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Compared to organotin (IV) compounds with biochemical activity, two-photon absorption (2PA) organotin (IV)
complexes for targeting nuclear with anticancer activities are rarely reported. Here, two novel 2PA organotin
(IV) cyano carboxylate complexes (C1Sn-1, C1Sn-2) are synthesized and characterized. The two-photon ab-
sorption cross section values (8) in the near-infrared region are significantly enhanced for C1Sn-2 compared to

C1Sn-1, thus developing for targeting nuclear by two-photon fluorescence microscopy (2PFM). C1Sn-2 could
specifically target nuclear DNA in vitro. The mechanism demonstrated that there are abundant hydrogen bond
interactions between hydroxy group of C1Sn-2 and DNA. The animal mode studies are first proposed that C1Sn-
2 displayed a certain anti-cancer efficiency with non-significant toxicity.

1. Introduction

Cancer is a major global problem and a leading cause of mortality
[1]. Among several valid strategies at disposal for battling the disease,
organic and inorganic compounds having high anticancer activity
played pivotal role in chemotherapy. A variety of such anticancer drugs
of organic genre, namely, taxol, podophyllotoxin, camptothecin, and so
forth [2], and of inorganic genre, such as cis-diamineplatinum(II)
dichloride (cisplatin) [3] and nanoparticles [4], were thus being rou-
tinely prescribed as a part of anticancer therapy. To explore more ef-
ficient and less costly anticancer agents, various organotin derivatives
have been investigated for their structures and anti-proliferative prop-
erties against a number of cell lines [5-7]. For all the studied organotin
compounds, the organotin carboxylates [8-12] are of the most in-
tensively focused. Carboxylic acid as precursor offers a number of dis-
tinct advantages for its coordination ability, which serves as either a
multidentate or a bridging building block in structural assemblies
[13-19]. In our previous work, several organotin compounds derived
from carboxylate acid ligands were reported [20-22]. Based on those
carboxylate ligands, the resulting organotin compounds are reservoirs
of many important properties including in vitro cytotoxicity and anti-
tumor activities. In some cases, organotin (IV) derivatives have also
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shown acceptable anti-proliferative as new chemotherapy agents [23].
In this sense, the organotin carboxylates are like a chameleon in the
organometallic area. However, our previous organotin (IV) derivatives
are restricted to damage in cytosolic organelle (e.g. mitochondria and
endoplasmic reticulum) [22], it should be noted that the anticancer
compounds directly targeting genetic substances (e.g. DNA or RNA) in
nucleus could be half the work with double results [24]. Compared to
normal anticancer organotin derivatives, two-photon organotin agents
apply longer exciting wavelength and low energy in the near infrared
(NIR) region were used in order to display less photobleaching and
deeper penetration depth (> 100 pm) [25-29].

Herein, two different classifications of second-substitute
(Triphenyltin Hydroxide, tributyltin oxide) were used to synthesize a
series of organotin (IV) complexes (C1Sn-1, C1Sn-2) based on car-
boxylate ligands. CN group with electron-withdrawing ability
(Acceptor) has been extensively studied for interesting photophysical
properties which should possess moderate two-photon action cross-
sections favoring the application of two-photon fluorescence micro-
scopy (2PFM) with deeper tissue-penetration and excellent resolution.
Furthermore, CN group was used to improve the acidic ability which
prone to deprotonation and might lead to high binding affinity towards
metal ions [22]. Carboxylate unit might accelerate the penetration of

E-mail addresses: zhangqiong.314@163.com (Q. Zhang), xiaohe.t@ahu.edu.cn (X. Tian), yptian@ahu.edu.cn (Y. Tian).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.jinorgbio.2018.12.001

Received 8 June 2018; Received in revised form 28 November 2018; Accepted 2 December 2018

