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tonimaging agent for deep tissue imaging. In this work, an organotin derivative (HSnBus) has been designed
and synthesized, which shows multiphoton absorption activity. In constrast to the ignorable three-photon
activity of the ligand, the complex (HSnBus) exhibits three-photon activity under NIR excitation (1500 nm).
Results of chemical and biological tests confirmed that HSnBusz was more easily activated by oxygen result-

Iﬁﬂ:ﬁrﬁ;mn ing in a higher level of '0,, which could induce a decrease in mitochondrial membrane potential in HepG2
Organgﬁn complex cells. It suggests that HSnBus has potential in photodynamic therapy.

Fluorescence imaging © 2021 Elsevier B.V. All rights reserved.
ROS

1. Introduction

Multi-photon absorption/fluorescence is a nonlinear optical

process [1-2]. Among the multi-photon properties, the materials

- bearing two-photon properties are most widely studied [3-5]. To
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tiphoton systems, including covalent methods for linking the com-
ponent chromophores [6]. According to reports, these probes with
D-mn-D, A-n-D-m-A and D-m-A structures, can be excited into the
near-infrared region and used for biological imaging [7-13]. How-
ever, these probes have the disadvantage of low synthetic effi-
ciency though they can produce arrays with large numbers of
chromophores. And it has been reported that some inorganic and
organic hybrid complex molecules also have the potential to be
used as near-infrared fluorescent probes. For example, Kang Taek
Lee et al. reported a pH-responsive nanocomposite based on
lanthanide-doped upconverting nanoparticles (UCNPs). Through
multiphoton absorption and energy migration between spatially
separated Nd>*, Yb**, and Tm3* in a three-layered NaYF, host
coated with FITC (fluorescein-5-isothiocyanate), this nanocompos-
ite can measure the pH with high sensitivity. In addition, three-
dimensional imaging of other such nanoparticles has been per-
formed [14-15]. Therefore, it is necessary to try to design and syn-
thesize new materials with enhanced multi-photon absorption by
inorganic and organic hybrid methods. Noncovalent methods, such
as metal — ligand complex (MLC) based energy transfer systems
have received much attention, due to their crystalline nature, and
the well determined distances and angles between the units [16].
By varying the metal ligand combination, the binding strength,
reversibility, and solubility of the MLCs and thus their optoelec-
tronic properties can be readily tuned [17-19]. Combining the
structural diversity and low cost of the organotin carboxylate com-
plexes with multi-photon absorption properties, significantly, it is
proposed to develop complexes with multi-photon absorption
properties to be applied in biology [20-21]. Organotin (IV) com-
pounds are of large dosages in industry and are considerable in
new antibiotic development because of their extensive applica-
tions. Organotin complexes show excellent potential as safe anti-
cancer and antimicrobial metal agents [22-23]. In our previous
work, several series of two-photon-active organotin complexes
were designed and synthesized, these organotin complexes, as flu-
orescent probes, exhibit not only two-photon activity but also
antimicrobial and tumor therapeutic properties [24-25]. However,
to the best of our knowledge, the study of three photon absorption
based on organotin is rarely reported, which deserved our
attention.

Hence, we designed aniline-based organotin (IV) carboxylic acid
derivative (HSnBu3) (Fig. 1). Firstly, the aniline group with strong
electron donor and good flatness can be used as a building block
of the multi-photon chromophore. The carboxyl group not only
improves the electron absorption ability, but also enhances the
coordination ability [26]. Secondly, CN group with electron-
withdrawing ability (Acceptor) is introduced on the 7 bridge to
enhance nonlinear optical properties [27]. Thirdly, compared to
our previous work [28], two hydroxyl groups can form hydrogen
bonds to increase water solubility, while butyl groups can increase
fat-solubility, the bioactivity of complex was enhanced. Also, the
complex exhibited excellent two-photon absorption activities
rather than the mono-hydroxyl organotin (IV) carboxylic acid com-
plexes [28]. Furthermore, HSnBu; in this work displays excellent
three-photon absorption activity in the near-infrared region.
Two-photon fluorescence imaging of zebra fish showed that the
compound could enter the organism and metabolize separately.
Furthermore, both chemical and biological tests revealed that com-
plex (HSnBus) could produce excessive ROS and induce mitochon-
drial damage.

