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Abstract: The assembly sequence of the coordination cluster
[Zns(H,L")s](NO3),J-8 H,O-2 CH;0OH (Zns, H;L"= (1,2-bis-
(benzo[d]imidazol-2-yl)-ethenol) involves in situ dehydration
of  1,2-bis(benzo/d]imidazol-2-yl)-1,2-ethanediol ~ (H,L)
through the formation of the [Zn(H;L),]" monomer, dimeri-
zation to [Zn,(H;L),]", dehydration of the ligand to [Zn,
(H,L"),]*, and the final formation of the pentanuclear cluster.
The cluster has the following special characteristics: 1) high
stability in both refluxing 37 % HCI and 27 % NH; 2) low
cytotoxicity, and 3) pH-sensitive fluorescence in the visible-to-
near-infrared (Vis/NIR) region in the solid state and in
solution. We have applied it as a fluorescent probe both in
vivo and in vitro. Its H-bonding ability is the key to its affinity
and selectivity for imaging lysosomes in HelLa cells and tumors
in male BALB/C mice. It provides a new type of sensitive and
biocompatible fluorescent probe for detecting small tumors
(13.5 mn?).

There is currently major interest in the synthesis of
coordination clusters as well as in their beautiful structures
and rich functions."?) While their solid-state properties are
important, their solubility and stability in solution are as
important for exploiting other functions, such as fluorescence
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in bioactivity and catalytic activity.’! To advance the study of
self-assembly by setting the foundation for the rational
construction of coordination clusters with targeted connec-
tion, shape, and properties, a better understanding of their
mechanism of formation involved is highly desired.”! Though
these mechanisms are quite complex, certain advances have
been made, for example in polyoxometalates, coordination
cages, and 3d-metal coordination clusters.***! During the
syntheses of clusters under hydro/solvothermal conditions,
in situ ligand transformations are frequently observed.[) The
study of the cluster assembly process involving in situ ligand
reactions is more difficult and has rarely been reported.*!

Precise structural information of coordination clusters is
mainly obtained by crystallography, while mass spectra (MS)
can provide supplementary information about the cluster in
solution.* The solid-state/solution structure information
contributes to the identification of the existing molecular
fragments of a cluster in solution and furthers the under-
standing of their diverse properties. For example, evaluating
the stability and possible response behavior to changes in
solution will help to explore new functions and application of
coordination clusters. In our research, we have used a combi-
nation of crystallography and MS to unravel the mechanisms
of the formation of a series of polynuclear 3d-metal clusters as
well as the complexity of the clusters in solution.”!

Previously, we observed the in situ dehydration of a 1,2-
ethanediol-containing ligand (H,L) to its 1,2-ethenol (H;L")
using a mixed H,O/methanol solvothermal reaction, which
induced the formation of a family of pentanuclear [M;s-
(H,L")]** (M= Co or Ni) clusters.”! We therefore aimed to
clarify the in situ ligand transformation and assembly mech-
anism of the Zns cluster because Zn has multiple isotopes,
which can lead to better MS characterization. We also aimed
to use Zn to replace the Au' and Ru", which are commonly
used as fluorescent probe for bio-imaging.®! The advantages
of Zn*" are low-toxicity, high abundance in the body, and low
cost. Several fluorescent Zn-based metal-organic frameworks
or coordination clusters have been reported. However, the
limited solubility and lower emission wavelengths restrict
their usage as bioprobes.”!”! As the planar [H,L"]” bridged
the Zn>" ions to form a quite rigid molecule with multiple
inter-ligand interactions, we investigate its solid and solution
optical properties in detail (Figure 1).

Interestingly, Zns exhibits unusually high stability as well
as good affinity for HCI, NH;, and neutral solvents. It has
a broad fluorescence band centered at 540 nm and a narrow
one at 650 nm. Exposure to acidic/basic conditions does not
destroy the fluorescence of the cluster but does affect its
intensity. This dependence on pH, along with several other
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Figure 1. a) lllustration of the Zny cluster.'” Zn=yellow, O =red,
N =blue, and C=gray. b) The in situ generated H,L™ ligand and its
coordination to Zn.

unexpected but desirable features, including low toxicity,
biocompatibility, cellular permeability and probe retention,
make Zns suitable for application as a pH-sensitive fluores-
cent probe for bio-imaging. Herein, we report its synthesis,
structure, in situ ligand transformation and assembly mech-
anism by crystallography and MS, properties in both solid
state and solution, and application in detecting cancerous
tissue in vitro and in vivo.

