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ABSTRACT: The large-scale preparation of fluorescent nanomaterials with
laboratory-relevant chemical and optical properties will greatly forward their
consumer market applications; however, it still remains challenging. In this work, a
universal strategy was developed for the rapid and large-scale synthesis of fluorescent
sulfur quantum dots that recently has drawn great attention because of their unique
optical characteristics. From the fact that empty 3d orbitals of sulfide species are able
to bind with lone-pair 7 electrons of the heteroatomic groups, many amino-group
containing compounds, such as amino acid and polyethylenimine molecules, were
exploited to synthesize sulfur quantum dots. This 10 min preparation period endowed
sulfur quantum dots with bright blue fluorescence and also chirality. Due to the user-
friendly and rapid operation, this strategy can be extended to the large-scale synthesis
of sulfur quantum dots with a yield of 16.844 g for one batch of experiment.
Moreover, it was found that the sulfur quantum dots exhibited a reversible
temperature-dependent luminescent property with a sensitivity of 0.72%/°C, which showed excellent intracellular temperature
monitoring capability for inflammation-related disease diagnostics.
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B INTRODUCTION sulfur quantum dots preparation. However, the synthesized
time of this method is 30—125 h. Wang’s group then prepared
the precursor by using Shen’s method for 5—125 h.>* After
H,0, was injected into the precursor, the surface polysulfide
species had been etched to smaller-size sulfur quantum dots. In
this method, although H,0, can accelerate the reaction
process, the preparation of precursor also expended too
much time. Recently, Zhou and co-workers reported an
approach for the large-scale synthesis of sulfur quantum dots
under a pure oxygen atmosphere,”” but this method cost 10 h.
In order to overcome this time-consuming problem, micro-
wave radiation,”* hydrothermal method,**”® and ultrasonica-
tion”” had been exploited to shorten the reaction time.
Moreover, these as-prepared SQDs exhibited good stability,
low cytotoxicity, and good cellular uptake, and have been
widely used for cellular imaging.26’38_42 Nevertheless, these
methods did not essentially accelerate the reaction process
essentially. The rapid and large-scale preparation of sulfur
quantum dots still remains challenging.

Fluorescent nanomaterials including semiconductor quantum
dots, carbon dots,'~® upconversion nanocrystals,”~'" and so
on, possess widely tunable optical, chemical, and physical
properties, enabling them various applications spanning energy
harvesting, illumination display, communication and informa-
tion technology, biology, and medicine.**'™** As novel metal-
free quantum dots, sulfur quantum dots (SQDs) recently have
been attracting more attention because of their unique features
including environmental friendliness, excellent biocompatibil-
ity, and tunable surface chemistry.”*">° However, further
progress of SQDs in market-relevant applications requires the
development of sustainable and improved preparation
strategies with highly reproducible chemical and optical
properties.

From the synthetic perspective, the realization of high-
quality nanomaterials with large-scale yields based on wet-
chemistry synthesis will place increasing attention on reducing
the manufacturing costs and preparation time. Recently, a vast
number of efforts were devoted to achieve this goal, yet little
progress was achieved. SQDs were first reported by Li and co-
workers in 2014, which were synthesized via a phase interfacial
reaction by CdS quantum dots.> Since this initial work, Shen’s
group prepared the sulfur quantum dots successfully by using
sulfur powders with sodium hydroxide and PEG-400
(passivation agent),31 which was a major breakthrough in

Received: July 15, 2024 SIS
Revised: ~ September 8, 2024

Accepted: September 11, 2024
Published: September 20, 2024

© 2024 The Authors. Co-published by . .
Nanjing University and American https://doi.org/10.1021/cbmi.4c00052

W ACS PUb| IcatIOI’]S Chemical Society 817 Chem. Biomed. Imaging 2024, 2, 817—-824


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianjian+Sha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingsong+Mei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haibin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pinghua+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haibo+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaihong+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaihong+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/cbmi.4c00052&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cbihbp/2/12?ref=pdf
https://pubs.acs.org/toc/cbihbp/2/12?ref=pdf
https://pubs.acs.org/toc/cbihbp/2/12?ref=pdf
https://pubs.acs.org/toc/cbihbp/2/12?ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/cbmi.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

It is well-known that the sublimed sulfur powder can be
dissolved in alkaline environment and reacted to become a
polysulfide species, such as $>~ and S,>~.>"** The empty 3d
orbitals of polysulfide species provide a binding site for long-
pair 7 electrons of the heteroatomic groups, such as an amino
group or hydroxyl group. Therefore, polysulfide species are
able to be well-dispersed with the help of nitrogen- or oxygen-
rich ligands.

