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ABSTRACT: Combinatorial synthesis can be applied for developing a
library of compounds that can be rapidly screened for biological activity.
Here, we report the application of microwave-assisted combinatorial
chemistry for the synthesis of 80 rhenium(I) tricarbonyl complexes
bearing diimine ligands. This library was evaluated for anticancer activity
in three different cancer cell lines, enabling the identification of three
lead compounds with cancer cell growth-inhibitory activities of less than
10 μM. These three lead structures, Re-9B, Re-9C, and Re-9D, were
synthesized independently and fully characterized by NMR spectroscopy,
mass spectrometry, elemental analysis, and X-ray crystallography. The
most potent of these three complexes, Re-9D, was further explored to
understand its mechanism of action. Complex Re-9D is equally effective
in both wild-type and cisplatin-resistant A2780 ovarian cancer cells,
indicating that it circumvents cisplatin resistance. This compound was also shown to possess promising activity against ovarian
cancer tumor spheroids. Additionally, flow cytometry showed that Re-9D does not induce cell cycle arrest or flipping of
phosphatidylserine to the outer cell membrane. Analysis of the morphological changes of cancer cells treated with Re-9D
revealed that this compound gives rise to rapid plasma membrane rupture. Collectively, these data suggest that Re-9D induces
necrosis in cancer cells. To assess the in vivo biodistribution and stability of this compound, a radioactive 99mTc analogue of Re-
9D, 99mTc-9D(H2O), was synthesized and administered to naıv̈e BALB/c mice. Results of these studies indicate that 99mTc-
9D(H2O) exhibits high metabolic stability and a distinct biodistribution profile. This research demonstrates that combinatorial
synthesis is an effective approach for the development of new rhenium anticancer agents with advantageous biological
properties.

■ INTRODUCTION

Ovarian cancer is a leading cause of death for women
worldwide.1 The dismal five-year survival rate for ovarian cancer
has only improved marginally since 1977. The current standard
of care for this disease is the combination chemotherapy
regimen of either cisplatin or carboplatin and taxanes, such as
paclitaxel and docetaxel.2 Despite the widespread success and
implementation of these platinum-based drugs, their use for
ovarian cancer is limited by the fact that ∼70% of patients
relapse with the disease returning in a form that is platinum-
resistant.3,4 Resistance to cisplatin is multifactorial; resistant
cancer cells exhibit a combination of increased capacity for DNA
repair, decreased drug uptake, and increased ability to sequester
and deactivate drugs with biomolecules such as glutathione
(GSH).5−11 As such, the design of alternative metal-based
anticancer agents that are not susceptible to these platinum
resistance mechanisms is a promising approach for the
development of new drugs for the treatment of ovarian cancer.
The investigation of alternative anticancer metal complexes

has led to the discovery of compounds of titanium, gold, and
ruthenium that exhibit promising anticancer activity,12 with

several of these agents advancing to clinical trials.13−16

Transition metal-based drug candidates containing the 5d
elements, rhenium, osmium, and iridium, can also exhibit
effective anticancer properties.17,18 Among these candidates,
rhenium-based anticancer agents containing the stable rhenium-
(I) tricarbonyl motif were recently found to be particularly
promising.19−21 These complexes are kinetically inert and
exhibit rich spectroscopic properties, features that make them
appealing for biological use. For example, we have demonstrated
that particular candidates from this class of compounds exhibit
potent in vitro anticancer activity and can be used for
luminescence imaging in cells.22,23 Furthermore, technetium-
99m (99mTc), the most commonly employed diagnostic
radionuclide in nuclear medicine, exhibits similar chemistry to
rhenium, allowing the synthesis of 99mTc homologues of
promising rhenium anticancer drug candidates that can be
used for in vivo imaging and biodistribution studies.24
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Collectively, these properties demonstrate the promise of
rhenium complexes as theragnostic anticancer agents.
Although recent reports have highlighted the promising

anticancer activity of several rhenium complexes,18−20 access to
larger libraries of these compounds is limited by conventional
synthetic approaches and the high cost of rhenium starting
materials. The application of combinatorial synthetic strat-
egies25,26 would substantially reduce time and effort in
developing a library of these complexes for biological use.
Combinatorial syntheses typically require one-pot reactions that
combine different building blocks to access a set of diverse
molecular entities.26−29 In the context of medicinal inorganic
chemistry, combinatorial approaches have been applied to
generate libraries of anticancer ruthenium and platinum
complexes.30−37 Importantly, these studies identified promising
anticancer drug candidates, validating the use of combinatorial
chemistry for the discovery of new inorganic therapeutic agents.
Given the successful application of combinatorial synthesis for

the discovery of new platinum and ruthenium anticancer agents,
we sought to apply this methodology to identify rhenium-based
anticancer drug candidates. For this study, we employed a one-
pot, three-component reaction involving an aniline, an aldehyde
with an attached N-donor, and Re(CO)5Cl to rapidly synthesize
an array of rhenium(I) tricarbonyl complexes bearing different
diimine ligands. These complexes were then screened for
anticancer activity in a panel of cancer cell lines. Through these
studies, we identified a new lead compound, Re-9D, and
evaluated its biological mechanism of action. Collectively, this
study further validates the implementation of combinatorial
chemistry approaches for the discovery of new metal-based drug
candidates with different mechanisms of action.

■ RESULTS AND DISCUSSION
Microwave-Assisted One-Pot Combinatorial Synthe-

sis. With the objective of developing a library of rhenium
compounds through combinatorial synthesis, we sought
chemistry that is robust enough to be performed in a 96-well
plate, yet offers a diverse range of structural possibilities. A
previously reported approach for the combinatorial synthesis of
anticancer ruthenium-arene complexes exploited the metal-
templated condensation of anilines with picolinaldehydes to
yield new compounds bearing pyridylimine ligands.30,31 Based
on the promising anticancer activities of rhenium(I) tricarbonyl
complexes, we aimed to adapt this condensation chemistry for
the generation of a diverse library of these compounds. The
feasibility of this strategy was bolstered by previous studies that
have demonstrated that Re(CO)5Cl acts as an appropriate
template for aniline-picolinaldehyde condensation chemistry to
afford rhenium(I) tricarbonyl complexes bearing pyridylimine
ligands.38−41

To apply this chemistry in a combinatorial manner, we
envisioned mixing three components, namely, an aldehyde, an
aniline, and Re(CO)5Cl, in each well of a 96-well plate (Figure
1a). By varying both the aldehyde and the aniline, a diverse range
of compounds containing functional groups of differing
lipophilicities and electron-donating properties can be accessed.
Such structural variety could aid efforts to determine a
structure−activity relationship (SAR) for this class of com-
pounds.42−45 We employed series of anilines (1−10) and
aldehydes (A−H) and administered them to different columns
and rows, respectively, of a 96-well plate (Figure 1b). Within the
96-well plate, these components were incubated with Re-
(CO)5Cl in dimethyl sulfoxide (DMSO). The reactions did not

proceed neither at room temperature nor at 37 °C. However,
upon the application of microwave radiation for 5 min, the
desired reactivity was observed, as indicated by dramatic color
changes in the solutions within the wells (Figure S1a,
Supporting Information). Notably, the use of microwave
irradiation for the synthesis of related rhenium(I) tricarbonyl
complexes with pyridylpyrazole ligands has recently been
described.46 The efficacy of these 96-well three-component
reactions was assessed by high-performance liquid chromatog-
raphy (HPLC) coupled to an autosampler (representative
chromatogram Figure S1b, Supporting Information). Of the 80
reactions performed, 12% of them had formed the desired
products in a purity of greater than 70%, reflecting the general
success of this synthetic strategy. For comparison, 15% of the
initial combinatorially synthesized library of ruthenium-arene
pyridylimine complexes were obtained in greater than 70%
purity.30

Biological Activity Screening of Compound Library.
With the combinatorial library of rhenium-diimine complexes in
hand, they were next evaluated for anticancer activity in a panel
of cancer cell lines comprising cervical (HeLa), ovarian
(A2780), and cisplatin-resistant ovarian (A2780CP70) cancers.
The compounds in this library were directly transferred to 96-
well plates containing the cancer cells, achieving a final
administered concentration of 10 μM (1% DMSO). The
cytotoxicities of the 80 compounds at this single 10 μM dose
were evaluated to rapidly identify potential lead compounds
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT).47 From these single-dose studies, three
compounds, Re-9B, Re-9C, and Re-9D, were found to induce
greater than 95% cell death relative to control cells treated with
1% DMSO only at 10 μM (Table S1, Figures 2 and S2,
Supporting Information). The extent of cell death caused by
other compounds in the library ranged from less than 5% to 81%,
indicating that the nature of the diimine ligands plays an
important role in modulating the biological activities of this class
of compounds. To determine the SAR for these compounds, we
analyzed both the calculated water−octanol partition coef-
ficients (log P), a quantitative measure of lipophilicity (Table S2,
Supporting Information),42,43 and the Hammett substituent

Figure 1. (a) General synthetic approach for rhenium-diimine
formation. (b) Aldehydes (A−H) and anilines (1−10) with different
functional groups used as starting materials for imine condensation in
library synthesis.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03552
Inorg. Chem. 2019, 58, 3895−3909

3896

http://dx.doi.org/10.1021/acs.inorgchem.8b03552


parameters, quantitative measures of electron-donating and
-withdrawing properties (Table S3, Supporting Informa-
tion),44,45,48 for the different diimine ligands. Unfortunately,
analyses of these parameters do not indicate any clear SAR that
are predictive of compound cytotoxicity. The most active
compounds, Re-9B, Re-9C, and Re-9D, however, all share in
common the strongly electron-donating dimethylamino sub-
stituent on the aniline, suggesting that this structural feature is
important for their cytotoxic properties. Another common
structural feature of these three lead compounds is the presence
of a substituent in the para position of the picolinaldehyde.
Rhenium compounds that contain the dimethylamino function-
ality but lack a para substituent on the aniline are inactive. Thus,
both features appear to be requisite for effective anticancer
activity within this class of compounds.
Synthesis and Characterization of Lead Compounds.

