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Fluorescent carbon quantum dots (CQDs) are a new class of carbon nanomaterials that have excellent
biocompatibility and low toxicity, useful for cell labeling and bioimaging. However, it is challenging to
reproducibly create CQDs that are uniform and small in size with controlled toxicity and fluorescence
properties, and this status quo hinders the practical application of CQDs, especially in vivo. In this report,
CQDs with a uniform size of ~1.53 £+ 0.42 nm are synthesized via in situ pyrolysis of organics confined in
the smallest-pore zeolite SAPO-20 with a micropore aperture of 0.28 nm. The ultrasmall fluorescent
CQDs show a bright green fluorescence with a quantum yield (QY) of 16%, higher than that of most of
the bare CQDs without any functionalization and maximum emission at 523 nm under the irradiation of
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Accepted 10th October 2020 xenon-light at an excitation wavelength of 470 nm. X-ray photoelectron spectroscopy (XPS)
characterization confirms the presence of rich carboxyl and hydroxyl groups on the CQD surface

DOI: 10.1035/d0na00664e containing N- and O-based functional groups. The synthesized CQDs with high QY and low cytotoxicity
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Introduction

Carbon quantum dots (CQDs) with a size of less than 10 nm are
a new member of the carbon nanomaterial family and usually
possess a spherical shape with an obvious crystal lattice.* The
distinguished advantages of CQDs include low toxicity,
biocompatibility, low cost, and chemical inertness, which endow
CQDs with applicability to a wide range of fields such as bio-
imaging, chemical sensing, drug delivery, photocatalysis and
multicolor patterning.” Various synthetic methods have been
exploited to prepare CQDs from corresponding carbon sources
or molecular precursors, such as arc discharge,® chemical
oxidation,*® laser ablation,® ultrasound’ or microwave-assisted
synthesis,®® combustion'® and hydrothermal methods."
Although significant advances have been achieved, the prepara-
tion of CQDs with a compact particle size distribution, high
biocompatibility, and bright luminescence for biolabeling and
intravital bioimaging remains a significant challenge.*
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have been successfully used for cellular imaging with excellent biocompatibility.

Generally, CQDs processed in the homogeneous liquid
phase are difficult to regulate, especially the dimensions of the
CQDs due to free space for CQD formation. The only possible
method to achieve uniform CQDs is to optimize the experi-
mental conditions, making the synthesis method more
complicated. Recently, zeolite-based templates for the prepa-
ration of CQDs have attracted wide attention, due to their
unique advantages of uniform micropore size, unique rigid
crystalline matrix, and confined space. Organic molecular
precursors confined in the micropore space of zeolitic frame-
works ensured the controlled production of CQDs with multi-
color luminescence." Up to now, the pore size of the utilized
template zeolite has varied from 0.38 nm to 0.73 nm, according
to different zeolite framework matrices. For example, Mu et al.
prepared N-doped CQDs with a size of 2.5-5.8 nm by pyrolysis of
N-methylpiperazine (NMP) confined in zeolite MgAPO-44 pos-
sessing a pore aperture of 0.38 nm.*® The modulated full-color
photoluminescence can be tuned by altering the concentra-
tion and pH value of aqueous dispersions of the CQDs. Baldovi
et al. employed pure-silica ITQ-29 zeolite that belongs to LTA
zeotype topology with an aperture of 0.42 nm to synthesize
carbon dots with a size of 5-12 nm and this composite material
can act as a fluorescent oxygen sensor.'® It can be easily envi-
sioned that the design and preparation of a small-pore zeolite
would benefit the control of the dimensions, yield, and optical
properties of the as-prepared CQDs.