In this work, a universal strategy for the rapid and large-scale
synthesis of fluorescent SQDs was developed based on this
knowledge, in which the bright blue emission was obtained
through a quick reaction between sublimed sulfur powders,
sodium hydroxide, and amino-group containing compounds,
such as amino acid or polyethylenimine (PEI) molecules. After
the addition of hydrogen peroxide, the polysulfide cluster was
rapidly oxidized to SQDs with blue fluorescence under 365 nm
UV-light excitation. Moreover, this novel preparation strategy
also endowed SQDs with chirality because of the use of chiral
amino acids such as cysteine. These preparation processes only
need around 10 min in total. Due to the user-friendly and rapid
operation, this strategy can be extended to the large-scale
synthesis of SQDs, with a yield of 16.844 g for one batch of
preparation. Based on the surface-defect-induced lumines-
cence, SQDs are expected to demonstrate a thermosensitive
property to monitoring intracellular temperature variations.

B EXPERIMENTAL SECTION

Materials

Sodium hydroxide (NaOH, 95.0%), L-cysteine (L-Cys, 99.0%),
Dulbecco’s Modified Eagle Medium (DMEM), 3-(4,5-dimethyl-
thiazole-2-yl)-2,5-phenyltetrazolium bromide (MTT, 97.0%), 4%
paraformaldehyde, and trypsin were obtained from Macklin. Hydro-
gen peroxide (H,0,) and sublimed sulfur (99.5%) were purchased
from the Guangzhou Chemical Reagent Factory. Polyethylenimine
(PEL, 99%), p-tryptophan (98%), and L-tyrosine (99%) were
purchased from Aladdin. Polyethylene glycol-400 (PEG-400) and
pL-serine (98%) were purchased from Energy Chemical. Fetal bovine
serum (FBS) and antibiotic-antimycotic extracts were obtained from
Beyotime.

Instrumentation

UV-—visible absorption spectra and PL spectra were measured on a V-
730 spectrometer (Jasco Corp., Japan) and a PL FSS (Edinburgh
Instruments, UK) spectrometer. Electronic circular dichroism (CD)
spectra were acquired with a Chirascan plus instrument (Applied
PhotoPhysics, UK). Fourier transform infrared (FTIR) spectra were
recorded on a Nicolet 6700 FTIR spectrometer (Thermo, U.S.). XPS
spectra were recorded on a Thermo Scientific K-Alpha* (Thermo-
Fisher, U.S.). High-resolution transmission electron microscopy
(HRTEM) images were obtained using a JEM-F200 transmission
electron microscope (JEOL, Japan). Phosphorescence lifetime was
measured using an FLS 1000 (Edinburgh Instruments, UK). Confocal
laser-scanning microscopy (CLSM) images were recorded on an LSM
880 with AiryScan (Carl Zeiss, Germany) with imaging software ZEN
2.3 (Blue Edition, Carl Zeiss).

Synthesis of Fluorescent Sulfur Quantum Dots

A 2.1 g portion of NaOH and 2.1 g of cysteine were dissolved in 35
mL of water before 0.7 g of sublimed sulfur powder was added. The
mixture was stirred at 90 °C for 10 min under atmosphere until sulfur
powder dissolved completely. The prepared product was referred to as
the precursor, which was a transparent orange solution. Six milliliters
of sulfur quantum dots precursor and 4.5 mL of hydrogen peroxide
(7.50%) were mixed under vigorous stirring. The color of the mixed
solution changed from orange to colorless. Meanwhile, under the 365
nm UV-light illumination, the fluorescence of the solution appeared
and gradually became strong, and the product was referred to as
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“sulfur quantum dots”. For purifying the sulfur quantum dots, the
product was dialyzed by using a dialysis bag with a molecular weight
cutoff of 500 Da for at least 3 days.

