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KEY WORDS Abstract  Cervical cancer, the most common gynecological malignancy, significantly and adversely af-
fects women’s physical health and well-being. Traditional surgical interventions and chemotherapy, while
potentially effective, often entail serious side effects that have led to an urgent need for novel therapeutic
methods. Photothermal therapy (PTT) has emerged as a promising approach due to its ability to minimize

Biothiol detection;
Near-infrared fluorescence
(NIRF) imaging;

Photoacoustic (PA) damage to healthy tissue. Connecting a biothiol detection group to PTT-sensitive molecules can improve
imaging; tumor targeting and further minimize potential side effects. In this study, we developed a near-infrared
Photothermal therapy fluorescence (NIRF)/photoacoustic (PA) dual-mode probe, S-NBD, which demonstrated robust PTT per-
(PTT); formance. This innovative probe is capable of activating NIRF/PA signals to enable the detection of bio-
Cervical cancer thiols with high emission wavelength (838 nm) and large Stokes shift (178 nm), allowing for in vivo

monitoring of cancer cells. Additionally, the probe achieved an outstanding photothermal conversion ef-
ficiency of 67.1%. The application of laser irradiation (660 nm, 1.0 W/cm?, 5 min) was able to achieve
complete tumor ablation without recurrence. In summary, this seminal study presents a pioneering NIRF/
PA dual-mode dicyanoisophorone-based probe for biothiol imaging, incorporating features from PTT for
the first time. This pioneering approach achieves the dual objectives of improving tumor diagnosis and
treatment.
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1. Introduction

Cysteine (Cys), homocysteine (Hcy), glutathione (GSH), and
hydrogen sulfide (H,S), the four primary small-molecule bio-
thiols, play important roles in mediating critical physiological and
pathological processes within the biological system'°. However,
the concentration of thiols is also closely associated with several
diseases. Abnormal levels of Cys have been linked to growth
retardation, neurotoxicity, liver damage, and white blood cell
loss’, while Hcy has been shown to increase the risk of neuro-
vascular disease, diabetes, developmental disorders, and epilepsy®.
GSH, the most abundant biothiol in cells, is essential for main-
taining redox homeostasis but is also related to cancer, metabolic
disorders, heart disease, and liver damage”'’. H,S, an important
endogenous gas signal transduction medium, is involved in cell
signal transduction and anti-oxidation and impacts many immune
regulatory processes within the body'"*'?. Given the important role
biothiols play in the body, the design and production of molecular
probes capable of monitoring their levels in vivo are crucial for
diagnosing biothiol-related diseases. Cervical cancer in particular
is characterized by the overexpression of biothiols, with a sub-
stantial upregulation of biothiol levels observed in human cervical
cancer cells and tumors'”.

Near-infrared  fluorescence ~ (NIRF)  imaging  offers
unique advantages for detection and diagnosis, including high
specificity and sensitivity'*'”. However, the spatial resolution of
optical imaging is significantly diminished as tissue
depth increases, the result of light scattering effects. Consequently,
the imaging capability is limited and only allows for the obser-
vation of superficial tumors'®'?. Recently, photoacoustic imaging
has emerged with in vivo capabilities extending up to a range of a
few centimeters, offering better permeability and higher imaging
resolution for deep tissues””*'. Hence, the combination of fluo-
rescence and photoacoustic imaging, referred to as dual-modal
imaging, has the potential to capitalize on the advantages of
each method and is expected to enhance the effectiveness and
reliability of tracking deep in vivo analytes®> >,

Photothermal therapy (PTT) approaches used in recent years
are still highly regarded as non-invasive treatment methods>* . In
PTT, photoresponsive probes actively or passively gather at the
tumor site, converting light energy into heat energy by absorbing
near-infrared lasers to irreversibly destroy cancer cells in the
tumor tissue’”’. PTT offers several advantages over traditional
cancer treatment methods, including less damage to
healthy tissues, a minimally invasive procedure, higher ablation
efficiency, shorter treatment duration, and tangible therapeutic
effects’ 2.

To achieve NIRF/PA dual-modal detection while preserving
the PTT effect, we designed a “three-in-one” probe (S-NBD). Our
group had previously reported several compound molecules with
excellent performance after structural modification®*>’. In this
study, we expanded the capabilities of the original probe by
introducing diphenylamine and NBD structures®>", endowing it
with photothermal properties that can detect and distinguish bio-
thiols by NIRF/PA Imaging. The updated probe consists of three

