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Abstract
A novel, economic, and eco-friendly method of detecting ascorbic acid (AA) with excellent sensitivity was developed. The
method took advantage of the fluorescence of carbon quantum dots (CDs) decreasing as the AA concentration increased through
interactions between AA and Ag(I) in the presence of silver nanoparticle (AgNP) seeds, producing more AgNPs and allowing
fluorescence resonance energy transfer between the AgNPs and the CDs. The change in the fluorescence intensity when AAwas
added was proportional to the AA concentration over the range 0–9.0 μM. The AA detection limit was 0.2 μM. This approach is
a new method for determining the concentration of AA.
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Introduction

Ascorbic acid (AA), also called vitamin C, is a water-soluble
vitamin that is found at relatively high concentrations in fruits
and vegetables. AA is required by humans and other animals
for metabolism and is consumed in relatively large amounts
[1]. AA plays vital roles in humans and many other animals
and can decrease the risk of cardiovascular diseases occurring
because it is involved in increasing high-density lipoprotein
production, downregulating cholesterol and triglyceride syn-
thesis, and decreasing blood sugar and insulin requirements
[2]. AA has antioxidant properties and stabilizes a number of
compounds including vitamin E and folic acid. AA improves
the absorption of iron by reducing ferric iron into the more
absorbable ferrous form. A lack of AA can allow oxidative
damage to lipids, DNA, and proteins to occur, so AA

deficiencies have been implicated in many chronic diseases
[3]. A fast and accurate method for determining AAwill clear-
ly be of great use in the pharmaceutical, clinical, food industry,
and environmental analysis fields and also in other fields.
Various methods involving spectrophotometry [1], chemilu-
minescence [4], electrochemistry [5, 6], and other techniques
have been used to determine AA. Fluorescence methods offer
advantages over other methods, such as offering rapid re-
sponses, being very sensitive, and being simple to perform,
so have received increasing attention in recent years. Many
fluorescent probes, including organic molecules [7], metal
nanoclusters [8], and carbon dots [9, 10], have been developed
for detecting AA.

Carbon dots (CDs) have attracted much attention because
of their fascinating optical properties and prospects for use in
efficient optoelectronic devices. CDs have potential for use in
biological labeling [11, 12], photocatalysis [13], and fluores-
cence sensing [14–16]. CDs have low toxicities and high wa-
ter solubilities and are stable and biocompatible because they
have carboxylic acid groups on their exterior surfaces [17].
CDs have been prepared following various synthetic ap-
proaches including pyrolysis, electrochemical processes, laser
ablation, oxidation processes, and microwave-assisted
methods [11–17]. However, most CDs have been prepared
using chemical oxidation and exfoliation methods, which
have serious disadvantage such as requiring the use of toxic
organic solvents and/or strongly basic or acidic media and
being time consuming. It is therefore important to develop
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environmentally benign methods for preparing CDs from raw
materials that are widely available [18, 19].

Silver nanoparticles (AgNPs) promise to be useful
nanomaterials. AgNPs have been used in many applications
because they have remarkable properties including having
characteristic high extinction coefficients and exhibiting sur-
face plasmon resonance absorption [20, 21]. AgNPs are also
excellent quenchers of various fluorescent probes such as or-
ganic dyes and quantum dots [22, 23]. As far as we know,
however, CDs have not previously been combinedwith AgNP
seeds and Ag(I) to determine AA. In the study described here,
we developed an environmentally benign, simple, cheap, and
efficient calcination method for synthesizing CDs from mung
bean shells without using any chemical reagents. We then
developed a simple, quick, sensitive, and selective method
for determining AA using a CD/Ag(I)/AgNP system. The
method relied on the CD fluorescence intensity decreasing
as the AA concentration increased because of interactions be-
tween AA and Ag(I) in the presence of AgNP seeds, produc-
ing more AgNPs and allowing fluorescence resonance energy
to be transferred between the AgNPs and the CDs, as shown in
Scheme 1. To the best of our knowledge, this type of CD has
not been used before in a fluorescence probe. We sought to
take advantage of the unique features of CDs and AgNPs to
design, in a rational way, a new class of fluorescent probe for
quickly and sensitively sensing intracellular AA in real
samples.

