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A cucurbit[6]uril-carbon dot system: a potentially
new bioimaging agentf
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We report novel cucurbit[6]uril (Q[6])/carbon quantum dots (CQDs) prepared by solvothermal and
nitrogen doped methods. The m-Q[6]-CQDs have been characterized by FTIR, XRD and X-ray
photoelectron spectroscopy. The obtained m-Q[6]-CQDs exhibit good water dispersibility, photostability

and strong blue fluorescence emission. The m-Q[6]-CQDs also showed good selectivity for metal ions.
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When ng+ is present, the fluorescence is quenched, but upon the addition of Al**, the fluorescence is
enhanced. It was also shown that the fluorescence of the m-Q[6]-CQDs can resist both the interference
from other metal ions as well as high ionic strength environments. The m-Q[6]-CQDs were utilized for

the optical bioimaging of human prostate cancer (PC-3) cells, and were found to exhibit both low
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1. Introduction

Heavy metal pollution is one of the many pollutions facing the
world today. Hg>" is one of the most dangerous pollutants in
heavy metals. Due to the high toxicity and bioaccumulation of
mercury, it has a serious impact on biology and the
environment.'” Hg*>" can cause serious damage to various organs
in the body, and even affect the immune system.> Aluminum is
the most abundant metal elements in the crust, and there are
many aluminum products in life, such as cooking utensils,
aluminum containers and so on. This will lead to increased
levels of A" in the environment, and its slow accumulation in
the human body will affect human health, in particular the
brain, liver, heart and bone marrow.* ® Therefore, the qualita-
tive and quantitative detection of Hg>" and AI** is very mean-
ingful. However, the traditional detection methods include
absorption spectroscopy and inductively coupled plasma mass
spectrometry. However, due to the complex operation, long
time-consuming and high cost, people have developed a variety
of sensor platform systems, among which the carbon quantum
dot fluorescent probe is one. Because of its simple operation,
rapid analysis, high selectivity and high sensitivity, it has
attracted people’s attention.”
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cytotoxicity and excellent biocompatibility.

Cucurbit[r]urils (Q[n]s) are spherical macrocyclic compounds
adopting a stable rigid structure, and are composed of n glycoluril
units bridged by 2n methylene groups with a hydrophobic cavity.
The cavity can vary in size, but possesses two polar carbonyl ports
with negative electrostatic potential.®™° Given the presence of the
rigid cavity and carbonyl port, Q[n]s exhibit excellent affinity for
metal ions and protonated alkylamines through hydrophobic
interactions and ion-dipole interactions.""*> Q[n]s with different
sizes of internal cavity and carbonyl-based ports shows excellent
molecular recognition function in aqueous solution,"*'* which
has seen Q[n]s become an ideal choice for optical sensors and
molecular switches. Indeed, they are now widely used in sensing,
drug delivery, nanomaterials and other fields.">™® However,
several inherent disadvantages of Q[n]s hinder their wider devel-
opment and application. Firstly, Q[n]s do not possess any absorp-
tion or fluorescence in the visible region. Secondly, Q[n]s
homologues have poor solubility in pure water and in most
common organic solvents. Thirdly, Q[n]s homologues are diffi-
cult to functionalize and therefore modify. As a result, it is
necessary to introduce new concepts and methodologies to
further improve the properties of the Q[n]s.>**!

Carbon quantum dots (CQDs) are the latest members of the
fluorescent carbon nano-sized family. CQDs have been recog-
nized as discrete quasi-spherical particles with sizes below 10
nm.>*>* Due to their biocompatibility, low toxicity, excellent
photostability, good water solubility and easy functionalization,
CQDs have been widely used in food and environment-related
ion detection, bioimaging, drug delivery, cancer treatment and
other fields.>>2® So far, however, the luminescence mechanism
of carbon quantum dots remains unclear. Studies have shown
that the emission characteristics of CQDs are highly dependent
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on the size of the CQD core and the type of surface functional
groups present.>’ The size of the Q[x]s varies with the n value,
and on combining with CQDs, it is expected that CQDs with
different particle sizes and luminescent properties will be
afforded. The excellent water solubility and easy functionaliza-
tion of carbon quantum dots make up for many of the short-
comings of the cucurbituril ring systems. Therefore, we have
combined the preparation technology of carbon quantum dots
with the cucurbit[n]urils structure to prepare a new class of
carbon quantum dots.