Herein, we report SAPO-20 zeolites as efficient templates to
prepare CQDs with a miniature size and high luminescence. As
a kind of aluminosilicophosphate (SAPO) molecular sieve, the
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SAPO-20 zeolite has only one type of pore and the smallest pore
size with apertures formed by 6-ring windows of 0.28 X
0.28 nm."” Due to the comparable size of pyrrolidine and tet-
raethylammonium hydroxide (TEAOH) as entrapped organic
molecules within the apertures, SAPO-20 can significantly boost
the confinement effect promoted by the interaction between
pyrrolidine, TEAOH and the zeolite framework, which endows
the as-synthesized CQDs with a uniform size distribution and
excellent optical properties. We have successfully adopted the
as-prepared CQDs to achieve efficient labeling and tracking of
living cells in vitro and in vivo (Fig. 1), exhibiting the huge
potential of CQDs in the field of biomedicine.

Results and discussion
Synthesis and modulation of the SAPO-20 zeolite

The SAPO-20 zeolite was synthesized with the additives of pyr-
rolidine and tetraethylammonium (TEAOH) by a hydrothermal
synthesis method. The structure, morphology, and photo-
physical properties of the obtained products were character-
ized. The powder X-ray diffraction (PXRD) patterns of zeolite
particles exhibited the characteristic sharp peaks of SOD
topology, demonstrating a pure SAPO-20 phase with high crys-
tallinity (Fig. 2a). Calcination at 600 °C hardly changed the
crystallinity of the zeolite but altered its relative peak intensity.
The peak of the (200) crystal planes was greatly suppressed upon
calcination, indicating less exposure of the {100} planes by
calcination probably through the shielding effect of the
organics through specific binding to select crystal faces."® The
SEM image (Fig. 2b) of SAPO-20 showed a well-faceted cubic
morphology and a uniform size of 2.65 £ 0.08 um. It is indi-
cated that the treatments at 600 °C did not alter the morphology
of the crystals (Fig. S17).

The strong confinement of organics in the small-pore SAPO-
20 which leads to N-containing CQDs upon controlled pyrolysis
has been verified through an array of analytical techniques. The
IR spectra (Fig. 2c) of the SAPO-20 sample before and after
calcination revealed the entrapment of organic species in the
zeolite framework. The intense bands, which appear at
1115cm™ Y, 720 cm™ %, 660 cm ™ ' and 451 cm ™Y, derived from the
vibrational modes of the framework of the as-obtained SAPO-20
calcination. The characteristic
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Fig.1 Schematic illustration for the preparation process of CQDs and
their application in living cell labeling and bioimaging in vivo.
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Fig. 2 Characterization of SAPO-20. (a) Powder XRD patterns of the
washed and calcined SAPO-20 synthesized in the presence of pyr-
rolidine and TEAOH as referenced to the standard (lower) pattern. (b)
SEM image of the as-synthesized SAPO-20 before calcination (inset,
the size distribution of the as-synthesized SAPO-20). (c) Infrared
spectra and (d) Raman spectra of the as-synthesized SAPO-20. (e)
Digital photos of SAPO-20 zeolites before and after calcination. (f)
Elemental analysis of the as-synthesized SAPO-20 before and after
calcination.

adsorptions of amine N-H stretch at ~3260 cm ™ * were visible in
the as-synthesized SAPO-20. The bands at 3058 cm™' and
1470 cm™ ' can be assigned to the asymmetric stretching
vibration and symmetric bending vibration of the -CH; group
respectively.

These peaks disappeared after calcination, demonstrating
the confinement of organics in the silicoaluminophosphate
framework that cannot be removed by water washing. The
Raman spectra (Fig. 2d) of the washed SAPO-20 zeolite before
calcination provide more support for this conclusion. The
Raman peaks occurring at 379 cm ', 418 cm ', 875 cm
918 cm !, 1461 cm ™', and 2800-3000 cm ™" can be attributed to
the vibrational modes of the tetraethylammonium cation
(TEA").2*** Combining with the SEM images and the XRD
patterns showing that the most intense peak is the (200) lattice
plane, it is likely that the TEA" helped expose more {100} lattice
planes to modulate towards the cubic morphology by selective
binding to certain crystallographic faces. Pyrrolidine is a known
organic structure-directing agent (OSDA) for SAPO-20.>
However, uncalcined SAPO-20 synthesized only with pyrrolidine
is not uniform, showing greater size variation (Fig. S2%).
Therefore, TEAOH molecules modified the crystal morphology
from nonuniform spheres to uniform cubes. Due to the smallest
pore size of SAPO-20, the entrapped molecules form CQDs after
calcination at 600 °C, leading to a color change from white to
black upon calcination (Fig. 2e). Because of the formation of
CQDs, the thermogravimetric analysis (TGA) profile (Fig. S3t) of
the as-synthesized SAPO-20 only showed a total weight loss of
7% even by calcination in air for 4 hours at 600 °C, which
involves desorption of adsorbed water molecules and incom-
plete decomposition of organic molecules. Organic elemental
analysis (Fig. 2f) quantitatively determined the carbon contents
of 3.358% and 2.692% before and after calcination, respectively.
The contents of nitrogen originating from TEAOH and

