Journal of Pharmaceutical Analysis 12 (2022) 104—112

Journal of Pharmaceutical Analysis

Contents lists available at ScienceDirect Journalof )
Pharmaceutical
Analysis T

journal homepage: www.elsevier.com/locate/jpa T .

Original article

Carbon dots derived from Poria cocos polysaccharide as an effective
“on-off” fluorescence sensor for chromium (VI) detection

Check for
updates

Qiangian Huang , Qiangian Bao , Chengyuan Wu , Mengru Hu , Yunna Chen, Lei Wang

Weidong Chen *

Anhui Province Key Laboratory of Chinese Medicinal Formula, Anhui University of Chinese Medicine, Hefei, 230012, China

ARTICLE INFO

Article history:

Received 14 September 2020
Received in revised form

2 April 2021

Accepted 16 April 2021
Available online 1 May 2021

Keywords:

Carbon dots

Alkali-soluble Poria cocos polysaccharide
Cr(VI) detection

Internal filtering effect

Static quenching effect

ABSTRACT

Chromium is a harmful contaminant showing mutagenicity and carcinogenicity. Therefore, detection of
chromium requires the development of low-cost and high-sensitivity sensors. Herein, blue-fluorescent
carbon quantum dots were synthesized by one-step hydrothermal method from alkali-soluble Poria
cocos polysaccharide, which is green source, cheap and easy to obtain, and has no pharmacological ac-
tivity due to low water solubility. These carbon quantum dots exhibit good fluorescence stability, water
solubility, anti-interference and low cytotoxicity, and can be specifically combined with the detection of
Cr(VI) to form a non-fluorescent complex that causes fluorescence quenching, so they can be used as a
label-free nanosensor. High-sensitivity detection of Cr(VI) was achieved through internal filtering and
static quenching effects. The fluorescence quenching degree of carbon dots fluorescent probe showed a
good linear relationship with Cr(VI) concentration in the range of 1—-100 uM. The linear equation was Fo/
F = 0.9942 + 0.01472 [Cr(VI)] (R? = 0.9922), and the detection limit can be as low as 0.25 M (S/N = 3),
which has been successfully applied to Cr(VI) detection in actual water samples herein.

© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chromium is one of the most common heavy-metal pollutants
detected in industrial wastewater [1,2]. There are two primary
oxidation states: trivalent chromium (Cr(Ill)) and hexavalent
chromium (Cr(VI)) [3,4]. Among them, Cr(Ill) is an essential
nutrient for organisms as it exhibits little fluidity, little toxicity, and
no harm. Owing to the high oxidation potential of Cr(VI) and the
liquid inside the cell membranes of organisms, Cr(VI) has muta-
genic and carcinogenic effects on the human body, which are
extremely harmful to health [5,6]. U.S. Environmental Protection
Agency suggested that the concentration of Cr(VI) in drinking water
should be lower than 100 ppb (ug/L) [7]. Therefore, it is necessary to
monitor the concentration of Cr(VI) for the characteristics of
migration and cumulative effect in water samples [8]. Many
analytical methods have been developed for accurate ion detection,
such as colorimetry [9,10], electrochemical methods [11,12], atomic
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absorption  spectrometry  [13—15], inductively  coupled
plasma—mass spectrometry [16], chromatography [17], and spec-
trophotometry [18]; however, their practical applications in various
fields are hindered by the need for expensive instruments and
environment unfriendly chemicals [19]. Conversely, the fluorescent
probe method has the advantages of simple sample pretreatment
[20], fast response, wide linear dynamic range, small interference,
high sensitivity [21], and can meet the requirements of industrial
applications [22].

