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Abstract
Triple  negative  breast  cancer  (TNBC)  is  an  aggressive  breast  cancer  subtype  with  high 

metastatic  potential  and  limited  treatment  options.  Herein,  we  developed  a  dual-function 
anticancer  agent  RuSPDTC ([Ru2(μ-N)(NH3)8(S2CN(CH2)4]3+) by  attaching  the  cytotoxic 
pyrrolidine  dithiocarbamate  (PDTC)  ligand  to  the  mitochondrial  calcium  uniporter  (MCU) 
inhibitor  Ru265  ([Ru2(μ-N)(NH3)8Cl2]3+). RuSPDTC combines  the  anti-metastatic  activity  of 
MCU inhibition with PDTC-mediated cytotoxicity within a single molecular platform. RuSPDTC 
was  synthesized  and  characterized  by  multinuclear  NMR  spectroscopy,  HR-ESI-MS,  FTIR 
spectroscopy, UV-vis spectroscopy, and single-crystal X-ray diffraction. The 13C resonance of the 
CS2 group showed a upfield shift of the coordinated PDTC ligands, and HR-ESI-MS revealed an 
m/z of [M–CF3SO3]+ at 943.9475 Da. These data confirmed the coordination of PDTC to the Ru265 
scaffold. The crystal structure of RuSPDTC showed that PDTC coordinates to Ru through S at the 
axial positions, representing the first Ru265 analogue featuring a S-donor ligand. UV-vis kinetic 
studies demonstrated its aquation under physiological conditions with a half-life of 2.4 h, leading 
to the quantitative release of bioactive Ru265′ ([Ru2(μ-N)(NH3)8(OH2)2]5+) and two equivalents of 
PDTC.  Within  MDA-MB-231  TNBC  cells,  RuSPDTC exhibited  potent  Cu2+-dependent 
cytotoxicity with an IC50 value of 0.07 μM in the presence of 10 μM Cu2+, a value that is two orders 
of magnitude smaller than that in the absence of Cu2+. Importantly,  RuSPDTC retained potent 
MCU-inhibitory activity with an IC50  value of 4.23 nM and effectively suppressed cancer cell 
invasion and migration. Overall, this work establishes a proof-of-concept study for developing 
dual-function Ru265-based therapeutics integrating cytotoxic and anti-metastatic activities into a 
single scaffold through incorporation of bioactive ligands.

Introduction

The most recent Cancer Statistics Report from the American Cancer Society reveals that breast 
cancer is the most common cancer among women in the US and has become the leading cause of 
cancer-related death among women under 50 years old.1 Given the significant threat of breast 
cancer posed to human health,  many efforts have been focused on studying its mechanism of 
pathogenesis, as well as the development of therapeutic strategies. There exist different subtypes of 
breast cancer based on  different expression levels of hormone receptors,  among which triple 
negative breast cancer (TNBC) is the most aggressive and difficult to treat. This subtype lacks the 
expression of the drug-targetable estrogen receptor, progesterone receptor, and human epidermal 
growth factor receptor 2, which are ubiquitous in other subtypes.2 Although breast cancer starts as a 
local disease, cancer cells metastasize and spread through blood and lymphatic vessels to distant 
organs in the body, making treatment more challenging.3 Standard therapeutic strategies for breast 
cancer consist of local removal of the tumor through surgery or radiation, followed by systematic 
treatment to prevent reoccurrence and to target metastatic lesions.4,5 Because TNBC lacks the three 
targetable hormone receptors,  broad spectrum cytotoxic chemotherapy still  remains the main 
treatment  strategy.5 Consequently,  the  prognosis  of  TNBC patients  substantially  worse  than 



patients with other subtypes.5–8 As such, there is an urgent need to develop new and effective drugs 
to prolong patient lives.

