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By investigating the interaction between subcellular components using visualization techniques, pathological
processes can be intuitively analyzed to reveal the origins of associated disorders more efficiently. Based on the
Stochastic optical reconstruction microscopy (STORM) imaging nanoscopy, this study is the first to achieve a
higher resolution and high signal-to-background ratio image of living cells by employing photoblinking carbon
dots (P-CDs). Accordingly, this example can be used to explore the interaction between subcellular structures

more precisely and clearly. Thus, the current study provides a potent method for visualizing the etiology of

associated disorders.

1. Introduction

With the advancement of the economy, technology, and related
fields, people are paying greater attention to their personal health while
also appreciating the material and spiritual aspects of life [1-4]. How-
ever, diseases affect not just human health, but also all elements of
human existence; COVID-19 was a good example to demonstrate such
aspect [5,6]. Therefore, a thorough understanding of the etiology of
diseases will allow for the most effective treatment of the corresponding
diseases, thereby maximizing human health [7,8]. The use of fluorescent
probes to examine the interaction between various subcellular compo-
nents in cells was one of the approaches to investigate the origins of
diseases [9]. Typically, a fluorescent probe for examining the interaction
of subcellular components must possess the following characteristics to
be effective: Excellent photo-bleaching resistance [10], stable fluores-
cence properties [11], no bio-toxicity [12], excellent biocompatibility
[13], good membrane permeability, and ease of manufacture [14,15].

In addition to the features above, fluorescent probes must target
certain organelles and respond specifically to pH [16-19], ions [20-23],
and molecules [24,25] in order to facilitate the study of specific bio-
logical problems [26-28]. The selection of appropriate fluorescent
probes directly affects the observational effect of subcellular structure
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interaction. Accordingly, carbon dots (CDs) have been utilized as probes
due to their high ions and molecule selectivity, as well as their superior
ability to target organelles (nucleolus, lysosome, mitochondria)
[29-31]. Correspondingly, CDs offer a wide range of applications for
studying the interactions between organelles, ions, and molecules. For
example, Gao employed p-phenylenediamine and thiourea to synthesize
CDs that can not only target lysosomes but also quantitatively measure
pH by fluorescence quenching. The CDs were then used to explore the
interactions between lysosomes and pH in living cells [32]. In addition,
Wang et al., developed a CD that could target the nucleolus and respond
to pH and NO3 enabling the study of nucleolar physiological activities
under fluorescence quenching at varying pH and NO3 concentrations
[33]. Therefore, evident that the interaction between organelles and
substances such as ions can be effectively studied by employing the
specific targeting and response of CDs, which provides technical support
for the visualization of the interaction of subcellular structures and the
solution of corresponding biological problems.

Although observing the quenching of CDs fluorescence on targeted
organelles enabled the study of the interaction of ions and other sub-
stances with cellular organelles, the signal-to-background ratio (SBR) in
the cellular images decreases significantly as the response of ions and
other substances to CDs increases and the fluorescence intensity (FI) of
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Fig. 1. Structural characterization of the P-CDs (a) TEM image and size distribution of the P-CDs; (b) FT-IR spectra of the P-CDs; (c) XPS spectra; (d) high-resolution

C; s spectra; (e) high-resolution Nj  spectra; and (f) high-resolution O,  spectra.

CDs targeted on the surface of organelles decreases gradually. Accord-
ingly, the use of fluorescent probes to investigate the process of sub-
cellular structure interaction appears to be insufficiently precise in a
specific range. Therefore, there is an urgent need for a method that can
target organelles and respond to ions and other substances without
diminishing the SBR of the image, so that subcellular structural in-
teractions may be observed more precisely.