The structure of Zns consists of three equatorial tetrahe-
dra capped by two octahedra in a trigonal bipyramid shielded
by the organic ligands. The special feature is that three pairs
of parallel ligands bridge five Zn*" ions through a ;1,1
coordination to form a cluster with a diameter of circa 1.9 nm,
in which there are six conjugated rings within each planar
ligand. In addition, the rigid [H,L"]” is equipped with
peripheral nitrogen atoms to coordinate with the Zn*" ions
and hydrogen atoms to form H-bonds. The clusters are charge
balanced by NO;™ and H-bonded to solvent molecules to give
a close-packed solid-state structure. Several weak interactions
were found within the cluster (Supporting Information,
Tables S1-3 and Figures S1 and S2), which are likely respon-
sible for the high chemical stability of the crystals (see below).
The position, direction, and basicity of the peripheral N—H
bonds of the benzimidazol are important features in its ability
to form adducts with HCI and other solvents (see below).

To observe the in situ ligand dehydration and subsequent
assembly of the Zn; cluster, time dependent ESI-MS meas-
urements of the reaction solution were performed. The MS of
Zn; was first investigated as a reference. All the peaks of Zns
in methanol corresponded to the integral Zns cluster and its
adducts with different solvent molecules, with up to 14 per
cluster (Figure 2 and the Supporting Information, Table S4).
Meanwhile, as Zns was very stable in most solvents during
attempts to recover the transformed ligand by destroying it in
concentrated HCI or aqueous NH;, we further examined the
treated samples by MS and powder x-ray diffraction (PXRD).
Almost all the MS peaks of the acid- and base-treated samples
were also associated with species containing the integral Zns,
suggesting its high stability, which PXRD confirms in the
crystalline state (Supporting Information, Figures S3-5). A
surprising finding is that several observed peaks correspond
to prominent adducts of the Zns core with HCl and NH;. Such

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

659.06
670.38
(a) 693.67
705.00
727.64
739.63

[Zn5(H2L)6-H]**

[Zn5(H2L)6(HCI)-H]**
[Zn5(H2L)6(HCI)2(CH3OH)-H]**
[Zn5(H2L)6(HC1)2(CH3OH)2-H]**
[Zn5(H2L)6(HCI)2(CH3OH)2(H20)2-H**
[Zn5(H2L)6(HC1)3(CH3OH)3(H20)2-H]**

727.64

il o, sl

(b)

(c)

i amalolal s

65IO GéO 67]0 68IO 69‘0 7(I10 71IO 750 73.0 7&0 m/z
Figure 2. ESI-MS of methanol solutions of Zng as-synthesized (black),
after refluxing in concentrated HCl (red) and aqueous NH; (green) for

24 h.

extremely high stability and great affinity for acid, base and
neutral molecules are unique and rarely observed in coordi-
nation clusters.”

To study the assembly process of Zns, the reactants were
first stirred at room temperature for 1 h (1=0) followed by
heating at 140°C in Teflon-lined steel bombs. Aliquots of the
solutions were sampled after 30, 90, 150, and 210 min, and 6,
12, and 24 h. A white powder precipitate was observed within
90 min. As time elapses, yellow crystals of Zns are apparent to
the naked eye and become larger and more abundant while
the white powder gradually disappears. The MS at t=0 and
30 min (Supporting Information, Figures S6 and S7) are
dominated by [Zn(H;L),+H]" (m/z651.15) and [Zn,-
(H;L),—H]" (m/z 715.05), suggesting that monomer and
dimer precursors were initially formed. Once the heating
time exceeds 150 min, two peaks appear at m/z 989.94 and
679.03 and their intensities consistently increase at the
expense of that of the monomer. The former corresponds to
[Zng(H,L")s—2H]*", a characteristic signal of Zns. The latter is
identified as [Zn,(H,L"),—H]", which is the dehydrated form
of [Zn,(H;L),—H]". Though these two dimers were not
isolated from the solution, structures with similar ligands are
known in the literature, which are usually segments in which
a pair tetrahedral Zn** ions are bridged by two ligands.'"V Tt
also should be noted that, except for [Zn,(H,L"),—H]" and
[Zns(H,L")s—2H]*", no other peaks correspond to fragments
containing the dehydrated H;L" ligand (expected at
m/z277.1). Based on these findings, the insitu ligand
dehydration and Zns; assembly are proposed to follow
a process in which the [Zn(H;L),+H]" monomer is first
formed, then dimerized to [Zn,(Hs;L),—H]!, followed by
dehydration of the ligand to [Zn,(H,L"),—H]", and finally the
formation of the [Zns(H,L")s—2H]*" cluster. The coordina-
tion of the Zn”" ions to hydroxy groups activated the a-H and
B-OH groups, inducing the in situ dehydration. For compar-
ison, solvothermal treatment of H,L did not generate
dehydrated H;L", confirming the crucial role of the ligand
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coordination with metal ions (Supporting Information, Fig-
ure S8).