The mitochondrial calcium uniporter (MCU), which is located in the inner mitochondrial 
membrane, is the main transporter that mediates uptake of calcium ions (Ca2+) by the mitochondria 
and is therefore critical in the regulation of mitochondrial function.9,10 Acute mitochondrial Ca2+ 

(mCa2+) overload triggers the opening of the mitochondrial permeability transition pore (mPTP), 
leading  to  the  formation  of  reactive  oxygen  species  (ROS),  release  of  cytochrome  c,  and 
apoptosis.11,12 The promotion of ROS levels by mCa2+ overload can induce pro-tumorigenic redox 
signaling pathways that may enhance cancer cell survival.13–15 Furthermore, high mCa2+ levels have 
been correlated to metastasis. Prior studies have demonstrated that inhibition, knockdown, or 
knockout of the MCU in TNBC cell lines can significantly reduce metastasis in both in vitro and in 
vivo models.16–20 Given the role that the MCU plays in tumorigenesis and metastasis, the MCU is a 
promising target for breast cancer.21

Our lab has developed an effective inorganic MCU inhibitor Ru265 ([Ru2(μ-N)(NH3)8Cl2]3+) 
that is a close analogue of the previously reported Ru-based MCU inhibitor Ru360 ([Ru2(μ-O)
(NH3)8(O2CH)2]3+). Compared to Ru360, Ru265 offers the advantage of being significantly more 
stable than Ru360,22,23 and this property has enabled more extensive use of Ru265 in different 
biological models. As part of its mechanism of action, Ru265 aquates rapidly in physiological 
conditions  (t1/2 =  2.3  min)  to  form  Ru265′  ([Ru2(μ-N)(NH3)8(OH2)2]5+),  and  this  species  is 
considered to be the active MCU inhibitor.22,24,25 This compound not only  exhibits high MCU 
inhibition  potency  with  a  nanomolar  IC50,  but  also  offers  a versatile  scaffold  for  prodrug 
development. Through substitution of axial chloride with other ligands, we are able to introduce 
new functionalities that can prolong the prodrug activation kinetics,26 improve cellular uptake,27–29

exhibit fluorescence,30 and undergo pH-dependent activation.29 Based on the efficacy of Ru265 and 
its analogues as MCU inhibitors and the fact that the MCU regulates cancer progression, we 
believe that Ru265 derivatives could be optimized to become promising therapeutic agents for 
TNBC. Because these complexes are not cytotoxic, however, the MCU-inhibitory properties of 
these compounds are only expected to result in anti-metastatic activity, limiting their versatility for 
managing this disease. An alternative approach to increase their therapeutic viability is to use 
cytotoxic axial ligands that could potentiate cell death pathways. This strategy provides a dual-
pronged approach, where the Ru265′ core structure could inhibit the MCU and prevent metastasis, 
while the cytotoxic axial ligands could actively kill the cancer cells. As a potential cytotoxic axial 
ligand, pyrrolidine dithiocarbamate (PDTC) was considered,  based in part  on the efficacy of 
dithiocarbamates  as  ligands  for  metal  centers.  This  ligand has  long been investigated  as  an 
anticancer and anti-inflammatory agent since the discovery of its ability to inhibit the nuclear factor 
NF-κB pathway.31–33 PDTC can also act as an effective antioxidant through ROS scavenging and 
the induction of glutathione synthesis to reduce oxidative stress.34,35 Through the chelation of 
bioactive metal ions like copper(II) (Cu2+) and zinc(II) (Zn2+), PDTC can increase the intracellular 
level of these metals and trigger metal-mediated cytotoxicity.36–39 On the basis of these properties 
and in recognition of the ability of this compound to act as a ligand, researchers have investigated 



the potential of metal-PDTC complexes for therapeutic applications, with a particular emphasis on 
complexes of ruthenium (Ru).40–43 Based on these prior studies, PDTC complexes of Ru265 are 
expected to be promising anticancer agents for TNBC.

To investigate this hypothesis, here we report a Ru265-based prodrug containing two PDTC 
axial ligands, named  RuSPDTC. This compound is designed to be a dual-function anticancer 
agent, with the Ru265 core acting to reduce metastasis through MCU inhibition and the PDTC 
ligand inducing cytotoxicity. Both the physical and biological properties of this compound were 
investigated, demonstrating its potential as an aquation-activated prodrug for TNBC. 

Results and discussion
Synthesis and characterization

Scheme 1 Synthetic scheme for RuSPDTC.