Having establishedRe-9B,Re-9C, andRe-9D as the most active
compounds in our combinatorial screening, we sought to
synthesize them on a preparative scale, validate their purities,
and explore their biological properties in greater detail. The
large-scale syntheses of these compounds were performed as
one-pot reactions following previously reported methods.38 The
ligand components, aniline 9 and aldehyde B, C, or D, were
allowed to stir in MeOH for 20 min to form the desired free
ligands 9B, 9C, or 9D. The addition of Re(CO)5Cl to these
solutions at reflux afforded red solutions from which Re-9B, Re-
9C, or Re-9D could be isolated upon evaporation of the MeOH
and subsequent recrystallization using diethyl ether.
These compounds were characterized by 1H NMR spectros-

copy, Fourier transform infrared (FTIR) spectroscopy, UV−vis
spectroscopy, electrospray ionization mass spectrometry (ESI-

MS), elemental analysis (EA), and reversed-phase HPLC (RP-
HPLC). The free ligands (9B, 9C, and 9D) were also separately
synthesized and characterized by 1H NMR spectroscopy, ESI-
MS, and EA. The 1H NMR spectra of the complexes display
resonances of the aromatic and imine peaks that are shifted
further downfield compared to the free ligands. (Figures S3−S8,
Supporting Information). The IR spectra (Figures S9−S12,
Supporting Information) reveal three intense CO stretching
modes. The two low-energy modes range in energy from 1905 to
1928 cm−1, and the third stretching mode is observed at ∼2025
cm−1. The observation of three peaks is expected for the
rhenium(I) tricarbonyl core in a C1-symmetric ligand environ-
ment, and their energies are consistent with previously reported
complexes of this type.38 The UV−vis spectra of the complexes
in acetonitrile (ACN) display two prominent features. A higher-
energy peak between 260 and 270 nm is assigned to an
intraligand π−π* transition, and a lower-energy band between
460 and 490 nm is assigned to a metal-to-ligand charge transfer
(MLCT) transition. Notably, the MLCT transition of Re-9B
(λmax = 461 nm) is lower in energy compared to those of Re-9C
andRe-9D (both with λmax = 486 nm). The red-shift observed in
Re-9B correlates with the presence of the electron-donating
methyl group on the aniline in 9B, in contrast to the electron-
withdrawing halide groups in 9C and 9D. Lastly, the complexes
were characterized by ESI-MS, confirming their molecular
formula through the observation of a predominant m/z peak
corresponding to the [M−Cl + DMSO]+ ion. The complex
purity was verified to be greater than 95% by both EA and RP-
HPLC analysis (Figures S14−S16, Supporting Information).
With these compounds fully characterized, their stability in

aqueous buffer and in the presence of serum was investigated.
For these studies,Re-9Dwas used as a representative example of
the three compounds. When Re-9D is incubated in aqueous
buffer (0.1% DMSO, 100 mM MOPS, pH 7.4), its spectral
feature at 530 nm undergoes a blue-shift over the course of
several hours (Figure S17a, Supporting Information). The final
spectral trace is consistent with that of the aquated form of Re-
9D, Re-9D(H2O), which was prepared in situ via the reaction of
Re-9D with AgOTf. Thus, this result shows that Re-9D
undergoes aquation on the time scale of hours in a manner
that is similar to cisplatin, for example. We performed this same
experiment in the presence of serum (0.1% DMSO, 10% fetal
bovine serum (FBS), 100 mM MOPS, pH 7.4) as well (Figure
S17b, Supporting Information). Likewise, the final UV−vis
spectrum was consistent with that of Re-9D(H2O), indicating

Figure 2.MTT cell viability assay of the 80 combinatorially synthesized
rhenium-diimine complexes at a single-dose of 10 μM (1% DMSO).
This initial screen identified Re-9B, Re-9C, and Re-9D as lead
candidates. In the MTT assay, viable cells generate a purple formazan
dye, whereas nonviable cells do not.

Figure 3. X-ray crystal structures of Re-9B, Re-9C, and Re-9D. The disordered components of the axial Cl and CO ligands are omitted for clarity.
Thermal ellipsoids are drawn at the 50% probability level.
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that, even in the presence of serum, aquation occurs with no
detectable further compound decomposition. Furthermore, the
time-scale of aquation in the presence and absence of serum was
nearly identical. Thus, although Re-9D is susceptible to
aquation, it is otherwise stable in aqueous solution.
Single-Crystal X-ray Diffraction. Complexes Re-9B, Re-

9C, and Re-9D were also characterized structurally by single-
crystal X-ray diffraction. The crystal structures of these
complexes are shown in Figure 3, and relevant crystallographic
parameters are detailed in Table S4 (Supporting Information).
Selected interatomic distances and angles are presented in Table
1. All complexes exhibit the expected octahedral geometry

around the d6 rhenium(I) center with the carbonyl ligands
arranged in a facial manner. The Re−N1 and Re−N2 interatomic
distances range from 2.171 to 2.179 Å and from 2.185 to 2.215
Å, respectively. These values are similar to those observed in the
previously reported crystal structure of fac-[Re(CO)3(1A)Cl],

41

suggesting that the peripheral substituents on the pyridylimine
ligands have a negligible influence on Re−N interatomic
distances. The Re−C and C−O distances are consistent with
the expected results for this class of compounds. Positional
disorder between the axial chloride and CO ligands was detected
and modeled in Re-9B and Re-9D. Therefore, the accuracy of
axial distances (Re−COaxial and Re−Cl) is less reliable than the
other metrics in these structures. Notably, the pyridylimine
ligands in all three structures are not planar. The aniline ring is
tilted from the plane of the chelate ring with torsion angles that

range from−59.49 to 35.25°. This deviation from planarity may
be a consequence of steric repulsion between the ortho
hydrogen atom on the aniline and the adjacent CO ligand.
Lastly, the dimethylamino substituent is planar in all three
structures, indicating that the nitrogen center is sp2 hybridized
and in conjugation with the aromatic ring system.

In Vitro Anticancer Activity of Lead Compounds.
Having independently synthesized and fully characterized the
three lead compounds identified from our combinatorial
screening, we sought to evaluate their in vitro anticancer
activities via dose-escalation studies in wild-type (A2780) and
cisplatin-resistant ovarian cancer (A2780CP70) cells. Further-
more, the anticancer properties of the ligand components and
free ligands were evaluated to verify that the observed activities
of our identified lead compounds were due to the complexes
rather than residual starting materials. (Figures S18−S40,
Supporting Information). All three rhenium complexes exhibit
50% growth inhibitory concentration (IC50) values below 10
μM after a 48 h treatment period (Figure 4a), whereas the
starting components (9, B, C, and D) and free ligands (9B, 9C,
and 9D) induce 50% cell death at concentrations exceeding 10
μM. The rhenium starting material, Re(CO)5Cl, is also known
to not induce any cytotoxic effects in cancer cells at
concentrations under 200 μM,49 indicating that this compound
is not likely a contributing factor to the activities observed. The
IC50 values for all samples in A2780 and A2780CP70 cell lines
are shown in Table 2. The enhanced cytotoxic activities of the
rhenium compounds compared to the free ligands or ligand
components suggest that the combinatorial screening accurately
identified the intact complexes as potential lead candidates. All
three complexes are not cross-resistant with cisplatin, as
evidenced by the fact that they kill wild-type and cisplatin-
resistant cell lines with equal efficacy (Figure 4b).
Among the three compounds, Re-9D is the most potent as

characterized by an IC50 value of ∼3 μM in these ovarian cancer
cell lines. On the basis of the promising activity of Re-9D, we
evaluated this compound further in HeLa cervical cancer cells
and noncancerous HEK293 human embryonic kidney fibro-
blasts (Table 3, Figures S18 and S41−44, Supporting
Information). In comparison to cisplatin, Re-9D is more active
against the HeLa cells, confirming this compound’s cytotoxic
potential. However, Re-9D also exhibits a low micromolar IC50
value in the noncancerous HEK293 kidney cells. Although this
compound is equally toxic in HEK293 and HeLa cells, note that

