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Syphilis, caused by Treponema pallidum (T. pallidum), is associated with the oxidative stress due to its
inflammation-like symptom, and detecting the reactive oxygen species (ROS) is crucial for monitoring
the infectious process. Herein, we design and synthesize a perylene-based tunable fluorescent probe,
PerqdOH, which can detect endogenous O,*~ during T. pallidum infection. The fluorescence peak
shifted from 540 nm to 750 nm with increasing O,°*~ levels. Besides, both decreased green fluorescence
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and enhanced red fluorescence could be observed simultaneously during the in vitro infection,
providing the real-time monitoring of intracellular O,*~ caused by T. pallidum. Furthermore, the probe
DOI: 10.1039/d3tb00747b exhibited a remarkable signal in the treponemal lesions on the back of a rabbit model. Taken together,

our synthesized PergdOH holds great potential for application in clarifying the infectious process caused
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rsc.li/materials-b by T. pallidum in real time.

1. Introduction

Syphilis, caused by Treponema pallidum subspecies pallidum
(T. pallidum), remains a significant global threat worldwide
owing to its potential to cause multiple organ damage and
increase the risk of other diseases.'™ Similar to inflammation,
the accumulation of inflammatory cells such as lymphocytes,
neutrophils and macrophages could be found in the lesion site
throughout the course of syphilis,*” particularly in the painless
chancre of the primary stage and the obvious papule of the
secondary stage.*” Indeed, T. pallidum infection initially
destructs the tissue and triggers an inflammatory
response,® % which subsequently activate the production of
reactive oxygen species (ROS) to promote the phagocytosis and
clearance by macrophages.>’*® The overload ROS plays a

“ Molecular Diagnosis and Treatment Center for Infectious Diseases, Dermatology
Hospital, Southern Medical University, Guangzhou, 510091, P. R. China.
E-mail: liaoyh8@mail.sysu.edu.cn, zhengjd53815@163.com

b College of Material Engineering, Fujian Agriculture and Forestry University,
Fuzhou, 350002, P. R. China. E-mail: liaogf@mail2.sysu.edu.cn

¢ Department of Infectious Disease, the Fifth Affiliated Hospital, Sun Yat-sen
University, Zhuhai, 519000, P. R. China

4 NHC Key Laboratory of Metabolic Cardiovascular Diseases Research, Ningxia Key
Laboratory of Vascular Injury and Repair Research, Ningxia Medical University,
Yinchuan, 750004, P. R. China

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tb00747b

i These authors contributed equally.

This journal is © The Royal Society of Chemistry 2023

central role in the inflammatory disease due to its contribution
to trigger oxidative stress and induce inflammation,"””™° and
superoxide radical (0,*), a primary ROS,*® has been usually
used as a biomarker of inflammation diagnosis.*>** The dysre-
gulated O,*~ can lead to oxidative stress,”® causing harm to
biomolecules like DNA, proteins and lipids and inducing
apoptosis.®**?> Moreover, the relationship between upregu-
lated ROS and the developed syphilis has been studied,”®*”
suggesting O,°~ may link to the syphilis-related inflammation.
Thus, monitoring the level of O,*™ in the living cells and tissues
is crucial to determine the extent of oxidative stress, estimate
the biological inflammation process,*®*° and further used for
alleviating the inflammation.

To date, fluorescent probes have made significant progress
in monitoring oxidative stress.*** Specifically, several reversi-
ble fluorescent sensors based on organic molecules have been
reported to dynamically monitor the redox couples, including
0,*~ and GSH,*° which greatly expanded the detection
toolkit for the oxidation state. However, a probe for monitoring
syphilis-caused oxidative stress is still lacking. Herein, we
develop a perylene-based fluorescent probe (PergdOH) to detect
endogenous O,°” and determine the inflammatory progress
caused by T. pallidum. In our design, pyrocatechol was oxidized
to carbonyl in the presence of O,°", causing a red-shift in the
fluorescence of our synthesized probe, which could clearly
monitor intracellular O,*~ and help ascertain the O,*" level
during treponemal infection in vitro. Furthermore, the probe
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can monitor the inflammatory process of the treponemal
lesions in vivo in real time, which makes it potentially useful
to monitor oxidative stress during inflammation caused by
T. pallidum.