Large-Scale Synthesis of Sulfur Quantum Dots

First, 68.4 g of NaOH and 68.4 g of cysteine were dissolved in 1140
mL of water before 22.8 g of sublimed sulfur powder was added. The
mixture was stirred at 90 °C for 20 min under atmosphere, until the
sulfur powder dissolved completely. The prepared precursor was a
transparent orange solution. Next, 1140 mL of sulfur quantum dots
precursor and 860 mL of hydrogen peroxide (7.50%) were mixed
under vigorous stirring. The mixed solution changed color from
orange to colorless under sunlight. Meanwhile, under 365 nm UV-
light illumination, the fluorescence of the solution appeared and
gradually became strong.

Synthesis of Sulfur Quantum Dots with PEG-400

Four grams of NaOH and 3 mL of PEG-400 were dissolved in 50 mL
of water before 1.4 g of sublimed sulfur powder was added as
previously reported in the literature.>’ The mixture was stirred at 90
°C for 10 min under atmosphere, until the sulfur power dissolved
completely. This mixture solution was named “traditional precursor”.
A 6 mL portion of the precursor and 4.5 mL of hydrogen peroxide
(7.50%) were mixed under vigorous stirring. The solution remained
yellow and could not emit fluorescence under 365 nm UV-light
illumination.

Synthesis of Sulfur Quantum Dots with Other Amino Acids

First, 0.6 g of NaOH (0.6 g) was dissolved in 10 mL of water, and
0.9060 g of tyrosine, 0.5255 g of serine, and 1.0212 g of tryptophan
were respectively added into the above NaOH solution. Next, 0.2 g of
sublimed sulfur powder was added into the above mixtures,
respectively. These mixtures were stirred at 90 °C under atmosphere
until the sulfur powder dissolved completely. The prepared precursors
were transparent orange. By dropping the right amount of H,O, into
precursors, fluorescent sulfur quantum dots were obtained.

Synthesis of Sulfur Quantum Dots by Polyethylenimine

A 1.05 g portion of NaOH and 4.5 g of PEI were dissolved in 17.5 mL
of water. Next, 0.35 g of sublimed sulfur powder was added into the
above mixtures. The mixture was stirred at 90 °C under atmosphere
until the sulfur powder dissolved completely. The prepared precursors
were transparent orange. By dropping 400 uL of 7.50% H,O, into
precursors, sulfur quantum dots were obtained.

Cell Culture and MTT Assay

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic in an incubator at 37 °C with 5% CO,. Cell
viability was performed using a MTT assay with 3-(4,5-dimethyl-
thiazole-2-yl)-2,5-phenyltetrazolium bromide. HeLa cells were seeded
in 96-well plates and incubated for 24 h to reach 80—90%. The
medium was replaced by fresh medium containing different
concentrations of SQDs with doses of 0, 25, 50, 75, 100, 150, and
200 p1g/mL for 24 h. Next, 20 uL of MTT was added into each well of
the plate and cultured for 4 h at 37 °C. After the supernatant was
removed, 200 uL of DMSO was added into each well to resolve
crystal. The absorbance of each well at 490 nm was measured with a
microplate reader.

Intracellular Temperature Monitoring

HeLa cells were seeded in a glass bottom cell culture dish for 24 h.
Next, cells were incubated with fresh medium containing 40 pg/mL
SQDs for 24 h. Afterward, the cells were washed with PBS three times
and subsequently fixed with the fresh culture medium to perform
fluorescence imaging. Under the confocal fluorescence microscope,
the cells were detected three times for each temperature condition.