Table 1. Selected InteratomicDistances (Å) andAngles (deg)
for Re-9B, Re-9C, and Re-9Da

Re-9B Re-9C Re-9D

Re−N1 2.171(2) 2.179(3) 2.176(5)
Re−N2 2.215(3) 2.185(3) 2.209(5)
Re−Cl1 2.422(5)b 2.4837(9) 2.4776(2)b

Re−C1 1.9421(13)b 1.907(4) 1.926(7)b

Re−C2 1.931(3) 1.919(4) 1.926(6)
Re−C3 1.916(3) 1.925(5) 1.915(7)
Cl1−Re−C1 177.8(5)b 173.55(12) 175.0(2)b

Re−N2−C10−C15 −28.99 −59.49 35.25
aAtoms are labeled as shown in Figure 3. Numbers in parentheses are
the estimated standard deviations for the last significant figure. bThese
bond distances and angles are affected by disorder.

Figure 4. (a) IC50 values of cisplatin and lead rhenium compounds in A2780 (blue) and A2780CP70 (red) cells. The error bars represent the standard
deviation from three independent experiments. (b) Dose−response curves forRe-9D in A2780 (blue) and A2780CP70 (red) cell lines. The error bars
represent the standard deviation from six replicates.
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cisplatin is actually 3.6 times more effective in killing the
noncancerous kidney cells. Therefore, the in vitro therapeutic
window of this compound is larger than that of cisplatin. Given
its poor selectivity for cancer cells, continued compound
optimization, possibly via the addition of tumor-targeting
moieties, will be required to further minimize the toxicity of
Re-9D in noncancerous cells.
Notably, the shapes of the dose−response curves for cells

treated with Re-9D consistently display a large gradient at the
inflection point. The steepness of the dose−response curve,
known as the Hill slope (HS), has potential implications on the
mechanism of action of the compound.50,51 For example,
compounds that give rise to large HS values are less sensitive to
cell-to-cell variation that arises within a sample due to
differences in the cell cycle progression and protein expression
levels.52−55 For comparison, the dose−response curves of
cisplatin-treated cells are shallow and have Hill slope values
that are close to 1. By contrast, Re-9D gives rise to substantially

larger HS values between 10 and 15 across A2780, A2780CP70,
HeLa, and HEK293 cell lines. These large HS values imparted
by Re-9Dmay indicate that this compound induces cell death in
a manner that is independent of the cell-to-cell variability.
Further comparative analysis, however, is required to better
understand how the dose−response curve shape affects
anticancer activity and what the implications are with respect
to the mode of cell death.55

The in vitro studies described above demonstrate that Re-9D
is effective at killing cancer cells when cultured as two-
dimensional (2D) monolayers. However, this 2D model does
not accurately capture the properties of solid three-dimensional
(3D) tumors found in vivo.56 To evaluate the anticancer activity
of Re-9D in a more biologically relevant model, 3D tumor
spheroids, which share a number of features with solid tumors
found in vivo,57,58 were employed. Tumor spheroids (250−300
μm in diameter) comprising A2780 cells57 were treated with
either cisplatin or Re-9D, and their viability was determined
using the resazurin cell viability assay (Figure 5).59−61 The
resulting dose−response curves reveal IC50 values of 2.4 and 6.9
μM for cisplatin and Re-9D, respectively (Figure 5). In contrast
to the monolayer model, complete cell death was not observed
in the tumor spheroids even at the highest concentrations of
cisplatin and Re-9D administered, demonstrating how the
compounds are less active in this 3D model. This result is
consistent with previous studies that similarly shows cisplatin to
fail at inducing 100% cell death in 3D tumor spheroids.62 This
lack of complete cell death may arise from the inabilities of these
compounds to penetrate and access the central interior of the
tumor spheroid. Continuous treatment with the compounds
may potentially lead to complete spheroid dissolution, but this
approach is likely to bemost effective for smaller tumor spheroid
models.

Effects of GSH on Cell Viability. As demonstrated above,
Re-9D is able to circumvent cisplatin resistance in the A2780
ovarian cancer cells. Because cisplatin resistance is multifactorial,
we sought to understand the origin of the lack of cross-resistance
of Re-9D with cisplatin. One major phenotype of cisplatin-
resistant cells is the presence of elevated levels of intracellular
GSH.9,63 This biomolecule exhibits antioxidant activity and can
also bind and sequester foreign metal ions and complexes, such
as cisplatin.64 The deactivation of metal-based drug candidates
by GSH is a common cause of multifactorial resistance by cells.
As such, there is significant interest in the development of new
agents that are not susceptible to deactivation by GSH, a

Table 2. IC50 Values (μM) for Cisplatin, Starting
Components, Free Ligands, and Lead Compounds in A2780
and A2780CP70 Cellsa

A2780 A2780CP70

cisplatin 1.1 ± 0.4 14.3 ± 1.3
9 37.2 ± 13.1 37.4 ± 10.8
B 61.5 ± 19.3 152.5 ± 98.7
C 71.5 ± 20.4 76.8 ± 26.1
D 33.7 ± 10.8 58.0 ± 36.1
9B 37.5 ± 13.1 15.8 ± 1.8
9C 39.4 ± 15.8 47.1 ± 1.7
9D 25.4 ± 7.2 22.4 ± 5.7
Re-9B 5.1 ± 0.5 3.7 ± 0.6
Re-9C 4.3 ± 1.3 4.1 ± 1.7
Re-9D 3.2 ± 0.3 3.6 ± 0.2

aThe errors represent the standard deviation from three independent
experiments.

Table 3. IC50 Values (μM) for Cisplatin and Re-9Da

HeLa HEK293

cisplatin 9.8 ± 0.9 2.7 ± 1.8
Re-9D 3.4 ± 1.0 3.4 ± 0.1

aThe errors represent the standard deviation from three independent
experiments.

Figure 5. Dose−response curves of A2780 cell monolayers (blue) and tumor spheroids (red) treated with (a) cisplatin or (b) Re-9D. The error bars
represent the standard deviation from six replicates.
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property that has been observed in several metal-based
compounds.65−67 To evaluate the role of GSH in inhibiting
the cytotoxic activity of Re-9D, A2780CP70 cells were treated
with 100 μM of this compound and given varying concen-
trations of GSH, ranging from 0.25 to 16 mM. Increasing GSH
had a negligible effect on the viability of cells treated withRe-9D
(Figure 6a). By contrast, the cytotoxic activity of cisplatin was
significantly diminished in the presence of higher concentrations
of GSH. These data support the hypothesis that Re-9D is not
deactivated by GSH extracellularly.
To further verify this result and confirm that Re-9D is not

deactivated by intracellular GSH, we performed viability studies
in the presence of L-buthionine sulfoximine (BSO), which is a
selective inhibitor of γ-glutathione synthetase, the enzyme
responsible for intracellular GSH production. On the basis of its
ability to decrease intracellular GSH levels, BSO has been shown
to enhance the cytotoxic effects of metal-based drugs.64,65,67−72

A2780CP70 cells were treated with 10 mM BSO to deplete
intracellular glutathione concentrations and then incubated with
varying concentrations of cisplatin or Re-9D. Upon preincuba-
tion of the cells with BSO, cisplatin exhibits greater potency, as
evidenced by a lower IC50 value of 4.7 μM (Figure 6b). By
contrast, the activity of Re-9D is not affected by the depletion of
GSH by BSO (Figure 6c). This result provides further evidence
against the role of GSH in altering the anticancer activity of Re-
9D. Collectively, these results suggest that GSH is unable to
effectively sequester the rhenium(I) center of this compound.
They further imply thatRe-9D does not induce cell death via the
production of reactive oxygen species (ROS), because the
antioxidant activity of GSH can effectively protect cells against
this type of cytotoxic insult as well.
Cellular Uptake and Localization Analysis of Re-9D

and Cisplatin. Another key feature of cisplatin resistance is
decreased drug uptake.73 Effective cell uptake is required for
metal-based drug candidates to induce cancer cell death. The
ability of transition metal compounds to penetrate the cell
membrane can be quantified using graphite furnace atomic
absorption spectroscopy (GFAAS) or inductively coupled
plasma mass spectrometry (ICP-MS),74−77 and these data can
provide insight on the efficacy of a compound for killing cells.
Additionally, many compounds of rhenium have been analyzed
for their localization in cells using confocal fluorescence
microscopy, providing information on their biotargets and
mechanisms of action.20,78,79 BecauseRe-9D is not luminescent,
the cellular uptake and localization of this compound and
cisplatin for comparative purposes in both A2780 and