RuSPDTC was synthesized following similar approaches used to make carboxylate- and 
phosphinate-capped analogues.26–30 This  synthesis  required the treatment  of  Ru265′  with two 
equivalents of NH4PDTC in methanol at 50 °C. Due to the instability of the PDTC ligand, which is 
a consequence of its tendency to form carbon disulfide and pyrrolidine at elevated temperatures 
and acidic pH values,44,45 the reaction of this ligand with Ru265′ was only allowed to proceed for 
2 h to minimize the formation of byproducts resulting from ligand decomposition. The crude 
product was purified by recrystallization twice through diffusion of diethyl ether vapor into a 
methanol  solution  of  the  compound  at  room temperature.  RuSPDTC was  characterized  by 
multinuclear NMR spectroscopy, HR-ESI-MS, FTIR spectroscopy, UV-vis spectroscopy, and X-
ray crystallography. The 1H NMR spectrum (Fig. S1, SI) of RuSPDTC shows the 1H resonance of 
the equatorial NH3 ligands at δ = 4.12 ppm. This chemical shift is more downfield shifted compared 
to Ru265′ and previously reported Ru265 analogues with axial oxygen donor ligands, which have 
chemical  shifts  for  the  NH3 group  that  range  between  3.89–4.08  ppm.  This  chemical  shift, 
however, is more similar to that of the chloride-capped Ru265 (δ = 4.15 ppm). The trend of changes 
in chemical shift upon coordination to different donor atoms is consistent with previously reported 
15N-labeled Ru265 ([15N]Ru265), where [1H,15N] HSQC NMR spectroscopy revealed coordination 
of Ru to the thiol group on cysteine under physiological conditions with a 1H resonance at 3.96 
ppm, whereas Cl–-capped [15N]Ru265 and H2O-capped [15N]Ru265′ showed 1H resonances at 4.03 
ppm and 3.73 ppm, respectively.46 These results indicate that sulfur and chloride donors, with 
similar electronegativities, induce smaller shielding effects on protons of the equatorial NH3 than 
the oxygen donors. The 1H resonances of the PDTC ligands exhibits a downfield shift by ~0.1 ppm 
upon coordination  (Fig.  S1,  SI),  whereas  the  13C resonance  of  the  RNCS2

– carbon shows a 
significant  upfield  shift  from  209  ppm  to  198  ppm  (Fig.  S2,  SI).  In  previously  reported 



ruthenium(II) dithiocarbamate (DTC) compounds, where DTC attains a bidentate coordination 
mode, the 13C resonance of the RNCS2

– carbon exhibits a downfield shift instead.47,48 The different 
changes in chemical shifts can be explained by considering the resonance forms of DTC (Scheme 
2). For bidentate symmetric coordination modes, resonance structure (c) is the major contributor.49

This resonance form signifies a high degree of polarity in the C–N bond, as discerned from the 
positive formal charge on the nitrogen, that withdraws electron density from the carbon center, 
leading to its deshielding. However, when the DTC coordinates as a monodentate ligand, the 
equivalent  resonance  structures  (a)  and  (b)  (Scheme  2)  are  most  important,  reflecting  less 
polarization of the C–N bond and consequently a more electron-rich, shielded 13C nucleus that 
leads to an upfield shift in its resonance.50 For related gold(I) complexes containing monodentate 
DTC ligands, similar upfield shifts in the RNCS2