Carbon dots (CDs) are environment friendly fluorescent nano-
materials exhibiting low toxicity, good water solubility, and excel-
lent optical properties compared with traditional quantum dots,
which are the best alternative to fluorescent probes in biosensors
and biological imaging [23,24]. Various raw materials can be used
for CD synthesis; these usually include inorganic materials [25,26],
biological materials [27—29], and waste materials [30] and are
mainly synthesized through hydrothermal or microwave treat-
ment. However, there are few reports on the synthesis of cheap,
easily available, and environmentally friendly Chinese herbal
medicine, monomer, or extract of Chinese herbal medicine as the
source material. Currently, there are many studies on using CDs as
sensors for metal ion detection, whose main detection principle is
the quenching effect caused by the varying affinity between the
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CD's surface functional groups and the target. Sun et al. [31] syn-
thesized fluorescent carbon quantum dots with Lycii Fructus as the
raw material. Abundant hydroxyl groups on the surface formed a
complex with Fe3* through coordination, exhibiting an internal
filtering effect, which could quench the fluorescence of CDs. Wu
et al. [32] synthesized low-cost and environment friendly photo-
luminescence carbon quantum dots with giant knotweed rhizome
as the carbon source and utilized the interaction between carboxyl
and Hg?* on the surface of CDs to form chelates, which were
detected through electron or energy transfer.

The application of alkali-soluble Poria cocos polysaccharide is
greatly restricted owing to its poor water solubility. Structural
modification is usually conducted in studies to obtain substances
displaying biological activities. Based on the abundant carbon and
oxygen elements in polysaccharides, they can be used as raw ma-
terials for the synthesis of CDs. Therefore, it was considered as a
potential raw material to synthesize CDs derived from traditional
Chinese medicine, in an attempt to improve its water solubility and
broaden its application range. To the best of our knowledge, this is
the first study wherein CDs were synthesized using a novel, simple,
and green hydrothermal synthesis method with nonactive Poria
cocos polysaccharide and ethylenediamine. CDs were characterized
using transmission electron microscopy (TEM), X-ray photoelec-
tron spectroscopy (XPS), Fourier transform infrared (FTIR) spec-
troscopy, ultraviolet—visible  spectroscopy (UV—vis), and
fluorescence (FL) spectroscopy. The prepared CDs exhibited good
light stability and anti-interference ability. Herein, we propose an
effective fluorescence sensor to achieve high selectivity and
sensitivity detection of Cr(VI) (Scheme 1). Owing to the overlap
between the ultraviolet absorption band of Cr(VI) and the excita-
tion band of CDs, the detection mechanism of Cr(VI) is related to the
internal filtration effect (IFE) and static quenching effect. Within
the linear concentration range, the fluorescence intensity of CDs is
quenched by Cr(VI) with high selectivity and the detection limit is
0.25 puM. This fluorescent “on-off” probe detection technique has
been successfully applied to the detection of chromium ions in real
water samples.

2. Experimental
2.1. Reagents and chemicals

Poria cocos polysaccharide was purchased from Chengdu
Chroma-Biotechnology Co., Ltd. (Chengdu, China). Ethylenediamine
and quinine sulfate were purchased from Aladdin Ltd. (Shanghai,
China). Phosphate buffer saline (PBS) and the dialysis bag (retained
molecular weight: 1000 Da) were purchased from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China). The standard Cr(VI)
stock solution was prepared from K;Cr;07. Other metal ion stock
solutions were prepared from their nitrate, sulfate, or chloride salts.
All other reagents were of analytical grade and were used directly
without further purification. Milli-Q ultrapure water with a re-
sistivity of 18.2 MQ-cm was used in all aqueous solutions.
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Scheme 1. Schematic of the preparation and detection of Cr(VI) using CDs fluorescent
probe. Ex: excitation; Em: emission: CDs: carbon dots.
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2.2. Apparatus

TEM was conducted using a FEI Tecnai G2 F20 transmission
electron microscope (FEI Co., Portland, ME, USA) at an operating
voltage of 200 kV. Absorption spectra were obtained on a SPECORD
S600 UV—vis spectrometer (Analytik Jena, Jena, Germany). Fluo-
rescence spectra were measured on an F-4600 Spectro fluoropho-
tometer (HITACHI Co., Ltd., Hitachi, Japan) with excitation and
emission slits of 5 nm and a photomultiplier tube voltage of 600 V.
Zeta potentials were measured on a ZEN3690 (Malvern Co., Wor-
cestershire, UK) at room temperature. FTIR spectra were investi-
gated using KBr pellets on a Nicolet 6700 FTIR spectrophotometer
(Thermo Fisher Scientific Inc, Waltham, MA, USA) at
4000—500 cm~!. XPS was conducted on a Kratos AXIS SUPRA
spectrometer (Shimadzu, Shanghai, China). Fluorescence lifetime
was recorded on an FLS1000 fluorescence spectrometer (Edinburgh
Instruments Ltd., Edinburgh, UK).