A2780CP70 cells was analyzed with GFAAS and ICP-MS.
Following a modified version of previously described methods,
cells were incubated with 10 μM Re-9D or 10 μM cisplatin for
24 h, and the different lysate samples were isolated and analyzed
for their metal content normalized by the amount of protein in
the samples.80 These results are compiled in Table 4. For cells

treated with cisplatin, lower quantities of platinum were
detected in the resistant A2780CP70 cells in comparison to
the wild-type A2780 cells. These data are consistent with
previous studies that also demonstrate that there is lower
platinum uptake in cisplatin-resistant ovarian cancer cells
compared to the wild-type A2780 cells.81 Notably, samples
treated with Re-9D exhibit statistically similar rhenium
accumulation in nuclear and mitochondrial lysates between
both A2780 and A2780CP70 cell lines. However, the whole cell
uptake of rhenium is ∼40% lower in the A2780CP70 cells
compared to the A2780 cells. These results suggest that of the
cellular uptake of Re-9D is negatively affected by the alterations
to the ovarian cancer cells that contribute to their resistance. The
observation that the nuclear and mitochondrial fraction in both
cells lines contain similar content of rhenium, however, suggests
that decreased overall cell uptake does not prevent this
compound from reaching these organelles in equal concen-
trations. In comparing the mitochondrial and nuclear fraction, it
is apparent that Re-9D preferentially accumulates in the
mitochondria.

Figure 6. (a) Dose−response curves of A2780CP70 cells in the presence of either 100 μM Re-9D (red) or cisplatin (blue) and increasing
concentrations of GSH. The data show how GSH protects cells from cisplatin but not Re-9D. (b) Dose−response curves for cisplatin-treated
A2780CP70 cells in the absence (burgundy) or presence of 10 mM BSO (green). (c) Dose−response curves for Re-9D-treated A2780CP70 cells in
the absence (burgundy) or presence of 10 mM BSO (green). The error bars represent the standard deviation from six replicates.

Table 4. Cellular Fractionation Uptake Data Quantified
Using GFAAS (Platinum) and ICP-MS (Rhenium)a

cell fraction

metal contentb in
A2780 cells

(ng/μg protein)

metal contentb in
A2780CP70 cells
(ng/μg protein)

cisplatin whole cellc 0.086 ± 0.004 0.045 ± 0.001
nucleid 0.059 ± 0.003 0.023 ± 0.001
mitochondriae 0.069 ± 0.005 0.032 ± 0.002

Re-9D whole cellc 0.17 ± 0.01 0.10 ± 0.01
nucleid 0.25 ± 0.01 0.26 ± 0.12
mitochondriae 1.01 ± 0.26 1.13 ± 0.28

aProtein content was determined with BCA assays. bThe errors
represent the standard error from three independent experiments.
cMetal content is normalized to the amount of protein from whole
cells. dMetal content is normalized to the amount of protein from
nuclei. eMetal content is normalized to the amount of protein from
mitochondria.
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Flow Cytometry. Having determined that Re-9D can
overcome cisplatin resistance, its mechanism of action was
further investigated to understand how it induces cancer cell
death. A number of anticancer agents disrupt regulation of the
cell cycle in a manner that reflects their mechanism of action.82

For example, cisplatin arrests the cell cycle in the S and G2/M
phases by inhibiting DNA transcription.83,84 Using propidium
iodide (PI) and flow cytometry, we evaluated the ability of Re-
9D to alter the cell cycle. PI is luminescent only when bound to
DNA, and the intensity of intracellular luminescence, as
measured by flow cytometry, is proportional to the amount of
DNA within the cell.85 Cells in the G0/G1 phase have one full
copy of DNA, whereas cells in the G2/M phase have two copies
of the chromosomal DNA. Cells in the S phase have an
intermediate number of copies of DNA. Hence, the use of PI to
quantify the amount of DNA can indicate the phase of the cell
cycle that each cell is in. Treatment of A2780 cells with 5 μM
cisplatin for 24 h showed stalling in the S and G2/M phases,
consistent with previous studies (Figure S45a,b, Supporting
Information).86 By contrast, treatment with 5 μM Re-9D for 24
h minimally stalls the G0/G1 phase (78.5%) compared to the
untreated cells (73.8%). The lack of a substantial effect on the
cell cycle suggests that Re-9D acts in a manner that is
independent of the cell cycle status. This result argues against
direct DNA targeting as a mechanism of action for this
compound, because DNA-targeting drugs are known to be
heavily dependent on the phase of the cell cycle.87 Additionally,
regulated forms of cell death, such as apoptosis, often rely on
specific checkpoints within the cell cycle to mediate these
processes. By contrast, unregulated cell death, namely, necrosis,
is expected to be largely independent of the cell cycle. For a
related previously reported rhenium(I) tricarbonyl complex,
cancer cells were found to be stalled in the G2/M phase.22 A
comparison of the results for these compounds reveals that the
biological properties of rhenium(I) tricarbonyl complexes
exhibit a remarkable dependence on the natures of their
supporting ligands.
The mechanism of action of Re-9D was further evaluated for

its ability to induce apoptosis by determining the extent to which
this compound causes externalization of phosphatidylserine
(PS) to the outer cell membrane. PS is a plasma membrane

phospholipid that is predominately located on the inner
membrane of the cell.88 A hallmark feature of apoptotic cell
death is the rotation of this phospholipid to the outer leaflet of
the cell membrane. Therefore, apoptotic cells can be identified
using annexin V, a protein with a high binding affinity and
selectivity for exposed PS,89 conjugated to a fluorescent dye
(annexin V−Alexa Fluor 488). Additionally, PI can be used to
stain necrotic cells, which are characterized by their permeabi-
lized outer membranes.89 The simultaneous use of PI and dye-
labeled annexin V enables the differentiation of cells undergoing
apoptosis or necrosis in response to a cytotoxic agent. A2780
cells were treated withRe-9D and analyzed via flow cytometry in
conjunction with these two dyes to determine apoptotic and
necrotic cell populations (Figure 7). As control experiments,
cells were treated with etoposide or cisplatin, subjected to high
temperatures (60 °C, 10 min), and analyzed in a similar
manner.90 As expected, on the basis of their abilities to induce
apoptosis, both etoposide- and cisplatin-treated samples all
show increased annexin V-positive cell populations as compared
to the untreated control. Likewise, cells subjected to increased
temperatures were characterized by a PI-positive population,
confirming the expected necrotic cell death under these
conditions. By contrast, cells treated with 10 μM Re-9D did
not display a significant increase in annexin V binding. At higher
concentrations of 30 μM and 60 μM Re-9D, annexin V- and PI-
positive cell populations increased. The distinct separation of
these populations, as shown in the density plots (Figure S46,
Supporting Information), is poor. The lack of clear distinction
between these populations suggests that the annexin V-positive
populations may be arising downstream of cell permeabilization
induced by necrotic cell death.

Live Cell Imaging and Time-Lapse Microscopy. To
further probe the mechanism of cell death induced by Re-9D,
morphological changes in A2780CP70 cells treated with this
compound were investigated using optical microscopy.
Characteristic morphological features of apoptotic cell death
include cell shrinkage, membrane blebbing, and nuclear
fragmentation.91 By contrast, necrosis leads to the loss of cell
membrane integrity, resulting in expulsion of intracellular
contents.92−94 Upon treatment of A2780CP70 cells with 60
μM Re-9D (Figure 8, Video S1, Supporting Information),

Figure 7. Averaged populations of A2780 cells treated with heat (10 min at 60 °C), etoposide, cisplatin, or Re-9D. The error bars represent the
standard deviation from three independent experiments.
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microscopy revealed changes in cell morphology within 90 min
of incubation. Specifically, the majority of cells were rounded,
and cytoplasmic expulsion was observed. The changes were
distinct from untreated control cells, for which only minor
morphological differences were observed (Figure S47, Support-
ing Information). The similarities in the morphological changes
induced by Re-9D and other agents known to give rise to
necrosis supports the conclusion that this rhenium complex
exhibits cell death via necrosis.
As an additional validation of necrotic cell death, we

employed PI as a marker for necrosis in conjunction with
fluorescence microscopy. As membrane integrity is lost during
necrosis, PI can enter the cells and bind to nuclear DNA,
eliciting a fluorescence emission increase. A2780CP70 cells
treated with 60 μM Re-9D in the presence of PI were monitored
by confocal fluorescence microscopy over 3 h (Figure 9, Video
S2, Supporting Information). Within 60 min of incubation, the
majority of cells exhibited intense red luminescence of PI,
indicating that the cell membrane integrity was lost over this
time period. These results further confirm that Re-9D induces

necrosis. The rapidity at which Re-9D induces necrosis (less
than 2 h) is noteworthy. An organic drug candidate, AG311,
which exhibits its anticancer activity through mitochondrial
dysfunction, was similarly shown to induce necrosis within a
short time period.93,95