– carbon resonance are observed.51,52 Within the 19F 
NMR spectrum (Fig. S3, SI), RuSPDTC shows a single peak at –77.74 ppm, which is attributed to 
the outer-sphere triflate counterions. The HR-ESI-MS of RuSPDTC reveals a feature at m/z of 
943.9475 Da. This peak and its resulting isotope distribution pattern correspond to a molecular ion 
in which RuSPDTC is ionized as a +1 cation via the loss of a single outer-sphere triflate anion (Fig. 
S4, SI). In addition to this parent molecular ion peak, a series of species between 860–927 Da were 
also apparent. These peaks differed by 17 m/z, reflecting fragmentation of the parent ion through 
loss of equatorial NH3 ligands (Fig. S4, SI). The FTIR spectrum (Fig. S5, SI) of RuSPDTC shows 
diagnostic  N–H stretching  and  bending  modes  of  the  NH3 ligands  at  3320  and  1625 cm–1, 
respectively, as well as the C–N stretching mode of the PDTC ligands at 1421 cm–1. The C–S 
stretching modes appear at 914 and 941 cm–1, and the magnitude of the energy difference between 
these  modes  is  consistent  with  the  monodentate  coordination  of  the  DTC ligand within  Ru 
complexes.53 Although the asymmetric Ru–N–Ru stretching mode is expected around 1000–1100 
cm–1, this feature is challenging to conclusively assign because of the presence of other overlapping 
modes, like the symmetric SO3 stretching mode that arises from the triflate counterion.54 The UV-
vis spectrum (Fig. S6, SI) of RuSPDTC shows maximum absorbance values at 253 nm (68000 ± 
1500 M–1cm–1) and 324 nm (16450 ± 70 M–‍1cm–‍‌1) with absorbance values from weaker transitions 
trailing  into  the  visible.  To  probe  these  transitions  in  more  detail,  time-dependent  density 
functional theory (TD-DFT) calculations were employed. These TD-DFT calculations indicate 
that the absorbance at 324 nm is best assigned as a ligand-to-metal charge transfer (LMCT), 
reflecting an electronic transition between occupied S-based orbitals on the PDTC ligand to the 
empty Ru–N–Ru π* orbital. Collectively, these characterization data confirm the formation of 
RuSPDTC, marking this compound as the first example of a Ru265 prodrug that contains axial S-
donor ligands. 

Scheme 2 Resonance structures of dithiocarbamate.

X-ray crystallography



Singe crystals of RuSPDTC suitable for X-ray diffraction were obtained from slow diffusion 
of cyclohexane vapor into a tetrahydrofuran solution of this compound (10 mg/mL) at 4 °C. The 
crystal structure of  RuSPDTC is shown in Fig. 1, and relevant data collection parameters and 
interatomic distances and angles are collected in Tables S1–S2, SI. This structure confirms that the 
PDTC ligands bind to the Ru centers in a monodentate fashion with supporting hydrogen-bonding 
interactions apparent between the non-coordinating S atom of the PDTC ligand and the equatorial 
NH3 ligands. The Ru–N–Ru backbone is nearly linear with an interatomic angle of 178.0(6)°. The 
four equatorial NH3 ligands on the adjacent Ru centers are close to an eclipsed arrangement, with a 
dihedral  angle  between neighboring Ru(1)–N and Ru(2)–N bonds around 18°.  In  previously 
reported crystal structures of Ru265 and its analogues, both eclipsed and staggered arrangements 
have been observed,24,26–30 reflecting small energy differences between these conformations. The 
interatomic distance between the Ru centers and the bridging N is 1.767(9) and 1.759(9) Å. These 
values  are  not  appreciably  different  from  previously  reported  Ru265  derivatives.24,26–30 The 
interatomic distances between the Ru centers and the coordinating axial S atoms are 2.511(3) and 
2.512(3) Å. These distances are significantly longer than other axial ligand distances within this 
compound class like Ru265 (Ru–Cl = 2.384 Å) and analogues with O donors (Ru–O = 2.076–2.119 
Å).24,26–30 The longer axial interatomic distances found within RuSPDTC can be readily explained 
by the larger atomic radius of S compared to Cl and O. In previously reported Ru(II)42 and 
Ru(III)41 compounds  coordinated  with  PDTC  in  a  bidentate  manner,  the  interatomic  Ru–S 
distances range between 2.375–2.454 Å. Only few Ru complexes with monodentate DTC ligands 
have been reported and investigated.55–57 The only crystal structure we found for monodentate Ru-
DTC  was  nitrosylruthenium  tris(N,N-diethyldithiocarbamate)  (trans-[Ru(NO)(κ1-S2CNEt2)(κ2-
S2CNEt2)2]) reported in 1966, revealing a Ru–S interatomic distance between Ru and monodentate 
DTC to be 2.398 Å.55 The longer Ru–S distances within  RuSPDTC are attributed to both the 
monodentate coordination mode as well as the trans influence of the bridging N3– ligand. The C–S 
distances within the PDTC ligands are appreciably different. For the S directly coordinated to the 
Ru center, the C–S distances are longer by up to 0.06 Å compared to the C–S distances for the non-
interacting S atoms. For Ru complexes with bidentate PDTC ligands, the C–S distances are not 
appreciably different from each other (Δd < 0.02  Å),41,42 consistent with the predominance of 
resonance form (c) (Scheme 2) within this coordination mode. To our knowledge, RuSPDTC is 
the  second  reported  crystal  structure  of  Ru  complex  coordinated  with  DTC  ligands  in  a 
monodentate manner.