2.3. Synthesis of CDs

CDs were synthesized via a one-step hydrothermal method
using Poria cocos polysaccharide as the carbon source. Briefly, Poria
cocos polysaccharide (0.45 g) was dissolved in 30 mL of distilled
water and was subjected to ultrasound for 5 min. Then, 5.5 mL of
ethylenediamine was added to the above solution and was sub-
jected to ultrasound for 15 min. Subsequently, the mixture solu-
tions were transferred to a Teflon-lined autoclave having a 50 mL
capacity and heated at 200 °C for 5 h. After cooling to room tem-
perature, a dark brown solution was obtained after centrifugation
at 11,400 g for 15 min and filtered using a 0.22-um membrane to
remove large particles. The resultant solution was subjected to
dialysis (molecular weight cut off = 1000 Da) for 24 h at room
temperature. Finally, the CDs were freeze-dried under vacuum to
obtain a brown solid.

2.4. Fluorescence quantum yield (QY) measurement

Quinine sulfate in 0.1 M H,SO4 (QY [33] is 0.54 at 360 nm,
n = 1.33) was used as the standard substance to determine the
fluorescence QY of synthetic CDs, which was determined according
to the following formula:

I

2
Q¥(%) - QDG

252 (1)

The QYs of CDs and quinine sulfate are expressed by QY and QYg,
respectively. I represents the integrated fluorescence intensity at
the same excitation wavelength. A is the absorbance measured with
a UV—vis spectrophotometer. s and ng represent the solvent
refractive index of CDs and quinine sulfate, respectively.

2.5. Fluorescent measurement of Cr(VI)

Typical detection and measurement methods involved the
following ones. First, a certain number of CDs were dissolved in PBS
(pH = 6.5, 0.01 M) solution to prepare the final concentration of
0.5 mg/mL. Second, different concentrations of Cr(VI) were added;
after incubation for 25 min at 37 °C, their fluorescence emission
spectrum was recorded under an excitation wavelength of 376 nm.
The selectivity for Cr(VI) ions was tested by adding other metal ions
instead of Cr(VI) in a similar manner.

2.6. Real sample assay

Water samples were collected from tisanes, rainwater, and river
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water. Syringe filters (0.22 um) were used to filter water samples,
which were then spiked with various concentrations of Cr(VI)
before mixing with CDs. The fluorescence spectra of the samples
were recorded after 25 min of incubation at 37 °C.

2.7. MTT assay

An MTT assay was used to evaluate the in vivo toxicity of CDs.
First, HepG2 cells were collected, the cell suspension concentration
was adjusted to 1 x 10° cells/mL, and the cell suspension and PBS
were added to each well of the 96-well plate and cultured in an
incubator containing 5% CO; at 37 °C. When the cells covered the
bottom of the well, the culture was discarded. Second, 200 uL of CDs
with different concentrations (repeated six times for each con-
centration) were added and cultured in an incubator at 37 °C for
24 h. Third, 20 pL of 5 mg/mL MTT solution was added and cultured
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for 4 h. Then, 150 uL of dimethyl sulfoxide was added. Finally, the
absorbance of each well was measured at 490 nm after shaking for
approximately 10 min.