2. Experimental section

Q3 [29,30]: N-Phenyldiethanolamine (18.12 g, 0.1 mol) dis-
solved in pyridine (250 mL) in the flask (500 mL), then Acetic anhy-
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dride (25.52 g, 0.25 mol) were added to it. The reaction mixture
was refluxed for 24 h. After extraction, it was added to the frozen
salt formed by DMF (14.62 g, 0.2 mol) and POCl; (61.30 g, 0.4 mol),
The reaction mixture was refluxed for 8 h. Stir in ethanol solution
with 10% NaOH at room temperature for 24 h. The yellow solid was
obtained (15.10 g, yield 71%).

H1: Q3 (2.09 g, 10 mmol) was dissolved in acetonitrile solution
(30 mL) in the flask (150 mL), then cyanoacetic acid (1.70 g,
20 mmol) and several drops piperidine were added to it. The reac-
tion mixture was refluxed for 6 h. Resulting mixtures was cooled
and filtered. The orange-yellow solid was obtained (1.81 g, yield
87%). IR (KBr, cm™!) selected band: 3577 (vs), 3377 (vs), 2963
(w), 2208 (vs), 1692 (vs), 1611 (vs), 1573 (vs0O, 1518 (vs), 1479
(w), 1441 (m), 1330 (w), 1191 (vs0, 1170 (vs), 1045 (m), 1013
(s), 967 (m), 886 (w), 712 (m). 'H NMR (ds-DMSO, 400 MHz,
ppm) ¢ 13.31 (s, 1H), 8.04 (s, 1H), 7.90 (d, J = 9.2 Hz, 2H), 6.86 (d,
J =9.2 Hz, 2H), 3.57 (t, ] = 4.2 Hz, 6H), 3.36 (s, 2H). >C NMR (ds-
DMSO, 100 MHz, ppm) é 165.2, 153.6, 152.5, 133.7, 118.2,118.0,
111.7, 93.2, 58.0, 53.0. ESI-MS: calcd: 275.11, found: 275.09.

HSnBu;: H1 (0.55 g, 2 mmol) and tributyltin oxide (0.6 g,
1 mmol) was dissolved in benzene (30 mL) in the flask (150 mL).
The reaction mixture was refluxed for 12 h. The resulting solution
was evaporated and was dispersed by diethyl ether. The yellow
solid was obtained (0.39 g, yield 71%). IR (KBr, cm™') selected
band: 3384 (vs), 2926 (s), 2211 (vs), 1575 (vs), 1516 (vs), 1480
(w0, 1430 (s0, 1331 (vs), 1241 (m), 1184 (vs), 1074 (m), 999 (w),
819 (s), 731 (s). '"H NMR (400 MHz, d-DMSO) 5 7.86 (s, 1H), 7.80
(d, ] = 8.8 Hz, 2H), 6.82 (d, J = 9.2 Hz, 2H), 4.81 (t, ] = 5.2 Hz, 2H),
3.66 - 3.45 (m, 9H), 1.60 (dt, ] = 15.6, 7.6 Hz, 6H), 1.39 - 1.24
(m, 7H), 1.15 - 1.09 (m, 5H), 0.87 (t, ] = 7.2 Hz, 9H).'3C NMR
(100 MHz, ds-DMSO) 6 166.5, 152.0, 151.3, 133.1, 120.2, 119.5,
112.1, 100.1, 58.7, 53.8, 28.6, 27.0, 19.5, 14.3. MALDI-TOF: m/z,
cal.: 566.22, found: 567.09 [M + 1]*. ''°Sn-NMR (dg-DMSO): & = -
25.21 ppm.

3. Results and discussion
3.1. Synthesis and characterization

Complex HSnBus was designed and synthesized through a few
reaction steps. As illustrated in Fig. 1, tributyltin oxide was used to
synthesize organotin (IV) complex (HSnBus) based on carboxylate
ligand. The yield is 70%. All the compounds were fully character-
ized by ESI-MS/MALDI-TOF, 'H and '>C NMR (Fig. S1-6). HSnBus
has only one position of tin in ''Sn NMR spectra, and the chemical
shift points are —25.21 ppm, indicating that HSnBuz shows only
mono coordination mode (Fig. S7) [31]. For reference, the chemical
shift of ''°Sn from Sn = 200 ppm to Sn = -60 ppm indicates a four
coordination [32]. In addition, from the above dates of 1'9Sn NMR
spectra, the complex (HSnBus3) is a quaternary coordination model,
which is also confirmed by the single crystal structure obtained.