B RESULTS AND DISCUSSION

Sulfur quantum dots herein were rapidly synthesized on a large
scale by two steps (Figure la). Herein, cysteine as a typical
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Figure 1. (a) Schematic illustration of the rapid preparation of fluorescent chiral SQDs. (b) Photographic demonstration of the process of large-
scale and rapid synthesis of SQDs. Fluorescent spectra of the aqueous solution demonstrated in (b), (c) the mixture solution of reagents, (d)

precursor solution, and (e) the obtained SQDs solution.
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Figure 2. (a) Structural demonstration of sulfur quantum dots. (b) TEM image (left) and HRTEM image (right) of sulfur quantum dots. (c) FTIR
spectral comparison of sulfur quantum dots and cysteine. (d) XPS survey spectrum, (e) high-resolution S 2p spectrum, and (f) high-resolution C 1s

spectrum of the purified sulfur quantum dots.

lone-pair-electron-containing ligand was taken as an example
to demonstrate the preparation strategy. In detail, the mixture
of sublimed sulfur powder, L-cysteine, and NaOH was first
dissolved in water by vigorously stirring under 90 °C. After the
mixture was totally dissolved, the solution color turned from
colorless to orange. This process expended about 10 min. By
gradually dropping H,0, into the above precursor, the orange-
colored solution rapidly turned colorless, and the fluorescent
sulfur quantum dots immediately formed in a period of 10 s
(Supporting Information videos S1 and S2). However, an
amount of precursor identical to that of previously reported
methods could not exhibit any observable fluorescence after
the addition of H,O, within the same time course (Figure S1).
Owing to the rapid and simple preparation process, this novel
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strategy can be explored in the large-scale synthesis of
fluorescent SQDs. As shown in Figure 1b, 22.8 g of sublimed
sulfur powder was dissolved in a cysteine alkaline solution.
After rapidly reacting with H,0,, a large amount of SQDs with
a volume of 2 L was obtained with a concentration of 8.4220
mg/mL in one batch of experiment (Figure S2). Moreover,
during the synthesis process, both the mixture of reagents and
the formed precursor solution did not exhibit any observed
fluorescence (Figure 1c and d). After oxidizing by H,0,, SQDs
were obtained and exhibited bright blue fluorescence with an
emission peak at 460 nm under 365 nm UV lamp illumination
(Figure le).

To reveal the structure of the as-obtained SQDs, a series of
structural characterizations were performed. Figure 2a depicts

https://doi.org/10.1021/cbmi.4c00052
Chem. Biomed. Imaging 2024, 2, 817—-824


https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00052/suppl_file/im4c00052_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00052/suppl_file/im4c00052_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00052/suppl_file/im4c00052_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00052/suppl_file/im4c00052_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00052?fig=fig2&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

a proposed structural model for SQDs in this work, which
consists of S,%~, S[0], Na,SO,, Na,SO;, and cysteine. At the
center of the sulfur quantum dots, there were polysulfide
species around the cysteine molecules. The TEM image in
Figure 2b exhibited that the fluorescent sulfur quantum dots
remained an inhomogeneous spherical shape with the diameter
of 4 nm. The HRTEM image exhibited well-resolved spacing
with a clear lattice fringe of 0.21 nm, which was consistent with
the reported literature.””*”** The Fourier-transform infrared
absorption spectra of purified SQDs displayed obvious peaks at
approximately 3800—3300 and 3330—3130 cm™', which
resulted from the stretching vibration of the —OH and
—NH, groups (Figure 2c). The peak at 1663 cm™ was
assigned to the stretching vibration of the C=O bonds. The
two absorption peaks at 1635 and 1413 cm ™" were ascribed to
the formation vibration of N—H and C—H.*" These results
indicated that cysteine molecules were conjugated onto SQDs
without any structural variations.

The X-ray surface photoelectron spectra (XPS) in Figure 2d
demonstrated that the purified SQDs mainly contained C, O,
N, and S elements. The high-resolution XPS spectrum of S 2p
contained five different peaks (Figure 2e). The peak at 161.37
eV belonged to sz_/SZ_. Two peaks at 163.05 and 164.35 eV
belonged to S[0].”****° The binding energy peak at 167.69 eV
was assigned to SO,;*~.°%*° The last peak at 168.83 eV was
attributed to SO,*~.">*” Furthermore, the high-resolution XPS
spectrum of C 1s in Figure 2f exhibited three main peaks. The
peaks located at 284.8 and 285.98 eV were attributed to C—C
and C=O0, respectively, and the binding energy at 288.01 eV
was assigned to C—N, C—-0O, and C—N.""* The high-
resolution XPS spectrum of N 1s revealed peaks at 399.05 and
400.99 eV that also indicated the presence of —NH, and
pyrrolic N (Figure S3). Therefore, the sulfur quantum dots
consisted of element sulfur, sulfonate groups, and cysteine on
the surface, which further verified the proposed structural
model in Figure 2a.