This journal is © The Royal Society of Chemistry 2020
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pyrrolidine were 1.751 and 0.461% in SAPO-20 before and after
calcination. These results further illustrated the power of
entrapping the organics by the SAPO-20 framework and the
high productivity of N-containing CQDs.

Characterization of the as-prepared CQDs

The CQDs were prepared by pyrolysis of organic small mole-
cules entrapped in the SAPO-20 cages and micropore cavities
(Fig. 1). The XRD pattern (Fig. 3a) shows a broad peak centred at
24°, which verifies the graphene-like structures of these CQDs.
They are monodispersed and embedded in the zeolite frame-
work with an average diameter of less than 2 nm (Fig. S4}). The
high-resolution TEM (HRTEM) images show that these CQDs
possess a crystalline structure with a lattice spacing of 0.21 nm
which is consistent with that of the (100) plane of graphene
(Fig. 3b).% After extraction from the SAPO-20 matrix by post-
dissolution of the SAPO-20 host, the collected CQDs were
analyzed by dynamic light scattering (DLS) which showed an
average size of 1.53 £+ 0.42 nm and a narrow distribution with
a maximum size not exceeding 3 nm, confirming the ultra-small
size and uniformity of the as-prepared CQDs. It is still larger
than the largest sodalite cavity diameter of the cage ~0.5 nm,*
similar to the results observed using other zeolite frameworks
(Table S17), probably due to expansion of the zeolite host** upon
guest carbon dot formation, and slight expansion of the carbon
dots after extraction from the zeolite matrix. Because of the
smallest pore size of SAPO-20 compared to other zeolite
framework types, the obtained CQDs were also smaller than
those reported in the literature (Table S17). The zeta potential of
CQDs dispersed in water is —39 mV (Fig. 3d), showing that they
possess a negative charge on the surface, which ensured their
good monodispersity and stability for more than 3 months of
storage. It provides a prerequisite for living cell labeling and
imaging in vivo. The CQD solution exhibited excitation-
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dependent luminescence (Fig. 3e and f). The optimal excita-
tion and maximum emissions were 470 nm and 523 nm,
respectively. The absolute fluorescence quantum yield (QE) of
CQD solutions was measured to be 16% without any function-
alization (Fig. 3g), which is much higher than that of most of the
bare CQDs with typical QE below 10%.*