Q[7]-CQDs and Q[8]-CQDs have been synthesized by hydro-
thermal methods using Q[n]s (n = 7, 8). Results showed that the
framework of the Q[n]s remained intact during this process,
and the obtained Q[n]-CQDs (n = 7, 8) were shown to be
potential multicolor biomarkers according to cytotoxicity tests
and cell imaging results.>® In this paper, based on the previous
large particle sizes of Q[7] and Q[8], this study has used a
single Q[6] with a smaller particle size as the precursor, and
phenylenediamine (o-phenylenediamine, m-phenylenediamine,
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Fig. 1 Preparation of m-CQDs and m-Ql[6]-CQDs.
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p-phenylenediamine) as the doping reagent. Through a one-
step hydrothermal synthesis, N and O groups with hydrophilic
and recognition functions on the surface of CQDs were directly
obtained. Carbon quantum dots (m-Q[6]-CQDs) formed from
Q[6] and m-phenylenediamine were studied. Compared with
Q[7]-CQDs and Q[8]-CQDs, m-Q[6]-CQDs showed better light
stability and salt tolerance. Meanwhile, m-Q[6]-CQDs can specifically
recognize Hg>" and AP*" and allow for optical bioimaging to be
performed on human prostate cancer (PC-3) cells; excellent
selectivity and sensitivity to Hg>" and AI** and impressive cell
imaging ability are revealed.

2. Result and discussion

In this paper, three new Q[6]-CQDs (0-Q[6]-CQDs, m-Q[6]-CQDs,
P-Q[6]-CQDs) were synthesized by solvothermal methods using Q[6]
and phenylenediamine (o-phenylenediamine, m-phenylenediamine,
p-phenylenediamine) as raw materials. Due to the weak brightness
of 0-Q[6]-CQDs and p-Q[6]-CQDs under UV, they are not ideal. This
paper mainly studies the properties of m-Q[6]-CQDs. Following
work-up (see experimental section), the m-Q[6]-CQDs were
isolated in moderate yield (23%). The structure and morphol-
ogy of the m-Q[6]-CQDs were characterized by a series of
experiments, and the crystal structure of the m-Q[6]-CQDs was
determined by an X-ray powder diffraction experiment. As
shown in Fig. 1a, there is an obvious diffraction peak at about
24.6°, corresponding to (002) of hexagonal graphite, which
indicates that the prepared carbon quantum dots have a
complete and continuous crystal structure, with an sp> hybrid
carbon core and an sp® hybrid carbon shell of graphite carbon.
The m-Q[6]-CQDs were further characterized by Fourier trans-
form infrared spectroscopy (FTIR, see Fig. 1b), where the broad
absorption peak at 3440 cm™ " is attributed to the stretching
vibrations of vo_ g and vy, whilst that at 2924 ecm™' and
2854 cm ! belong to the stretching vibration of C-H. A peak
at 1740 cm ™' corresponds to the stretching vibration of C=0,
whilst 1327 cm™" belongs to the stretching vibration peak of
C-N. Peaks at 1636 cm™ ' are assigned to a C=C stretching
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(a) XRD characterization; (b) infrared spectrum of the m-Q[6]-CQDs.
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vibration, and the bending vibration of aromatic C-H, The N-H
bond, C—=C bond and aromatic C-H bond in the infrared
spectrum can preliminarily determine that the m-Q[6]-CQDs
were successfully synthesized.

The morphology of the synthesized m-Q[6]-CQDs was
recorded by high-resolution transmission electron microscopy
(HRTEM) (Production method, ESIt S1). As shown in Fig. 2, the
synthesized carbon dots are spherical and uniformly dispersed
without aggregation, and the average particle size is about

Fig. 3 HRTEM imaging of m-Ql[6]-CQDs.

O1sNi1s
~ | Element Atom Ratio
3 | C 39.96%
; N 39.25% Cls
Z | O 20.79%
=
2
=

M

1200 1000 800 600 400 200 0
Binding energy(eV)

Intensity(a.u.)

402 400 398

Binding energy(eV)

404

Fig. 4

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

View Article Online

Research Article

3.2 nm. The illustration shows that there is an ordered lattice
structure on the surface of the m-Q[6]-CQDs observed under
high resolution transmission electron microscopy (HRTEM).
The crystal plane spacing is about 0.208 nm, which corresponds
to the (100) plane of the hexagonal lattice in the graphite
carbon plane. This is consistent with the formation of a
graphitized structure within the m-Q[6]-CQDs. On comparing
Q[7]-CQDs with Q[8]-CQDs, Q[7]-CQDs had better dispersibility
due to the high solubility of Q[7], so the measured average
particle size was small. The properties of Q[6] and Q[8] are
similar, and the size of Q[8] is larger than Q[6], so the average
particle size of m-Q[6]-CQDs is smaller than Q[8]-CQDs, which
is consistent with the experimental results.