key components: heteroanthracene, which comprises the core
nucleus structure, and functions as an electron-donating element
providing excess electrons (D); dicyanoisophorone, which acts as
the electron acceptor portion (A); and alkene bond, which serves
as a m conjugate, linking the donor and acceptor, extending the
conjugation length of the compound, and resulting in a longer
emission wavelength as well as a larger Stokes shift. The rigid
planar structures and strong interactions between chromophores in
the D—m—A structure enhance non-radiative decay, thereby
improving photothermal efficiency*’. Meanwhile, diphenylamine
was introduced onto the oxanthracene ring to construct a
triphenylamine-like structure with stable free radical properties.
The dihedral angle of the three benzene rings connected by N
atoms gradually increased, which is beneficial for enhancing the
ICT effect, reducing the energy gap between singlet and triplet
states (DEST), and leading to enhanced non-radiative transitions
in photoacoustic and photothermal properties*' . In addition, the
embedded NBD structure serves as a recognition site for biothiols.
Substitution reactions occur in the presence of these biothiols,
releasing near-infrared fluorescent groups and leading to the
enhancement of NIRF signals and PA signals. Meanwhile, NBD
rearranges after binding to Cys/Hcy, and fluorescence can be
generated by 470 nm laser excitation, thus distinguishing Cys/Hcy
from GSH/NaHS (Fig. 1).

In this study, we propose a dual-mode probe that overcomes
the limitations of single NIRF probes to achieve superior optical
imaging capabilities. As will be seen, this probe demonstrated
remarkable photothermal performance, allowing for the tempera-
ture of tumor sites to be increased locally and achieving the effect
of tumor thermal ablation. For the first time, a probe has been
designed to detect biothiols via NIRF/PA dual-modal imaging
while concurrently possessing photothermal properties for in vivo
cervical cancer treatment.

2. Results and discussion

2.1.  Probe design and chemical synthesis

We synthesized the probe S-NBD from cyclohexanone through 7
steps including Vilsmeier Haack reaction, cycloaddition, coupling,
demethylation, condensation, and substitution. The synthetic route
is described in Scheme 1, with the compounds synthesized in
accordance with prior research®>*°. Detailed synthesis informa-
tion for each compound can be found in the Supporting Infor-
mation The 'H-NMR, '>C-NMR, and mass spectra details are
shown in Supporting Information Figs. S1-S20.

2.2.  Fluorescent detection for biothiols in vitro

Firstly, UV spectroscopy (Fig. 2A) was employed to assess the
sensing behavior of S-NBD for Cys, Hcy, GSH, and NaHS.
Following the addition of Cys, Hcy, GSH, and NaHS, a slight
redshift and enhancement of the original absorption peak were
observed. Specifically, in reaction to Cys/Hcy, a new absorption
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Synthetic route to S-NBD. (a) PBr;, DMF, CHClj3, 0 °C, 8 h, 61%; (b) 4-bromo-2-hydroxybenzaldehyde, Cs,CO3;, DMF, 16 h, 42%;

(c) 4-methoxy-N-phenylaniline, Pd,(dba)s, x-phos, Cs,CO3, N,, 110 °C, 16 h, 58%; (d) BBr3, DCM, 0 °C, 4 h, 94%; (e) malononitrile, piperidine,
CH;CN, 81 °C, 12 h, 74%; (f) Compound 5, CH;CN, N,, 81 °C, 10 h, 36%; (g) 4-Chloro-7-nitrobenzo[c][1,2,5]oxadiazole, DCM, Et;N, 0 °C, 2 h,

47%.

peak appeared at 470 nm. When reacting with glutathione, no new
peaks appeared. The addition of NaHS led to a reaction with
S-NBD, generating a new absorption peak at 565 nm. To optimize
imaging conditions, fluorescence intensity was measured by
exciting the probe with/without Hey at 660 nm in different EtOH/
PBS solution proportions. Supporting Information Fig. S21 shows
the greatest fluorescence enhancement in EtOH/PBS (pH 7.4, v/v,
5/5).

Following a 30-min reaction between S-NBD and the biothiols
(Cys, Hey, GSH, and NaHS), emissions were observed by exci-
tation at 660 nm (Fig. 2B). The results revealed a new emission
peak at 838 nm, with fluorescence enhancement observed in so-
lutions containing biological mercaptan, including Cys (55-fold),
Hcy (43-fold), GSH (48-fold), and NaHS (54-fold). Conversely,
the solution containing only the probe did not exhibit fluorescence
enhancement. Notably, only the solutions containing Cys and Hcy
exhibited significant fluorescence enhancement at 550 nm (excited
at 470 nm), reaching 90- and 106-fold, respectively. However,
when NaHS was added to the S-NBD solution and excited by
565 nm laser, no fluorescence enhancement was observed.
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To investigate the temporal response of S-NBD to the biothiols
(Cys, Hcy, GSH, and NaHS), the UV absorption spectra
(Supporting Information Fig. S22) and fluorescence spectra
(Supporting Information Fig. S23) of S-NBD mixed with biothiols
were immediately obtained. The results demonstrated a gradual
increase in S-NBD fluorescence intensity which reached a plateau
at approximately 30 min (Fig. 2C and D). As the concentration of
Cys, Hey, GSH, and NaHS varied, changes in UV absorption were
also observed, indicating that absorption increased as concentra-
tions rose, as shown in Supporting Information Fig. S24.