STORM uses the photoblinking properties of fluorescent probes to
reconstruct a super-resolution image by collecting thousands of photo-
blinking frames [34-36]. Accordingly, STORM gathers the transient
fluorescence signal of the probe, unlike confocal microscopy (CLSM),
which collects steady-state fluorescence to capture image information.
And STORM does not influence the SBR of the image. Therefore, even if
the investigated object quenches the steady-state fluorescence of the
probe, the SBR of the STORM image is not impacted so long as the object
being measured has a negligible effect on the transient fluorescence of
the probe. In other words, when a probe has photoblinking properties,
its transient fluorescence had little effect on the response of other sub-
stances, and the high SBR can be derived from super-resolution images,
which can be used to examine the interaction between the subcellular
structure and the image of clear cells. In this study, we designed CDs
with photoblinking (P-CDs) properties that can target mitochondria and
respond to HS". These P-CDs can photoblink without the incorporation of
additional compounds, and can still maintain the photoblinking prop-
erties while targeting mitochondria and responding to HS". Moreover,
both in vitro and in vivo investigations demonstrated that the addition of
HS increased the transient fluorescence of P-CDs without affecting the
reconstruction effect. Thus, we acquired super-resolved reconstructed
images of HS-mitochondria interactions with a high SBR, thereby
obtaining a novel tool for studying the subcellular structure interactions
and revealing the causes of disease.

2. Experimental section
2.1. Chemicals

The P-CDs were synthesized using 3-diethylaminophenol and tartaric
acid as the main raw materials, which were purchased from Shanghai
Sinopharm Chemical Reagent. In addition, the reagents (NaOH, HCI,
NacCl, GSH, Cys and Hcy) used to study the optical stability of the P-CDs,
and the metal salts [NaHS, NayH,PO,, NaHCO3, K2CO3, Ni(NO3)2-6
H,0, NaF, NaBr, Pb(NO3),, CuSO4, NaSO3, KH,PO,4 and CH3COONa]
used to study their ion-selectivity were purchased from Macklin.

2.2. Instruments

The morphology, chemical structure, and chemical composition of P-
CDs were characterized separately using Transmission electron micro-
scopy (TEM, FEI TECNAI G2 F20, USA), Fourier-transform infrared
spectroscopy (FT-IR, Nicolet 5700 spectrometer, USA), X-ray photo-
electron spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi, USA). In
addition, the optical properties, optical stability, and ion-selectivity of
the P-CDs were characterized using ultraviolet-visible spectroscopy
(UV-vis, UV-2550 Shimadzu, Japan), fluorescence spectroscopy, life-
time and quantum yield (PL, Fluoro Max-4 Horiba, Japan). Moreover,
the targeting ability of the P-CDs was verified using a laser-scanning
confocal fluorescence microscope (Nikon A1R MP+, Japan). Other
features of the P-CDs, including their photoblinking and cell imaging
properties, were analyzed using the STORM home-built, Fig. S1[36]).

2.3. Synthesis of P-CDs

The P-CDs were synthesized via a one-step hydrothermal process
using 40 mL of ultrapure water, as well as 1.0 g of 3-diethylaminophenol
and 1.0 g of tartaric acid as the carbon and nitrogen sources,



J. Guo et al.

a 600

— 550

ou o
h (=1
(=] (=]

EX Wavelength({ nm
S

500 600
EM Wavelength( nm )

Lifetime=2.16 ns

20 30 40 50 60
Time (ns)

0 10

Sensors and Actuators: B. Chemical 381 (2023) 133434

300 400

Wavel )
1.0+ —PLIs
~ —— Blank
0.84
056
04] PLQY = 41.87%
0.2
0.0
490 500 510 520

Wavelength (nm)

Fig. 2. Optical characterization of the P-CDs (a) The excitation-emission color map with different excitation wavelengths; (b) UV-Vis spectra (blue curve), excitation
spectra (black curve), and emission spectra (red curve); (c) fluorescence decay traces and (d) photoluminescence quantum yield.

respectively. The resultant mixture was autoclaved and then placed in a
drying cabinet at 180 °C for 18 h. As the solution cooled down to 25 °C,
the initial P-CD solution was obtained. This was then transferred to a
dialysis membrane (500 Da) to obtain the final P-CD solution after three
days of dialysis.

2.4. Specificity and standard curve for the P-CDs-HS  detection system

P-CD solutions measuring 20 pL, having a concentration of 20 pL/
mL, were added into solutions containing HS’, F, CI’, Br,, SO%’, CO%’,
NO3, HCO3, SO%, AC,, HoPOj, HoPO3, GSH, Cys and Hcy at a 2 mM
concentration. Subsequently, changes in the FI of the P-CDs were used to
establish the selectivity for these ions.