3.2. Crystal structures

Single crystals of H1 and HSnBus were slowly prepared from
the ethanol system at room temperature and were characterized
crystallographically (Fig. 2a-d). Both of H1 and HSnBu; crystallize
in the crystal system with the P2;/C space group (Table. S1). There
are four coordinated bonds around a central Sn atom in HSnBus,
namely, three Sn—C bonds and one Sn—0 bond. The carboxyl C-O
bond length of H1 and HSnBu; are 1.313 and 1.276 A
(H1 > HSnBu3), respectively, indicating that the carboxyl group is
coordinated with Sn, and the C-O bond length of the complex is
significantly shorter than that of the ligand. In addition, the dis-
tance of Sn—O0 is 2.152 A, which is much smaller than the classical
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Fig. 2. Molecular structures of H1 (a-b) and HSnBuj; (c,d) (All H atoms are omitted for clarity). The 1D linear chain of H1 (e) and HSnBus; (f). Single-crystal structures were

present with 50% probability displacement ellipsoids.

Sn-O covalent bond of 2.80 A, indicating that there is a strong weak As shown in Fig. 2e and f, the 1D chain of H1 is restricted by the
force between tin atom and carboxyl oxygen atom (Table. S2-3). abundant C—H---N hydrogen bonds (d = 2.712 A), C—H---O hydro-
gen bonds (d = 2.563 A) and O—H---O hydrogen bonds (d = 1.872
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A). And for HSnBus, the existence of Sn-O bonds (d = 2.553 A) elab-
orated that a flow of electrons in the center of the metal.

3.3. Optical properties

After confirming the structures of H1 and HSnBus, we investi-
gated their photo-physical properties through experiment and theo-
retical calculations. The Optimization was performed on B3LYP
Genecp by using the crystal structure without any symmetry
restraints, and the TD-DFT {B3LYP Genecp} calculations were carried
out with optimized structure [33-34]. All calculations, including
optimization and TD-DFT, were performed using the GO9 software.
Geometry optimization of singlet-singlet excitation energies were
carried out with a basis set composed of sto-3 g for C N O H atoms,
and the LANL2DZ basis set for Sn atoms. The lowest 25 spin-allowed
singlet-singlet transitions were taken into account in the calculation
of the absorption spectra. The UV-vis absorption spectra and fluores-
cence spectra of H1 and HSnBus were shown in Fig. S8, it can be
found that the position and width of the absorption band are slightly
different in different solvents. In DMSO, H1 showed a strong absorp-
tion in the range of 370-430 nm, while HSnBu3z had an absorption
wavelength in the range of 370-390 nm, which was further con-
firmed by TD-DFT. As shown in Fig. S9 and Table. S5, for H1 in DMSO,
the calculated peak position of the maximum absorption band is
390.95 nm, which belongs to HOMO to LUMO transition. The HOMO
orbital electrons are mainly localized on the aniline group, the LUMO
orbital electrons are located on the carboxyl group, indicating that
the electronic transition is mainly transferred from aniline group to
the the carboxyl group. for HSnBus in DMSO, the calculated peak
position of the maximum absorption band is 369.57 nm, which
belongs to HOMO to LUMO transition. For HSnBuz in DMSO, the
HOMO is mainly concentrated in the aniline group, and the LUMO
is mainly located on the carboxyl group.

3.4. Two-photon absorption and fluorescence properties

In Fig. S10, we present 2PA spectra of complexes in DMSO with
a concentration of 10> M. The two-photon absorption properties
were presented via open aperture Z-scan curves. As shown in the
Fig. 3a, both the ligand and the complex exhibit two-photon
absorption activity at 900 nm (Table. S6). Taking advantage of
the absorption of all compounds, the 2PEF spectra of H1 and com-
plex (HSnBu3) in DMSO were obtained from 700 nm to 900 nm.
Unfortunately, complex (HSnBus) showed weak two-photon fluo-
rescence signals compared with ligand (H1) (Fig. S10 and 3b).
And as observed from Fig. 3¢, using fluorescein as a reference, we
measured the two-photon emission intensity and calculated the
two-photon absorption cross section of the complex for H1 and
complex (HSnBus). The maximum 2PA action cross sections are
8.77 GM for H1, 4.01 GM for HSnBus, respectively (Table. S7).
The 2PA action cross section values of HSnBus are smaller than
the ligand on account of the heavy atom effect of the tin atom in
DMSO [35]. Importantly, the ® max for the two compounds in
the NIR range (about 840 nm), which is favor of biological imaging
applications due to the lower optical damaging.

