots

To study the optical characteristics of the C-dots, the UV-vis
absorption and fluorescence spectra were characterized. UV-
vis absorption spectra of C-dots (Fig. 1A) showed a peak
appear at 320 nm because of n — 7* transition of C=N and C=
0, which suggesting nitrogen and oxygen-containing func-
tional groups on the surface of the C-dots. C-dots solution is
light yellow color (inset of Fig. 1A). It changed to bright blue
fluorescence after exposure to UV light. The maximum emission
and excitation wavelengths were observed at 380 and 320 nm,
respectively. C-dots fluorescence emission spectra depended on
excitation wavelengths (Fig. 1B). When excitation wavelength
changed from 300 nm to 430 nm, the C-dots emission spectra
red-shifted from 375 nm to 475 nm because of presence of
various functional groups on C-dots surface and various sizes of
C-dots.** C-dots quantum yield (®s) was 13%, which was
determined using quinine sulfate as a reference (Fig. S27).

TEM was applied to characterize the particle size and
morphology of the C-dots (Fig. 2). TEM image shows the C-dots
have good dispersion and are nearly spherical. The C-dots
particle sizes were distributed in a wide range of 1.3-5.6 nm.
The average particle size was 3.3 nm, which was calculated by
averaging particle sizes of 100 random particles.

C-dots surface functional groups were determined using
FTIR (Fig. S31). A broad absorption band between 3000 and
3500 cm ! is attributed to O-H and N-H stretching vibrations.*
The absorption bands at 2845 and 2927 cm ™' are ascribed to
stretching vibration of C-H. Absorption bands at 1459, 1605
and 1721 cm™* correspond to the CH,, C=N and C=O
stretching vibrations, respectively. Peaks associated with
stretching vibrations of C-N and CO-NH appear at 1155 and
1395 cm ™', respectively.***” Band at 1080 cm ™' is assigned to
the C-O bond.*® Furthermore, the XPS analysis was also per-
formed to further investigate the detailed compositional infor-
mation of the C-dots (Fig. 3). Full XPS spectrum (Fig. 3A) shows
three main peaks at 285.8, 531.5 and 399.7 eV, which corre-
sponded to C 1s, O 1s and N 1s, respectively, confirming the C-
dots mainly contained C, O and N. In detail, the high-resolution
C 1s spectrum (Fig. 3B) contained peaks at 288.3, 285.9 and
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Fig. 1 (A) UV-vis absorption (blue line), excitation (red line) and
emission (black line) spectra of the C-dots. Inset: photograph image of
the C-dots solution under daylight (left) and UV light (right). (B) Fluo-
rescence emission spectra of the C-dots at different excitation
wavelengths (300-430 nm).
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Fig. 2 (A) TEM image and (B) particle size distribution of the C-dots.

284.5 eV, which correspond to C=0, C-N and C=C bonds,
respectively.*® High-resolution N 1s spectrum (Fig. 3C) demon-
strated peaks corresponding to N-H at 402.2 eV and C-N group
at 399.9 eV.*® High-resolution O 1s spectrum (Fig. 3D)
confirmed presence of C-O and C=O groups with corre-
sponding peaks at 531.7 and 531.3 eV. Both the FTIR and XPS
results agreed on existence of amide, amine, carboxyl and
hydroxyl groups on the surface of the C-dots, which ensure
excellent water solubility and strong fluorescence of C-dots.

Parameter optimization for amaranth sensing

To obtain an effective and very sensitive fluorescent nanosensor
based on C-dots for amaranth sensing, we optimized factors
including dosage of C-dots, pH of buffer solution and incuba-
tion time. 10 pM amaranth was used in the whole optimization
experiments and the quenching efficiency (Fy/F) was used as the
response of each test.

Fig. S4AT shows the effect of pH on the Fy/F in the 2-12 pH
range. As the pH increased from 2 to 7, the Fy/F initially
increased and then showed a decrease trend when pH was
higher than 7. The highest Fy/F value was achieved at pH 7. This
is due to the reaction of the -OH of amaranth, which directly
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Fig. 3 (A) Full scan XPS spectrum, (B) C 1s spectrum, (C) N 1s spec-
trum, and (D) O 1s spectrum of the C-dots.
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influence the interaction between amaranth and C-dots.”
Therefore, this value was selected as the optimal one for further
sensing experiments.