The chemical composition of the m-Q[6]-CQDs was deter-
mined by X-ray photoelectron spectroscopy. Fig. 3a shows clear
peaks of C 1s, O 1s and N 1s, and the samples were located at
285.07, 532.10 and 399.94 eV, respectively, indicating that the
samples were mainly composed of C, O and N elements. Higher
C and O content confirmed that the m-Q[6]-CQDs are rich in
oxygen-containing functional groups. Fig. 3b shows the fine
spectrum of C 1s, and the absorptions at 285.03 eV, 287.5 eV
and 289.1 eV, which indicate the existence of C-C/C—C, C-N
and C—=O0 bonds, respectively. In the N 1s spectra, absorptions
at 399.4, 400.3 and 401.8 eV can be attributed to C-N, N-H and
N-O bonds, respectively. In the case of the O 1s spectra,
absorptions at 531.98 and 533.67 eV correspond to C—0O and
C-OH bonds, respectively. Due to the existence of C—=C, N-H,
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(a) XPS spectra of m-QI[6]-CQDs; (b, c and d) high resolution spectra of C 1s, N 1s and O 1s, respectively.
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C-OH bonds, it was further verified that m-Q[6]-CQDs were
successfully synthesized. The presence of these hydrophilic
functional groups enhances the water solubility and stability
of the m-Q[6]-CQDs, thereby making the m-Q[6]-CQDs highly
dispersed and stable in aqueous solution. Interestingly, com-
pared with Q[6]-CQDs and m-CQDs, the ratio of N in m-Q[6]-
CQDs increased significantly. The nitrogen content gradually
increased from 28.91% of Q[6]-CQDs and 20.20% of m-CQDs to
39.25% of m-Q[6]-CQDs, and the oxygen content increased from
18.90% of Q[6]-CQDs and 5.60% of m-CQDs to 20.79% of m-
Q[6]-CQDs. In addition, the carbon content decreased from
52.20% of Q[6]-CQDs and 74.20% of m-CQDs to 39.96% of
m-Q[6]-CQDs. These results indicate that Q[6]-CQDs and
m-CQDs are mainly composed of C, while m-Q[6]-CQDs are
mainly composed of N and O doped carbon. In essence, the
changes of the C, N and O components in the m-Q[6]-CQDs are
mainly attributed to the effective catalytic fusion and carboni-
zation of m-phenylenediamine by the portal in Q[6].

Fig. 4A shows the optical images of the fluorescence spectra
and UV absorption spectra of the m-Q[6]-CQDs (solution pre-
paration, ESIt S1). The m-Q[6]-CQDs have a characteristic
absorption peak at 285 nm, which is attributed to the n-n *
transition of the C—O bond. Under excitation at 385 nm,
the maximum emission of the m-Q[6]-CQDs is at 485 nm.

(a) 600
—~ 500 0.3
.
E 4001
z Ex  Em {0.2
% 300 1 b @ (n
£ 2001 ]
3 0.1
=~ 100
0 : v 0.0
200 300 400 500 600

Wavelength (nm)
Fig. 5

View Article Online

Materials Chemistry Frontiers

The m-Q[6]-CQDs solution is light yellow under natural light
and emits bright green fluorescence under UV light (365 nm).
Fig. 4B shows that the fluorescence intensity of the m-Q[6]-
CQDs changes with the excitation wavelength. When the
excitation wavelength changes from 365 nm to 465 nm, the
emission intensity of the m-Q[6]-CQDs gradually decreases and
the emission peak shifts to the red. This red shift is related to
the narrow size distribution and surface passivation function
of the m-Q[6]-CQDs. Therefore, m-Q[6]-CQDs with blue-green
fluorescence have been successfully prepared.