Subsequent examination of fluorescence intensities within
biothiol concentrations revealed a clear signal at 838 with 660 nm
laser excitation (Supporting Information Fig. S25A-S25D). In-
creases in fluorescence intensity were linked to rises in biothiol
concentrations (0—200 pmol/L). As shown in Fig. S25E-S25H,
linear relationships (R> = 0.99399 for Cys, R> = 0.99306 for
Hey, R* = 0.99531 for GSH, and R* = 0.99258 for NaHS) with
biothiol concentrations were identified in the range of
0.0—10.0 pmol/L. In addition, the calculated limit of detection
(LOD) for 10.0 pmol/L S-NBD was determined to be 10.8, 27.9,
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Schematic diagram of the dual-mode NIRF/PA S-NBD probe functions for biothiol detection and PTT in cervical cancer.
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(A) Absorption spectra and (B) fluorescence spectra of S-NBD (10 pumol/L) in the presence of 10 equiv. of Cys/Hcy/GSH and NaHS

in EtOH-PBS (pH 7.4, v/v, 5/5). Time-dependent fluorescence spectra of S-NBD (10 pmol/L) in the presence of 100 umol/L of Cys/Hcy/GSH and
NaHS (C) at 550 nm (4ex = 470 nm) and (D) at 838 nm (A.x = 660 nm). Fluorescence intensity of S-NBD (10 pmol/L) reacted with Cys/Hcy/
GSH and NaHS (100 umol/L) in different pH solutions. (E) at 550 nm (4.x = 470 nm) and (F) at 838 nm (4., = 660 nm). Fluorescence intensity
of S-NBD (10 umol/L) reacted with various amino acids and metal ions (100 pmol/L) for 30 min, (G) Aex = 470 nm and (H) 4., = 660 nm (1,
Blank; 2, Arg; 3, Gly; 4, Thr; 5, Gln; 6, Ala; 7, Try; 8, Leu; 9, Lys; 10, Phe; 11, Val; 12, Tyr; 13, Pro; 14, His; 15, Iso; 16, Glu; 17, Fe’; 18, Al3+;

19, Mg>*; 20, Cu>*; 21, K*; 22, NaHS; 23, GSH; 24, Cys; 25, Hey).

20.1, and 23 nmol/L for Cys, Hcy, GSH, and NaHS, respectively,
based on the fitting equations (Cys: y = 1.31646 + 1.3481x, Hcy:
1.24929 + 0.72703x, GSH: y = 0.81463 + 1.00427x, NaHS:
y = 0.82045 + 0.81989x). From Fig. S251-J, it can be seen that
upon the gradual addition of Cys/Hcy (0—200 pmol/L), an intense
fluorescence signal at 550 nm appeared under the 470 nm exci-
tation condition. This signal corresponds to that of NBD-Cys/Hcy.
As biothiols were gradually added, a strong linear relationship
(R* = 0.98741 for Cys and R = 0.9857 for Hcy) was observed
between the fluorescence intensity of NBD-Cys/Hcy and the
biothiol concentration. Therefore, Cys/Hcy can be distinguished
from GSH/NaHS through 470 nm laser excitation.

Additionally, we investigated the effect of solution pH on
fluorescence intensity (Fig. 2E and F). S-NBD reactions with
biothiols (Cys/Hcy and GSH) exhibited the highest fluorescence
intensity enhancement at pH 9, while the probe detected NaHS
exhibiting its highest fluorescence intensity enhancement at pH
7.4. For the selectivity test, 10 umol/L S-NBD was incubated with
various metal ions and amino acids (Arg; Gly; Thr; Gln; Ala; Try;
Leu; Lys; Phe; Val; Tyr; Pro; His; Iso; Glu; Fe*; AP Mg”™;
Cu2+; K*; NaHS; GSH; Cys; Hcy) at 100 umol/L for 30 min
(Fig. 2G and H). The results showed that only biothiols (Cys, Hcy,
GSH, and NaHS) resulted in significant fluorescence enhance-
ment. In the presence of other analytes, the fluorescence remained
unchanged, demonstrating the probe’s excellent selectivity when
detecting biothiols.

To verify the photo-stability of probe S-NBD, we conducted
stability tests. Use a multifunctional enzyme-linked immunosor-
bent assay (ELISA) reader for testing, and start the detection when
the probe interacts with Cys and the fluorescence reaches its
maximum. Set the parameters to an excitation wavelength of
660 nm and an emission wavelength of 838 nm. After each
fluorescence scan, oscillate for 10 s and wait for 10 s before
starting a new round of scanning. The process lasted for 1 h, and
the results are shown in the figure. The fluorescence of only the
probe solution and the mixed solution of the probe and Cys

remained constant. This experiment verified the stability of probe
S-NBD towards light (Supporting Information Fig. S26).

