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In this study, we developed a fluorescent probe TCF-SULF for
sulfatase detection with satisfactory selectivity and sensitivity. After
being encapsulated by the DSPE-PEG;00, the nanoprobe TCF-SULF
NPs can be applied to imaging endogenous sulfatase in MCF-7 cells
with low cytotoxicity. Importantly, TCF-SULF NPs were successfully
used to monitor sulfatase in vivo.

Sulfatases are a class of proteases that are essential to biological
organisms because they have the ability to hydrolyze sulfate
esters. Currently, scientists have identified 17 genes associated
with sulfatases, including ARSA, ARSB, and ARSC." The enzymes
encoded by these genes play key roles in biological processes
such as hormone synthesis, glycosaminoglycan, and glycolipid
metabolism.>? Sulfatase dysregulation is intimately linked to the
onset and progression of cancer.*” Steroid sulfatase overexpres-
sion, for instance, may promote the desulfation of estrone 3-
sulfate, raising estrone levels and potentially causing breast
cancer.®® Therefore, sulfatase as a biomarker for cancer detec-
tion has become a hot topic of interest in recent years.

The methods used to detect sulfatase mainly include immuno-
assays,” fluorescent probes,'®" gas chromatography-mass spec-
trometry (GC-MS),"”®> and analytical isotachophoresis."* Among
these, fluorescent probes have garnered a lot of interest due to
their high sensitivity, low cost, and great selectivity.'> Currently,
numerous fluorescent probe series have been created for sulfatase
imaging both in vitro and in vivo.""'*"'® p-Nitrobenzene sulfate (p-
NPS), and 4-methyl-umbelliferous sulfate (4-MUS) have been used
for commercialization. Although these advanced probes exhibit
excellent practical performance in vitro, they face challenges when
monitoring sulfatase activity under live-cell conditions.® The intri-
cate environment found in living cells may have impacts on the
probe’s stability and reaction efficiency, leading to subpar
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monitoring outcomes. Thus, a pressing technical challenge in this
area is how to modify probes to fit the complex environment inside
living cells while preserving their sensitivity and specificity.

Here, we designed a fluorescent probe TCF-SULF, which
uses the TCF fluorescent part and a sulfatase-cleavable unit. In the
presence of sulfatase, the probe TCF-SULF exhibits a 778-fold
increase in fluorescence intensity in vitro, and it has high speci-
ficity, enabling the specific detection of sulfatase activity. With a
determined LOD of 2.12 x 10> U mL™", the probe TCF-SULF
demonstrates adequate sensitivity and selectivity towards sulfa-
tase. This probe not only maintains stability in the live cell
environment but also exhibits significant fluorescence signal
changes based on the presence and activity levels of sulfatase.
Therefore, this probe can be utilized for the activity screening of
live cells. Importantly, the TCF-SULF probe was effectively utilized
for non-invasive observation and documentation of the dynamic
changes in sulfatase activity at the tumor site through intratu-
moral injection in the subcutaneous MCF-7 xenograft model.

TCF-OH is a donor-n-acceptor (D-n-A) structure with strong
fluorescence. In the probe TCF-SULF we designed, the sulfate
part acts as a recognition group and a protecting group to lock
the phenolic hydroxyl of TCF-OH, causing the ICT effect to be
interrupted and the photonic signal to be quenched. TCF-SULF
can release TCF-OH under the catalysis of sulfatase, thereby
achieving the purpose of detecting sulfatase.

The synthetic route is outlined in Scheme 1. According to
previous reports, the starting materials 3-hydroxy-3-methyl-2-
butanone and malononitrile could form the tricyanofuran
intermediate in the presence of EtONa. Then, the tricyanofuran
compound was reacted with 4-hydroxybenzaldehyde to give the
fluorophore TCF-OH. Finally, the phenolic hydroxyl group of
TCF-OH was sulfonated to afford the probe TCF-SULF. All
synthesized compounds were characterized using 'H NMR,
3C NMR, and MS.