2. Experimental section
2.1 Materials

Dopamine, phorbol-12-myristate-13-acetate (PMA), sodium per-
oxide, and glutathione (GSH) were purchased from Aladdin
(China). Cell counting kit-8 (CCK8) was obtained from Dojindo
(Japan). MitoTracker red and Hoechst 33342 were obtained
from Invitrogen (USA). Acetic acid, DCM, DMF and MeOH were
purchased from Guangzhou chemical Reagent Factory (China).
Ultrapure water used in this study was obtained from the Milli-Q
water purification system from Millipore.

2.2 Synthesis and characterization of the probe

The reactant (0.394 g, 1.0 mmol) and dopamine (0.306 g,
2.0 mmol) were dissolved in 25 mL acetic acid mixed with
NMP, and the mixture was heated at 80 °C for 15 h under a
nitrogen atmosphere. After the reaction was completed, the
solvent was removed to give the crude product. Then, the crude
product was dried and subjected to purification by flash
chromatography (DCM: MeOH; 20:1) to give probe PerqdOH
as a red solid (0.413 g, 65.3%). Then, '"HNMR, and HR-MS were
utilized to characterize the structure of PergdOH; UV-vis spec-
trophotometer and fluorescence spectrophotometer were sepa-
rately used to determine the optical properties.

2.3 Detection of O,°~

Probe PerqdOH was prepared in DMF, and O,*” was derived
from potassium peroxide. The concentration of PergdOH added
as a substrate in the detection was 10 uM, and the concen-
tration of O,*~ was 100 pM, while the concentration of GSH
used to reduce O,*" was 500 uM. The spectrum detection was
performed 1 min after adding O,*~ or GSH to the substrate
using a fluorescence spectrophotometer, and absorption was
measured using a UV-vis spectrophotometer similarly.

2.4 Intracellular fluorescence imaging

The exogenous O,°~ was first applied to investigate the imaging
capability of PergdOH. The cell lines used in the experiment
were purchased from American Type Culture Collection (ATCC,
Manassas, Virginia, USA). B16 cells or RAW 264.7 cells were
cultured in 6-well plates at a concentration of 2 x 10° cells per
well overnight, and then PergdOH was co-cultured with the
cells for 4 hours, followed by the addition of O,* for another
24 hours. A laser confocal microscope (Nikon A1, Japan) was
used for imaging after the cells were stained with Hoechst
33342 for 0.5 h.

As reported, PMA was commonly used to stimulate the
generation of endogenous O,*”.>” The cells were first seeded
at a density of 2 x 10> cells mL™" and PerqdOH was pre-
cultured with the cells for 4 h, and 0.5 pg mL ™" of PMA was
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stained at various time points (0 h to 36 h) to investigate the
time-dependent manner; for dose-dependent manner, various
concentrations (0-1.5 ug mL ') of PMA were added into the
seeded cells for 24 hours. The plates were washed three times
with PBS and a laser confocal microscope was used to trace
intracellular fluorescence.

2.5 Fluorescence detection after T. pallidum infection in vitro
and in vivo

For in vitro detection, RAW 264.7 cells (2 x 10> cells mL™,
2 mL) were first seeded in the plates, and different MOIs (from
1:10 to 1:1000) of T. pallidum were co-cultured with RAW
264.7 cells followed by the pre-incubated PerqgdOH. The fluores-
cence image was then taken using a laser confocal microscope.

The experimental procedures were approved by the Institute
of Pharmacology and Toxicology Academy of Military Medical
Sciences PLA, Peop. Rep. China Ethical Committee on Animal
Care and Use, and all efforts were made to minimize animal
suffering and reduce the number of animals used for the experi-
ments. For in vitro detection, after the rabbits were anaesthetized
using isoflurane, 10" T. pallidum were first seeded on the back of
the rabbit to build a standard treponemal model by forming
lesions, and PerqdOH was injected into the lesions; then the
images were taken under an excitation of 680 nm and an emission
of 750 nm, respectively.