During the monitoring of the reaction process, bright
fluorescence was observed with the naked eye when the
reaction solution containing Zns was placed under a UV-lamp
(Supporting Information, Figure S9). Therefore, we per-
formed a detailed analysis of the optical properties of Zns.
A DMSO solution of Zns displays two intense absorption
bands at 353 and 375nm with a shoulder at 410 nm
(Supporting Information, Figure S10). The spacing between
the two strong peaks is of the order of one vibrational mode of
the ligand but the energy difference between 410/375 nm is
higher. We associated the high energy pair with the m—m*
transition.'”! The shoulder peak is assigned to the m—m
transition of the ligand, which is supported by time-dependent
density functional theory calculations (Supporting Informa-
tion, Figure S11 and Table S5).

The room temperature fluorescence of Zns in DMSO
solution displays a strong broad band at 540 nm together with
a sharp shoulder at 650 nm under excitation at A., =430 nm
(Figure 3 and the Supporting Information, Figures S12-16).
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Figure 3. a) Emission (red, A,,=430 nm) and excitation profile (green,
Aem="540 nm) of Zng in DMSO solution. Inset: expanded emission
(red, A, =515 nm) and excitation profile (green, A.,, =650 nm) of the
Vis/NIR region. The pH-dependent emission intensity of Zn;

(1 ugmL™") in PBS solution with b) 4,,=410 nm and c) 4., =530 nm.

Further analysis shows that the 650 nm emission can be
generated by excitation at a wide range of visible wavelengths,
with multiple resonance peaks at 515, 545 and 590 nm. The
presence of 650 nm peaks in the spectra of the isostructural
Cos and Ni; confirms that the emission originates from the
organic ligands (Supporting Information, Figures S17 and
S18). The lifetimes, circa 1-2 nanoseconds for all the
luminescent bands of the My (M=Zn, Co, Ni) family
(Supporting Information, Table S6), confirmed they are not
from a triplet state."” Thus, the emission band at 540 nm is
ascribed to the intraligand m—m* transition. While the
emission at 650 nm is assigned to the interligand transition
within the cluster, which results from the intermolecular 71—t
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stacking interaction with a distance of circa 3.3 A. Such
multiple excitation and emission bands are rarely observed in
coordination clusters. They originate from the special ligand
configuration that results from the penta-nuclear core,
including planarity, rigidity, six conjugated rings, and parallel
ligands with short distances.”” The observed emission, which is
close to the Vis/NIR region, is also uncommon for Zn
coordination clusters, as most of them have emission bands
located in the UV/Vis region, originating from intra-ligand
transitions.”’)

As Zn; shows affinity to HCI and NH;, we investigated
whether pH affects the fluorescence of Zns, especially the
emission at 650 nm. The pK, of Zns was determined to be 4.8
using a Sirius T3 apparatus at 25°C in aqueous solution
(Supporting Information, Figure S19). The PBS buffer sol-
utions of Zns with pH ranging from 2 to 8 exhibit similar
absorption spectra with almost unchanged intensity (Support-
ing Information, Figure S20). However, the fluorescence of
Zn; is sensitive to the solution pH. When the pH decreased
from 7 to 2, an 8-fold and 2.5-fold enhancement is observed
for the emission peaks at 500 nm and 650 nm, respectively, in
a PBS solution (Figure 3 and the Supporting Information,
Figure S21). Thus, Zns exhibits different pH sensitivity at
different emission wavelengths. The pH dependence may
stem from the reversible protonation and de-protonation of
the uncoordinated imidazole nitrogen, which leads to alter-
ations of the m electronic charge densities of the ligands
(Figure 1).01%