The optical characteristics of the obtained sulfur quantum
dots were investigated by using the UV—vis absorption
spectrum and excitation—emission spectrum. It can be seen
from Figure 3a that there is an obvious absorption at 215 nm,
which was attributed to n — ¢* transitions.””* On the other
hand, there is no distinct absorption peak at 200—250 nm. The
sulfur quantum dots can emit a bright blue fluorescence at 460
nm with an excitation wavelength of 370 nm. Interestingly, by
adjusting the excitation wavelength from 290 to 450 nm, the
emission peaks varied from 380 to 528 nm, with the PL
intensity increasing first and then decreasing (Figure 3b).
Through more careful study, it had three domain peaks around
380, 460, and 528 nm, which included the near-ultraviolet
range and visible region. These results showed the excitation-
dependent PL properties in sulfur quantum dots, which were
attributed to the inhomogeneous size of the particles. The PL
decay curve of the purified sulfur quantum dots in Figure 3¢
indicated that the emission at 455 nm displayed a lifetime of
about 2.77 ns, which is comparable with previously reported
SQDs.

Because of the exploration of chiral cysteine as a precursor to
the synthesis of SQDs, it is anticipated to endow chirality onto
the fluorescent SQDs. The chiral properties of the SQDs were
investigated by circular dichroism (CD) spectra (Figure 3d).
Interestingly, L-Cys and D-Cys resulted in the generation of L-
sulfur quantum dots and p-sulfur quantum dots with almost
corresponding mirrored CD spectra (Figures S4 and SS). In
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Figure 3. (a) UV—vis absorption spectra, PL spectra (excited at 370
nm), and excitation spectra (emitted at 460 nm) of sulfur quantum
dots. (b) PL spectra of sulfur quantum dots taken under different
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and 455 nm, respectively). (d) Circular dichroism spectra of the L-
and p-sulfur quantum dots. (e) Time stability and (f) pH-dependent
photoluminescent intensity of sulfur quantum dots (excited at 370 nm
and detected at 460 nm).

order to explore the origin of chirality, the achiral amino acid
glycine (Gly) was used to prepare SQDs. It was found that,
although the obtained Gly-SQDs exhibited similar fluores-
cence, the circular dichroism spectra did not show any
observable chiral signal (Figure S6). These results indicated
that the chirality of fluorescent SQDs should originate from
cysteine. This novel property will greatly expand the
applications of SQDs, such as chiral recognition, chiral
detection, and asymmetric catalysis, avoiding usage of heavy-
metal chiral quantum dots.

The fluorescence stability of the as-prepared SQDs toward
time and environmental pH is further investigated to
demonstrate their practicability. As shown in Figure 3e, the
PL intensities of sulfur quantum dots remained unchanged for
3 h, indicating that they had excellent time stability (Figure
S7). In addition, the sulfur quantum dots also exhibited good
pH-stability in the range 4.0—10.0 (Figures 3f and S8). These
results indicated that the rapid synthesis of sulfur quantum
dots can obtain stable fluorescence properties.

It is well-known that elemental sulfur could react with
sodium hydroxide to form sulfide or polysulfide ions under
heating conditions. As Figure 4a shows, sodium hydroxide
played an important role in the synthesis of fluorescent sulfur
quantum dots. Without the addition of sodium hydroxide,
sulfur powder could not be dissolved, and the precursor did
not emit any fluorescence. Upon addition of one-half the
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Figure 4. (a) PL spectra of sulfur quantum dots synthesized by three
different concentrations of sodium hydroxide and photographs (inset)
of sulfur quantum dots in daylight (left) and irradiated by UV light at
365 nm (right). (b) PL intensity (excited at 370 nm and detected at
460 nm) of sulfur quantum dots synthesized using different
concentrations of H,0,. (c) PL intensity of sulfur quantum dots
obtained from the reaction heated to different temperatures, and
other conditions: 0.7 g of sublimed sulfur powder, 2.1 g of L-cysteine,
2.1 g of NaOH, and 35 mL of water. (d) PL intensity of sulfur
quantum dots obtained from the reaction using different amounts of
L-cysteine, and other conditions: 0.7 g of sublimed sulfur powder, 2.1
g of NaOH, 35 mL of water, and 90 °C reaction temperature.