3. Results and discussion
3.1. Characterization of CDs

CDs were synthesized from Poria cocos polysaccharide and
ethylenediamine via a one-step hydrothermal process and were
characterized via TEM, FTIR, and XPS. The TEM image depicted in
Fig. 1A shows that CDs have spherical monodisperse particles, and
the diameter range of CD particles is extremely narrow (2—10 nm)
with an average particle size of 4.61 nm. To confirm the presence of
various functional groups in CDs, we recorded the FTIR spectra
(Fig. 1B). The broad absorption peak centered at 3364 cm™' is
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Fig. 1. (A) Transmission electron microscopy image of CDs (inset: the size distribution). (B) Fourier transform infrared spectra of CDs. (C) X-ray photoelectron spectroscopy spectra of

CDs. (D) C1s. (E) N1s. (F) O1s spectra of CDs.
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attributed to the characteristic stretching vibrations of O—H and
N—H bonds, and the peak at 2925 cm™~! is assigned to the stretching
vibrations of C—H. The peaks at 1642 and 1408 cm ™! are associated
with COO~ stretching vibrations. The characteristic absorption
bands of C—N and N—H stretching vibrations appeared at 1581 and
854 cm™, respectively. Furthermore, the peak at 1027 cm~! can be
attributed to the C—0 band [7,34]. The surface element character-
istics of CDs were further confirmed using XPS. In the XPS spectra
(Fig. 1C), the three peaks at 284.6,399.1, and 532.2 eV correspond to
Cls, N1s, and O1s, respectively, clearly indicating that the CDs
contain C, N, and O, atomic ratio (%) of C:N:O = 69.19:5.05:25.77
(the inset of Fig. 1C). As shown in Fig. 1D, the high-resolution
spectrum of the Cls signal contains six binding energy peaks of
—COOH at 289.71 eV, C=N/O—C=0 at 288.59 eV, C—OH at
287.06 eV, C—0O/C—N at 285.99 eV, C—N at 285.45 eV, and C—C/C=C
at 284.80 eV [35—38]. The partial XPS spectrum of N1s can be
divided into five component peaks with binding energies at about
402.10, 400.50, 400.26, 399.69, and 399.01 eV, respectively, which
are due to the existence of N—O, N—H, graphitic nitrogen (C)3—N,
pyrrolic nitrogen, and pyridinic nitrogen, respectively (Fig. 1E). In
the high-resolution O1s XPS spectrum (Fig. 1F), the three peaks at
534.70, 533.34, and 531.61 eV are attributed to H—O—H, C=0, and
C—OH [39], respectively. FTIR and XPS data reveal that the syn-
thesized CDs have abundant hydrophilic groups, such as hydroxyl
(—OH), carboxyl (—COOH), and amine (—NHz) moieties, which
could help to improve the solubility of CDs in aqueous solution.
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3.2. Photoluminescence (PL) properties of CDs

The optical properties of CDs were characterized through fluo-
rescence spectroscopy and UV—vis absorption. In the UV—vis ab-
sorption spectrum of the CDs in Fig. 2A, two strong absorption
bands at approximately 297 and 320 nm can be observed. The
absorption peak at 297 nm corresponded to the w—m* transition of
C=C/C=N [40]. A weak shoulder peak at 320 nm is attributed to
the n—m* transitions in the C=0/C—NH; moieties on the surface of
CDs [41,42]. CDs emit strong blue fluorescence under irradiation
with a 365 nm UV lamp (inset in Fig. 2A). In addition, Fig. 2A shows
a strong fluorescence emission peak at 450 nm under excitation at
376 nm. As is shown in Fig. 2B, the blue fluorescence of as-
synthesized CDs was further confirmed through the CIE co-
ordinates at (0.161, 0.1483), which were acquired from the fluo-
rescence emission data at the 376 nm excitation. Moreover, the
fluorescence spectrum of CDs at different excitations was recorded,
as shown in Fig. 2C. By increasing the excitation wavelength from
300 to 400 nm, the PL peak of CDs showed a redshift (the inset in
Fig. 2C) and the PL intensity of CDs first increased and subsequently
decreased. These observations suggested that the CDs were
excitation-dependent emission CDs, which could be attributed to
different size distributions and surface states formed by different
functional groups. To clarify the fluorescence mechanism of CDs,
we measured the fluorescence lifetime (Fig. 2D). Based on the
nonlinear least-squares analysis, the decay curve could be fitted to
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Fig. 2. (A) Ultraviolet—visible spectroscopy (UV—vis) absorption spectrum, fluorescence excitation, and emission spectra of CDs. The inset shows photographs of CDs solution in
ambient light (left) and under irradiation by 365 nm UV light (right). (B) Image of CIE coordinates showing the blue color of CDs. (C) The fluorescence spectrum of CDs under
different excitation wavelengths (inset: corresponding normalized spectra). (D) Decay curve of CDs (Aex = 376 nm and Aepy, = 450 nm).
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biexponential functions Y(t) with an average lifetime of 6.24 ns. In
addition, the fluorescence QY of CDs was measured to be about
4.82% with quinine sulfate (54%) as fluorescence standard by
reference method.