Fig. S4Bt shows the effect of the C-dots dosage on the Fy/F in
the range of 140-280 pL. We found that Fy/F increased as the C-
dots dosage increased from 140-200 pL and then gradually
decreased when the C-dots dosage beyond 200 uL. Thus, we
chose 200 uL as the optimum one for further sensing
experiments.

Effect of the incubation time between C-dots and amaranth
on Fy/F value is depicted in Fig. S4C.T The F,/F value reached
a maximum when incubation time was 1 min. There was no
significant change in F,/F after incubation for 1 min, indicating
that the C-dots based nanosensor is fast for the detection of
amaranth. In order to ensure the stability and the reproduc-
ibility of the experimental results, 5 min was chosen conserva-
tively as the optimized incubation time. In conclusion, the
optimum conditions for the detection of amaranth were pH 7,
200 uL of C-dots solution and 5 min incubation time.

Amaranth detection

C-dots fluorescence response to amaranth was analyzed under
the optimal conditions discussed above and is displayed in
Fig. 4A. As amaranth concentration increased, C-dots fluores-
cence intensity gradually decreased. It indicated that C-dots
fluorescence quenching strongly correlated with amaranth
concentration. As displayed by Fig. 4B, C-dots fluorescence
quenching positively correlated with amaranth concentration in
the 0.2-30 puM range. The relationship was linearly fitted (R*> =
0.9989) using the following equation: Fy/F = 0.292[C] + 1. The
limit of detection (LOD) and the limit of quantity (LOQ) of the
proposed C-dots based nanosensor for amaranth detection was
measured to be 0.021 pM (S/N = 3) and 0.07 pM (S/N = 10),
respectively.

For accuracy and precision evaluation, we performed five
consecutive analyses of amaranth content at concentrations
equal to 1, 15 and 30 uM. As shown by Table S1,T the obtained
recoveries were 103%, 102.7% and 98.7% with the corre-
sponding relative standard deviation (RSD) equal to 2.5%, 1.2%
and 1.9%, respectively. Thus, our developed novel nanosensor
shows excellent precision and accuracy in amaranth detection.
Comparison of our sensor performance with other analytical
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Fig. 4 (A) Fluorescence emission spectra of C-dots with addition of
different concentrations of amaranth. (B) The plot of Fo/F against
amaranth concentration in the range of 0.2-30 uM. The error bars
represent the standard deviation of three measurements.
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methods of amaranth detection is listed in Table S2.1>7%10-13:52
Our proposed method achieves a lower LOD than other reported
methods even though it is not as good as ELISA and HPLC-MS
detection methods.”*® However, it is noteworthy that most
other reported analytical methods require long analysis time,
costly equipment and complex operations while our proposed
method is of rapid response, good accuracy and precision,
simple operation and low cost, all of which are beneficial to
routine amaranth detection in real samples.

Quenching mechanism analysis

To understand mechanism of C-dots fluorescence quenching by
amaranth, we used UV absorption spectra of amaranth and the
emission and excitation spectra of C-dots. Absorption spectrum
of amaranth overlaps with the emission and excitation spectra
of C-dots (Fig. S5At). This indicated that C-dots fluorescence
quenching by amaranth might be attributed to inner filter effect
(IFE) or fluorescence resonance energy transfer (FRET).*® For
deeper understanding of this quenching mechanism, the time-
resolved fluorescence decay spectra of C-dots were measured in
the presence and absence of amaranth (Fig. S5Bf). The fluo-
rescence lifetime of C-dots did not change with or without
amaranth, which points at IFE-based quenching mechanism.>*
Meanwhile, the UV absorption spectra of C-dots under different
amaranth concentration were recorded (Fig. S5Ct). The UV
absorption of C-dots at 523 nm gradually increased as amaranth
concentration increased. We obtained a good linear correlation
between UV absorption intensity and the amaranth concentra-
tion, which further confirmed the occurrence of IFE.** In addi-
tion, the structure of amaranth contains hydroxyl groups, and
the surface of C-dots contains a large number of hydroxyl and
carboxyl groups as determined by IR and XPS, the hydroxyl
groups of amaranth bind to the hydroxyl and carboxyl groups of
C-dots through hydrogen bonding, allowing an effective non-
radiative energy transfer (NRET) from the C-dots to amaranth,
resulting in quenching of C-dots.”® So the mechanism of C-dots