amount of sodium hydroxide, the reactant mixture was
dissolved to obtain an orange-colored precursor. However,
lots of cysteine was immediately precipitated after the addition
of H,0,, which should be ascribed to the solution’s pH that
varied from strong basicity to neutral induced by H,0,, and
cysteine was oxidized to cystine that greatly decreased its
solubility. The resulting solution also was not able to give out
any luminescence. After increasing the molar amounts of
sodium hydroxide 3-fold to that of sulfur powder, the
precursor became stable and could emit bright blue
fluorescence after the addition of H,0,.

Since sulfion or polysulfide ions are oxidized to SQDs by
hydrogen peroxide, increasing the H,0O, concentration is
believed to raise the photoluminescence intensities of SQDs. It
was found that the fluorescence intensity reached a maximum
when the concentration of H,0, was 7.5% (Figures 4b and
S9). As shown in Figure S10, the absorption of SQDs was
decreased by increasing the concentration of H,0,. In
addition, the synthesizing temperature of the sulfur quantum
dot precursor was studied to obtain the optimal fluorescence
properties. The photoluminescence intensities of the sulfur
quantum dots were recorded at an excitation wavelength of
370 nm. As shown in Figures 4c and S11, 90 °C was the best
synthesizing temperature. Furthermore, cysteine played a
pivotal role in stabilizing the formed sulfion and polysulfide
ions. The results in Figure 4d indicated that both little and
high amounts of cysteine led to weak fluorescence (Figures 4d
and S12). To demonstrate the universality of this preparation
strategy, a few other lone-pair-electron-containing ligands were
further used to rapidly synthesize fluorescent SQDs. We also
measured the quantum yield of the as-prepared SQDs. The QY
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was determined by using the reference method with quinine
sulfate as a standard reference. The relative quantum yield of
as-prepared SQDs is 2.51% (Figure S13 and Table S1). In
addition, we designed five different circumstances for sulfur
quantum dots synthesis, and we reached the conclusion that
the obtained fluorescence SQDs showed excellent stability
(Table S2). Herein, tyrosine, serine, tryptophan, and PEI
molecules were investigated, where the preparation process
was similar to the typical example of cysteine used. As Figure 5
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Figure S. Excitation and emission spectra of sulfur quantum dots
synthesized by (a) serine, (b) PEI, (c) tyrosine, and (d) tryptophan.
Inset photos are the luminescent photos of these sulfur quantum dots
under 365 nm UV light irradiation.

depicts, irrespective of the brightness difference, all of the
precursors prepared by these ligands could give out obvious
fluorescence upon additions of H,O, without any optimizing
synthesis parameters. More interestingly, different from chain-
type ligands, such as cysteine, serine, and PEI, SQDs
synthesized from aromatic amino acid emitted longer wave-
length fluorescence. For instance, tyrosine-based SQDs gave
light-green fluorescence under UV lamp illumination, and
tryptophan-based SQDs emitted indigo fluorescence (Figure
Sc and d). The fluorescence variation may be ascribed to that
aromatic 7 electrons make a contribution to the luminescent
process of the polysulfide species.

It is well-known that temperature exhibits a critical role in
various physiological activities and intracellular biochemical
reactions such as gene expression, cell division, and
inflammatory responses. Especially in pathological conditions,
the high metabolic activity of cancer cells leads to an increase
in temperature. Hence, it is important to achieve sensitive and
precise temperature sensing to explore biological processes.
Interestingly, the SQDs exhibited a temperature-dependent
fluorescence characteristic, and the fluorescence intensity of
the SQDs dispersion decreased gradually with rising environ-
mental temperature. The thermoresponsive fluorescence
characteristics of SQDs were evaluated in the range of 20—
50 °C. Figures 6 and S14 illustrated a substantial decrement on
the fluorescence emission with the increase of temperature.
Figures 6a and SIS showed the fluorescence intensity
decreased within a range of temperature variations between
20 and 50 °C, which should be ascribed to thermos-induced
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Figure 6. (a) Fluorescence spectra and (b) quenching efficiency of
SQDs in water within the range 20—50 °C. (c) The reversibility of the
fluorescence for SQDs in response to the variation of temperature by
switching back and forth between 20 and 50 °C. (d) Stability of SQDs

under different ions conditions.