Additionally, 10 pL of P-CD solutions, having a concentration of 20
pL/mL, were added into solutions containing different concentrations of
HS' (0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 15.0, 20.0, 30.0,
and 40.0 pM) at 25 °C. Subsequently, the PL spectra of the P-CDs-HS
detection system were recorded after 5 mins. The resultant standard
curve for the P-CDs-HS™ detection system was based on the “three times
the standard deviation” guideline.

2.5. Photoblinking characteristics of the P-CDs

First, different concentrations of P-CD solutions (10, 20 and 30 pL/
mL) were added to the object slide, and the sample was placed on
STORM'’s sample stage. Subsequently, 10000 wide-field images of the
sample were continually captured in 3 mins. The photoblinking images
of P-CDs were obtained by reconstruction. Finally, photoblinking char-
acteristics, such as duty cycle and scintillation lifespan were estimated.
Except for the difference in sample preparation [fixed concentrations of
P-CDs (10 pL/mL) were added to various concentrations of HS™ solutions

(10, 20, 30, 40 and 50 pM)], the photoblinking characteristics of the P-
CDs-HS- detection system were identical to those described in the pre-
ceding steps.

2.6. Cytotoxicity evaluation of P-CDs

MTT [3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenyl tetrazolium bro-
mide] assay was utilized to investigate the cytotoxicity of P-CDs. HeLa
cells were first grown in a 96-well plate and incubated for 24 h in a cell
incubator. Various concentrations of the P-CD solutions (blank, 50, 100
and 200 pL/mL) were then added to the 96-well plate, and the plate was
incubated for 48 h. Finally, cytotoxicity data for the P-CD solutions were
collected. All experiments were repeated more than three times.

2.7. Cellular imaging of P-CDs

The subcellular location of P-CDs was examined using a laser-
scanning confocal fluorescence microscope (Nikon A1R MP+). Mito-
Tracker@ Deep Red and Hela cells were co-incubated in the cell incu-
bator for 30 mins. Then, PBS was used to wash the cell culture plate.
After three cycles of washing the cells, P-CDs were introduced and held
for 10 mins, followed by three PBS washes. Finally, the cell samples were
directly observed using a laser-scanning confocal fluorescence
microscope.

STORM was utilized to investigate the connections between mito-
chondrial and HS'. First, 10 pL of P-CD solutions were added to the cell
culture plate and they were incubated in the cell culture chamber for 10
mins. Subsequently, the cell culture plate was rinsed three times with
PBS, and HS” was added. The cell samples were then washed three times
in duplicate and then placed on the sample stages of STORM to acquire
10000 wide-field images. Finally, these images were reconstructed to
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Fig. 3. Photoblinking imaging by STORM: (a) P-CDs and its photoblinking schematic illustration; (a) P-CDs with HS™ (10 pM) and its photoblinking schematic

illustration. Scale bar for all images: 3 um.

obtain super-resolved cells image.
3. Results and discussion

It was essential to take the initiative in carefully defining the struc-
ture of P-CD because its structure impacts its optical characteristics and
subcellular targeting capabilities. The TEM image and size distribution
of the P-CDs demonstrated a uniform dispersion (Fig. 1a). In addition,
the P-CD particle sizes varied from 2.5 to 5.5 nm, and the smaller par-
ticle size indicated that P-CDs will enter the cell more easily. For the
purpose of determining the structure of P-CDs, FT-IR and XPS spectra
were systematically examined. Several characteristic bands are visible in
the FT-IR spectrum at 3250, 2931, 2551, 1633, 1570, 1391, and 1199
em™! (Fig. 1b). These bands correspond successively to C-OH (flexural
vibrations), N-CH (flexural vibrations), N-H (flexural vibrations), C=0
(asymmetric stretching vibrations), C-CH (flexural vibrations), C-N
(stretching vibration of the bending modes), and C-O (flexural vibra-
tions) [37]. Additionally, the XPS spectra showed the presence of three
peaks (C1s, N1s,and O 1 s) [38], indicating that the P-CDs were
composed of 59.92% C, 13.02% N, and 27.07% O (Fig. 1c). The
high-resolution spectra were considerably more beneficial in charac-
terizing the functional groups of P-CDs. Accordingly, three peaks were
observed in the high-resolution C 1 s spectrum (Fig. 1d), viz. C=C
(284.2 eV), C-0/C-0O-C (285.9 eV), and C=0. (288.3 eV). In addition,
the N 1 s spectrum of the P-CDs had three distinct N structure types, viz.
pyridinic N (399.1 eV), pyrrole N (399.9 eV), and graphitic N (401.3
eV), as depicted in Fig. le. Moreover, C=0 (531.4 eV) and O—C-O
(532.6 eV) were also present in the high-resolution O 1 s spectra
(Fig. 1f).