The prepared m-Q[6]-CQDs exhibited good stability, and the
fluorescence intensity of the m-Q[6]-CQDs did not change signifi-
cantly in different concentrations of NaCl solution (solution
preparation, ESIt S1). Indeed, m-Q[6]-CQDs can remain stable
for at least two hours in high ionic strength solutions. As shown
in Fig. 5a, the m-Q[6]-CQDs can be stored stably for more than
two months in a refrigerator at 4 °C. This suggests that the use of
these m-Q[6]-CQDs as fluorescent probes to detect targets in
complex matrixes has great application prospects. The effect of
PH on the m-Q[6]-CQDs was investigated as shown in Fig. 5b. The
strong fluorescence emission under acidic conditions may be due
to the protonation of the carbonyl, amino or C=N functions at
the surface of, or internal to, the m-Q[6]-CQDs. The fluorescence
intensity of these functional groups decreased sharply under the
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(a) UV absorption spectrum and emission spectrum of the m-Q[6]-CQDs. The illustrations are the optical images of m-Q[6]-CQDs solution (i)

under natural light irradiation and (ii) ultraviolet lamp irradiation; (b) fluorescence emission spectra of m-Q[6]-CQDs at excitation wavelengths of 365—

465. The solvent used is ultrapure water.
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action of deprotonation, and the strong acidic environment
tended to saturate the protonation of the functional groups of
the m-Q[6]-CQDs, and so the fluorescence intensity would not
increase under a strongly acidic environment.

We then investigated whether the interaction of the m-Q[6]-
CQDs and m-CQDs with common metal ions (AI**, Fe**, Ca>",
cd*', co*, cu*', Hg™", Mg”*, Mn**, Ni**, Pb*", Zn**, Ag", Na",
K') would affect the fluorescence intensity of the m-Q[6]-CQDs
(solution preparation, ESIT S1). As shown in Fig. 6a, Hg>" can
quench the fluorescence of the m-Q[6]-CQDs, whilst AI** slightly

View Article Online

Research Article

enhanced the fluorescence of the m-Q[6]-CQDs. m-CQDs were
only selective to Hg?*, which reduced the fluorescence inten-
sity, while the interaction between m-CQDs and AI** remained
almost unchanged (ESIt S6). Fig. 6b presents the infrared
spectrum of the m-Q[6]-CQDs and contrasts it with the spectra
after adding mercury ions or aluminium ions. The peaks at
3440 cm™' and 2924 cm™ ' are assigned to the stretching
vibrations of O-H/N-H. The peak at 1740 cm ' corresponds
to the stretching vibration of C=0, whilst that at 1475 cm ™"
belongs to the bending vibration of C-N. Other peaks include
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Fig. 7 (a) Interaction of the m-QI6]-CQDs with different metal ions under neutral conditions, the m-QI6]-CQDs concentration is 0.38 Mg ML~ Jey/Aem =
385/485 nm; (b) comparison of the infrared spectra of the m-Q[6]-CQDs with Hg?* and A®*. The concentration of all metal ions is 0.2 mM. The solvent used is
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Fig. 8 (a) Spectral changes of the m-Q[6]-CQDs solution containing different concentrations of mercury ions; (b and c) the linear curve between the
fluorescence quenching efficiency of the m-Q[6]-CQDs and the concentration of mercury ions. The illustration shows that the fluorescence quenching
efficiency is proportional to the concentration of mercury ions over the range 0-50 pM. The pH of the PBS buffer = 6.5. The excitation wavelength is
385 nm; (d) spectra of the m-Q[6]-CQDs solution containing different concentrations of aluminium ions; (e and f) the linear curve between the
fluorescence quenching efficiency of m-Q[6]-CQDs and the concentration of aluminium ions. The illustration shows that the fluorescence quenching
efficiency is proportional to the concentration of mercury ions over the range 0—30 uM. The pH of the PBS buffer is 6.5, the concentration of m-Q[6]-
CQDs is 0.19 mg ML, and Aey/Aem = 385/485 nm. The solvent used is ultrapure water.
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Fig. 9 Toxicity experiment of m-Q[6]-CQDs on PC-3 cells.

the stretching vibration of C=C at 1636 cm™ ", and the out-of-

plane bending vibration of aromatic C-H at 807 cm™ . After
the addition of Hg®>" and AI**, two new peaks appeared at
1106 cm™ " and 633 cm ', indicating the interaction between
metal ions (Hg*", AI**) and m-Q[6]-CQDs.