Owing to the high nitrogen content organics entrapped in
the SAPO-20 framework, the CQDs from the confined synthesis
in SAPO-20 are rich in carboxyl and hydroxyl groups on the
surface containing N- and O-based functional groups, which
avoids the requirement for post-synthetic surface functionali-
zation. From the Fourier transform infrared (FT-IR) spectra of
CQDs (Fig. 3g), it can be observed that the characteristic peaks
at 3445 cm ™%, 1730 em ™! and 1100 ecm ™! are due to the vibra-
tions of O-H, C=0 and C-O, thus verifying the abundant
hydrophilic groups on the surface originating from the pyrro-
lidine and TEAOH (Fig. S57) leading to their excellent solubility
and stability in water. Besides, the stretching vibrations of C=C
(1660 cm™ ') and C-N (1424 cm ™) could also be observed in the
spectrum, showing the highly graphitized structure of CQDs
doped with the N element. The X-ray photoelectron (XPS)
spectra of the obtained CQDs are shown in Fig. 4. The full XPS
survey demonstrated the C 1s peak at 285.3 eV, N 1s peak at
400.5 eV, O 1s at 531.7 eV, and Na KLL peak at 496.5 eV, which
confirmed the composition of the CQDs. The presence of Na
might be from the post-extraction treatment using NaOH
solution to dissolve the SAPO-20 framework, which further
supports the negative charge of the obtained CQDs (Fig. 3c). The
high-resolution C 1s spectrum of the CQDs can be deconvoluted
into four main peaks of C-C (284.8 eV), C=C (284.0 eV), C=0
(288.0 eV), and C-O/C-N (285.8 eV), respectively. The corre-
sponding deconvolution results for investigating the O 1s and N
1s status are displayed in Fig. 4c and d. The O 1s signal might
originate from three different oxygen environments: C-O bonds
(531.7 eV), C=0 bonds (533.1 eV), and water (535.5 eV),
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Fig. 3 Physical and optical properties of the as-synthesized CQDs. (a) XRD pattern, and (b) TEM images of the CQDs (marked in red circles) after
extraction. The inset shows the lattice fringes of the CQDs. (c) Size distribution, (d) zeta potential, (e) excitation—emission matrix spectra, (f)
photoluminescence excitation and emission spectra of the CQD solutions, and (g) fluorescence QE measurements of the as-prepared CQDs
using BaSQO4 as the reference. The inset shows the zoomed-in spectra in the lower intensity range. (h) FTIR spectrum of CQDs.
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Fig. 4 Surface analysis of CQDs. (a) Wide scan XPS survey spectrum
(inset shows the chemical structure of CQDs), and (b) high-resolution
C 1s, (c) O 1s, and (d) N 1s spectra of the as-prepared CQDs.

illustrating the hydrophilicity of the as-made CQDs. The high-
resolution N 1s spectrum shows only one peak of graphitic
type N atoms at 399.5 eV.

Cell uptake of CQDs for bioimaging

Long-term cellular labeling and tracking are of great importance
in monitoring biological processes, pathological mechanisms,
therapeutic responses, etc.>® To explore the potential applica-
tions of the as-prepared CQDs, we attempted to label and trace
glioma cells in vitro and in vivo. Before performing this experi-
ment, we firstly evaluated the stability of CQDs in PBS solution
simulating the physiological environment and cytotoxicity of
CQDs. We dispersed the CQDs into PBS solution and monitored
the change of size by DLS. From the DLS results (Fig. S67), it can
be observed that the size of CQDs shows little change within 7
consecutive days, confirming their great stability in a physiolog-
ical environment. Furthermore after incubating CQDs of
different concentrations with C6 glioma cells and bEnd.3
endothelial cells for 24 hours, respectively, the cell viability was
determined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) method. The results showed that the
cell viability maintained at more than 95% when the concen-
tration of CQDs increased to 400 ug mL™", indicating very low
cytotoxicity of the as-prepared CQDs (Fig. 5a). Then, we further
evaluated the blood compatibility of CQDs by incubating CQDs
(0-400 pg mL ') with red blood cells from healthy mice. It
indicated that the hemolysis rate of red blood cells was less than
5%, showing good blood compatibility (Fig. 5b). Moreover, after
the mice were treated with CQDs for 7 days (intravenous dose =
5 mg kg ), the major organs, including the heart, liver, spleen,
lungs, and kidneys showed no obvious damage or inflammation
using hematoxylin and eosin (H&E) staining analysis (Fig. 5c),
demonstrating that CQDs have excellent histocompatibility at
our experimental dose and period.