The optical properties of P-CDs are determined by their structure.
The 3D excitation-emission spectra of P-CDs are depicted in Fig. 2a, with

emission centers at 531-535 nm and excitation centers at 508-513 nm,
respectively. Accordingly, the excitation spectra (black curve) and
emission spectra (red curve) of the prepared P-CDs were determined to
be centered at 510 nm and 534 nm, respectively (Fig. 2b). Additionally,
the UV-vis (blue line) spectrum of the P-CDs exhibits two absorption
peaks at 268 nm and 386 nm, which have been attributed to the
n-1 * transition and n-r * transition, respectively [39]. As shown in
Figs. 2c and 2d, the average lifetime of P-CDs after the bi-exponential fit
was 2.16 ns and the fluorescence quantum yield was 41.87% by direct
method. In addition, after identifying the optical properties of the P-CDs,
the optical stability was examined as shown in Fig. S2. The variations in
FI of the P-CDs with varying concentrations of NaCl (Fig. S2a), time
under UV light irradiation (Fig. S2b), and pH (black line in Fig. S2c)
were explored, and the results demonstrated that the P-CDs have
excellent optical stability. Meanwhile, variations in the FI of P-CDs-HS’
with varying pH (red line in Fig. S2¢) and the response time of P-CDs-HS’
were also investigated (Fig. S2d), confirming their good stability and
short response time. Moreover, the high selectivity and anti-interference
capacity of the P-CDs to HS is also demonstrated in the selectivity
(Fig. S3a) and anti-interference (Fig. S3b) experiments. Additionally,
P-CDs for HS™ detection were found to possess a broad detection range
(2-50 pM , Fig. S3c) and a low detection limit as 62.24 nM (Fig. S3d).
As shown in Table S1, compared with other fluorescent probes reported
previously for HS™ detection, the P-CDs has a lower detection limit and
similar linear range. To understand the mechanism of the P-CDs tar-
geting mitochondria and the mechanism of HS™ quenching, the Zeta
potential were measured of P-CDs and their addition to HS™ (Fig S4).
The zeta potential of P-CDs is + 6.2 mV, indicating they can target
mitochondria by electrostatic attraction [29]. The zeta potential of
P-CDs-HS  is + 1.0 mV, it is shown that P-CDs are attracted to HS™ by
electrostatic interaction. At the same time, it can be seen from the Fig
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Fig. 4. (a) Fluorescence time traces of P-CDs with different concentrations of the HS solutions (0, 10, 20, 30, 40, and 50 pM); (b) Instantaneous maximum photons of
P-CDs with different concentrations of HS™ solutions (0, 10, 20, 30, 40, and 50 pM); (c) Energy-level diagram of P-CDs in different situations.

S3c that the fluorescence emission center of P-CDs did’ t change with HS
addition. So, it can be considered that the quenching is dependent on the
PET mechanism.

According to the aforementioned studies, P-CDs exhibit excellent
stability, high sensitivity, quick response time, and good selectivity for
HS  response, making them an excellent probe for detecting HS". Prior to
application to STORM, however, it must be verified if the probe has
photoblinking properties. Accordingly, the photoblinking of P-CDs was
investigated using STORM. A total of 48000 photoblinking frames of the
P-CDs were captured at a power of 1 kW/cm? and a rate of 60 frames per
second (Fig. 3a and Supporting Information Video 1). Accordingly, the
photoblinking capability of the P-CDs was directly confirmed. In addi-
tion, it was determined whether the photoblinking of P-CDs-HS™ was a
fundamental requirement for STORM, in order to analyze the interaction
between HS and subcellular structures. Accordingly, STORM-based
images of the P-CDs with HS™ (10 pM) were collected under identical
shooting conditions. Moreover, it was also proved that the addition of
ions does not eliminate the photoblinking phenomenon of P-CDs (Fig. 3b
and Supporting Information Video 2). The whole process of photo-
blinking P-CDs in smaller field of view is shown in the Video 3, which
further proves the photoblinking characteristics of P-CDs.