We evaluated the spectral properties of the probe TCF-SULF in
PBS solution (1% DMSO, 10 mM, pH = 7.4). In the absence of
sulfatase, TCF-SULF exhibited an absorption peak at 400 nm.
However, after adding sulfatase, the absorption peak red-shifted,
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Scheme 1 The synthesis route of the probe TCF-SULF.

and a new absorption peak appeared at 580 nm (Fig. 1a). At the
same time, under 580 nm excitation, the fluorescence emission at
620 nm was significantly enhanced (Fig. 1b). Moreover, the
fluorescence quantum yield increased to 4.82% after the probe
TCF-SULF responded to sulfatase. Therefore, the probe TCF-SULF
can be used as a tool to detect sulfatase.

An important parameter to consider for enzyme-activated
fluorescent probes is their time response. Under the conditions of
37 °C, the response time of sulfatase and the probe in PBS buffer
solution was studied (Fig. S1, ESIt). When sulfatase (20 U mL ™)
was present, a significant enhancement in the fluorescence signal
could be detected within 2 minutes, indicating that the probe TCF-
SULF had a rapid response capability to sulfatase (under 5 minutes).
During the 0-30 min period, the fluorescence intensity continuously
increased over time, reaching equilibrium at 30 minutes. This
indicated the rapid response of the probe TCF-SULF to sulfatase.

We investigated the fluorescence spectrum of TCF-SULF in
the presence of different concentrations of sulfatase. When the
concentration of sulfatase (0-45 U mL™") increased, the fluores-
cence of TCF-SULF at 620 nm was significantly enhanced (Fig. 2a).
The fluorescence intensity at 620 nm and the sulfatase concen-
tration (0-10 U mL™ ") exhibited an excellent linear connection in
the probe-sulfatase reaction, with R = 0.996 (Fig. 2b). This
indicated that the probe TCF-SULF had a satisfactory sensitivity
for sulfatase detection. Furthermore, using the formula LOD = 3¢/
k, it was found that the detection limit of the probe could be as low
as 2.12 x 10> UmL™ ', where ¢ represents the standard deviation
of the blank measurement, and k represents the slope of the
fluorescence intensity versus sulfatase concentration.

To validate the specificity of the probe, various interfering
substances were introduced into the PBS solution containing
TCF-SULF (1% DMSO, 10 mM, pH = 7.4) to assess the
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Fig. 1 (a) Absorption spectra of TCF-SULF (10 pM), and TCF-SULF (10 uM)
after the addition of sulfatase (20 U mL™?) in PBS solution (1% DMSO, pH =
7.4). (b) Fluorescence spectra of TCF-SULF (10 pM) in the absence and
presence of sulfatase (20 U mL™?) in PBS solution (1% DMSO, pH = 7.4).
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Fig. 2 (a) Fluorescence spectra of TCF-SULF (10 uM) after the addition of
various concentrations of sulfatase (0-45 U mL™%) in the inset at 37 °C for
30 min in PBS solution (1% DMSO, pH = 7.4). (b) Sulfatase concentration-
dependent fluorescence intensity enhancement of TCF-SULF. Aex/Aem =
580 nm/620 nm.

alterations in the solution’s fluorescence. After adding other
interfering substances, the fluorescence did not significantly
increase. After adding sulfatase, the fluorescence increased by
approximately 778 times compared to the blank group (Fig. 3).
The research results indicated that, compared to other bio-
molecules and enzymes, the probe TCF-SULF had a higher
selectivity for sulfatase.

When TCF-SULF interacted with sulfatase in a series of
buffer solutions with pH values ranging from 3.0 to 10.0, a
fluorescence enhancement phenomenon was observed for the
probe at pH values of 3.0-8.0 (Fig. S2, ESIt). This phenomenon
indicated that even under conditions where physiological para-
meters changed significantly (such as from acidic to alkaline
ranges), TCF-SULF can still react with sulfatase to release
fluorophores, thereby exhibiting a fluorescent signal. Therefore,
this probe had the potential to be used as a biosensor for real-
time monitoring of sulfatase activity changes in vivo or in vitro.