3.5. Three-photon absorption and fluorescence properties

The three-photon absorption properties were presented via
open aperture Z-scan curves. Interestingly, as showed in Fig. 3d
and Table. S8, HSnBus exhibits excellent three-photon absorption
activity at 1500 nm, and its three-photon absorption cross section
is 2.12 x 10777 cm®s?photon2. However, the three-photon absorp-
tion property of the ligand is not detected at 1500 nm. In Fig. 3e,
the three-photon emission intensity of HSnBuz were investigated
from 1150 nm to 1500 nm in DMSO. By fitting the profile with
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the linear formula of y = kx + b, the slope of HSnBus was 2.79, indi-
cating its three-photon fluorescence properties (Fig. S11). Using
rhodamine 6G as a reference, we calculated the three-photon
absorption cross section of HSnBus. And as shown in Fig. 3f, the
absorption cross section of HSnBus is 2.44 x 10782 cm®s?photon™
at 1500 nm (Table. S9) and its three-photon absorption cross sec-
tion is 122 times that of moxifloxacin [36], which makes it has
potential in the field of three-photon fluorescence imaging.

3.6. Single and two-photon fluorescence imaging in zebra fish model

Although we have studied the two-photon and three-photon
properties of the moleculars systematically, due to the limitations
of the three-photon fluorescence imaging, we performed imaging
studies on zebra fish only using two-photon fluorescence imaging
technology. Compared with traditional single-photon absorption,
two-photon absorption (2PA) has the advantage of deep penetration,
which is especially beneficial for biological imaging in vivo. As shown
in Fig. 4a, we choose 5-day-old zebra fish as the model, after feeding
the H1 and HSnBus, the confocal images of head were captured. The
probes can quickly enter the organism and show strong fluorescent
signals. What's more, in Fig. 4b, we can clearly see the eye of zebra
fish after incubation with HSnBus, and two-photon fluorescence is
obviously stronger than single-photon (Fig. 4c) [37]. The results
demonstrated that HSnBujs can be used for two-photon bio-imaging.

3.7. Studies on reactive oxygen species (ROS) levels and types

Due to the influence of heavy atoms in the comple, its fluorescence
property is weaker than that of the ligand, we used chemical methods
to detect the ROS production levels of the probe under light induction,
so as to explore the potential of this probe for photodynamic therapy.
2/, 7' -dichlorodihydrofluorescein diacetate (H,DCF-DA), as ROS indi-
cator, by lighting-on signal when react with ROS, was used to detect
ROS generation levels of H1 and HSnBus. After mix H,DCF-DA with
probes, upon illumination, the signal of H,DCF-DA at 525 nm increased
significantly, which showed that H1 and HSnBuj3 could produce effec-
tive reactive oxygen species (ROS) (Fig. S12) [38]. And after 80 s of irra-
diation, the fluorescence ratio intensity of HSnBus was 1.78 times
higher than H1 (Fig. 5a). It showed that HSnBuj3 has a stronger ability
to produce reactive oxygen species than H1. Next, we carried out elec-
tron spin resonance (ESR) spectroscopy to detect and analyze the types
of reactive oxygen species. 5, 5-dimethyl-1-pyrroline-N-oxide
(DMPO) and 2, 2, 6, 6-tetramethylpiperidine (TEMP) as the O3~ and
10, trapping agents, respectively. Unfortunately, as shown in
Figs. S12 and 5b, after irradiation the solution of H1 and complex
(HSnBus) with DMPO, the signal of 09~ was not detected [39]. Signif-
icantly, in Fig. S13 and 5¢, H1 and complex (HSnBus) can be found a
characteristic triplet of signals with a relative intensity of 1:1:1
between 3410 and 3450 G after irradiation, indicating that 0, were
produced by complex (HSnBus) under light irradiation. Obviously,
complex (HSnBus) can generate '0, better than ligand (H1). Taking
into account that complex can produce more singlet oxygen after irra-
diation, we have also calculated and compared the yield of '0,. ABDA is
acommercial 10, detection agent, which can selectively react with 10,
and cause a corresponding drop in absorbance. It is worth noting that
the absorbance of ABDA in the HSnBugs solution decreases significantly
under white light irradiation (Fig. S12). Frankly, as quantitatively
showed in the decomposition rate diagram of ABDA (Fig. 5d), the 10,
generation efficiency of HSnBujs is 3.98 times that of H1 [40]. Using
Rose Bengal (RB) as the standard (® = 75% in water), the '0, quantum
yields (@) of H1 and HSnBus have been calculated to be 6.67% and
39.2% in water [41]. The above results show that HSnBus can produce
more !0, than H1 after irradiation. Therefore, HSnBus may be as an
excellent antitumor photosensitizer used in photodynamic therapy.
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Fig. 3. (a) Two-photon absorption spectra of H1 and HSnBus; (c = 1.0 mM) at 900 nm in DMSO obtained through an open aperture Z-scan. (b) Two-photon fluorescence
spectra of HSnBujs (¢ = 1.0 mM) in DMSO with different excitation wavelength (700-900 nm). (c) Changes in two-photon absorption action cross-sections of H1 and HSnBus
(c=1.0 mM) in DMSO. (d) Three-photon absorption spectra of H1 and HSnBus3 (¢ = 1.0 mM) at 1500 nm in DMSO obtained through an open aperture Z-scan. (e) Three-photon
fluorescence spectra of HSnBu; (¢ = 1.0 mM) in DMSO with different excitation wavelength. (f) Changes in three-photon absorption action cross-sections of HSnBusz