Materials and methods

Chemicals and apparatus

Silver nitrate (AgNO3), potassium nitrate (KNO3), sodium
nitrate (NaNO3), copper nitrate (Cu(NO3)2), polyvinylpyrrol-
idone (PVP), sodium borohydride (NaBH4), gallic acid (GA),
N-ethylmaleimide (NEM), and catechol were purchased from
Sinopharm Chemical Group Co., Ltd. (Shanghai, China).
Ascorbic acid (AA) and uric acid (UA) were purchased from
Shanghai Bioengineering Co., Ltd. (Shanghai, China).

Arginine (Arg), isoleucine (Ile), lysine (Lys), glutathione
(GSH), cysteine (Cys), and phenylalanine (Phe) were pur-
chased from Huixing Biochemical Reagent Co., Ltd.
(Shanghai, China). Mung bean shell was bought from local
agricultural market (Anhui, China). All chemicals used were
of analytical reagent grade; experimental water was deionized
water.

Fluorescence spectra of all the samples were acquired using
an F-4500 instrument (Hitachi High-Technologies), using a
1.0 cm × 1.0 cm quartz cell. The morphologies of the CDs
were observed using a Hitachi H-7500 transmission electron
microscope (Hitachi High-Technologies Corporation) using
an acceleration voltage of 200 kV. UV-vis absorption mea-
surements were made using a U-4100 spectrophotometer
(Hitachi High-Technologies Corporation). All the experi-
ments were carried out at room temperature.

Synthesis of CDs

The CDs were synthesized by thermally calcining mung bean
shells in a single-step carbonization method. A 9 g aliquot of
dry mung bean shells was placed in a crucible, and the cruci-
ble was heated to 250 °C for 2 h in a muffle furnace with a
nitrogen atmosphere. The black residue was allowed to cool to
room temperature, then ground to a powder. The CD synthesis
process is shown in Scheme S1 in the Electronic
SupplementaryMaterial (ESM). A 0.5-g aliquot of the powder
was dispersed, with stirring and ultrasonic, in 50 mL of dis-
tilled water to give a CD suspension, which was centrifuged at
8000 rpm for 10 min to remove the larger particles. The su-
pernatant, which contained the CDs, was passed through a
0.22-μm membrane filter and then dialyzed for 10 h using a
dialysis membrane with a molecular weight cutoff of
3500 amu. The dialyzed CD suspension was stored at 4 °C
until it was used in the experiments described below.

Preparation of AgNP seeds

Each item of glassware was washed with aqua regia (a 3:1
mixture of HCl(conc) and HNO3(conc)), rinsed several times
with double-distilled water, then dried at 100 °C in an oven.
AgNP seeds were prepared by dissolving 0.2 mL of 18 mM
AgNO3 and 0.2 mL of 17 mM PVP in 40 mL of deionized
water, then 1.2 mL of 10 mM NaBH4 was added dropwise
with vigorous stirring. The PVP-stabilized Ag seeds (5–8 nm
in diameter) that were produced were kept in the dark at 4 °C
until they were used in the experiments described below.

Fluorescence titration experiments

Fluorescence measurements were performed at room temper-
ature using a Hitachi F-4500 fluorescence spectrophotometer
using an excitation wavelength of 364 nm and excitation and

Scheme 1 Illustration of the design rationale for the detection of AA
using CDs/Ag(I)/AgNP system
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emission slit widths of 5 and 10 nm, respectively. A series of
test tubes was prepared, each test tube containing a mixture of
the CD suspension, 0.1 μM AgNPs, and 30 μM AgNO3 at
room temperature. The pH of mixtures was adjusted to 7 by
Tris-HNO3 buffer, then the mixtures were allowed to equili-
brate at room temperature for 30 min. A different amount of
stock AA solution was added to each tube, then deionized
water was added to each tube to bring the volume to
5.0 mL. The fluorescence intensity of the mixture in each tube
was then measured.