Fig.  1 Crystal structure of  RuSPDTC.  Thermal ellipsoids are shown at the 50% probability level.  Solvent and 
counterion molecules are omitted for clarity. Atom colors: teal = Ru, gray = C, blue = N, yellow = S, white = H.

Aquation kinetics of RuSPDTC 

RuSPDTC is designed to exhibit dual-function activity originating from both the Ru265′ core 
and the released PDTC ligands. For this dual-activity to be realized,  RuSPDTC must undergo 
aquation in  physiological  conditions on a  biologically  relevant  timescale.  The absorbance at 
324 nm, which arises from an LMCT excited state transition, provides a convenient spectroscopic 
signature for monitoring the dissociation of the PDTC ligands. Upon incubation of RuSPDTC in 
pH 7.4 MOPS buffer at 37 °C, this absorbance band decreased in a time-dependent manner, 
consistent with the aquation of the PDTC ligands (Fig. 2). The decay of this 324 nm absorbance 
band could be fit to a monoexponential function, consistent with a pseudo first order process. 
Although the aquation process should exhibit more complex kinetics, as a two-step A  B  C 
process,26,46 like other Ru265 prodrugs the aquation of the first axial ligand is significantly slower 
than the second axial ligand dissociation, allowing a simple pseudo first order kinetic process to be 
used to assess the overall complex stability.27–30 This data fitting process revealed a half-life of 2.4 
± 0.1 h under these physiologically relevant conditions (Fig. 2). This half-life is longer than that for 
a  related  phosphinate-capped  analogue  (t1/2 =  1.7 ±  0.2  h)29 and  shorter  than  that  for  the 
carboxylate-capped analogues (t1/2 = 3.3–9.9 h).26–28,30 The overall trend in aquation half-life values 
within this compound class appears to follow the basicity of the axial ligands. More basic ligands, 
reflected by higher conjugate acid pKa values, give rise to longer aquation half-lives (Table 1). This 
result can be rationalized by stronger electron-donating properties of more basic ligands, which 
leads to more inert axial Ru–ligand bonds. Also apparent in Fig. 2 is the complete bleaching of the 
324 nm absorbance band after 17 h, indicating that the PDTC ligands fully dissociate and that an 
equilibrium with  partial  ligand  association  is  not  apparent,  as  was  previously  observed  for 
phosphonate-capped analogues.29 Previous extended X-ray absorption fine structure (EXAFS) 
studies of Ru265′ reveal it to be stable under physiological conditions, even in the presence of 



biological reductants and in whole human blood.23 Likewise, the ligand PDTC also stays intact, as 
shown by the analysis of its UV-vis spectrum under identical conditions (Fig. S7, SI).44 Therefore, 
these studies show that  RuSPDTC undergoes aquation at a biologically relevant timescale to 
release the bioactive Ru265′ core and free PDTC ligands, laying a solid foundation for the use of 
this compound as a dual-function therapeutic agent. 

Fig. 2 UV-vis kinetic study for RuSPDTC. (a) Representative UV–vis spectra of RuSPDTC collected every 10.2 min 
during aquation in MOPS buffer (pH = 7.4) at 37 °C. (b) The absorbance at 324 nm traced over time to calculate the 
half-life of aquation.

Table 1 pKa of free ligands (conjugate acid forms) and aquation half-lives (t1/2) of corresponding Ru265 analogues at 
physiological condition (37 °C, pH = 7.4)

HCO2H (CH2)4NCS2H Ph2PO2H

pKa 3.8 3.2 2.3

t1/2 (h)

of corresponding Ru265 analogue
3.3 ± 0.1a 2.4 ± 0.1 1.7 ± 0.2b

a Ref. 26. b Ref. 29.