(c = 1.0 mM) in DMSO.
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Fig. 4. (a) One- and two-photon fluorescence images of 5-day-old zebra fish incubated with H1 and HSnBus, (¢ = 30 pM) after 4 h of incubation, washed by PBS buffer. Excited
wavelength (1P): 405 nm; emission filter: 425-525 nm. Excited wavelength (2P): 820 nm; emission filter: 425-525 nm. (b) Local two-photon imaging of zebra fish eyes after
being incubated by HSnBus. (c) Diagram of relative emission intensity of single-photon and two-photon of zebra fish eyes after being incubated by HSnBujs. Scale Bar: 20 pm.

3.8. Biological application

The above results motivated us to explore the levels of ROS
induced by probe photoinduced in cells, we used 2/, 7' -
Dichlorodihydrofluorescein diacetate (H,DCF-DA) as an indicator.
As shown in Fig. 6a, compared with the control group, the fluores-

cence signal of HepG2 cells incubated with complex (HSnBus) was
significantly increased, which is consistent with the chemical test
results. Mitochondria are the main pro-apoptotic targets of excess
ROS. Therefore, we use the JC-1 kit to detect the mitochondrial
membrane potential (MMP) to determine the cell state. In
Fig. 6b, after HepG2 cells are incubated with the complex
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staining for 20 min at 37 °C. (white light irradiation 20 min, 100 mW/cm?). (b) Confocal microscopy imaging of HepG2 cells co-labelled with JC-1 dye with or without complex

HSnBu; (c = 50 pM), respectively. Scale Bar: 20 pm.

(HSnBu3), we can clearly see that the fluorescence of JC-1 changes
from red to green, which indicates a decrease in mitochondrial
membrane potential [42-43]. The decrease in the membrane
potential of mitochondria indicates that the probes could produce
excessive ROS in the cell to kill the cancer cells under the photo-
induced condition.

4. Conclusions

In summary, we have designed a new aniline-based ligand (H1)
and its organotin (IV) complex HSnBus. The nonlinear optical prop-
erties of the two compounds were studied. Among the evaluated
ligand and complex, HSnBusz showed multiphoton absorption

activity, three-photon absorption cross section was 2.44 x 1072
cm®s?photon. The ligand does not exhibit three-photon proper-
ties. The fluorescence imaging results of zebra fish showed that
two-photon fluorescence imaging possess good deep tissue imag-
ing and can stain eyes of zebra fish compared with single-photon
fluorescence imaging. By using indicators (H,DCF-DA and ABDA),
we tested the levels and types of reactive oxygen species. The
ROS levels produced by HSnBuz was 1.78 times higher than H1.
The ESR spectra confirmed that H1 and HSnBus; can generate !0,
and the '0, quantum yields (®) of H1, HSnBu; are 6.67% and
39.2%. We also found that HSnBus can produce excessive ROS
levels and induce a decrease in mitochondrial membrane potential,
which shows potential in photodynamic therapy.
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