Subsequently, we investigated the fluorescence imaging and
photoacoustic imaging effects of probe S-NBD and probe nano-
particle S-NBD NPs. Taking Cys as an example, the fluorescence
intensity changes of S-NBD and S-NBD NPs solutions were
studied with the variation of Cys concentration. Meanwhile, the
changes in fluorescence intensity of S-NBD and S-NBD NPs so-
Iutions with the addition of Cys over time were studied. As shown
in Supporting Information Fig. S27, with the increase of Cys
concentration, the fluorescence of the probe solution with/without
nanoparticle encapsulation increases, and the fluorescence in-
tensity of the nanoparticle probe for detecting Cys is slightly
weaker than that of the probe without encapsulation. As shown in
Supporting Information Fig. S28, after adding Cys, the fluores-
cence intensity of the nanoparticle probe reached its maximum
and remained stable at about 33 min, slightly delayed compared to
the uncoated probe. These phenomena may be caused by the slight
influence of nanoparticles on the release of probes.

The theoretical reaction process is shown in Fig. 1. As can be
seen, S-NBD itself does not exhibit fluorescence. After the probe
undergoes a substitution reaction with biothiols, the fluorophore
S—OH is released, which possesses both fluorescence and pho-
toacoustic properties. Conversely, the second fluorophore NBD
plays a crucial role in distinguishing Cys/Hcy from GSH/NaHS.
When S-NBD undergoes a substitution reaction with NaHS, NBD-
SH is generated, resulting in an increase in absorbance at 567 nm,
thereby achieving the identification of NaHS. However, it was
discovered that there was no fluorescence at the 567 nm excitation
level. With regard to the Cys/Hcy reaction, rearrangement
occurred after the substitution reaction, producing either NBD-
Cys or NBD-Hcy with fluorescence in the green channel. As for
the GSH reaction, the product NBD-GSH did not produce fluo-
rescence in the NBD channel.

In order to further explore the reaction of the probe with bio-
thiols, we performed theoretical DFT/TDDFT calculations. The
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frontier molecular orbitals and the energy profiles for S-NBD and
S—OH probes are shown in Fig. 3. In the ground state (Sy), the
conjugation of S-NBD was poor, and the electron clouds of the
LUMO and HOMO orbitals were relatively dispersed. In the
excited state (S;), no fluorescence phenomenon was observed due
to the hindrance of the LUMO—HOMO electron transition
(f = 0.0064). Following the addition of biothiols, S-NBD was
converted into S—OH, the HOMO and LUMO of the S, and S;
states were repositioned to the oxygen-containing anthracene
moiety, and the electron clouds of the HOMO and LUMO orbitals
overlapped, resulting in significant fluorescence signals from
S—OH. The first vertical excitation energy (f = 1.0884,
839.15 nm) calculated was consistent with the experimental
maximum emission wavelength, validating the reliability of the
theoretical simulation results.

2.3. Photoacoustic imaging for biothiols in vitro

For photoacoustic imaging, strong NIR absorption was visible
after S-NBD reacted with biothiols, indicating that S-NBD may
elicit robust PA signals. The PA signals of the S-NBD probe in the
absence or presence of Cys were subsequently measured in EtOH/
PBS (pH 7.4, v/v, 5/5), revealing an optimal PA signal at 680 nm
(Supporting Information Fig. S29). Once the optimal excitation
wavelength was obtained, the effect of pH on PA signal strength
was investigated in the presence of Cys, Hcy, GSH, and NaHS.
The results showed that when S-NBD reacted with biothiols (Cys,
Hcy, and GSH), S-NBD’s PA intensity increased the most at pH 9,
while the PA intensity of the probe for NaHS increased the most at
pH 7.4 (Fig. 4A and B), aligning with the results of the fluores-
cence spectrum analysis. Next, the PA spectra for S-NBD with
different concentrations of biothiols were examined, and the re-
sults revealed that when the concentration of biothiol increased,
the PA strength increased as well (Fig. 4C and D). Therefore, the
viewpoint espoused in this paper suggesting that the S-NBD probe
has a specific response to biothiols in vitro, resulting in a signif-
icant enhancement of NIRF and PA, is confirmed. This discovery
holds promise for the detection of biothiols at the cellular level in
future applications.
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Figure 3

In addition, we also studied the photoacoustic imaging of Cys
using probes with/without nanocapsules. The results are shown in
Supporting Information Fig. S30. As the concentration of Cys
increases, the photoacoustic signal of the probe solution with/
without nanocapsules increases, and the photoacoustic intensity of
the nanoprobes detecting Cys is slightly weaker than that of the
probes without nanocapsules. Consistent with the fluorescence
analysis results.