In Vivo Biodistribution and Metabolite Analysis. An
advantage of using rhenium compounds as anticancer agents is
the widespread availability of 99mTc, an imaging radionuclide
that possesses similar chemical properties as rhenium.
Complexes of 99mTc that are structurally analogous to promising
rhenium drug candidates can be synthesized and used as in vivo
companion diagnostic agents for single-photon emission
computed tomography (SPECT) imaging.96−98 To evaluate
the potential of a companion imaging agent for Re-9D, we
synthesized the analogous radionuclide-based complex of the
formula [99mTc(9D)(CO)3(H2O)]+ (99mTc-9D(H2O)). As
described below, our synthetic procedures led to isolation of
this aqua-capped species instead of a chlorido-capped
compound, which would be more strictly analogous to Re-9D.
The difference in complex charge may lead to distinct

Figure 8. Brightfield time-lapse microscopy images of A2780CP70 cells using an optical microscope showing changes in cellular morphology after
treatment with 60 μM Re-9D. Scale bars = 100 μm.

Figure 9. Time-lapse microscopy images of A2780CP70 cells using a confocal fluorescent microscope showing cellular autofluorescence (green) and
PI (red) after treatment with 60 μM Re-9D. Scale bars = 100 μm.
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biodistribution patterns for these two compounds. Because Re-
9D undergoes aquation, however, we expect that at longer time
points these compounds may exhibit similar biodistribution
patterns. Further data are needed to confirm this hypothesis, but
the in vivo data of 99mTc-9D(H2O) is an initial step in this
direction.
Compound 99mTc-9D(H2O) was prepared from Na-

[99mTcO4] and Na2[H3BCO2] to form [99mTc(CO)3(OH2)3]
+

(Scheme S1, Supporting Information).99 This trisaqua pre-
cursor was subsequently treated with ligand 9D for 40 min at 50
°C to obtain the desired 99mTc-9D(H2O) complex, confirmed
to contain the axial aqua ligand by HPLC (Figure S48,
Supporting Information), in a 48% radiochemical yield.
Subsequently, the compound was purified using preparative
RP-HPLC to 99% radiochemical purity and was formulated for
in vivo injection. Cohorts (n = 3, 4) of naıv̈e BALB/c mice were
injected with 99mTc-9D(H2O), and the percent injected dose
per gram (% ID/g) biodistribution was determined at 30, 60,
and 120 min time points (Figure 10 and Table S5, Supporting

Information). The results of these biodistribution studies reveal
that this compound clears through both renal and hepatic
pathways, consistent with observations for related technetium-
(I) tricarbonyl complexes including [99mTc(CO)3(2,9-dimeth-
yl-1,10-phenanthroline)(H2O)]

+ that was previously studied in
our lab.22,100,101 Additionally, 99mTc-9D(H2O) exhibits elevated
uptake in the myocardium compared to [99mTc(CO)3(2,9-
dimethyl-1,10-phenanthroline)(H2O)]

+. Given the large con-
centration of mitochondria in cardiac cells, this increased uptake
in the heart is consistent with cellular fractionation studies,
described above, which show high concentrations of Re-9D
observed in the mitochondria.
The urine (Figure 11) and blood (Figure S49, Supporting

Information) of mice injected with 99mTc-9D(H2O) were
analyzed by HPLC coupled to a radiation detector. The
resulting chromatograms reveal that this compound is relatively
stable in vivo. The intact complex (tr = 13.7 min) is observed in
the urine at 30 and 60 min time points. Beyond 120 min, the
majority of this compound has been cleared from the mice. In
contrast, less radioactivity was detected in the blood overall.
Hence, these samples were analyzed by extended γ counting of
fractions that were isolated by HPLC. Analysis of the blood
shows the intact compound to be present at 30 and 60 min

postinjection with minimal activity observed at 120 min.
Notably, the blood analysis reveals the presence of two more
hydrophilic metabolites of an unknown nature. Further analysis
on the nature of these species would aid in understanding the in
vivo behavior of 99mTc-9D(H2O). Overall, the analysis of
99mTc-9D(H2O) in both urine and blood samples show that an
appreciable amount of this compound remains intact prior to
and after renal and hepatic clearance.

■ CONCLUSION
A library of rhenium tricarbonyl complexes was rapidly
synthesized using a combinatorial approach in a microwave-
assisted one-pot manner and subsequently screened against a
panel of cancer cell lines. Lead compound identification from a
single-dose screening at 10 μM revealed three complexes that
were synthesized on a preparative scale and fully characterized.
The three lead compounds, namely, Re-9B, Re-9C, and Re-9D,
were tested for anticancer activity in ovarian cancer cell lines,
and the most potent complex, Re-9D, was shown to lack cross-
resistance with cisplatin and to induce cancer cell death via
necrosis. Additionally, the 99mTc analogue of Re-9D bearing a
water axial ligand, 99mTc-9D(H2O), showed a favorable
clearance profile. The high metabolic stability of 99mTc-
9D(H2O) qualifies this compound and its corresponding
rhenium analogue as promising structural entities for the
development of anticancer agents. As demonstrated in this
study, we have proved that the application of combinatorial
synthesis enables the ability to rapidly obtain and screen a fairly
large library of compounds, and it represents a valuable strategy
for discovering new anticancer agents based onmetal-containing
complexes. Ongoing efforts are directed toward expanding the
scope of this combinatorial synthesis to yield small libraries of
complexes bearing different diimine and axial ligands. The
discovery and application of these additional one-pot multi-
component reactions will broaden the structural versatility of
potential metal-based anticancer agents.

■ EXPERIMENTAL SECTION
Physical Measurements. Microwave-assisted synthesis was

performed using a Kenmore microwave oven (1100 W, 120 V, 13 A).
NMR samples were prepared in DMSO-d6 and analyzed either on a 500
MHz Bruker AV 3HD spectrometer equipped with a broadband
Prodigy cryoprobe or on an INOVA 400 MHz NMR spectrometer. 1H
NMR spectra were analyzed using MestReNova and referenced to the
residual DMSO solvent peak at 2.50 ppm. Analytical RP-HPLC was
performed using a Shimadzu LC20-AT HPLC equipped with an Ultra

Figure 10. Biodistribution of 99mTc-9D(H2O) in BALB/c mice
detected using a γ counter, in which M is 99mTc, after 30 (blue), 60
(red), and 120 (green) min.

Figure 11. Direct HPLC traces of urine samples collected from mice
treated with 99mTc-9D(H2O) after 30 (blue), 60 (red), and 120
(green) minutes. Reference chromatogram of 99mTc-9D(H2O) is
shown (purple).
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Aqueous C18 column, 100 Å, 5 μm, 250 mm× 4.6 mm (Restek) and an
SPD-20AVUV−vis detector monitoring at 220 and 270 nm with a flow
rate of 1 mL/min. Gradient elution began with 10% Solvent B in water
containing 0.1% trifluoracetic acid (TFA) for 5 min followed by a linear
gradient to 100% Solvent B over 20 min and then an additional 5 min of
100% Solvent B, where Solvent B is either MeOH or ACN. Samples
were prepared for FTIR spectroscopy as KBr pellets and analyzed on a
Thermo Nicolet Avatar 370 DTGS FTIR spectrometer. UV−vis
spectra were acquired using an Agilent Cary 8454 UV−vis
spectrophotometer. EA (CHN) was performed by Atlantic Microlab
Inc. High-resolution mass spectra were recorded on an Exactive
Orbitrap mass spectrometer in positive ESI mode (ThermoFisher
Scientific). Absorbance and fluorescence signatures from cell viability
assays were measured using a Biotek Synergy HT plate reader. Flow
cytometry experiments were performed on a BD FACSAria Fusion flow
cytometer. GFAAS was performed on a PerkinElmer PinAAcle 900Z
AA spectrometer. ICP-MS was performed using an ELANDRC-E ICP-
MS equipped with an S-10 autosampler. Optical microscopy was
performed using a VWR trinocular inverted microscope equipped with
a V10 microscope camera and processed using Motic Images Plus 2.0
ML. Confocal fluorescence microscopy was performed by a Zeiss LSM
800 confocal laser scanning microscope equipped with 20× 0.8 NA and
40× 1.4 NA Plan Apochromat objectives, 405, 488, 561, and 640 nm
solid-state lasers, and two GaAsP photomultiplier tube detectors.
Materials and Reagents. All reagents were purchased from