Available online 05 December 2018
0162-0134/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/01620134
https://www.elsevier.com/locate/jinorgbio
https://doi.org/10.1016/j.jinorgbio.2018.12.001
https://doi.org/10.1016/j.jinorgbio.2018.12.001
mailto:zhangqiong.314@163.com
mailto:xiaohe.t@ahu.edu.cn
mailto:yptian@ahu.edu.cn
https://doi.org/10.1016/j.jinorgbio.2018.12.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinorgbio.2018.12.001&domain=pdf

Q. Zhang et al.

Journal of Inorganic Biochemistry 192 (2019) 1-6

\N/\/OH c46 47
C45€ \gC4ﬂ
@‘S"_Q cw _ c37 ch cs5  css ceo
/- (I)H o} ‘scxz \02 e 553 054}’{
. N O'Sﬂ‘@ casg (:33 \N cez
CN cut":’ hcw csg css  C61
\N/\/OH 043? ‘”O
C1Sn-1 C1Sn-1
NC_~ < G
COOH \N/\/OH %
c1 W\ \% c. €
Sn O- Sn ei
SR U S 2
C1Sn-2 o can C1Sn-2

Scheme 1. Synthetic routes for C1, C1Sn-1, C1Sn-2 and crystal structures of C1Sn-1 and C1Sn-2 (all H atoms were omitted for clarity).

the organotin(IV) derivatives across the cell membrane as well as ani-
line group with excellent planarity can connect with DNA based on
insert model [30]. The two-photon absorption (2PA) activity was tuned
by using styryl group due to its moderate m-conjugation system.
Terminal —OH group might lead to good water-solubility and the for-
mation of hydrogen bond with DNA to stable the molecule. Bis(tri-n-
butyltin) oxide and triphenyltin hydroxide are low cost with high
bioactivity and the alkyl chains can enhance the solubility of organotin
(IV) complexes. Consequently, this is the first time that the 2PA orga-
notin (IV) complex C1Sn-2, which present to image nuclear serve as a
“light-switch” for DNA, have been displayed considerable inhibition
towards solid tumor growth in a mouse model compared with com-
mercially available anticancer clinical drug such as cis-platin.

2. Results and discussion
2.1. Synthesis and photophysical propertie

The detailed synthesis and characterization of organotin (IV) deri-
vatives including C1 and C1Sn-1-C1Sn-2 used in this study were stated
in the Supporting information (Scheme 1, Fig. S1-S3). Molecular
structures were further confirmed by single-crystal X-ray diffraction
analysis (Table S1-S3). Structural analysis revealed that the center Sn
(IV) adopts distorted tetrahedron coordination geometry. The aniline
group adjoins the Sn (IV) with the dihedral angle being 19.68° (C1Sn-1)
and 8.17° (C1Sn-2), indicating that the favorable coplanar and abun-
dant intermolecular hydrogen bonds in Sn (IV) complexes could result
in higher delocalization in the s-electron conjugated system, which is
necessary for nonlinear optical (NLO) response, as well as may be
sensitive to nuclear of cells. Subsequently, their fluorescent properties
have been investigated in details (Fig. S4-S5). C1Sn-1 and C1Sn-2
exhibited moderate fluorescence at ~434 nm than C1 in DMSO-H,0O
solution with the excitation at ~360 nm. The decreased spin-orbit
coupling due to Sn atom can increase the energy level between the
singlet and triplet excited states, causing the increase of fluorescence
intensity. Different from the ligand C1, the complexes underwent a
weak blue-shift with the emission around 439 nm, as a result of no
significant permanent ground-state dipole moment in polar solvents

[31], which were certified by computer-aided calculations (Fig. S6).