Supplementary material related to this article can be found online at
d0i:10.1016/j.snb.2023.133434.

After discovering that P-CDs exhibit photoblinking and that HS™ has
no effect on photoblinking, the transient optical characteristics of P-CDs
were systematically examined. On a clean glass coverslip, diluted P-CD
solutions with varying concentrations of HS™ solutions were dripped to
form a thin layer of the specimen, which was then analyzed using the
STORM image system. As shown in Fig. 4a, the photoblinking of P-CDs
at various concentrations of HS™ solutions can be detected. In addition,
statistics on the instantaneous maximum photons of P-CDs reveal that

the number of photons grows as HS™ concentration changes (Fig. 4b).
This was the exact opposite of the trend of FI change, following the use
of PL for P-CDs in response to varying concentrations of the HS™ solu-
tions. Consequently, an examination of this phenomenon was required.
As illustrated in Fig. 4c¢, the P-CDs were excited by the excitation light
(green arrow) and their energy level jumped from Sy to Sy; after the
vibration relaxation, an S; to Sy level jump and fluorescence (orange
arrow) was seen (red arrow). The fluorescence is quenched after the
addition of HS™ and P-CDs (purple arrow), as determined by the PI
measurement of the fluorescence intensity (FI). However, when STORM
is utilized to identify the FI of P-CDs with HS’, the fluorescence may be
plainly noticed and its FI was significantly enhanced (yellow arrow).
Accordingly, the mechanistic explanation was depicted in Fig. S5. The FI
of P-CDs was affected by aggregation quenching and the addition of HS".
Although the effect of aggregation quenching on P-CDs was reduced, the
number of P-CDs that can generate fluorescence was also reduced,
resulting in a decrease in the average fluorescence intensity of P-CD
solutions observed by PI. In contrast, STORM capitalizes on the reduc-
tion in the effect of aggregation quenching of P-CDs after the addition of
HS' to capture the transient fluorescence of individual P-CDs, allowing
for the observation of stronger fluorescence signals.

To evaluate the effect of STORM probe, the duty cycle and
fluorescence-on time of the fluorescent probe were also required. The
duty cycle curve plateaued after 220 s (Fig. 5a), and statistics on the
duty cycle of P-CDs revealed that the value varies with HS™ concentration
(Fig. 5b). This facilitates the reconstruction of an image from a small
number of raw frames with an enhanced temporal resolution. In addi-
tion, the average "on" time of fluorescence for P-CDs with varying con-
centrations of HS™ solutions was calculated to be 81.20, 70.52, 99.21,
101.23, 124.4, and 134.01 ms, respectively. Accordingly, it provides a
reference for camera sampling frequency. Thus, in light of the
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aforementioned photoblinking characteristic of P-CDs, the feasibility of
STORM imaging in living cells was adequately demonstrated.

Before employing P-CDs as a probe for STORM imaging of living
cells, it was crucial to examine their cytotoxicity and targeting capa-
bility. Accordingly, MTT (Fig. 6a) assay was used to examine the cyto-
toxicity of the P-CDs, and it was found that the HeLa cells maintain good
cell viability when the P-CDs concentration increases. In addition, the
coefficient was determined from the living cell CLSM imaging (Figs. 6b,
6¢, and 6d) of the P-CDs that were co-localized with MitoTracker@Deep
Red and was found to be as high as 0.934 (Fig. 6e). Since MitoTrack-
er@Deep Red had been shown to target mitochondria previously, and
due to the fact that the target position of P-CDs coincides with its high
coefficient, P-CDs were confirmed to have an exceptional ability to
target mitochondria. Moreover, after labeling live cells, some probes
lose their photoblinking properties, rendering them incompatible with
the STORM imaging system; hence, the photoblinking effect of P-CDs
added to live cells must be studied. A total of 10000 STROM-based living
cells images of the P-CDs were collected at a power of 1 KW/cm? and ata
frequency of 60 frames per second (Fig. 6b). Thus, it was directly
demonstrated that P-CDs in living cells possess photoblinking
properties.