commercial vendors. The lead rhenium complexes and the correspond-
ing free ligands were synthesized according to literature methods with
slight modifications.38,39 All reactions were performed under ambient
atmospheric conditions without any efforts to exclude oxygen or water.
Solvents used were of ACS grade or higher.
Synthesis of Rhenium Compound Library. Stock solutions of

starting reagents were prepared in DMSO. With the predetermined
assignments for our combinatorial approach (Figure 1b), stock
solutions were added to a 96-well plate resulting in 200 μL of 1 mM
starting reagents in DMSO. The plate was then heated in a microwave
for 3min to yield 80 different rhenium complexes. Reaction progression
and purity were determined using RP-HPLC in ACN and water. All
complexes were used without further purification for the screening
process.
Synthesis of 9B. N,N-Dimethyl-p-phenylenediamine (37 μL, 0.27

mmol) and 4-methylpicolinaldehyde (30 μL, 0.27 mmol) were heated
at reflux in 5mL ofMeOH for 30 min. The solution was cooled to room
temperature, and the solvent was removed under reduced pressure to
obtain pure material as yellow-green powder. Yield: 63 mg (98%). 1H
NMR (500 MHz, DMSO-d6): δ 8.60 (s, 1H), 8.51 (d, 1H), 7.95 (s,
1H), 7.34 (d, 2H), 7.28 (m, 1H), 6.76 (d, 2H), 2.95 (s, 6H). Anal.
Calcd for 9B·0.1H2O (C15H17.2N3O0.1): C, 74.72; H, 7.19; N, 17.43.
Found: C, 74.42; H, 7.13; N, 17.63%. ESI-MS (positive ion mode,
MeOH): m/z 240.1489, calcd 240.1501 for [M + H]+.
Synthesis of 9C. N,N-Dimethyl-p-phenylenediamine (37 μL, 0.27

mmol) and 4-chloropicolinaldehyde (38 mg, 0.27 mmol) were heated
at reflux in 5mL ofMeOH for 30 min. The solution was cooled to room
temperature, and the solvent was removed under reduced pressure to
obtain pure material as a yellow-light green powder. Yield: 69 mg
(99%). 1H NMR (500 MHz, DMSO-d6): δ 8.65 (s, 1H), 8.64 (d, 1H),
8.10 (d, 1H), 7.59 (dd, 1H), 7.40 (dt, 2H), 6.77 (dt, 2H), 2.97 (s, 6H).
Anal. Calcd for 9C (C14H14ClN3): C, 64.74; H, 5.43; N, 16.18. Found:
C, 64.58; H, 5.46; N, 16.02%. ESI-MS (positive ion mode, MeOH):m/
z 260.0945, calcd 260.0955 for [M + H]+.
Synthesis of 9D. N,N-Dimethyl-p-phenylenediamine (19.5 μL,

0.14 mmol) and 4-bromopicolinaldehyde (25 mg, 0.13 mmol) were
heated at reflux in 5 mL of MeOH for 30 min. The solution was cooled
to room temperature, and the solvent was removed under reduced
pressure. The precipitate was recrystallized in 1:5 MeOH/Et2O,
vacuum-filtered, and washed with diethyl ether to obtain pure material
as a yellow-brown powder. Yield: 33 mg (77%). 1H NMR (500 MHz,
DMSO-d6): δ 8.63 (s, 1H), 8.54 (d, 1H), 8.25 (d, 1H), 7.71 (dd, 1H),
7.43 (dt, 2H), 6.79 (dt, 2H) 2.96 (s, 6H). Anal. Calcd for 9D
(C14H14BrN3): C, 55.28; H, 4.64; N, 13.81. Found: C, 55.30; H, 4.63;

N, 13.62%. ESI-MS (positive ion mode, MeOH): m/z 260.0945, calcd
260.0955 for [M + H]+.

Synthesis of Re-9B. N,N-Dimethyl-p-phenylenediamine (19 μL,
0.14 mmol) and 4-methylpicolinaldehyde (15.7 μL, 0.14 mmol) were
stirred in 3 mL of MeOH for 20 min. Re(CO)5Cl (50 mg, 0.14 mmol)
was added to the reaction mixture and heated at reflux for 4 h. The
solution containing red precipitate was cooled to room temperature and
concentrated under reduced pressure to∼0.5 mL, and 20 mL of diethyl
ether was added to further precipitate the rhenium complex. The
mixture was vacuum-filtered and washed with diethyl ether to obtain
pure material as a bright red powder. Yield: 51 mg (68%). IR (KBr,
ν(CO) cm−1): 1880, 1907, 2016. 1H NMR (500 MHz, DMSO-d6): δ
9.12 (s, 1H), 8.84 (d, 1H), 8.10 (s, 1H), 7.60 (d, 1H), 7.47 (d, 2H),
6.83 (d, 2H), 3.00 (s, 6H), 2.54 (s, 3H). Anal. Calcd for Re-9B
(C18H17ClN3O3Re): C, 39.67; H, 3.14; N, 7.71. Found: C, 39.93; H,
3.09; N, 7.83%. ESI-MS (positive ion mode, MeOH): m/z 588.0944,
calcd 588.0967 for [M−Cl + DMSO]+.

Synthesis of Re-9C. N,N-Dimethyl-p-phenylenediamine (19 μL,
0.14 mmol) and 4-chloropicolinaldehyde (20 mg, 0.14 mmol) were
stirred in 3 mL of MeOH for 20 min. Re(CO)5Cl (50 mg, 0.14 mmol)
was added to the reaction mixture and heated at reflux for 4 h. The
solution containing red-purple precipitate was cooled to room
temperature and concentrated under reduced pressure to ∼0.5 mL,
and 20 mL diethyl ether was added to further precipitate the rhenium
complex. The mixture was vacuum-filtered and washed with diethyl
ether to obtain pure material as a shiny red-purple powder. Yield: 34 mg
(44%). IR (KBr, ν(CO) cm−1): 1856, 1930, 2018. 1HNMR (500MHz,
DMSO-d6): δ 9.13 (s, 1H), 8.95 (d, 1H), 8.40 (d, 1H), 7.87 (dd, 1H),
7.51 (dt, 2H), 6.87 (dt, 2H), 3.02 (s, 6H). Anal. Calcd for Re-9C
(C17H14Cl2N3O3Re): C, 36.11; H, 2.50; N, 7.43. Found: C, 36.32; H,
2.51; N, 7.26%. ESI-MS (positive ion mode, MeOH): m/z 608.0406,
calcd 608.0421 for [M−Cl + DMSO]+.

Synthesis of Re-9D. N,N-Dimethyl-p-phenylenediamine (19 μL,
0.14 mmol) and 4-bromopicolinaldehyde (26 mg, 0.14 mmol) were
stirred in 3 mL of MeOH for 20 min. Re(CO)5Cl (50 mg, 0.14 mmol)
was added to the reaction mixture and heated at reflux for 4 h. The
solution containing dark red precipitate was cooled to room
temperature, and the solvent was removed under vacuum. To the
reaction flask was added 2 mL of tetrahydrofuran (THF) followed by
the addition of 20 mL of diethyl ether. The sticky red material was
filtered off and washed with ∼15 mL of THF. The filtrate was
concentrated under reduced pressure to∼0.5 mL, and 20 mL of diethyl
ether was added to precipitate the rhenium complex. The mixture was
vacuum-filtered and washed with diethyl ether to obtain the pure
product as a red-purple powder. Yield: 28 mg (33%). IR (KBr, ν(CO)
cm−1): 1848, 1923, 2017. 1H NMR (500 MHz, DMSO-d6): δ 9.11 (s,
1H), 8.84 (d, 1H), 8.53 (d, 1H), 8.00 (dd, 1H), 7.50 (dt, 2H), 6.85 (dt,
2H), 3.02 (s, 6H). Anal. Calcd for Re-9D (C17H14BrClN3O3Re): C,
33.48; H, 2.31; N, 6.89. Found: C, 33.72; H, 2.23; N, 6.87%. ESI-MS
(positive ionmode, MeOH):m/z 651.9894, calcd 651.9915 for [M−Cl
+ DMSO]+.