2.2. Two-photon absorption (2PA) cross sections and DNA binding
experiments

The two-photon absorption properties were presented via open
aperture Z-scan curves. It was found both C1 and C1Sn-1 show weak
two-photon absorption activities. Interestingly, the two-photon ab-
sorption properties of C1Sn-2 was apparently increased > 10 times
rather than that of C1 and C1Sn-1 (Fig. 1(a) and Table S4), since the
terminal n-butyl group can enhance the electron-donor character,
converting C1Sn-2 to a more polarized D-n-A unit in favor of in-
tramolecular charge transfer (ICT) process affords them with stronger
third-order nonlinear optical responses, which was in agreement with
the above structural analysis. On the basis of the two-photon absorption
spectra of C1Sn-2, we selected 730 nm as excitation wavelength, and
425-525nm as collected range for two-photon biological imaging after
evaluating their biological activity in vitro. (Fig. 1(b—d) DNA binding,
Fig. S7-9). Upon increasing the concentrations of DNA, the absorption
band at 260nm displayed clear hyperchromicity, as defined by H
% = 100 (Afree-Abound)/Afree, for the ICT band at 260 nm was found to
be 53.6%. The intrinsic binding constant K; of C1Sn-2 with DNA was
evaluated to be 8.69 x 10*M ™!, which indicates the considerable in-
tercalative binding intensity of C1Sn-2 to DNA. The DNA binding
property of C1Sn-2 is also investigated via fluorescent measurement,
based on the competitive binding between ethidium bromide (EB) and
C1Sn-2 with calf thymus dna (calf thymus dna (ct-DNA)). ethidium
bromide (EB) molecules bound by calf thymus dna (calf thymus dna
(calf thymus dna (ct-DNA)) gave strong fluorescence emission with
maximum emission intensity at 597 nm. The fluorescent intensity of
ethidium bromide (EB) was gradually decreased with increasing addi-
tion of C1Sn-2. K,,, values was found to be 2.46 x 10°M ™", which
indicates that there existed intercalative binding mode of C1Sn-2 with
DNA. This observation is in good agreement with the conclusions drawn
from UV/vis titration studies [32]. Viscosity measurements were car-
ried out to further clarify the nature of the interactions between C1Sn-2
and DNA. The relative viscosity of calf thymus dna (calf thymus dna (ct-
DNA)) bound with the C1Sn-2 increased accompanied by increasing
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Fig. 1. (a) The open aperture Z-scan data at 730 nm for C1, C1Sn-1, C1Sn-2 in DMSO-H,O (c = 0.1 mM). The circle rings represent the experimental data and the
solid curve is the theoretical data. (b) UV-vis absorption spectra of C1Sn-2 (2 uM), in the absence and presence of increasing concentrations of calf thymus dna (calf
thymus dna (ct-DNA)) (0-1.2 M) in 50 mM Tris-HCI buffer (pH = 7.4, 50 mM NacCl). (c) Fluorescence spectra of ethidium bromide (EB) bound to DNA in the
presence of C1Sn-2 (0-16.7 uM). [EB] = 15uM, [DNA] = 15 puM. The arrows show the intensity changes upon increasing concentrations of the complex. (d) The
changes in the relative viscosities of DNA with increasing concentrations of C1Sn-2 in buffer 50 mM NacCl. The total concentration of DNA is 50 uM.

complex concentration which is similarly to the behavior of some
known DNA intercalators (ethidium bromide (EB), Hoechst) (Fig. 1d),
indicating the classical intercalation of C1Sn-2 to calf thymus dna (calf
thymus dna (ct-DNA)). Combined with the results from the above-
mentioned spectral analyses, the interaction between C1Sn-2 and DNA
is confirmed to be an intercalative binding mode.