nonirradiative transition from the surface defects of SQDs.
Figure 6b indicated that the quenching efficiency exhibited a
linear variation with increasing temperature and presented a
linear correlation within 20—50 °C (R* = 0.9650). About
21.7% of fluorescent intensity declined within 30 °C
temperature variations associated with the sensitivity of
0.72%/°C. This temperature-dependent fluorescence behavior
is highly reversible. Figure 6c shows the reversibility of
fluorescent response by SQDs to the variation of temperature
between 20 and 50 °C. Furthermore, the influence of the
intracellular microenvironment on the fluorescence perform-
ance of SQDs was evaluated, by focusing on the effect of
different ion conditions (Figure 6d). In addition, the SQDs
presented a good temperature sensing stability and excitation
dependence (Figures S16 and S17). Therefore, SQDs may

serve as a suitable nanothermometer for sensing the intra-
cellular temperature.

To demonstrate its intracellular temperature-monitoring
capability, the cytotoxicity of SQDs was first investigated by
the MTT assay (Figure S18). In brief, the survival rate of HeLa
cells remained more than 90% even when the concentration of
SQDs reached 75 pg/mL, and remained over 85% at 200 pg/
mL after 24 h of incubation. This result indicated its good
biocompatibility. The intracellular distribution of the thermor-
esponsive SQDs was observed by a confocal laser fluorescence
microscope with a live cell incubation system, which was used
to change the incubation temperature of HeLa cells, and the
images are shown in Figure 7a. After incubating for 24 h (40
ug/mL of SQDs), a green fluorescence was observed in cells at
different temperature conditions (25—43 °C, Figures S19 and
$20). As shown in Figures 7 and S21, the fluorescence
intensity of the same cell was found to decrease along with
rising intracellular temperature. By measuring the fluorescence
intensity (I) of cells at different temperatures (T), a linear
calibration was achieved within the range of 25—43 °C, that is,
I=32.6289—0.7313T (R* = 0.9984) (Figure $22). In addition,
the temperature-dependent calibration curve of the fluores-
cence quenching efficiency in cell (25—43 °C) was depicted in
Figure 523. Hence, the above discussions illustrated that SQDs
acted as a preferable intracellular nanothermometer, which can
be used for disease diagnostics, such as inflammation, infection,
and so on.

Bl CONCLUSIONS

In summary, a universal, rapid, and large-scale synthesis
strategy for chiral fluorescent SQDs was first developed. With
the help of lone-pair-electron-containing groups, stable
precursors can be quickly formed and oxidized to SQDs by
hydrogen peroxide. This rapid synthesis strategy is further
exploited for the gram-scale preparation of SQDs, retaining
laboratory optical properties at the same time. Moreover,
luminescence color is demonstrated to be adjusted through
usage of aromatic-ring-containing ligands, expecting a longer
wavelength shifting after further optimizations. This novel
SQD demonstrated a sensitive thermos-dependent lumines-

Position (um)

Figure 7. (a) Merge images of HeLa cells (incubated with SQDs for 24 h) obtained in the temperature range of 25—43 °C. The white line
demonstrates colocalization of the cell across the seven temperature conditions (25, 30, 32, 35, 37, 40, and 43 °C). (b) The relationship of
fluorescence intensity and position of the cell (white line marked) between different temperature conditions (25, 30, 32, 35, 37, 40, and 43 °C).
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cent intensity and can be used to monitor intracellular
temperature variations for disease diagnostics. It is anticipated
that this rapid and large-scale synthesis strategy can pave the
way for commercial-market applications of SQDs, such as in
light-emitting diodes, photocatalysis, solar cells, sensing, and
imaging.
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