To deeply explore the activation mechanism of the probe
TCF-SULF with sulfatase, we specifically conducted a docking
study with sulfatase (PDB: 1AUK). The docking results revealed
that TCF-SULF can easily embed itself into the hydrophobic cavity
of the sulfatase (Fig. 4). It is worth noting that the anionic sulfate
group of TCF-SULF was cleverly encapsulated within a catalytic
pocket formed by two positively charged residues (Lys123 and
Lys302). This structural adjustment significantly shortened the
distance between them, thereby greatly enhancing the efficiency of
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Fig. 3 (a) Probe TCF-SULF (10 uM) in PBS buffer (1% DMSO, 10 mM, pH =
7.4) fluorescence intensity changes for various analytes. (b) Bar chart of
fluorescence intensity changes of TCF-SULF in PBS buffer for different
analytes. 0: blank, 1: Na*, 2: Cl~, 3: Mg?*, 4: K*, 5: |7, 6: CH;COO™, 7:
HCO3™, 8: COs*™, 9: HPO4?™, 10: H,PO*™, 11: SO427, 12: H,0,, 13: NaClO,
14: GSH, 15: Cys, 16: Gly, 17: BSA, 18: DTT, 19: Vitamin C, 20: Glu, 21: Arg,
22: GOX, 23: LOX, 24: Trypsin, 25: B-GC, 26: NADPH, 27: SULF.
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Fig. 4 The binding site between TCF-SULF and sulfatase (PDB: 1AUK).
The hydrogen bonds between the three residues (FGL69, Lys123, and
Lys302) are represented in red.

the hydrolysis reaction. Furthermore, the sulfate group of the
probe formed stable hydrogen bond interactions with other
key residues including FGL69, Lys123, and Lys302, which was
consistent with previous research reports.'®?° This indicated
that the sulfate ester group played a crucial role in the recogni-
tion and binding process with sulfatases, primarily through
hydrogen bond interactions.

As shown in Scheme 2, the sensing mechanism of TCF-SULF for
sulfatase. When TCF-SULF and sulfatase came into contact, their
fluorescence and UV absorption spectra coincided, indicating that
the reaction of TCF-SULF with sulfatase resulted in the release of the
fluorophore TCF-OH (Fig. S3, ESIt). The identical peak as the TCF-
OH molecular weight was seen at m/z 302.28 when the product was
described using mass spectrometry (Fig. S4, ESIT). Thus, providing
more evidence for the expected response mechanism.

To enhance the cell membrane permeability, probe TCF-
SULF was encapsulated with DSPE-PEG2000 to afford the
nanoprobe TCF-SULF NPs. Using a Malvern particle size analy-
zer and transmission electron microscopy techniques, a
detailed characterization study of the nanoprobes was con-
ducted (Fig. S5, ESIt). The hydrated average particle size of
the TCF-SULF NPs reached 159 nm, while the PDI value was
0.227, indicating that the nanoprobes belong to a system with
moderate dispersion and maintain an ideal distribution state.
Further observation of the transmission electron microscope
results revealed that the nanoparticles exhibited a perfect
spherical shape and uniform size, approximately 50 nm.

Before bioimaging TCF-SULF NPs in living cells, the cyto-
toxicity of TCF-SULF NPs on MCF-7 cells was evaluated using
the MTT assay (Fig. S6, ESI{). Over 80% of MCF-7 cells were
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Scheme 2 The proposed reaction mechanism for probe TCF-SULF
towards sulfatase.