2.3. Nuclear targeting function as anti-cancer property

Owing to the small molecular weight, higher quantum yield and
exceptional two-photon action cross-section value of C1Sn-2, its bio-
logical imaging properties are attractive to explore. Consequently, the
anticancer activities of complexes C1Sn-1 and C1Sn-2 were evaluated
against three tumor cell lines (HepG2 (human hepatocellular liver
carcinoma cell line), Hela (human cervical carcinoma cell line) and
A549 (human pulmonary adenocarcinoma cell)) and one normal cell
HELF (human embryonic lung fibroblast) using 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay. Cisplatin is a
clinical anti-cancer drug, which was used as positive controls. Cisplatin
is typically provided as a lyophilized powder in a vial containing 50 mg
cisplatin, 450 mg NaCl, and 500 mg mannitol. When dissolved in 50 mL
of water, this results in a 1 mg/mL solution (3.3 mmol/L) of cisplatin
dissolved in 150 mmol/L saline. The ICsy results show that C1Sn-2
displayed less invasive property (~64%, 10uM, 24h) in HELF cells,
whereas a significant reduction in cell lines viability was detected. It is
apparent that the ICso value of C1Sn-2 (~0.40%) possess more cyto-
toxicity for A549 than the commercial cisplatin (~10.22%) (see
Table 1).

We therefore decided to evaluate the intracellular distribution of
C1Sn-2. The A549 cells were incubated with 10 pM complex and ICT

Table 1

Inhibitory concentration ICso (UM) of complexes C1, C1Sn-1, C1Sn-2 and cis-
platin against HepG2, Hela, A549 and HELF cells. Data were exhibited as the
means *+ standard deviations (SD).

Compounds ICso (UM)?

HepG2 Hela A549 HELF
c1 10.70 = 0.04 13.87 = 0.03 14.01 = 0.07 13.50 = 0.07
C1Sn-1 4.16 += 0.03 0.85 + 0.04 2.15 + 0.06 40.61 + 0.03
C1Sn-2 3.98 + 0.07 0.82 + 0.05 0.40 + 0.06 64.12 = 0.09
Cisplatin 10.48 = 0.04 11.37 = 0.06 10.22 = 0.03 16.93 = 0.03

@ Cells were incubated with C1, C1Sn-1, C1Sn-2 and cisplatin for 24 h.

emission as well as 2P confocal micrographs in living cells were suc-
cessfully achieved (Fig. 2a). Along with the incubation time, the two-
photon fluorescence microscopy (2PFM) image indicates nuclear up-
take of intense luminescence in the nucleus compared to other regions.
To further confirm that the luminescence is in the nucleus, we co-
stained C1Sn-2 with the one known membrane-permeable DNA stains
(Nuclear Red®), and tracked them by 2PFM. The almost complete
overlay images clearly show the nuclear stain of C1Sn-2 in the presence
of Nuclear Red® (Pearson Correlation Coefficient Rr = 0.93). The three
dimensional microscopy with higher spatial resolution also strongly
suggested that C1Sn-2 targeted intracellular nucleus (Fig. S8). In con-
trast, C1 and C1Sn-2 showed much less overlap with nuclear but strong
overlap with cell cytoplasm (Fig. S9). To determine the possible me-
chanism of cell entry, A549 cells were incubated with 10 uM C1Sn-2 for
30 min at 4 °C (Fig. S10), then washed and imaged directly. In this case,
weak fluorescence was detected, highly indicating that C1Sn-2 enters
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Colocalization

Fig. 2. (a)(1) Two-photon confocal micrograph of A549 cells incubation with 10 uM complexes C1Sn-2 for continued irradiation 10 min, (2) Nuclear Red® stained
A549 cells after incubated with C1Sn-2 (10 uM), (3) Merge image and colocalization (Pearson's coefficients Rr = 0.93 (scale bar = 10 um). (b) Transmission electron
microscopy (TEM) microscopy of A549 cells stained with osmium tetroxide, solely incubated with C1Sn-2 without osmium tetroxide; Abbreviations: n = nucleus.
Transmission electron microscopy (TEM) (scale bar = 5 um) (c) Two-photon fluorescence images of the 3D multicellular spheroids of A549 cells after incubation with
10 uM C1Sn-2 for 5h. (d) The frontier molecular orbitals distributions of C1Sn-2 (e) Models obtained after molecular modeling of the interaction of C1Sn-2 with

DNA.

cells via a temperature-dependent pathway (e.g. endocytosis and active
transport). We further evaluated the photo-physical stability in living
cells (Fig. S11), the fluorescence intensity of C1Sn-2 decreased to 97%
while Nuclear Red® decreased to 19% after 350 s continued irradiation.