Structure−Activity Relationship Determination. The log P
values of the free ligands were calculated using the ALOGPS 2.1
program.42,43 The Hammett constants were also compared and
tabulated for each aldehyde and aniline.44,45,48

X-ray Crystallography. X-ray diffraction quality single crystals of
Re-9B were obtained fromDMSO upon standing, and single crystals of
Re-9C and Re-9D were obtained through vapor diffusion of diethyl
ether into THF. Low-temperature X-ray diffraction data were collected
on a Rigaku XtaLAB Synergy diffractometer coupled to a Rigaku Hypix
detector with Mo Kα radiation (λ = 0.710 73 Å) from a PhotonJet
microfocus X-ray source at 100 K. The diffraction images were
processed and scaled using the CrysAlisPro software.102 The structures
were solved using theOlex2 Software103 through intrinsic phasing using
SHELXT104 and refined against F2 on all data by full-matrix least-
squares with SHELXL105 following established refinement strat-
egies.106 All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms bound to carbon were included in the model at
geometrically calculated positions and refined using a ridingmodel. The
isotropic displacement parameters of all hydrogen atoms were fixed to

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03552
Inorg. Chem. 2019, 58, 3895−3909

3904

http://dx.doi.org/10.1021/acs.inorgchem.8b03552


1.2 times the Ueq value of the atoms they are linked to (1.5 times for
methyl groups). In the structures of Re-9B and Re-9D, the axial CO
and Cl ligands are disordered over two locations and were modeled
using the appropriate similarity restraints. The occupancy of the two
parts were refined freely with the net sum occupancy set to 1. The
carbon of the axial CO ligand in the structure ofRe-9Cwas refined with
the anisotropic displacement parameter equal to that of the equatorial
CO carbon atoms using the EADP command in SHELXL. Details of the
data quality and a summary of the residual values of the refinements are
listed in Tables 1 and S4 (Supporting Information).
General Cell Culture. Cells were cultured as monolayers in a

humidified incubator at 37 °C with 5% CO2. The wild-type human
ovarian cancer cell line A2780 and cisplatin-resistant A2780CP70 were
obtained from the Cell Culture Facility of Fox Chase Cancer Center.
The human cervical cancer (HeLa) and human embryonic kidney
(HEK293) cells were obtained from the American Type Culture
Collection. A2780 and A2780CP70 cells were cultured in Roswell Park
Memorial Institute (RPMI) media containing 10% FBS; HeLa cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% FBS, and HEK293 cells were cultured in minimum
essential media (MEM) containing 10% FBS. Cells were routinely
passed at 80−90% confluency using 0.05% trypsin, 0.53 mM
ethylenediaminetetraacetic acid (EDTA), 1× solution. Cell lines were
tested monthly for contamination using the InvivoGen mycoplasma
detection kit, PlasmoTest.
Cytotoxicity. Screening of the rhenium compound library was

completed by first diluting stock solutions in Milli-Q water (18.2 MΩ·
cm) to yield 100 μM solutions in 10% DMSO. These diluted solutions
were screened against three cell lines: HeLa, A2780, and A2780CP70.
Cells were seeded in 96-well plates at 4000 cells/well and allowed to
adhere for 24 h. To each well was added 180 μL of growthmedia and 20
μL of the rhenium complexes (final concentrations at 10 μM, 1%
DMSO), and then analyzed after 48 h using an MTT assay described
below. Three independent experiments were conducted.
Dose-escalation studies were performed for the three lead

compounds, free ligands, and starting materials. First, stock solutions
of rhenium complexes, free ligands, and starting materials were
prepared as 20 mM solutions in DMSO. Solutions for dose-dependent
studies were prepared by first directly diluting stock solutions 1:100 in
growth media (200 μM, 1%DMSO) and serially diluting 1:4 for further
concentrations. Cells were seeded in a 96-well plate at a density of 4000
cells/well and allowed to adhere for 24 h. Growth media was removed,
and the cells were dosed with 200 μL of compounds in a dose-
dependent manner for 48 h, then analyzed using an MTT assay
described below.
GSH dependence experiments were performed for Re-9D. First, the

effects of increased levels of GSHwere explored. A2780CP70 cells were
seeded in 96-well plates at 4000 cells/well and allowed to adhere for 24
h. Growth media was removed, and 100 μL of GSH was then added in
varying concentrations from 0 to 32 μM followed immediately by 100
μL of 200 μMRe-9D or 200 μMcisplatin in growthmedia for 48 h, then
analyzed using an MTT assay described below.
In addition to determining the effects of cotreatment with GSH on

anticancer activity, changes in cytotoxicity were also explored in
samples with depleted levels of GSH using BSO. Solutions for dose-
dependent studies were first prepared by first directly diluting stock
solutions 1:100 in growth media (200 μM, 1% DMSO) and serially
diluting 1:4 for further concentrations. A2780CP70 cells were seeded in
96-well plates at 4000 cells/well and allowed to adhere for 24 h. Growth
media was then removed, and cells were treated with 100 μL of 10 mM
of BSO for 24 h. The BSO solutions were replaced with 200 μL of
cisplatin or Re-9D in varying concentrations and incubated for 48 h,
then analyzed using an MTT assay described below.
MTT assays were performed following compound treatment by first

replacing growth media with 200 μL MTT (1 mg/mL). Cells were
incubated with the dye for 4 h, and growth media was removed to yield
purple formazan crystals. The crystals were dissolved in 200 μL of
DMSO containing 12% glycine buffer (0.1 M glycine, 0.1 M NaCl, pH
10.5). The absorbance was measured at 570 nm for each well using a
Biotek Synergy HT plate reader. For dose-escalation studies, each plate

contained six replicates per concentration, and at least three
independent experiments were conducted with the same procedures.
Data points were fit to the equation

= +
−

+ ( )
y E

E E

1 D
inf

0 inf

IC

HS

50

where y is cell viability, Einf is the viability at infinite drug concentration,
E0 is the viability at zero drug concentration, D is the drug
concentration, IC50 is the 50% growth inhibitory concentration, and
HS is the Hill slope.55 E0 was constrained to lie between 0.9 and 1.15.
The compounds’ IC50 values were determined by fitting the data and
solving for these variables using the curve-fitting program MagicPlot
Pro.

Tumor Spheroid Growth and Viability. Tumor spheroid models
were prepared in agarose-coated 96-well plates. To begin making the
agarose-coated plates, a solution of 0.5 g agarose in 40 mL of RPMI was
autoclaved for 20 min at 120 °C. Immediately after autoclaving, 55 μL
of agarose solution was pipetted into a 96-well plate. After they cooled
to form a gel, the plates were stored in the dark in a sterile incubator at
37 °Cuntil ready for use. In the agarose-coated 96-well plates, 100 μL of
A2780 ovarian cancer cells were seeded at a density of 20 000 cells/well.
The cells were allowed to form spheroids over a period of 3−5 d
yielding diameters between 250 and 300 μm. Solutions for dose-
dependent studies were prepared by first directly diluting stock
solutions 1:100 in growth media (200 μM, 1% DMSO) and serially
diluting 1:4 for further concentrations. To the tumor spheroid solutions
were added 50 μL of cisplatin orRe-9D in varying concentrations. After
incubation for 48 h, 30 μL of resazurin solution in Dulbecco’s
phosphate-buffered saline (DPBS; 0.15 mg/mL) was added to each
well. Cells were incubated with the dye for 4 h, and then the
fluorescence was read on a Biotek Synergy HT plate reader with
excitation at 545/40 nm and emission at 590/25 nm. Each plate
contained six replicates, and three independent experiments were
completed.

Cellular Uptake andOrganelle Isolation. A2780 or A2780CP70
ovarian cancer cells were plated in 100 mm × 20 mm tissue culture
dishes and allowed to grow to 80% confluency. Growth media was then
replaced with 6 mL of 10 μM Re-9D or 0.05% v/v DMSO as a negative
control. After 24 h, the cells were washed with 3 mL of DPBS and
harvested using trypsin. Cell lysates were then obtained for whole cell,
nuclear, and mitochondrial samples using modified versions of
previously described methods shown below.80 The bicinchoninic acid
(BCA) assay was used to determine protein content for lysate samples.
The procedure for measuring protein content was previously described
by the manufacturer.107 In a 96-well plate, 25 μL of cell lysate was
combined with 200 μL of working reagent and incubated for 30 min,
and then the absorbance was measured at 562 nm. Protein
concentrations were then extrapolated from a calibration curve using
bovine serum albumin (BSA) standard dilutions. Samples were
measured in triplicates.

Whole cell lysates were obtained by centrifuging harvested cells,
washing with 1 mL of DPBS, lysing with 1 mL of 4% sodium dodecyl
sulfate (SDS) lysis buffer (4% w/v SDS, 150 mM NaCl, 50 mM
triethanolamine), and vortexing on the highest setting for 10 s. The
supernatant was transferred to a clean tube. For GFAAS analysis, the
lysates were analyzed without further sample preparation. For ICP-MS
analysis, 750 μL of the lysate was diluted with an additional 750 μL of
Milli-Q water and 5 mL of 70% HNO3 followed by sonication for 30
min. After digestion, 3 mL of the resulting solution was diluted with 8
mL ofMilli-Q water. The rhenium and platinum concentrations in each
sample were determined using ICP-MS and GFAAS, respectively.
Results were reported as the mass ratio of metal to protein (ng/μg) in
each sample, in which protein content was determine using a BCA
assay.