3. Results

3.1 Rational design, synthesis and characterization

The synthesis route and oxidation mechanism of PerqdOH are
provided in Scheme 1. With the oxidation of O,*", the pyroca-
techol groups of PerqdOH changed to carbonyl groups, which led
to the transform of the fluorescence behaviour. Their structures
were confirmed by "HNMR and HR-MS. We first determined the
mechanism using "HNMR (Fig. S1 and S2, ESI+), and variations
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Scheme 1 The synthesis route of P-=OH and its interaction with O,°*".
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of chemical shift between 6.0 and 9.0 ppm were in accordance
with the oxidation mechanism, which clearly notified that
pyrocatechol had been transformed to benzoquinone. Furthermore,
the results of >*CNMR (Fig. S3, ESIt) and MS (Fig. S4 and S5, ESI{)
verified the conversion again.

In order to confirm the recognition toward O,*~, UV-Vis and
fluorescence measurements had been carried out. As shown in
Fig. 1A, upon the addition of O,*", the absorption band at
490 nm decreased notably and a new absorbance band centred
at 700 nm, while the absorbance band at 490 nm partly
resumed after the introduction of GSH. Hence, due to the
maximal absorption at 490 nm and 700 nm, they were selected
as the excitation wavelengths for further study. As shown in
Fig. S6 (ESIt) and Fig. 1B, with the addition of O,°”, the
fluorescence intensity of PergdOH at 540 nm (Ex = 490 nm)
decreased, and the intensity at 750 nm (Ex = 700 nm) increased
meanwhile. Besides, the introduction of GSH caused the
resumed fluorescence intensity at 540 nm and diminution at
750 nm. Additionally, only PerqdO exhibited obvious fluores-
cence under the excitation of 700 nm and emission of 750 nm
(Fig. S7, ESIT). These results suggested that probe PerqdOH
exhibited tuneable fluorescence due to the conversion between
pyrocatechol (PergdOH) and benzoquinone (PerqdO).

Subsequently, we studied the UV-vis and fluorescence of
PerqdOH in the presence of various doses of O,*~ or GSH. With
the addition of O,* (0-400 puM), the maximal absorption at
490 nm decreased and that at 700 nm increased in a dose-
dependent manner (Fig. 2A), and a progressively enhanced and
diminished fluorescence emission appeared at 750 nm (Fig. 2B)
and 540 nm (Fig. S8, ESIf), separately. The concentration-
dependent fluorescence response of probe versus O,*” was
further investigated, and the fluorescence intensity at 750 nm
revealed a linear proportion (R> = 0.9902) with the concen-
tration of O, ranging from 0 to 400 uM (Fig. S9, ESIt).

What’s more, as the reducing agent GSH (0-800 pM) was
added to PerqdO, the maximal absorption band at 490 nm
recovered and the absorption band at 700 nm reduced notably
(Fig. 2C), following an enhanced emission peak at 540 nm and
decreased fluorescence intensity at 750 nm (Fig. 2D and
Fig. S10, ESIf). The results clearly showed that our designed
probe displayed satisfactory tunable response character toward
oxidation and reduction.

Owing to the high reduction activity of dopamine, it has
great potential to react with many oxidants, so we evaluated the
selectivity of our probe PerqdOH towards different ROS
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Fig. 1 (A) UV-vis spectra and (B) fluorescence spectra change after adding
O,*~ and GSH.
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Fig. 2 Optical change of the probe under oxidation and reduction. (A)
UV-Vis spectra change and (B) fluorescence change of PerqdOH after
adding O,*~ in a dose-dependent manner. (C) Uv-Vis spectra change and
(D) fluorescence change of PerqdO after adding GSH in a dose-dependent
manner.

including H,0,, 0,*~, '0,, and ClO™. Stock solutions of HOCI
and H,0, were prepared by directly diluting the commercial
compounds with ultra-pure water; *OH was prepared by Fenton
reaction between ferrous sulfate solution and hydrogen per-
oxide; O,°~ was delivered by dissolving potassium superoxide in
DMSO; and 'O, was obtained by irradiating Rose Bengal with laser
(660 nm, 20 mW). As shown in Fig. S11A (ESIt), only the addition of
0,*” induced the increased absorption band at 700 nm, the
decreased fluorescence intensity at 540 nm (Fig. S11B, ESI}) and
the appearance of maximal fluorescence enhancement at 750 nm
(Fig. S11C, ESIt), whereas the variations with the other analytes
were negligible. Additionally, the fluorescence image, which was
taken under an excitation of 680 nm and an emission of 750 nm,
clearly demonstrated the high specificity of PerqdOH towards O,*~
according to the apparent fluorescence after treatment with O,*~
(Fig. S11D, ESI}).