During photothermal imaging of S-NBD in vitro, it was found
that the precipitation of S-NBD occurred upon laser irradiation. To
enhance biocompatibility, Pluronic F-127 and hydrophobic
S-NBD were dissolved in THF and self-assembled into S-NBD
NPs through the nanoprecipitation method. S-NBD NPs exhibi-
ted no precipitation following laser irradiation, effectively
addressing the problem of poor water solubility of the compounds
(Fig. 4E). Dynamic light scattering (DLS) experiments revealed
that the nanoparticle size of S-NBD NPs is approximately 142 nm,
with morphology and size elucidated by TEM (Fig. 4F). Inter-
estingly, the size of the S-NBD NPs in PBS remained stable for 29
days, demonstrating the probe’s stability (Supporting Information
Fig. S31). Subsequently, the encapsulation efficiency and drug
loading of the nanoparticles were investigated. The calculated
encapsulation efficiency of the nanoparticles is 65.8%, and the
drug loading rate is 4.8% (Supporting Information Fig. S32).

Inspired by the excellent PA response performance discussed
above, we decided to further investigate the photothermal prop-
erties of S-NBD NPs. Firstly, S-NBD NPs and S—OH NPs
(100 pmol/L) were laser irradiated at 660 nm (1 W/cm?) for
10 min, and the temperature changes were recorded. The results
showed comparable temperature changes for both types of NPs,
and both exhibited excellent photothermal properties (Supporting
Information Fig. S33). Next, we explored the relationship between
the concentration of S-NBD NPs in PBS and temperature changes.
As shown in Fig. 4G, when the concentration of S-NBD NPs
reached 200 umol/L, the solution temperature rapidly increased to
66.7 °C under NIR laser irradiation (660 nm, 1 W/cm?, 10 min). It
is worth noting that under the same conditions, S-NBD NPs with a
relatively low concentration of 20 pmol/L still exhibited excellent
photothermal performance, reaching a maximum temperature of
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Photoacoustic and photothermal images of S-NBD in solution. (A) PA images of S-NBD (10 pmol/L) reacted with Cys/Hcy/GSH and
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bar = 5 nm). (G) The temperature evolution of S-NBD NPs with different concentrations under 660 nm laser irradiation (1 W/cm?, 10 min). (H)
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S-NBD NPs.

46.8 °C. Furthermore, the relationship between laser power and
temperature changes was assessed for its impact on S-NBD NPs in
PBS (Fig. 4H). It was observed that with an increase in laser
power, the temperature of the S-NBD NPs solution rapidly
increased, confirming a positive correlation between power and
temperature. Further analysis on the photostability of S-NBD NPs
was carried out via continuous monitoring of S-NBD NPs solution
(100 pmol/L) temperature changes under NIR laser irradiation
(660 nm, 1.0 W/cm?, 10 min). The irradiation was then stopped,
and the solution was allowed to naturally cool to room tempera-
ture. Three heating/cooling cycles were repeated. As shown in
Fig. 41, the temperature changed slightly, indicating the robust
stability of S-NBD NPs during laser irradiation.

Next, we conducted photothermal conversion experiments, as
shown in Fig. 4], and ultimately calculated the photothermal

conversion efficiency of S-NBD NPs to be ~67.1%. The calcu-
lation formula is as Egs. (1)—-(4):

n = hS(AT,~AT,)/I(1—10~") (1
hS = mclt, (@)
t = —7In(0) A3)
0 = (T=Tsur)/(Timax = Tsurr) )

where AT, and AT, represent the maximum temperature change of
the compound and H,O, respectively; I is the laser power (1 W/cm?);
A is the absorbance of compound (100 pmol/L) at 660 nm; m and ¢
are the mass and heat capacity of the solvent, respectively (the
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specific heat capacity of water is 4.2 J/g); T is the temperature at time
t during the cooling process; T .y is the highest temperature reached
by the compound; T, is the ambient temperature.

The value of photothermal conversion efficiency indicates
better performance than most previously reported photothermal
reagents of the same type, including porphyrin (62.5%)°°, cyanine
dyes (26.6%)°*, IR820@F-127 NPs (35.2%)°, IT-TQF NPs
(47%)°° and TCT-NPs (40.1%)’’. These results confirm the po-
tential of S-NBD NPs as a promising candidate for PTT.

2.4.  Fluorescence/photoacoustic and photothermal imaging in
living cells

Prior to cell imaging, we conducted CCK-8 assays to assess the
cytotoxicity of the S-NBD probe in HeLa cells. As depicted in
Supporting Information Fig. S34, even where the concentrations
of S-NBD and S-NBD NPs were 80 umol/L, the cell survival rate
remains above 90%, highlighting the excellent biocompatibility of
S-NBD and S-NBD NPs.