In addition, the stability of the obtained CDs was further studied.
In Fig. 3A, CDs exhibit strong fluorescence stability under a xenon
lamp for 30 min. The fluorescence intensity of the CDs first
increased and subsequently decreased in the pH range from 1 to 13
(Fig. 3B), which is ascribed to the surface of the CDs being rich in
carboxyl and hydroxyl groups. Furthermore, CDs rich in negative
charge on the surface were protonated in the low-pH environment,
which led to their aggregation and fluorescence quenching [43—45]
(Fig. 3B). As depicted in Fig. 3C, no obvious variation in the intensity
was found with the increase of NaCl concentration (0—2.0 mol/L),
indicating the high salt tolerance of the CDs. Finally, CDs also
exhibit high resistance to photobleaching and the fluorescence
intensity remains constant for at least half a month, as shown in
Fig. 3D. These results suggest that CDs may have more potential
practical applications. In general, they exhibited inherent water
solubility, good anti-interference property, and high PL stability
under weak acidity conditions and had potential in metal ion
detection and biological application.

3.3. Optimization of analytical parameters

The sensitivity of the detection method strongly depends on the
relevant experimental parameters, including the concentration of
CDs, pH values of the solution, incubation time, and temperature,
which were evaluated by the fluorescence quenching efficiency
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(AF) (AF refers to Fo—F, and Fy and F represent the fluorescence
intensities of CDs at 376 nm in the absence and presence of Cr(VI)
ion). The corresponding results are presented in Fig. 4. For opti-
mizing each parameter, all other parameters were determined
under optimal conditions.

As illustrated in Fig. 4A, the influence of different concentrations
of CDs on the FL intensity was investigated, AF is maximum when
the concentration is 0.5 mg/mL. Therefore, a 0.5 mg/mL CDs solu-
tion was selected herein. Moreover, upon increasing the pH of PBS,
the AF increased progressively, reached maximum at pH = 6.5, and
then decreased. Thus, PBS (pH = 6.5) was used as the aqueous
medium for Cr(VI) detection (Fig. 4B). Fig. 4C shows that temper-
atures within the range of 15-65 °C influence the fluorescence
intensity of CDs; therefore, 37 °C was selected as the test temper-
ature. In addition, the effect of the reaction time on Cr(VI) detection
is shown in Fig. 4D. Within 25 min, the fluorescence quenching
intensity reached a quenching equilibrium. Hence, 25 min was
identified to be the incubation time for Cr(VI).