The two-photon fluorescence microscopy (2PFM) results highly
demonstrated that C1Sn-2 treated cell in nuclear region, which was in a
good agreement with the ICso results that C1Sn-2 displayed a much
stronger cytotoxicity response than C1Sn-1.

To confirm the localization that observed under confocal micro-
scopy, transmission electron microscopy (TEM) experiments were per-
formed to strengthen the above results. The cells here were incubated
with C1Sn-2 within 2h incubation. It was clearly showed that OsO4
treated cells co-treated with C1Sn-2 contained abundant vacuoles, an
organelle that plays a major role in early autophagy, leading to apop-
totic cell death (Fig. 2b, left) [33]. In a good agreement with above
confocal studies, it was also found that nucleus region beard much
higher concentration, as well as displayed a certain degree of nucleus
misshapen or damage (Fig. 2b right). The above Transmission electron
microscopy (TEM) studies are in well agreement with the initial cell
staining results exploited under confocal microscopy; further
strengthen C1Sn-2 targeted nucleus compartments with the anticancer
effect.

2.4. Penetration ability in 3D MCSs

It is noteworthy that various anticancer drugs failed to penetrate
into the monolayer cells to in vivo performance, partly due to the lim-
itations of extracellular matrix (ECM). 3D multicellular spheroids
(MCSs) as the tissue mode are widely applied in administration of drug
delivery [34]. Hence, 200 pm 3D MCSs as the in vivo model were uti-
lized to assess the therapeutic effect of C1Sn-2. To investigate the pe-
netration ability, 200 um A549 MCSs (Fig. 2c) were imaged incubating
with 10 uM C1Sn-2. The results revealed that MCSs displayed remark-
able fluorescence over 60um depth, suggesting that C1Sn-2 could
overcome ECM barrier and accumulate in MCS.

2.5. Nuclear targeting mechanism studies

The nuclear DNA fragmentation effect of C1Sn-2 was confirmed by
molecular modeling calculations using Gaussian and Discovery Studio
Software [35]. The TD-DFT calculations (Fig. 2d) indicate that the high
energy transition presents marked charge transfer (CT) character, with
the HOMO being mainly located on triphenyltin hydroxide moiety and
LUMO with moderate contribution from C1 part, respectively. The
docking results (Fig. 2e) indicate that C1Sn-2 with suitable positive
charge, lipophilicity and complex targeting moiety readily triggers DNA
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Fig. 3. (a) Growth inhibition rate of the solid tumor in the mice over 21 days under different treatment, (b) Tumor Volume under injection time point. (c) Body
weight under different treatment over 21 days. (d) Kidney slices post-treatment with phosphate buffer saline (PBS), Cis-platin, C1Sn-2 and C1. (e) Tumor slices (post-
treated with PBS, Cisplatin, C1Sn-2 and C;, the tumors were extracted at 21st day. C1Sn-2 (5 mg/kg) was injected intravenously. Scale bars = 100 pm.

through hydrogen bonds in different directions, which can stable with
high Dock score and low CDOCKER energy. To further confirm that
C1Sn-2 was encapsulated by DNA, *H NMR titration experiments were
carried out in dg-DMSO-D-0. A significant widen and low-field shifts of
hydroxy protons Ha (Fig. S12) was occurred after 2 equiv. of DNA
adding into C1Sn-2 solution, demonstrating the presence of hydrogen
bonds interactions between hydroxy group of C1Sn-2 and DNA.