The aforementioned findings indicate that P-CDs were ideally suited
for investigating mitochondrion-HS interactions using the STORM im-
aging system. In Fig. 7a, bright mitochondrial structures can be detected
in the wide-field image. However, the mitochondrial structure is more
apparent in the STORM image in comparison to the wide-field image,
although the W-S splicing images provided a clearer view. In addition,
resolution calculations were performed for structures common (yellow

n” times (Aexy = 543 nm) at a laser power density of 1 kW-cm’z; (d) Fluorescence-

bar of image) to the wide-field and STORM image; correspondingly, the
resolution in the wide field was found to be 225.1 nm, whereas, the
resolution in the STORM was 103.3 nm. Accordingly, the imaging res-
olution was more than doubled (Fig. 7c). The improved resolution aided
in a better understanding of the interaction between the subcellular
structures. As shown in Fig. 7b, HS" (10 pM) was added to live cells
incubated with P-CDs, and the FI was significantly quenched. Addi-
tionally, the SBR was lowered in wide-field images, making it impossible
to see any structure in living cells. However, the SBR in STORM images
did not change significantly (Fig. 7d). Thus, it was still possible to
observe the super-resolved structure of mitochondria in living cells.
Therefore, when using STORM to research HS-mitochondria in-
teractions, images with a greater SBR can be obtained in addition to
super-resolution images, allowing the interaction to be analyzed more
clearly and precisely.

4. Conclusion

In conclusion, photoblinking P-CDs were synthesized using a facile
hydrothermal approach. Through a series of investigations, it was
determined that P-CDs had excellent stability, strong selectivity for HS
response, high sensitivity, and a response time, allowing it to be utilized
as a probe with superior HS™ detection capability. In addition, the
excellent photoblinking characteristics of the P-CDs were confirmed,
and it was determined that the P-CDs meet all requirements for use as a
probe in the STORM imaging system. Moreover, P-CDs exhibited low
cytotoxicity and excellent targeting capability for mitochondria; hence,
it may also be employed as a fluorescent probe for targeting
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mitochondria in living cells. Lastly, in conjunction with the preceding
investigations, the interaction between HS and mitochondria was
investigated using the STORM imaging system with P-CDs as fluorescent
probes. Accordingly, super-resolution images were obtained, which
more than doubled the resolution of wide-field imaging to 103.3 nm.
Simultaneously, pictures with a high signal-to-background ratio were
produced, enabling the interaction between HS™ and mitochondria to be
observed in detail. As a visualization method, the aforementioned
method effectively eliminates the influence of the signal-to-background
ratio reduction on the image definition after fluorescence quenching,
and at the same time, higher-resolution images can be obtained,
allowing the interaction between subcellular structures to be studied
more clearly and precisely, and the causes of related diseases to be
uncovered.

Compliance with ethical standards

none.

CRediT authorship contribution statement

Conceptualization: Jiaqing Guo, Jinying Wang, Hao Li. Method-
ology: Jiaqing Guo, Aikun Liu. Validation: Jiaging Guo, Aikun Liu.
Formal analysis: Jiaqing Guo, Jinying Wang, Hao Li. Investigation:
Jiaqing Guo, Yejun He. Writing - original draft: Jiaqing Guo, Jinying
Wang, Hao Li. Writing - review & editing: Jiaqing Guo, Jinying Wang,
Hao Li, Zhigang Yang, Jun Song. Resources: Yejun He, Zhigang Yang.
Funding acquisition: Jiaqing Guo, Hao Li, Zhigang Yang, Jun Song,
Junle Qu,

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



J. Guo et al.

a _Wide-field

0O

-

s

o
L

FWHM: 103.3 nm)|

e,
2]
:

[ |

Normmalized intensity

2
o

0.5

02 03 04

Distance (um)

0.1

=
=

STORM

FWHM: 225.1 nm d

Ih.

SBR, .. .is / SBR,

Sensors and Actuators: B. Chemical 381 (2023) 133434

W-S splicing

—
=
Y

=
o
A

s =
P

=
b
i

=
=]

Wide-field S5TORM
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