Em =620 nm

TCF-SULF

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

(@) (b)

Bright field DAPI Probe

Control

| | 0min 30 min 120 min 180 min
H &
- 8 4 Time

(c)

Control

I

100 uMsnhibitor

s0uM 100 M

100 uM+Inhibitor 100 uM

Fig. 5 (a) Fluorescence images of MCF-7 cells incubated with TCF-SULF
(100 pM) at different times (0, 30 min, 120 min, and 180 min). (b) Quantifica-
tion of cellular fluorescence intensity. (c) Fluorescence images of MCF-7
cells co-cultured with TCF-SULF NPs at different concentrations. (d) Quan-
tification of cellular fluorescence intensity. Scale bar = 30 um; differential
analysis was conducted using one-way ANOVA, ***p < 0.001.

still alive after a 24-hour incubation period, suggesting that
TCF-SULF NPs exhibited low cytotoxicity and were suitable for
application in vivo and in living cells.

After co-incubating TCF-SULF NPs with cells for 0.5 hours,
red fluorescence can be observed within the cells. The fluores-
cence signal increased with time and stabilized after approxi-
mately 2 hours of incubation (Fig. 5a and b). It indicated the
potential of the probe TCF-SULF NPs to enable long-term
detection of sulfatase. MCF-7 cells were incubated with differ-
ent concentrations of TCF-SULF NPs (0, 80, and 100 uM) for 2
hours, rinsed with PBS buffer solution after incubation, and
then the nuclei were counterstained with DAPI and imaged
under an inverted fluorescence microscope (Fig. 5¢ and d). As
the probe concentration increased, the intracellular fluores-
cence signal gradually intensified, while cells pre-incubated
with the esterase inhibitor showed a significant reduction in
intracellular fluorescence signal. This indicated the ability of
the probe TCF-SULF NPs to specifically detect sulfatase.

To further explore the imaging potential of TCF-SULF NPs
on sulfatase overexpression in mouse tumors in vivo, a mouse
xenograft tumor model was created by transplanting MCF-7
cells (1 x 10° cells) overexpressing sulfatase into the left axilla
of female nude mice. After tumor formation, anesthesia was
applied to the mice. After anesthesia, TCF-SULF NPs (400 pM,
50 uL) were injected into the tumor, and in vivo imaging of the
nude mice was performed using a small animal imaging system
(Fig. 6a). Due to the rapid cleavage of sulfate ester bonds by
sulfatase, strong fluorescence was observed at the tumor site
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Fig. 6 (a) Imaging study of endogenous sulfatase activity in nude mice
with MCF-7 cell xenograft tumors, using TCF-SULF NPs (400 uM, 50 pl) for
intertumoral injection. (b) Time-dependent fluorescence imaging and

statistical fluorescence intensity. (c) Fluorescence semi-quantitative ana-
lysis. (d) In vitro organ and tumor imaging.

after 30 minutes, reaching its peak at 60 minutes, accompanied
by a high tumor-to-normal tissue (T/N) ratio (Fig. 6b and c). The
organs were imaged in vitro after the mice were put to sleep.
Using fluorescence imaging, tumor tissue with a T/N ratio of 6
could be easily identified from other organs (Fig. 6d). There-
fore, the nano TCF-SULF NP probe could serve as an auxiliary
tool for resection of the tumor as a contrast agent.

In summary, we have designed and synthesized a TCF-based
NIR fluorescent probe TCF-SULF, which uses sulfate esters as
recognition sites and exhibits high selectivity and sensitivity
towards sulfatase in PBS buffer. Compared to the buffer with-
out sulfatase, the fluorescence intensity increased by 778 times,
with an LOD of 2.1 x 10™® U mL ™. Moreover, the probe has low
cytotoxicity and can effectively image the overexpressed sulfa-
tase in MCF-7. Importantly, in the mouse xenograft model, the
probe TCF-SULF is capable of imaging tumors. Given its
excellent properties, TCF-SULF is expected to become a promis-
ing tool for monitoring sulfatases.
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