Commercial AA tablet samples were analyzed by adding a
tablet to an appropriate volume of deionized water. The fresh
human serumwas collected from a volunteer of our laboratory
and was diluted directly 10 times with buffer before analysis.
All experiments were performed in compliance with the rele-
vant laws and institutional guidelines. The solution was
passed through a 0.22-mm membrane filter, then the solution
was diluted to a specified volume with deionized water and
mixed thoroughly before being analyzed. The AA content was
determined in AA tablet and human serum samples by the
p r e s e n t m e t h o d a n d t h e s t a n d a r d 2 , 6 -
dichlorophenolindophenol (DCPIP) method.

Results and discussion

Characterization of the synthesized CDs

Transmission electron microscopy was used to determine the
sizes and morphologies of the CDs. The transmission electron
microscopy images shown in Fig. 1A indicated that the as-

purified CDs were mostly spherical and monodisperse with
diameters of 3–7 nm. These results indicated that the CDs had
similar morphological features to CDs produced using chem-
ical synthesis methods [24, 25]. The crystal phases of the CDs
were investigated by X-ray diffractometry. The diffraction
pattern, shown in ESM Fig. S1, had a broad diffraction peak
with a very low intensity centered on 22.14°, indicating that
the CDs had amorphous structures. The Raman spectrum of
the CDs (ESM Fig. S2) contained a G band at about
1587 cm−1, indicating the presence of intrinsically disordered
sp2 carbon, and a clear D band at around 1360 cm−1, indicat-
ing sp3 carbon [26]. The composition of the CD surfaces and
the oxidation states of the elements on the CD surfaces were
investigated by X-ray photoelectron spectroscopy. The X-ray
photoelectron spectrum shown in Fig. 1B contained three typ-
ical peaks, for C 1s at 285.1 eV, for N 1s at 399 eV, and for O
1s at 531 eV. The spectrum also indicated the C, N, and O
contents of the CDs. The high-resolution C 1s spectrum
shown in Fig. 1C contained three peaks (for C–C at
284.7 eV, for C–O at 286.3 eV, and for C=O at 288.2 eV) [26].

The fluorescence spectrum of the CDs is shown in ESM
Fig. S3. Maximum excitation was found at a wavelength of
364 nm, andmaximum emission was found at a wavelength of
445 nm. The narrow symmetrical fluorescence peak was con-
sistent with the CD size distribution. The emission spectra
were sensitive to the excitation wavelength and the emission
peak varied from 425 to 458 nm as the excitation wavelength
increased from 320 to 400 nm. It can be seen from Fig. 1D that
the emission maximum shifted to a higher wavelength as the
excitation wavelength increased. Maximum emission intensi-
ty was found at an excitation wavelength of 364 nm. We

Fig. 1 (A) TEM images of the
CDs. (B) XPS survey spectra of
the CDs. (C) High-resolution
XPS spectra of the C 1s of the
CDs. (D) Fluorescence emis-
sion spectra with different ex-
citation wavelengths
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therefore concluded that 364 nm was the optimum excitation
wavelength for use in the subsequent experiments. This exci-
tation wavelength–dependent fluorescence was attributed to
the surface state affecting the CD band gap [27]. The quantum
yield of the as-extracted CDs was 18.6%. We concluded that
we had successfully synthesized stable and useful CDs.