2.6. Flow cytometry analysis and anticancner effect

The ICs¢ of C1Sn-2 of on A549 cells was 0.40 + 0.06 uM and the
possible mechanism of inducing cell death was investigated by annexin-
V fluorescein isothiocyanate/propidium iodide (V-FITC/PI) double
staining [36,37]. The late apoptotic/necrotic population (Annexin V
+/PI—) of 10 uM C1Sn-2 treated cells were increased from 2.79% to
66.79% by comparing with blank control (Fig. S13), whereas the viable
of the untreated cells remained 97.21%. To further assess the anticancer
effect, flow cytometry analysis was performed to investigate the cell
cycle of A549 cells stained with PI (propidium iodide) in the presence of
C1Sn-2 (Fig. S14). After the treatment of complex C1Sn-2, the per-
centage of A549 cells in the P5 (G2M) phase decreased markedly from
19.26% to 15.58%, and there was a sharp increase of cells in the P3
(G0-G1) phase from 61.35% to 66.39% indicating that the cell cycle is
arrested at the GO-G1 phase. (G2 phase follows the successful comple-
tion of S phase and prepares the cell for mitosis, consisting of protein
synthesis and rapid cell growth. M phase is mitotic phase, which con-
sists of nuclear division (karyokinesis)). The results indicated that
C1Sn-2 can significantly induce cell death via apoptosis/necrosis in low
concentration.

Next, we investigated the anticancner effect of C1Sn-2 in animal
mode, Balb/C mice subcutaneous bearing 4T1 tumors were in-
travenously injected with PBS (20 L), cisplatin [38] (5 mg/kg), C1Sn-2
(5mg/kg) and C1 (5 mg/kg) every four days for four times. The tumor

growth of mice treated with C1Sn-2 was significantly inhibited
(P < 0.05). The tumor growth inhibition (TGI) of C1Sn-2 group was
35.13% which was higher than the TGI 20.53% of cis-platin treated
group (Fig. 3a). The volume of tumor treated with C1Sn-2 is smaller
from that treated with PBS which suggested that C1Sn-2 displayed
certain damage towards both cancerous cells and tumor in mice
(Fig. 3b). Furthermore, no obvious body weight changes were detected
after treatment of C1Sn-2 (Fig. 3c). Body weight of the mice treated
with cis-platin was decreased, indicating the toxicity of such chemo-
therapy agent. Study of the histological sections was demonstrated the
renal toxicity of cis-platin by inducing inflammation. In the contrary,
C1Sn-2 showed non-obvious histological changes in the main kidney
organs with non-significant toxicity (Fig. 3d). Necrosis and apoptotic
regions were also presented in both control and cisplatin staining tumor
tissue sections (Fig. 3e) from groups treated with C1Sn-2. These results
suggested that C1Sn-2 displayed a certain anti-cancer efficacy in animal
mode with non-significant toxicity in the preliminary study.

3. Conclusion

In summary, two novel organotin complexes (C1Sn-2 and C1Sn-2)
were designed and synthesized and their photophysical properties were
investigated systematically. The nonlinear optical (NLO) studies de-
monstrated that C1Sn-2 possessed 2PA cross section (1107 GM) in near-
IR range. Particularly, with slightly modification on terminal substitute,
C1Sn-2 was targeting to nucleus, and C1Sn-1 targeted cytoplasm, re-
spectively. The in vitro binding assay, two-photon fluorescence micro-
scopy (2PFM) and transmission electron microscopy elucidated that
C1Sn-2 binds with nuclear DNA through H-bond in live cells. As ex-
pected, C1Sn-2 exhibited deep MCSs penetration, which are favor of
efficient anticancer application. C1Sn-2 was successfully applied as a
solid tumor growth inhibitor as a two-photon anticancer agent. The
animal results suggest that C1Sn-2 is a safe and effective candidate to
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apply cancer therapy. This work offers a dual functional organotin
complex for two-photon anticancer agent and nuclear targeting which
could have significant potentials in utilizing such complexes as bio-
medical candidates.
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