The high chemical stability, emission in the Vis/NIR
range, pH sensitivity, and a pKa located in the tumor pH
range, are characteristics of Zns that meet the requirements
for pH-sensitive fluorescent bioprobes.'”! To clarify whether
a similar a fluorescence response occurs in biological organ-
isms, we investigated the application of Zns in cultured cells.
Zn; is photostable in both BSA and mouse serum (Supporting
Information, Figures S22 and S23). Additionally, Zns has
negligible cytotoxicity for HeLa (human cervical carcinoma
cells), 293T (transformed human kidney cell line) and CHO-
K1 (Chinese hamster ovary cell) (Supporting Information,
Figure S24). Zns was then used to target lysosomes in living
cells because of their acidic microenvironment. Co-localiza-
tion experiments involving Zns were performed in HeLa cells
using LysoTracker Red (LTR) as a known lysosome-specific
fluorescent probe. The distribution of the fluorescence from
Zn;g, shown in blue, co-localized and overlapped well with the
red fluorescence from LTR, indicating Zns can selectively
display lysosomes in living cells because of the acidic micro-
environment (Supporting Information, Figure S25). The fluo-
rescence response of Zns to pH changes in HeLa cells was also
tested under the control of bafilomycin A1, which is a selective
inhibitor for lysosomal acidification. With increased concen-
tration of bafilomycin Al, lysosomal pH increased and the
blue fluorescence of Zns within the cells gradually decreased,
whereas the red fluorescence of LTR remained essentially
unchanged (Supporting Information, Figure S26), confirming
the feasibility of using Zns to monitor pH changes in living
cells.

Several reports have indicated that the tumor extracellu-
lar microenvironment is more acidic than normal tissues,

www.angewandte.de

An dte

Chemie

11581


http://www.angewandte.de

GDCh
~~—~

11582

which is an important characteristic for differentiating
tumors.'! Encouraged by the success in imaging lysosomes
and monitoring pH changes of the microenvironment in live
cells, we explored the use of Zns in tumor imaging. The in vivo
tumor imaging was investigated in A375 tumor-bearing mice
and was performed by an IVIS Spectrum CT imaging system
with excitation at 450-485 nm and emission at 630-650 nm
using appropriate filter sets. Although excitation in the visible
light region, which has low tissue penetration, can limit in vivo
imaging, both the 2D and 3D images still show that the tumor
is distinguishable from other tissues with good fluorescence
contrast (Figure 4 and the Supporting Information, Fig-
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Figure 4. a) 3D fluorescence imaging of the mice bearing A375 tumor
after intravenous injection of Zn;. b) Fluorescence imaging of tumors
of different sizes and vital organs collected from the experimental
mice bearing A375 tumor after intravenous injection of Zns.

ures S27-30). The fluorescence intensity gradually disap-
peared 6 h post-injection, suggesting that the probe can be
metabolized by the body. Although the fluorescence signal
becomes weaker when the A375 tumor size is decreased, it is
still distinguishable for tumors as small as circa 13.5 mm’.
Therefore, Zns is a new fluorescent tumor indicator, which
can effectively detect tumors in mice in vivo, owing to the
acidic tumor microenvironment. There are only a few pH-
sensitive NIR fluorescent probes that can distinguish tumors.
Most reported examples are organic dyes!"™ and nanoparti-
cles." Owing to its multiple fluorescence bands and pH
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response in solution, Zns; can be used for bio-imaging in
complex biological systems.

In conclusion, we have shown the sequence of both the
in situ ligand dehydration and assembly of a polynuclear
cluster through a solvothermal reaction by crystallography
and MS. The solid-state and solution structural information
explained the numerous unusual properties of the Zn; cluster
including its high stability, affinity for various molecules,
multiple fluorescence bands, and pH sensitivity. These
positive characteristics were applied in bio-imaging, in
which Zn; functioned as a pH-responsive Vis/NIR fluorescent
bioprobe with negligible toxicity. The distinct fluorescence at
tumor sites provides new opportunities for non-invasive
in vivo imaging of tumors as small as 13.5 mm®. To the best
of our knowledge, the present Zn; is the first example of a pH-
sensitive Vis/NIR probe from a 3d-metal cluster. This work
presented a vivid example of the relevance of solid and
solution structures in guiding the functional exploration of
a coordination cluster. This first report of tumor imaging
using a small Zn cluster also suggests the potential to develop
inexpensive, 3d-metal coordination molecules from biologi-
cally abundant metals for bio-imaging and disease diagnosis
in the future.
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