5806 | Nanoscale Adv, 2020, 2, 5803-5809

View Article Online

Paper

o

PBS Water

I C6 [ bEnd.3

' ~
JUiNuR

Cell viability (%)

Hemolytic percent (%)
- - O

0 25 50 100 200 400 25 50 100 200 300 400

c Concentration (mg/mL) NPs concentration (mg/mL)
heart liver spleen lung kid
‘r‘%ﬁ' ¥

{7/ O <%
T 5

Fig.5 Biocompatible CQDs for living cell labeling and imaging in vitro.
(a) Cytotoxicity of CQDs on C6 cells and bEnd.3 cells using MTT assay.
(b) Hemolytic percentage of CQD-treated red blood cells after 3 h of
incubation. Deionized water (+) and phosphate buffer saline (—) were
used as positive and negative controls, respectively. The inset shows
the digital photos of CQD-treated red blood cells. (c) Representative
HE&E stained images of the major organs after injection of CQDs with
an injection dose of 5 mg kg™t

Control
B~

-7

(1

&3

S
“%%

CQDs
=

CQD labeled glioma cells for in vivo imaging

Our results preliminarily demonstrate that CQDs have good
biocompatibility. Next, the bioimaging performance was
studied. We incubated the CQDs with C6 glioma cells for 3, 6,
and 12 h, respectively. Confocal fluorescence images showed
that the CQDs could enter C6 glioma cells through cell endo-
cytosis, locate in the cytoplasm, and generate strong fluores-
cence signals (Fig. 6a). Since CQDs could be internalized
efficiently by glioma cells, we attempted to investigate the
potential of CQD labeled glioma cells for in vivo fluorescence
imaging. After treating glioma cells with CQDs for 3 h, we
collected these cells and mixed with a matrigel matrix (v/v =
1: 1) and subcutaneously injected into the subcutaneous tissue
of Balb/c nude mice. As shown in Fig. 6b and c, with a decrease
in the number of glioma cells, the fluorescence intensity of the
injection region decreased gradually. Surprisingly, when the
number of cells decreased to 1000, we could still detect the
fluorescence signal in the injection site. This suggests that the
as-prepared CQDs with high QE and good biocompatibility
could efficiently label glioma cells for dynamic visualization of
cell activity in the mouse model. In the future, CQDs with
a longer wavelength and higher QE can be prepared to realize
the long-term tracing of living cells in the body, providing effi-
cient methods and technologies for the diagnosis and treat-
ment of diseases.

Experimental
Reagents

All the reagents and solvents used in the experiment were
commercially available and directly used without further puri-
fication. Pseudoboehmite and H3;PO, [85 wt% in water] were
purchased from Guizhou or the Tianjin Chemical Reagent

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 CQD labeled glioma cells for in vitro/in vivo imaging. (a)
Confocal fluorescence images of C6 subcellular localization of CQDs
after 3 h, 6 h and 12 h incubation. Red and blue represent the fluo-
rescence of CQDs in the cytoplasm and 4',6-diamidino-2-phenyl-
indole (DAPI) fluorescence in the nucleus, respectively. (b) The mean
FL intensity of CQD labeling of living glioma cells with different
numbers based on in vivo fluorescence images indicated in (c). The
data are shown as mean + SD (n = 3). (c) CQD labeling of living glioma
cells with different numbers for in vivo fluorescence imaging. The red
circles point to the injection sites of CQD labeling of living glioma cells.

Factory. TEAOH [25 wt% in water] and pyrrolidine were ob-
tained from Adamas Reagent Co., Ltd. Ludox (25% aqueous
solution) was supplied from Qingdao Ocean Co., Ltd. Peni-
cillin-streptomycin and high-glucose DMEM were obtained
from Hyclone (USA). Trypsin EDTA and fetal bovine serum (FBS)
were purchased from Gibco Life Technologies (AG, USA). A cell
counting kit-8 (CCK-8) was purchased from Dojindo Laborato-
ries (Shanghai, China).