Fluorescence of the CD/Ag(I)/AgNP system
in response to AA

As shown in ESM Fig. S4, the CD solution fluoresced strong-
ly at about 445 nm. Adding 1.0 × 10−7 mol L−1 of AgNP seeds
and 2.0 × 10−5 mol L−1 of Ag(I) decreased the fluorescence
intensity slightly because of the CD/Ag(I)/AgNP system
forming. Adding a trace of AA quenched the CD/Ag(I)/
AgNP fluorescence, and increasing the AA concentration in-
creased the amount of quenching that occurred, as shown in
Fig. 2A. We investigated the effect of the presence of AA on
CD fluorescence and found that CD fluorescence was not
affected by the presence of AA, as shown in ESM Fig. S5.
The decrease in fluorescence was therefore only caused by
interactions between the Ag(I)/AgNP system and AA. For
sensitive detection of AA, the detection conditions were opti-
mized (the pH, incubation time, and temperature) before quan-
titatively analyzing AA. As shown in the ESM (Figs. S6–S8),
taking these results into consideration, the subsequent

fluorescence titration experiments were performed at pH 7.0
using a Tris-HNO3 buffer solution and a contact time of
30 min at room temperature.

Mechanism involved in the fluorescence quenching
process

The mechanism involved in fluorescence quenching was in-
vestigated by acquiring UV-vis absorbance spectra of a solu-
tion of Ag(I)/AgNPs in the absence and presence of AA. The
spectrum for the solution containing only Ag(I)/AgNPs (curve
Ba^ in Fig. 2B) contained a weak absorption peak at around
400 nm. This was the characteristic AgNP absorption peak,
called the surface plasmon resonance peak [20, 28]. The spec-
trum for the Ag(I)/AgNP system containing a trace of AA
(curve Bb^ in Fig. 2B) contained a strong absorption peak at
around 400 nm. AA acted as a reductant, transforming Ag(I)
into Ag atoms, and the AgNPs acted as nucleation seeds, and
grew as Ag(0) was produced [29–31]. The AgNP sizes in-
creased through the nucleation and growth process, but the
number of AgNPs also increased. The surface plasmon reso-
nance intensity therefore increased. The quenching of the
fluorescence of fluorescent materials by AgNPs is predomi-
nantly caused by fluorescence resonance energy transfer, the
inner filter effect, and electron transfer [22]. Fluorescence res-
onance energy transfer or inner filter effect requires the

Fig. 2 (A) Fluorescence emission
spectra of CDs/Ag(I)/AgNP
system and different
concentrations of AA (0 μM to
9 μM). (B) UV-vis absorption of
(a) Ag(I)/AgNP system and (b)
Ag(I)/AgNP system with 4.0 μM
AA

Fig. 3 (A) TEM images of AgNP
seeds. (B) TEM images of Ag(I)/
AgNP system with AA
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fluorescent materials emission or excitation band to overlap
the AgNP surface plasmon resonance band well [32, 33]. The
CD emission spectrum (maximum at 445 nm) and excitation
spectrum (maximum at 364 nm) overlapped the AgNP ab-
sorption spectrum well, as shown in ESM Fig. S9.
Transmission electron microscopy images of AgNPs in solu-
tions containing Ag(I)/AgNPs in the absence and presence of
AA are shown in Fig. 3. It can be seen from Fig. 3A that the
AgNP seeds in the Ag(I)/AgNP system (in the absence of AA)
were mostly spherical. The mean diameter of these AgNPs
was around 8 nm. Adding AA caused the number of AgNPs
and the sizes of the AgNPs to increase, as shown in Fig. 3B.
These results supported the conclusion that AA reduced Ag(I)
to Ag(0), causing the AgNPs to grow and more AgNPs to be
produced.