0.9

0.8

§F &S O om C
& SO MO D & .. FE D 2 N
F T PEE LSS S S TS
& CONHEELE TS & T S
¥ §OFORE T O
& <

Fig. 5 Fluorescence response of C-dots in the presence of amaranth
(5 uM), salts (100 pM), amino acids (300 uM), vitamins (300 uM) and
sugars (300 uM). The error bars represent the standard deviation of
three measurements.
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Table 1 Analytical results of amaranth in grape juice drinks (n = 3)
Sample Original found (uM) Added (uM) Total found (uM) Recovery (uM) RSD (%)
1 55.1 50 103.3 96.4 2.2

54.7 100 158.3 103.6 2.8
3 55.3 200 251.6 98.2 1.4

fluorescence quenching by amaranth was caused by IFE and
NRET.

Interference study

To test specificity and selectivity of our developed nanosensor
during amaranth analysis in real samples, C-dots fluorescence
responses were analyzed under the presence of various
potentially-interfering substances such as sugars (glucose,
starch and malt sugar), vitamins (vitamin C and vitamin B,),
amino acids (glycine, phenylalanine, tyrosine, threonine,
alanine and glutamic acid) and salts (KCl, CaCl,, ZnCl,, FeCl,
and NaCl). As shown by Fig. 5, C-dots fluorescence is signifi-
cantly quenched by amaranth at the concentration of 5 M. In
contrast, presence of other interfering substances even at
concentrations 20-60 times higher than amaranth concentra-
tion did not show any significant interference on the C-dots
fluorescence. Thus, our as-synthesized C-dots can be used to
construct highly selective nanosensor to detect amaranth in real
samples.

Detection of amaranth in drinks

To further evaluate the practicability and accuracy of our C-dots-
based nanosensor, we tested it using grape juice drinks (the
main ingredients: water, sugar, citric, vitamin C, sodium car-
boxymethyl cellulose, aspartame, acesulfame potassium,
essence, grape juice and amaranth), which were purchased
from a local store and used as received. Table 1 shows the
analytical data and recovery values of three drink samples. The
recovery values ranged from 96.4% to 103.6% and the RSD (n =
3) was less than 2.8%, which indicates that our developed
nanosensor is very accurate and can be used for amaranth
detection in consumer beverages.

Conclusion

We have successfully constructed and applied a new fluores-
cence nanosensor based on C-dots for the determination of
amaranth. This sensor is based on fluorescence quenching of C-
dots by amaranth. Specific quenching mechanism was related
to the IFE and NRET. C-dots were synthesized using urea and
glycine as precursors through a quick, inexpensive and envi-
ronmentally friendly microwave-assisted method. As-
synthesized C-dots display excellent solubility in water and
strong fluorescence. The nanosensor constructed using C-dots
as active material exhibited excellent selectivity and sensitivity
towards amaranth. We obtained a good linear relationship

This journal is © The Royal Society of Chemistry 2019

between amaranth concentration and Fy/F in the 0.2-30 uM
range. Detection limit of amaranth using this method was 0.021
uM. Comparison with previous methods showed that our novel
sensor has several advantages, which include its simplicity in
design, fabrication and operation, low cost, rapid response,
good selectivity and high sensitivity. Furthermore, the as-
constructed nanosensor was successfully utilized for the
detection of amaranth in consumer beverages. It indicates that
the presented nanosensor is a promising sensing platform for
amaranth detection.
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