We then investigated the possibility of utilizing S-NBD for
imaging endogenous biothiols in tumor cells. It was observed that
as S-NBD concentration increased, the fluorescence intensity
gradually increased at different channels simultaneously, indi-
cating that S-NBD can effectively detect biothiols in tumor cells

(Fig. 5A). The effect of S-NBD incubation time on fluorescence
intensity was then verified (Supporting Information Fig. S35), and
the results showed that fluorescence intensity reached its peak at
the S-NBD concentration of 10 pmol/L and the incubation time of
1 h

An additional control experiment was devised to verify the
capability of S-NBD to respond selectively to Cys/Hcy and GSH
in vivo, in which the cells were pre-treated with thiol eliminator
(N-ethylmaleimide, NEM) before the addition of S-NBD. The
results indicated significant reductions in fluorescence for both
channels. The ability of S-NBD to distinguish and detect biothiols
was further explored by pre-incubating cells with NEM (30 pmol/
L) for 30 min and then incubating them with S-NBD (10 pmol/L)
for 1 h, after which, either Cys/Hcy or GSH (200 pmol/L) were
added. The findings indicated that the addition of Cys/Hcy
enhanced the red and green fluorescence, while the addition of
GSH only enhanced the red fluorescence (Fig. 5B). This result is
consistent with the solution-level fluorescence detection results,
indicating that the S-NBD probe can detect and distinguish Cys/
Hcy from GSH in living cells.

Having verified S-NBD’s value for conducting photoacoustic
imaging in vitro, we sought to investigate its PA imaging perfor-
mance on cells. It was observed that as the concentration of
S-NBD increased, the PA signal at 680 nm gradually increased as

? m (1) () (V) (v)
Bright
Bright .
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Red
o e ....
Green
Green
o . ....
Merge Merge
S-NBD NEM+S-NBD NEM+S-NBD NEM+S-NBD NEM+S-NBD
Concentration / (umol/L) +Cys +Hey +GSH
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Figure 5

PBS PBS+Laser  S-NBD NPs S-NBD NPs+Laser

Fluorescence/photoacoustic and photothermal images of cells. (A) (I-V) Fluorescence images of HeLa cells incubated with S-NBD

at different concentrations (0, 5, 10, 15, and 20 pmol/L) for 1 h. (B). (I) Cells treated with S-NBD (10 umol/L). (II) The cells were pre-incubated
with NEM (30 pmol/L) for 30 min and then co-incubated with S-NBD (10 pmol/L). The cells were pre-incubated with NEM (30 pmol/L) and
then treated with S-NBD (10 umol/L) for 1 h. Finally, cells were incubated with (IIT) Cys, (IV) Hcy, and (V) GSH (200 pmol/L). Scale
bar = 10 um. (C) PA images and intensities of HeLa cells incubated with different concentrations of S-NBD (0, 10, 20, 40, 80, and 100 pmol/L)
for 1 h. (D) Fluorescence imaging of HeLa cells after different treatments; all cells were stained with calcein-AM and PI. Scale bar = 100 pm.
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well (Fig. 5C), suggesting the potentially valuable role of S-NBD
for in vivo PA imaging.

Furthermore, we assessed the photothermal performance of
S-NBD NPs in HeLa cells. Firstly, we quantitatively verified the
phototoxicity of the S-NBD probe using a CCK-8 assay and found
that when the cells were laser-irradiated at 660 nm, the cell sur-
vival rate gradually decreased with an increase in the probe con-
centration. When the concentration reached 80 pmol/L, the cell
survival rate was approximately 15% (Supporting Information
Fig. S36). These results indicated the lower dark toxicity and
higher phototoxicity of the cells. The cells were then stained with
calcein-AM (which produces green fluorescence in living cells)
and propidium iodide (which produces red fluorescence in dead
cells) to visually confirm the phototoxicity of the probe. As shown
in Fig. 5D, both PBS groups (with or without laser) and the
S-NBD NPs without laser group exhibited strong green fluores-
cence, while the S-NBD NPs + laser group showed strong red
fluorescence and weak green fluorescence, indicating a higher
number of dead cells. This outcome further attests to the
impressive photothermal performance of S-NBD NPs.

2.5.  Fluorescence/photoacoustic imaging biothiols in tumor-
bearing mice

In light of the S-NBD probe’s promising NIRF and PA perfor-
mance on biothiols in vitro, we extended our investigation to
evaluate the imaging efficacy of S-NBD in tumor-bearing mice.
To this end, a HeLa-xenograft tumor mice model was established
to assess the in vivo fluorescence and photoacoustic imaging ca-
pabilities of S-NBD. The in vivo fluorescence images of the mice,
captured after S-NBD administration, are depicted in Fig. 6A and
B. It was observed that S-NBD was localized at the tumor site,
producing fluorescence and PA enhancement. Experiments have
shown that S-NBD is highly responsive to tumor cells where
biothiols are overexpressed. As time elapsed post-injection, the
fluorescence/PA intensity at the tumor site in the S-NBD group
progressively increased, peaking at 4 h before diminishing, as
illustrated in Fig. 6C and D.