3.2 Monitoring and imaging of O,°" in vitro

Before carrying out the cell imaging studies of PerqdOH,
cytotoxicity assays revealed that PergdOH within 40 pM is
suitable for bioimaging application (Fig. S12, ESIT). Next, we
monitored the transport of probe PergdOH in cells after stain-
ing the mitochondria (MitoTracker red) and nucleus (Hoechst
33342), and this directly showed that probe PerqdOH had
crossed the cell membrane and gradually accumulated in the
cells after incubation for 30 min, and then filled the cytoplasm
at 60 min, which could be chosen as the time point of detection
internalization time (Fig. 3). Furthermore, probe PerqdOH was
co-located with mitochondria, implying that the changes of
0, in the mitochondria can be monitored.

In order to demonstrate the capability for imaging endo-
genous O,° " in living cells, we used several groups of cell lines
for test. After 1 hour pre-incubation with PergdOH, O, was
first added into the cells, and laser confocal microscopy was
employed for imaging. As shown in Fig. S13 (ESI), compared to
the probe PergdOH alone in the cells, green fluorescence
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Fig. 3 Intracellular trafficking of 40 uM PerqdOH in cells at different
periods of time (0-60 min). Mito tracker (red) and Hoechst 33342 were
used to stain mitochondria and nucleus, separately.

(PerqdOH) was rarely noticeable in the group treated with O,°* ",
while red fluorescence (PerqdO) was progressively enhanced.
Then we employed the probe for endogenous O,*” detection.
For this purpose, B16 cells and RAW 264.7 cells were treated
with phorbol-12-myristate-13-acetate (PMA) after co-incubating
with probe PerqdOH for 1 h.

PMA is considered as an endogenous O,*  trigger, which
would induce endogenous O,°~ after incubation with cells.*”*®
The increase in red fluorescent channel and decrease in green
fluorescent channel were observed in a time-dependent and
dose-dependent manner in PMA-treated B16 cells (Fig. 4).
Besides, both fluorescence intensity in the green channel and
the red channel stayed steady as the culture time elapsed
continually, suggesting that the amount of produced and
consumed endogenous O,°*~ was balanced after 24 hour incu-
bation with PMA. PMA-treated RAW 264.7 cells also displayed
similar fluorescence behaviour to B16 cells (Fig. S14, ESI¥).

Additionally, we determined the reversible capability of
probe PergdOH in cell lines by employing GSH as the reductant
after treatment with PMA. As displayed in Fig. S15 (ESIY), the
fluorescence intensity in the green channel recovered with the
addition of GSH, while the red fluorescence became weaker
meanwhile, illustrating that the probe could reflect the oxida-
tive conditions via the reversible fluorescence behaviour. In a
word, our designed PerqgdOH has potential for the detection of
endogenously generated O,° " in cellular systems under differ-
ent conditions.

3.3 Monitoring and imaging of oxidative conditions caused by
T. pallidum

As reported previously, T. pallidum is eliminated by immune
cells at the early stage of infection.>® Thus, we focus on the
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Fig. 4 Monitoring endogenous O,* in cells. Fluorescence images of B16
cells after co-incubation with PMA in (A) a time-dependent manner (from
0 h to 36 h) and (B) a dose-dependent manner (0-1.5 ug mL™). (C) and (D)
The quantitative analysis of the relative fluorescence intensity.

production of intracellular O,*~ during the clearance. It was first
found that the exposure of synthesized PerqdOH was nearly
nontoxic for T. pallidum (Fig. S16, ESI{). We then monitored
the interaction between macrophages and T. pallidum in vitro
using the probe. According to Fig. 5, we found the increased red
fluorescence intensity as the MOI of treated T. pallidum changed
from 1:10" to 1:10° after 24 hour incubation, which indicated
that the endogenous O,*~ had been produced during co-culture
between T. pallidum and RAW 264.7 cells.