3.4. Fluorescence sensing of Cr(VI)

To explore the selectivity of the sensor system and the influence
of different ions on the fluorescence intensity of CDs, each metal ion
of 100 pM was added to 0.5 mg/mL CD solution under optimal
experimental conditions. The reaction system was then placed in a
PBS with a pH of 6.5 at 37 °C and incubated for 25 min. As shown in
Fig. 5, CDs show significant fluorescence reduction in Cr(VI) in the
presence of various metal ions, indicating that CDs have good
selectivity and a unique effect on Cr(VI). To study the sensitivity of
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Fig. 3. (A) Effect of the irradiation time of a xenon lamp on the fluorescence intensity of CDs. (B) Effect of pH on the fluorescence intensity of CDs. (C) Effect of the ionic strength of
NacCl (0—2.0 mol/L) on the fluorescence intensity of CDs. (D) Effect of the storage time on the fluorescence intensity of CDs.
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Cr(VI) further, Fig. 6A shows the fluorescence spectra of CDs after
adding different concentrations of Cr(VI). When the concentration
of Cr(VI) was increased, the PL strength of CDs decreased contin-
uously, confirming the applicability of Cr(VI) as a “turn-off” fluo-
rescent probe. Fig. 6B suggests a good linear relationship between
Cr(VI) concentration and the PL strength of CDs in the range of
1-100 pM. The coefficient of determination (R?) was 0.9942. The
detection limit of Cr(VI) was 0.25 uM calculated using 35/k (d stands
for the standard deviation of 11 blank samples, and k is the slope of
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Fig. 5. Selectivity of the CDs (0.5 mg/mL) for Cr(VI) and various common metal ions
(100 pM) in PBS (0.01 M, pH 6.5).
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the calibration curve). The detection limit of our fluorescent probe
is below the World Health Organization (WHO)'s maximum limit of
50 pg/L in drinking water [20]. Furthermore, some performance
comparisons of the proposed method with other published
analytical techniques are provided in Table 1 [2,43,46—48]. The
results showed that our sensor provided an acceptable method for
the detection of Cr(VI) with a wide detection range and low
detection limit under optimal operating conditions.

3.5. Mechanism for detecting Cr(VI) by CDs

To explore the fluorescence quenching mechanism of CDs by
Cr(VI), the fluorescence excitation spectra (purple) and emission
spectra (orange) of CDs and UV—vis absorbance spectrum of Cr(VI)
(blue) and CDs@Cr(VI) (green) were investigated (Fig. 7A). As
shown in Fig. 7A, the UV—vis absorption peaks of Cr(VI) and
CDs@Cr(VI) were obvious at 352 and 368 nm and CDs exhibited
excitation and emission peaks at 376 and 450 nm, respectively. The
results showed that the absorption spectrum of Cr(VI) substantially
overlapped with the excitation spectrum of CDs and led to a part of
the excitation light to CDs being absorbed and shielded by Cr(VI).
Thus, the IFE occurred and the fluorescence of CDs could be suc-
cessfully quenched by Cr(VI). With the introduction of Cr(VI), the
zeta potential of aqueous solutions of CDs (Fig. 7B) ranged
from —18.8 to —7.06 mV, possibly owing to Cr(VI) binding to
carboxyl or hydroxyl groups and the consumption of negative
charges. As shown in Fig. 7C, no obvious changes in the lifetime
indicate that the fluorescence quenching of CDs by Cr(VI) is
attributed to the static quenching effect. To investigate the FL
quenching mechanism further, the FL quenching data were
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Fig. 6. (A) Photoluminescence (PL) emission spectra of the CDs in the presence of
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Table 1
CDs prepared herein were compared with Cr(VI) detection performance previously
reported in the literature.

Probe Linear range (uM) LOD (uM) Refs.
C-dots 80—1000 140 [46]
NPS-CDs 1-500 0.23 [43]
CG-CDs 5—200 4.16 [47]

CDs 0.5—-263 0.26 [48]
CCDs 5-125 1.17 [2]

CDs 1-100 0.25 This work

C-dots: carbon quantum dots; NPS-CDs: nitrogen, phosphorus, and sulfur tri-doped
carbon dots; CG-CDs: carbon dots from citric acid and glycine; CCDs: cobalt(II)-
doped carbon dots.
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analyzed using a Stern—Volmer (SV) plot because both static
quenching and dynamic quenching can be theoretically described
using the SV equation (2)

Fo/F =1+ Ksy[Q] = 1+ Kq70[Q] 2)

where Fy and F are the fluorescence intensities of the fluorophore
in the absence and presence of the quencher, Ksy is the SV
quenching constant, and [Q] is the concentration of the quencher.
Kq and 7 represent the quenching rate and the fluorescence life-
time in the presence of a quenchless agent, respectively.