We then administered S-NBD (500 pmol/L, 100 pL) via in-
jection to two groups of mice, with the only difference being that
one group had been injected with NEM 30 min in advance. After
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Dual-mode imaging of tumor-bearing mice. (A) From left to right, after injecting PBS and S-NBD into the tumor, the images were

obtained at 0, 0.5, 1, 2, 3, 4, and 5 h. (B) The time-dependent PA imaging of tumor-bearing mice. (C) Quantitative analysis of fluorescence
intensity of images in (A). (D) Quantitative analysis of NIRF/PA enhancement multiples in (A) and (B). (E) NIRF images of mice injected with
NEM -+ S-NBD and S-NBD only. (F) The NIRF images of the tumor site of mice were covered with chicken flesh of different thicknesses. (G) PA

images of mice covered with chicken flesh of different thicknesses.
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3 h, we observed that the fluorescence signal at the tumor site in
mice injected with NEM was weaker than that in the mice that
did not receive NEM. This finding indicates that S-NBD can
sensitively detect changes in the concentration of biothiols
in vivo (Fig. 6E). Subsequently, when the S-NBD probe was used
to detect biothiols, the tumor site was covered with chicken flesh
of varying thicknesses to analyze the probe’s ability to penetrate
tissue during NIRF/PA imaging. As expected, the increases in the
thickness of the chicken flesh led to decreases in the strength of
the fluorescence signal. When the thickness reached 3.74 mm,
the fluorescence signal almost disappeared completely (Fig. 6F).
Similarly, PA images of the mice were obtained when they were
covered with chicken flesh of different thicknesses, revealing that
the PA signal likewise decreased as thickness increased
(Fig. 6G). When the penetration depth reached 20.25 mm, the PA
signal at the tumor site virtually disappeared. These results
indicate that photoacoustic imaging possesses better tissue
penetration ability and can detect overexpressed biothiols in deep
tissues.

2.6.  Photothermal therapy in tumor-bearing mice

The S-NBD probe displayed exemplary photothermal perfor-
mance at both the solution and cellular levels. We therefore
decided to test the PTT capabilities of S-NBD NPs in tumor-
bearing mice, as shown in Fig. 7A. The temperature changes at the
tumor sites in mice from the PBS + laser and S-NBD NPs + laser
groups are depicted in Fig. 7B—C. It can be observed that the
temperature at the tumor sites of mice in the PBS + laser group
increased from 30.2 to 38.4 °C, demonstrating a weak PTT effect.
Conversely, the temperature in the S-NBD NPs + laser group rose
rapidly from 30.2 to 60.8 °C. This marked increase was signifi-
cantly higher than that observed in the PBS group and exceeds the
threshold for tumor thermal ablation, demonstrating the potential
for effective PTT. Post-PTT, the body weights and tumor volumes
of the mice in each group were measured daily, as shown in
Fig. 7D-F.

All four groups exhibited no significant changes in body
weight, further indicating S-NBD NPs’ biocompatibility. The
tumors in the PBS group, PBS + laser group, and S-NBD NPs
group were found to gradually increase, suggesting that laser
irradiation and S-NBD NPs alone have little effect on tumor
growth. Only in the S-NBD NPs 4660 nm laser irradiation group
was significant tumor inhibition observed, indicating a robust
PTT effect. On the thirteenth day, the mice in each group were
dissected, and tumor samples were examined, revealing the
complete elimination of tumors in the S-NBD NPs + laser group
(Fig. 7G).

Moreover, we examined the potential toxicity of PTT to other
vital organs. An evaluation of major organs (heart, liver, spleen,
lungs, and kidneys) in all four groups of mice was conducted
through hematoxylin and eosin (H&E) staining (Fig. 7H). These
results did not show significant physiological and morphological
changes in any of these organs, corroborating the safety of S-NBD
NPs in PTT.

3. Conclusions

This study introduces a novel multifunctional probe, S-NBD,
designed for the dual purpose of detecting biothiols and

facilitating photothermal therapy for tumors. Upon reacting with
biothiols, the probe exhibits near-infrared fluorescence at
838 nm, accompanied by NRFI and PA signals, enabling sen-
sitive deep tissue detection of biothiols. The introduction of the
NBD structure further allows for the differentiation of Cys/Hcy
from GSH/NaHS. At the same time, the probe demonstrates
excellent photothermal performance. Based on the D—n—A
mechanism, the diphenylamine structure was introduced into the
core skeleton of dicyanoisophorone-xanthene, forming a struc-
ture similar to triphenylamine and endowing it with photo-
thermal properties. The encapsulation of S-NBD into an
amphiphilic copolymer F-127 yielded S-NBD NPs with excel-
lent photostability, high photothermal conversion efficiency
(67.1%), and good biocompatibility. S-NBD, administered
locally, can induce heating at tumor sites and achieve the effect
of tumor thermal ablation. This study described the development
of a pioneering probe capable of multimodal biothiol detection
and simultaneous photothermal therapy, offering a new tool for
the comprehensive diagnosis and treatment of tumors and cer-
vical cancer.