Since probe PergdOH could detect exogenous and endogen-
ous O,° ", we envisaged that the probe could have the potential
to detect O,*~ under in vivo conditions. Therefore, New Zealand
white rabbits were utilized as the primary syphilis model. After
T. pallidum-induced lesions on the back appeared, probe Perg-
dOH was injected into the lesions and the adjacent skin.
Obviously, as shown in Fig. 6A and B, the signal of PerqdO

Control

Red channel Green channel

Merged

Fig. 5 Fluorescence images of simulating infection by different MOls
(1:10% 1:102 1:10% of T. pallidum in vitro. Scale bar: 100 pm.
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Fig. 6 In vivo monitoring of endogenous O,* in the lesions of a primary
syphilis model. (A) The images of fluorescence change in the lesions at
different periods of time. (B) The relative statistics. The red circle marks the
lesion injected with PerqdOH, and the orange circle marks the lesion
injected with saline, while the green circle marks the adjacent area injected
with PerqdOH.

(Ex = 680 nm, Ex = 750 nm) in the lesions raised 8 hours after
injection, and the intensity became maximal after another 4
hours, followed by a decreased signal of the probe due to the
clearance by the immune system in the subsequent period. In a
word, probe PerqdOH is an efficient probe for monitoring O,*~
during T. pallidum infection under in vivo conditions.

4. Discussion

Syphilis can be regard as an inflammatory disease due to the
tissue destruction character of T. pallidum through the whole
process, and this process is closely related to ROS. Monitoring
ROS is critical to determine the inflammatory process caused
by the pathogen. O,° is one of the primary ROS, which could
cause great damage to the cells during inflammation by caus-
ing oxidative stress. Numerous probes have been designed to
detect ROS, but many of them failed to be further used owing to
the lack of stability under irradiation. We thus designed a
fluorescence tuneable probe (PerqdOH) which could exhibit a
fluorescence shift under the stimulation of O,°".

We first determined the fluorescence behaviour change of
the designed probe PerqdOH using UV-Vis spectrum and
fluorescence spectrum. The results suggested that the maximal
absorption band of PerqdOH would shift from 490 nm to
700 nm with the addition of O,*", following the decrease in
the emission intensity at 540 nm (Ex = 490 nm) and a progres-
sive increase in the fluorescence intensity at 750 nm (Ex =
700 nm) meanwhile, due to the conversion from pyrocatechol
to benzoquinone according to "HNMR and MS and *CNMR.
Besides, the introduction of reductant GSH led to the recovered
fluorescence intensity at 540 nm. Also, the probe displayed
unique selectivity towards O,° . Next, in vitro fluorescence
behaviour was used to investigate the detection of intracellular
0,°* . With the addition of O,* " into the cells, the fluorescence
intensity in the green channel decreased and the intensity in

This journal is © The Royal Society of Chemistry 2023
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the red channel increased, suggesting that probe PerqdOH in
the cells has been oxidized to PerqdO by O,°*. Furthermore,
PMA was used to trigger endogenous O,°", and our designed
PerqdOH responsively exhibited obvious fluorescence trans-
form capability during the excitation of PMA, displaying the
potential to monitor intracellular O,*". As macrophage is the
first-stage of defence against T. pallidum, we simulated
the immunity process of syphilis by infecting RAW 264.7 cells
with T. pallidum, and monitored the intracellular O,*~ using
the probe. We noticed decreasing green fluorescence intensity
and increasing red fluorescence intensity with increasing num-
ber of pathogens, suggesting that T. pallidum could induce the
generation of O,°” during phagocytosis. Additionally, in vivo
detection in the lesions of the primary syphilis model proved to
be an efficient tool for monitoring treponemal-related O,*~
response in living systems.

5. Conclusions

In conclusion, we have rationally designed a fluorescence
tuneable probe PergdOH to enable the monitoring of intracel-
lular O,°". The emission of the synthesized probe could shift
from 540 nm to 750 nm with the addition of O,*~ because the
pyrocatechol (PerqdOH) had been oxidized to benzoquinone
(PerqdO), while the fluorescence at 540 nm recovered under the
reduction of GSH, representing that fluorescence is tuneable
under oxidation and reduction conditions. Besides, probe
PerqdOH could responsively detect exogenous and endogenous
0,°" in cells, especially during the infection of T. pallidum in
the host cells in vivo and in vitro. Taken together, our synthe-
sized probe PerqdOH might prove to be an efficient tool for
monitoring the process of inflammatory T. pallidum infection
in living systems.
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