Selectivity of the method

The selectivity of the sensor for AA was evaluated by deter-
mining how various potentially interfering substances affected
the fluorescence intensity. The potentially interfering sub-
stances that were tested were biomolecules that are commonly
found in the environment. These were uric acid, catechol,
gallic acid, arginine, isoleucine, lysine, phenylalanine, gluta-
thione, and cysteine. Although glutathione and cysteine could
cause detectable responses, N-ethylmaleimide (NEM), a kind
of masking agent for thiol group in glutathione and cysteine,
could eliminate their interference effectively whereas no effect
on the activity of AA [1, 34]. As shown in Fig. 4A, fluores-
cence quenching was decreased most by AA, and the poten-
tially interfering substances changed the fluorescence
quenching efficiency very little. These results indicated that
the probe is outstandingly specific and selective for AA and

that nontarget substances do not interfere with the determina-
tion of AA using the probe.

Determining AA in samples

The CD/Ag(I)/AgNP system was used to determine the AA
concentration in standards containing AA at concentrations
between 0 and 9 μM using the optimum conditions. As can
be seen from Fig. 4B, a good linear relationship (R = 0.997)
was found between the fluorescence intensity and the AA
concentration in the range 0–9 μM. The equation for the line
of best fit for the relationship between the fluorescence inten-
sity (F) and AA concentration (C) was F = 1583.6–121C. The
limit of detection (defined as the concentration giving a signal-
to-noise ratio of 3) for AAwas 0.2 μM. These results indicated
that the fluorescence method was comparable to or better than
previously described methods for determining AA in terms of
the limit of detection, as shown in ESM Table S1 [2, 7, 8, 24,
35–40]. The CD/Ag(I)/AgNP system has many attractive fea-
tures, including being relatively environmentally benign, be-
ing very sensitive to AA, offering good selectivity for AA,
being very simple to use, and offering good reproducibility.

We investigated the practicality of the system for determin-
ing AA in real samples by analyzing AA tablet and human
serum samples by the present method and the standard DCPIP
method [41]. NEM (100 μM) was first added to the human
serum sample to eliminate the interference from glutathione
and cysteine. As shown in Table 1, the analytical results by the
proposed method were in good agreement with those by the
well-established DCPIP method, and the recoveries of added
AA in the samples ranged from 94 to 97%. These demonstrat-
ed the method can be used to accurately and reliably deter-
mine AA in real samples.

Conclusions

We successfully synthesized fluorescent CDs frommung bean
shells using a one-step pyrolytic method. We used the CDs in
a CD/Ag(I)/AgNP system to determine AA. The method re-
lies on the CD fluorescence intensity decreasing as the AA
concentration increases because of interactions between AA

Fig. 4 (A) Fluorescence
intensities of the CDs/Ag(I)/
AgNP system in the presence of
AA (6.0 μM) or interfering
species (10 μM). (B) Linear
calibration plot of concentration
of AA vs fluorescence intensity

Table 1 Analytical results of AA in real samples (n = 3)

Samples Present method
(μM)

DCPIP method
(μM)

Added
(μM)

Recovery
(%)

AA tablet 3.46 ± 0.14 3.53 ± 0.09 2.0 97 ± 4

Human
serum

7.11 ± 0.35 7.28 ± 0.15 2.0 94 ± 5
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and Ag(I) in the presence of AgNP seeds. The AA reduces
Ag(I) to Ag(0), increasing the number of AgNPs and the sizes
of the AgNPs. Fluorescence resonance energy transfer be-
tween the AgNPs and the CDs occurs, and the CD fluores-
cence is quenched more as the AgNPs increase in size and
number because of Ag(I) ions being reduced to Ag(0). The
CD/Ag(I)/AgNP system fluorescence intensity gradually de-
creased as the AA concentration increased, and AA could be
determined using the system with a detection limit of 0.2 μM,
which is comparable to or better than previously described
methods for determining AA in terms of the limit of detection.
The displayed strategy is economically friendly and provides
a simple Bmix-and-detect^ protocol, without the need of te-
dious structural modification of the CDs. Notably, this plat-
form is much more environmentally friendly as it relieves the
involvement of hazarders reagents in the operation process.
We expect that more methods for determining analytes using
highly sensitive optical biosensor systems like this, based on
fluorescence quenching and metal nanoparticle growth, will
be developed in the future.
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