Nuclear lysate samples for ICP-MS were prepared from one 100 mm
× 20 mm tissue culture dish, whereas samples for GFAAS were
prepared from four dishes. The harvested cells were centrifuged and
washed with 1 mL of DPBS then resuspended in 1 mL of hypotonic
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buffer (20 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, pH 7.4). After
incubation on ice for 20 min, 50 μL of 10% w/v NP-40 was added, and
the solution was vortexed on the highest setting for 10 s. After it was
centrifuged at 3000g for 10 min, the pellet was resuspended in 1 mL of
Milli-Q water and sonicated for 10 min. After it was lysed, 750 μL of the
lysate was transferred to a clean tube. For GFAAS analysis, the lysate
was analyzed without further sample preparation. For ICP-MS analysis,
samples were further digested with an additional 750 μL of 2% HNO3.
The rhenium and platinum concentrations in each sample were
determined using ICP-MS and GFAAS, respectively. Results were
reported as the mass ratio of metal to protein (ng/μg) in each sample.
Mitochondrial lysate samples for ICP-MS were prepared from one

100 mm× 20mm tissue culture dish, whereas samples for GFAAS were
prepared from four dishes. The harvested cells were centrifuged,
washed with 1 mL of DPBS, and then resuspended in 500 μL
mitochondria extraction buffer (200 mMmannitol, 68 mM sucrose, 50
mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), 50 mMKCl,
5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid (EGTA), 2 mM MgCl2, 1 mM dithiothreitol, 1:500 v/v protease
inhibitor cocktail) and incubated over ice for 20 min. The suspension
was then homogenized by 35 passes through a 25 gauge needle and a 1
mL syringe. After centrifuging at 150 g for 5 min, the supernatant was
transferred to a newmicrocentrifuge tube and centrifuged at 10 000g for
10 min. The resulting pellet was resuspended in 1 mL of Milli-Q water
and sonicated for 10 min. To a 1.5 mL cryovial, 750 μL of the lysate was
transferred to a clean tube. For GFAAS analysis, the lysate was analyzed
without further sample preparation. For ICP-MS analysis, samples were
further digested with an additional 750 μL of 2% HNO3. The rhenium
and platinum concentrations in each sample were determined using
ICP-MS and GFAAS, respectively. Results were reported as the mass
ratio of metal to protein (ng/μg) in each sample.
Flow Cytometry. Cell cycle analysis was conducted using A2780

cells, which were cultured in 100mm× 20mm tissue culture dishes and
allowed to grow to 50% confluency. Cells were then dosed with varying
concentrations of cisplatin orRe-9D. After incubation with compounds
for 24 h, cells were harvested using trypsin and washed with 1 mL of
DPBS. Cells were then fixed with 1mL of 70% EtOH and stored at 4 °C
until the day of analysis. The cells were washed twice with 1 mL of
DPBS, resuspended in 200 μL of DPBS, and treated with 50 μL of
RNase (100 μg/mL) and 20 μL of PI. After incubation for 30min in the
dark, 500 μL of DPBS was added, and samples were analyzed on a BD
FACSAria Fusion flow cytometer.
The lead compound was evaluated for its ability to induce apoptosis

using the annexin V−PI assay. A2780 cells were cultured in 25 cm2

tissue culture flasks and grown to 80% confluency. Cells were then
dosed with varying concentrations of Re-9D or cisplatin, and positive
control cells were either heat-treated at 60 °C for 10 min or dosed with
80 μM etoposide. After incubation with compounds for 24 h, cells were
harvested using trypsin and washed with 1 mL of DPBS. To the cell
pellets were added 4 μL of PI (1 mg/mL) and 4 μL of annexin V-Alexa
Fluor 488 followed by 100 μL of annexin binding buffer. After
incubation for 15min, an additional 400 μL of binding buffer was mixed
into solution. Cells were then immediately analyzed on a BD FACSAria
Fusion flow cytometer.
Live Cell Imaging. Brightfield time-lapse microscopy experiments

were conducted with A2780CP70 ovarian cancer cells seeded at a
density of 2.5 × 105 cells/well in six-well plates, which were allowed to
adhere for 24 h. The growth media was then replaced with 1 mL of 60
μMRe-9D. The cells were immediately imaged using a VWR trinocular
inverted microscope equipped with a V10 microscope camera and
processed using Motic Images Plus 2.0 ML. Images were compiled and
exported as a video file in iMovie.
Time-lapse confocal fluorescence microscopy experiments were

conducted with A2780CP70 ovarian cancer cells seeded in 35 mm
MatTek glass-bottomed culture dishes at a density of 2.5 × 105 cells/
dish, which were allowed to adhere for 24 h. The growthmedia was then
replaced with 1 mL of stock solution (60 μM Re-9D, 15 μg/mL PI).
The cells were immediately imaged using a Zeiss LSM 800 confocal
laser scanning microscope equipped with 20× 0.8 NA and 40× 1.4 NA
Plan Apochromat objectives, 405, 488, 561, and 640 nm solid-state

lasers, and two GaAsP photomultiplier tube detectors. Samples were
excited at 405 and 561 nm, and the emission wavelengths measured
were 410−550 and 590−700 nm. Images were then processed using
FIJI/ImageJ.

Radiolabeling Protocol for 99mTc. RadioHPLC analysis was
performed using a Shimadzu HPLC-20AR equipped with a binary
gradient pump, UV−vis detector, autoinjector, and Laura radio-
detector. UV absorption was recorded at 254 and 280 nm, samples were
analyzed using a C18 column (Phenomenex Gemini C18, 150 mm ×
4.60 mm), 0.8 mL/min flow, with mobile phase method 1: Solvent A:
50 mM tetraethylammonium phosphate (TEAP, pH 2) in water,
Solvent B: MeOH. 0−2 min: 5% B; 2−14 min: 5−95% B; 14−19 min:
95% B; 19−19.5 min: 95−5% B; 19.5−25 min: 5% B. The
[Re(9D)(CO)3(H2O)]

+ complex (Re-9D(H2O)) was synthesized by
treatment of Re-9D with 10 equiv of Ag(TFA) at 50 °C. 99mTc-labeling
involved the initial synthesis of technetium tricarbonyl precursor
[99mTc(H2O)3(CO)3]

+. Sodium pertechnetate, Na[99mTcO4], was
eluted from a 99 Mo/99mTc sterile generator as a 1.0 mL saline solution
(0.9% v/v) and provided by Triad Isotopes (Triad Isotopes). The
radioactive solution was added to a sealed vial containing
boranocarbonate (4 mg), sodium tartrate (7 mg), and sodium borate
decahydrate (7 mg), and carbonylation was performed under heating
for 40 min at 100 °C using an oil bath. The solution was cooled to room
temperature. A separate solution of ligand 9D (100 μM inMeOH) was
prepared. To the aqueous [99mTc(H2O)3(CO)3]

+ solution (1 mL) was
added 1 MHCl (150−180 μL), to adjust the pH to 7. A 500 μL aliquot
was removed and mixed with ligand stock solution (100 μL), and the
mixture was heated to 50 °C for 30 min under vigorous stirring in a
sealed reaction vessel. The reaction was analyzed using method 1 to
monitor progress and radiochemical yield of the reaction. Preparative
purification of complexes was performed using large-volume HPLC
injections followed by manual collection of the assigned product peak.
Retention times (all reported using method 1): 99mTc-9D(H2O): 13.65
min.Re-9D(H2O): 13.63min.Re-9D: 14.97min. Radiochemical yield:
48%. Radiochemical purity after HPLC purification: 99%.

Biodistribution and Metabolite Analysis. All animal experi-
ments were conducted according to the guidelines of the Institutional
Animal Care and Use Committee (IACUC) of Stony Brook University
at the Department of Laboratory Animal Resources (DLAR), Stony
Brook Medicine. Female BALB/c mice (six weeks old, Taconic
Biosciences) were intravenously injected with 90−160 μCi of 99mTc-
9D(H2O). Complex Re-9D exhibited poor solubility in various
biocompatible solvents, and no significant dose could be administered
intravenously.Mice were sacrificed at 30, 60, and 120min post injection
(n = 3, 4 per time point). The following organs were harvested and
collected: blood (obtained via cardiac puncture), heart, liver, lung,
kidney, spleen, small intestine, muscle (thigh), bone (femur), urine.
Urine was collected for metabolite analysis via bladder puncture.
Radioactivity was counted using a γ counter. Radioactivity associated
with each organ was expressed as percent injected dose per gram (%
ID/g). Metabolite analysis of blood and urine was performed for all
time points, with all urine metabolite time points yielding directly
discernible HPLC chromatograms, whereas blood metabolite time
points were obtained from fractioned collection of HPLC eluent and
subsequent reconstruction of the chromatogram (Figure S49,
Supporting Information).
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