Synthesis of the SAPO-20 zeolite

The SAPO-20 zeolite samples were synthesized by a one-step
hydrothermal synthesis. First, 2 g pseudoboehmite, 18 ¢
TEAOH (25%), and 4 g H,0 were mixed under stirring for 1
hour. Then 3.5 g phosphoric acid (85%) was added into
the above solution. After stirring for 1 hour, 1.08 g pyrrolidine
was added into the mixed solution, followed by the
addition of 2.1 g SiO, (25%) gel. The resultant
homogeneous gel was further stirred using a magnetic stirrer
for 4 hours. The molar ratio of the gel mixture is
1.0A1,03 : 1.0P,0Os5 : 0.6Si0O, : 2.0TEAOH : 1.0C4HoN : 70.0H,0.
Then the gel mixture was transferred into a 100 mL Teflon-lined
stainless steel autoclave and heated at 200 °C for 40 hours at
a controlled heating rate of 1 °C min~". After crystallization, the
obtained solid product was isolated by centrifugation at
6000 rpm and washed several times with distilled water. The
collected white crystals were dried at 60 °C overnight.

A similar procedure was adopted for the comparative zeolite
samples synthesized without TEAOH. Typically, 2 ¢

This journal is © The Royal Society of Chemistry 2020
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pseudoboehmite and 17.5 g H,O were mixed under stirring for
1 hour. Then 3.5 g phosphoric acid (85%) was added into
the above solution. After stirring for 1 hour, 1.08 ¢
pyrrolidine were added into the mixed solution, followed by
the addition of 2.1 g SiO, (25%) gel. The resultant
homogeneous gel was further stirred using a magnetic stirrer
for 4 hours. The molar ratio of the gel mixture is
1.0AL,0; : 1.0P,05 : 0.65i0, : 1.0C,H,N : 70.0H,0. Then the gel
mixture was transferred into a 100 mL Teflon-lined stainless
steel autoclave and heated at 200 °C for 40 hours at a controlled
heating rate of 1 °C min . After crystallization, the obtained
solid product was isolated by centrifugation at 6000 rpm and
washed several times with distilled water. The collected brown
crystals were dried at 60 °C overnight.

Preparation of CQDs

The as-synthesized TEAOH/pyrrolidine@SAPO-20
product was calcined in a furnace (KSL-1100X, JingKe) under an
air atmosphere. The oven temperature was ramped to 600 °C at
a rate of 2 °C min ™", followed by a 4 h isothermal treatment at
this temperature. During this time, the entrapped organic
species was carbonized, resulting in a composite material.
100 mg of the CQDs@SAPO-20 composite sample was dissolved
in 30 mL of 2.5 M NaOH aqueous solution at room temperature.
Then the mixture was ultrasonically treated for 10 min to
accelerate the dissolution of the framework of SAPO-20. The
dark color solution was neutralized with HCI solution to a pH of
about 7. At this moment, a solid precipitate appeared which was
separated from the solution by centrifugation. The supernatant
containing CQDs was removed by freeze drying. Finally, the
CQDs were obtained through extraction with alcohol to remove
NaCl produced in the neutralization process and redispersed in
water with a concentration of around 14.4 mg mL ™.

zeolite

Cell culture

C6 glioma cells and bEnd.3 brain microvascular endothelial
cells were cultured in DMEM containing 10% FBS, 100 U mL "
penicillin, 100 pg mL~" streptomycin and 2 mM r-glutamine.
The cells were incubated at 37 °C in an incubator with
a humidified atmosphere and 5% CO,.

Confocal fluorescence imaging

10° C6 cells in eight-well glass-bottomed culture dishes were
incubated with CQDs (50 pg mL™") for 3, 6 and 12 h, respec-
tively, washed with PBS, fixed with 4% paraformaldehyde,
stained with DAPI, and finally imaged using a Laser confocal
fluorescence microscope (Leica-TCS-SP5).