We then added different concentrations of Hg”* and AI’* to
the m-Q[6]-CQDs solution to study the change of fluorescence
intensity (solution preparation, ESIt S1). As shown in Fig. 7a,
on increasing the mercury ion concentration from 0 to 160 uM,
the fluorescence intensity of the m-Q[6]-CQDs at 485 nm gra-
dually decreased. Fig. 7b shows that the concentration of Hg”"
and fluorescence quenching efficiency are linear over the range
0 to 50 uM. In the figure, C refers to the concentration of Hg>",
F, and F represent the fluorescence intensity of the m-Q[6]-
CQDs in the absence and presence of Hg>', respectively.
According to the signal-to-noise ratio formula S/N = 3, the
detection limit (LOD) is 0.4 pM. Fig. 7d shows that when the
concentration of AI*" increases from 0 to 60 uM, the fluores-
cence intensity of the m-Q[6]-CQDs at 385 nm and 490 nm
gradually increases. Fig. 7e shows that the concentration of AI**
and the fluorescence quenching efficiency are linear over the
range 0 to 30 uM, and the detection limit is 0.2 uM according to
the same method. At the same time, we also studied the
fluorescence intensity change of the m-CQDs solution with

A \ —
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different concentrations of Hg”" (ESIf S6). When the Hg”"
concentration increased from 0 to 20 uM, the fluorescence
intensity of m-CQDs at 485 nm gradually decreased. The linear
range was 0-20 pM, and the detection limit was 1.2 uM. The
quantum yields of m-CQDs and m-Q[6]-CQDs are 0.41% and
2.34%, respectively. The quantum yields of m-Q[6]-CQDs inter-
acting with Hg®" and AI’" are 1.39% and 2.88%, respectively.
The quantum yields of m-CQDs interacting with Hg>" and AI**
are 0.18% and 0.44%, respectively. It can be seen from the
detection limit and quantum yield that the introduction of Q[6]
into m-CQDs not only increases the fluorescence intensity and
quantum yield of the CQDs, but also results in a smaller
detection limit for Hg>". Therefore, m-Q[6]-CQDs have better
optical properties than m-CQDs.

In this study, human prostate cancer (PC-3) cells were used
as an example to determine the cytotoxicity of the m-Q[6]-CQDs
by CCK-8 assay. A CCK-8 assay showed that these m-Q[6]-CQDs
displayed low cytotoxicity at 0-80 pug mL™ ' and acted as a
bioimaging reagent (Fig. 8) (experimental process, ESI{ S1).
In addition, it was also found from these images that the
m-Q[6]-CQDs are mainly located in the nuclear region. The
m-Q[6]-CQDs were applied to the cell imaging of human
hepatocellular carcinoma PC-3 cells (Fig. 10). The m-Q[6]-CQDs
were diluted to a certain concentration and used for labeling of
PC-3 cells. The fluorescence images of the cells obtained by a
fluorescence inverted microscope were used for labeling (Fig. 9).
The above results indicated that the m-Q[6]-CQDs had success-
fully entered the living cells and maintained good fluorescence
properties within the cells. At the same time, the fluorescence
of the m-Q[6]-CQDs was quenched following the addition of
mercury ions.

3. Conclusions

In this study, we have synthesized new m-Q[6]-CQDs via the use
of solvothermal synthesis, and the m-Q[6]-CQDs product has
been characterized by a variety of techniques including FTIR,
XRD and X-ray photoelectron spectroscopy. The m-Q[6]-CQDs
exhibit good stability, and the fluorescence intensity is main-
tained in highly ionic solutions for two hours. The effect of pH

Fig. 10 PC-3 cells were incubated with m-Q[6]-CQDs (50 ng mL™Y), (a) and photographed in tomorrow; (b) imaging map under GFP457 channel; (c)
photographs of fluorescence quenching of pc-3 cells after adding mercury ion solution, [Hg?*] = 50 uM. The scale bar represents 60 pm.
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was examined and acidic conditions were found to be most
favourable for fluorescence intensity. It was also demonstrated
that the fluorescence of m-Q[6]-CQDs is resistant of the inter-
ference of metal ions, and the high ionic strength environments.
High selectivity and sensitivity to Hg>" and AI** was revealed in
aqueous solution, and the Hg>" was found to quench fluores-
cence, whilst AI** slightly enhanced the fluorescence. Since Hg**
and AP*" can cause serious damage to various organs in vivo, the
qualitative and quantitative detection of Hg”" is of great signifi-
cance for biological research. This behavior, combined with the
low cytotoxicity properties, suggest that these m-Q[6]-CQDs have
potential as an excellent fluorescent probe for use in cellular
imaging.
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