As shown in Fig. 7D, the FL intensity ratio (Fo/F) is linear.

Fo/F = 0.97716 + 0.013891[Cr(VI)], R? = 0.9965, T = 288 K
Fo/F = 0.98935 + 0.013776[Cr(VI)], R? = 0.9919, T = 298 K
Fo/F = 0.97142 + 0.013594[Cr(VI)], R* = 0.9903, T = 310 K

Thus, Ksy decreased with increase in temperature, to was 6.24
ns, and the K; (21785 x 10'? L/(mol.-s), 37 °C) was much higher
than the maximum collision quenching constant (2.0 x 10'° L/
(mol-s) [49]), which further proves the existence of a static
quenching process rather than a dynamic quenching process.

3.6. Cr(VI) detection in real samples

Standard recovery experiments were performed using tisanes,
rainwater, and river water samples to determine whether the CD

B CDs CDs@Cr(VI)
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Fig. 7. (A) Overlapping of the absorption spectrum of Cr(VI) and CDs@Cr(VI) with the emission and excitation of CDs. (B) Zeta potential values of the CDs and CDs@Cr(VI). (C)
Fluorescence decay traces of CDs and CDs@Cr(VI). (D) Stern—Volmer curve for CDs@Cr(VI) system.
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Table 2
Determination of Cr(VI) in actual water samples.

Samples Spiked (uM) Found®(uM) Recovery (%) RSD (%) (n=3)
Tisanes 20 18.87 94.37 2.69

40 38.58 96.46 1.58

60 60.12 100.19 0.27
Rainwater 20 17.21 86.06 1.52

40 38.65 96.63 0.97

60 57.68 96.13 1.24
River water 20 16.50 82.52 1.20

40 38.51 96.29 1.77

60 70.63 117.73 1.18

2 The mean of three measurements.
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Fig. 8. Determination of cytotoxicity of CDs using the MTT assay.

fluorescence method could be used to determine Cr(VI) concen-
trations in actual samples. Each water sample was passed through a
0.22-pm micropore membrane filter and was then centrifuged at
10,000 r/min for 10 min before being analyzed. As shown in Table 2,
the experimental results showed that recoveries of Cr(VI) reached
94.37%—100.19%, 86.06%—96.13%, and 82.52%—117.73% with the
relative standard deviation (RSD) of 0.27%—2.69%, 0.97%—1.52%,
and 1.18%—1.77%, all of which were less than 5%. According to the
WHO, the permitted limit for Cr(VI) in drinking water is 0.05 mg/L
(approximately 1 pM), suggesting that CDs can be used for quan-
titative detection of Cr(VI) [50].

3.7. CD cytotoxicity evaluation

To develop fluorescent carbon quantum dot probes for in vitro
cellular imaging and intracellular Cr(VI) monitoring, the cytotox-
icity of CDs was researched through the traditional MTT assay. As
shown in Fig. 8, the cell viabilities of HepG2 cells were higher than
80% even when these cells were incubated with 2.0 mg/mL of CDs
for as long as 24 h. The results showed that CDs had low cytotox-
icity, which provides a basis for the biological application of CDs.

4. Conclusions

To sum up, a simple one-step hydrothermal method for the
synthesis of carbon quantum dots with blue fluorescence emission
was established with Poria cocos polysaccharide as the precursor.
Carbon quantum dots show excellent fluorescence performance
due to static quenching and internal filtering effects, so Cr(VI) can
quench the fluorescence intensity of CDs. Therefore, a fluorescence
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analysis platform for the detection of Cr(VI) has been established,
which can be used for the sensitive and selective detection of Cr(VI)
in real samples, with satisfactory results and broad application
prospects in environmentally and biologically related fields. In
addition, carbon quantum dots with fluorescence probe detection
performance were synthesized with nonpharmacologically active
Poria cocos polysaccharide as the precursor because it can be easily
obtained in a high volume and is inactive. Therefore, this precursor
can be used in ion detection after modification to broaden the
application range of nonpharmacologically active Chinese medicine
component nanoparticles.
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