Cytotoxicity assessment

To evaluate the toxicity of CQDs, normal bEnd.3 cells and
glioma C6 cells were seeded in a 96-well plate (1 x 10* cells in
100 pL of medium for each well). After 12 h of incubation, cells
were treated with CQDs at various concentrations from 25 pg
mL ™" to 400 ug mL . The cell viability was measured by MTT
assay.
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Hemolytic test

The whole blood of Balb/c mice was collected, centrifuged
(1500 rpm, 3 min) to separate the red blood cells (RBC) and
washed with PBS three times. 10% RBC (v/v, in PBS) was incu-
bated with CQDs at final concentrations of 25, 50, 100, 200, 300,
and 400 pg mL ™" in PBS at 37 °C for 3 h, respectively. After
centrifugation (1500 rpm, 3 min), the supernatant of the
suspensions was collected and analyzed using a UV-vis spec-
trometer at 541 nm.

Histology

After the mice were treated with CQDs for 7 days (intravenous
dose = 5 mg kg™ '), the major organs, including the heart, liver,
spleen, lungs, and kidneys showed no obvious damage or
inflammation using hematoxylin and eosin (H&E) staining
analysis. H&E staining was performed according to a protocol
provided by the vendor (BBC Biochemical). The images were
acquired on a Nikon Eclipse 90i microscope.

In vivo imaging

After treating glioma cells with CQDs for 3 h, we collected these
cells and mixed with a matrigel matrix (v/v = 1: 1) and subcu-
taneously injected into the subcutaneous tissue of Balb/c nude
mice, and acquired fluorescence images on an IVIS fluorescence
imaging system using a 480 nm excitation wavelength and
a 700 nm filter at different time points. The images were
unmixed using the Maestro software. All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences, and approved by the
Animal Ethics Committee of Shenzhen Institutes of Advanced
Technology.

Characterization

The powder X-ray diffraction (XRD) patterns of all samples were
recorded using a D8 Advance X-ray diffractometer with
a diffraction angle between 4 and 50° equipped with Cu Ka
radiation (A = 1.5418 A) at 40 kV, 40 mA. The scanning electron
microscopy (SEM) image was obtained on a JEOL JSM-7800F
electron microscope operated at 5.0 kV with platinum coating.
Transmission electron microscopy (TEM) was performed on
a Tecnai G2 F30 field emission source transmission electron
microscope operated at 300 kV. X-ray photoelectron spectros-
copy (XPS) measurements were performed on a PHI 5000 Ver-
saProbe II spectrometer with monochromatized Al Ka
excitation. Thermogravimetric analyses (TGA) were performed
using a Shimadzu TGA-50 analyzer and Fourier transform
infrared spectroscopy (FTIR) spectra were recorded in KBr
pellets using a Shimadzu IR-Prestige 21 Spectrophotometer.
Raman spectra were obtained using a Mettler Toledo ReactRa-
man 785. The contents of C and N were measured using an
Organic Element Analyzer (Vario PYRO cube, Elementar, Ger-
many). The particle size and zeta potential measurements of the
CQDs were performed on a Zetasizer Nano analyzer (Zetasizer
Nano ZS90, Malvern). The photoluminescence excitation and
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emission spectra were recorded using a spectrofluorometer
(Lumina, Thermo Scientific). The absolute fluorescence
quantum yields were measured on an Edinburgh FLS980
fluorimeter.

Conclusions

We have developed a simple and facile strategy to prepare
ultrasmall-sized CQDs with tunable fluorescence properties. By
choosing a small-pore SAPO-20 with SOD topology, through the
joint action of structure-directing agent pyrrolidine and growth
modulator TEAOH, monodisperse cubic crystals with a micro-
pore aperture of 0.28 nm were obtained. Pyrolysis of the
entrapped organics afforded monodisperse ultrasmall CQDs
with a surface rich in carboxyl and hydroxyl groups with an
average size of 1.53 nm, smaller than those obtained from
larger-pore zeolites. These CQDs exhibited excellent stability
and were easily dispersible in solution, showing a high fluo-
rescence QE of 16% in the non-functionalized form. The as-
synthesized CQDs have been successfully adopted as an effec-
tive fluorescent probe for efficient labeling of living cells and in
vivo biological imaging due to their high fluorescence QE, low
cytotoxicity, and excellent biocompatibility.
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