4. Experimental

4.1.  Materials and instruments

Detailed information regarding the materials and equipment
employed in this study can be found in Supporting Information.

4.2.  Fluorescent detection for biothiols in vitro

A stock solution of S-NBD (1 mmol/L) was prepared in DMSO.
The probe stock solution was added to EtOH/PBS buffer (pH 7.4,
v/v, 5/5) to achieve a 10 pmol/L S-NBD solution. Subsequently,
different concentrations of biothiols were introduced, and the
fluorescence emission spectra were recorded as follows:
Aex = 470 nm, A, = 490—700 nm and A, = 660 nm,
Aem = 750—1000 nm.

4.3.  The density functional theory calculations

Gaussian 09 software was employed to carry out theoretical cal-
culations. The ground-state structures of probes S-NBD and
S—OH were optimized using density functional theory (DFT)
combined with the B3LYP functional’’**’ and the 6-31+G (d, p)
basis set’”. The SMD implicit solvent model, with ethanol as the
solvent, was applied to calculate the optimal geometric structure
and electronic transitions of the probe. The resultant data were
analyzed using Multiwfn 3.7 software”'? and rendered using the
VMD 1.9.3 program™. The fluorescence spectra of the designed
molecules were calculated from the optimized structure using the
TD-B3LYP/6-31G (d, p) basis set.

4.4.  Photoacoustic imaging for biothiols in vitro

For photoacoustic imaging, various concentrations of biothiols
were added to 1.5 mL EtOH/PBS buffer (pH 7.4, v/v, 5/5) con-
taining 10 pmol/L. S-NBD solution. Subsequently, the centrifuge
tube was placed in the photoacoustic device for photoacoustic
imaging (A.x = 680 nm).
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4.5.  Photothermal imaging for biothiols in vitro

For photothermal imaging, S-NBD NPs of different concentra-
tions were placed in a small transparent glass bottle and then

irradiated with a 660 nm laser. During the irradiation process, an
infrared thermal camera (FLUKE-VTO8/CN, Fluke Instruments
(Shanghai) Co., Ltd.) was used to capture photothermal images
and record real-time temperature.
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4.6.  Fluorescence/photoacoustic imaging in living cells

For biothiol fluorescence/photoacoustic imaging in living cells,
cells were incubated with different concentrations of S-NBD for
1 h before fluorescence/photoacoustic imaging.

4.7.  Fluorescence/photoacoustic imaging in tumor-bearing
mice

Six-week-old female BALB/C nude mice were used for animal
experiments. The tumor model was established through the sub-
cutaneous injection of 2 x 10° HeLa cells (in PBS) into the mice.
The Hale-xenograft tumor mice were divided into two groups for
separate treatment. One group was injected with 100 pLL PBS, and
the other group was injected with 100 pL. PBS containing
500 pmol/L. S-NBD. The probe S-NBD has poor water solubility,
so we added 5% solvent Solutol HS-15 to aid in the in vivo
fluorescence/photoacoustic imaging of tumor bearing mice. All of
the above injection methods consisted of intratumoral injections.
There are two reasons for using intratumoral injection instead of
other injection methods: firstly, the probe S-NBD has poor water
solubility, and tail vein injection can easily block blood vessels;
Secondly, tail vein injection with nanoparticles is used. Due to the
EPR effect, S-NBD NPs solution will accumulate at the tumor site
and produce fluorescence, but the imaging effect is not as good as
intratumoral injection. Mice were then positioned in the imaging
chamber and subjected to imaging using the small animal optical
in vivo imaging system. For photoacoustic imaging, the mice were
anesthetized with isoflurane and remained anesthetized throughout
the imaging process (d.x = 680 nm).

4.8.  Photothermal therapy in tumor-bearing mice

When the tumor size of the HeLa tumor-bearing mice reached
80—120 mm?, the mice were randomly divided into four groups:
PBS control group (50 pL), PBS + 660 nm laser irradiation group
(1.0 W/em?, 5 min), S-NBD NPs (300 pmol/L, 50 pL) treated
group, and S-NBD NPs + 660 nm laser irradiation group. All the
above injection methods consisted of intratumoral injections. The
two groups requiring laser treatment were irradiated with a
660 nm laser for 5 min after injection of PBS and the S-NBD
probe. During this process, the temperature was monitored and
photographed using an IR thermal camera.
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