Cu2+-induced aquation of RuSPDTC
PDTC is an effective chelator for Cu2+ that forms the square planar Cu(PDTC)2 complex.58 Given 
that Cu is an essential  element in biology, we  investigated the Cu2+-responsive activation of 
RuSPDTC. In this experiment,  RuSPDTC was mixed with CuSO  at varying concentrations₄  
(millimolar regime) in dimethylformamide (DMF) under ambient conditions. Upon mixing, an 
immediate color change was observed, indicating a rapid reaction between RuSPDTC and CuSO4 

(Fig. S8, SI). Furthermore, the color change is identical to that observed after the reaction between 
PDTC and CuSO4 (Fig. S8, SI). UV-vis spectroscopic analysis of the reaction mixtures revealed a 
decrease in the characteristic absorbance bands of  RuSPDTC  at 324 nm dependent on Cu2+ 

concentrations, accompanied by the emergence of a new absorbance band at 434 nm, consistent 



with the formation of Cu(PDTC)2 (Fig. 3). These observations suggest that Cu²  competes for the⁺  
coordination  with  PDTC,  promoting  cleavage  of  the  Ru–S  bond  and  inducing  aquation  of 
RuSPDTC (Scheme 3).  However,  compared  with  the  reaction  between  CuSO  and  PDTC,₄  
RuSPDTC yields less Cu(PDTC)  formation, as evidenced by the lower absorbance at 434 nm.₂  
This  observation  indicates  that  although  Cu² -induced  aquation  of  ⁺ RuSPDTC occurs 
instantaneously, the reaction is not complete within the short reaction time. The rapid kinetics of 
this process align with the strong affinity of PDTC towards Cu2+ and provide direct evidence that 
RuSPDTC can undergo Cu2+-mediated activation under biologically relevant conditions. 

Fig. 3 UV-vis spectra of reaction between (a) 4 mM PDTC or (b) 2 mM RuSPDTC with CuSO4
 at varying 

concentrations in DMF at room temperature.

Scheme 3. Reaction scheme proposed for Cu2+-induced aquation of RuSPDTC.

Cellular uptake and Cu2+-dependent cytotoxicity
Having fully characterized RuSPDTC and its aquation process, the biological properties of 

this  complex were  investigated within  the  TNBC MDA-MB-231 cell  line.59 The efficacy of 
RuSPDTC as both an MCU inhibitor and a cytotoxic agent is contingent on its ability to enter 
cells. Because PDTC is a Cu2+ ionophore that can increase intracellular Cu levels, triggering redox-
mediated Cu2+-dependent cytotoxicity,60–62 the cytotoxicity and cellular uptake of RuSPDTC were 
investigated both in the presence and absence of added Cu2+. Upon incubation of MDA-MB-231 
cells with different concentrations of  RuSPDTC or the free ligand PDTC in the presence or 
absence of 10 μM CuSO4 for 48 h, the cell viability was determined by the MTT assay. As 
summarized in Table 2 and Fig. 4, the free ligand PDTC is cytotoxic against MDA-MB-231 cells, 



as indicated by an IC50 value of 10.8 μM. Notably, the cytotoxicity of PDTC increases significantly 
in the presence of 10 μM CuSO4, as the IC50 value decreases to 0.13 μM. RuSPDTC is similarly 
cytotoxic against this cell line, and its cytotoxicity also exhibits a dependence on Cu2+. Notably, in 
the presence of CuSO4, the IC50 value of RuSPDTC is 0.07 μM, a factor of two more cytotoxic than 
PDTC. This greater cytotoxicity is consistent with the fact that RuSPDTC brings two equivalents 
of PDTC to these cells, resulting in double the efficacy of the free ligand. As observed in other cell 
lines, Ru265 is non-toxic against MDA-MB-231 cells. This result confirms that the cytotoxic 
activity of RuSPDTC originates from the axial ligands rather than the Ru265′ core. 

The cellular uptake of RuSPDTC and Ru265 in the presence and absence of 10 μM CuSO4 was 
next studied. MDA-MB-231 cells were incubated with 50 μM of these compounds for 2 h prior to 
determining Ru and Cu concentrations with graphite furnace atomic absorption spectroscopy 
(GFAAS). The protein-normalized results are shown in Table 2 and Fig. S9 (SI). The intracellular 
Ru concentrations indicate that  RuSPDTC is taken up by cells more effectively than Ru265, 
presumably due to the increased lipophilicity conferred by the organic PDTC ligands. With respect 
to intracellular Cu levels, both 100 μM PDTC and 50 μM RuSPDTC increase Cu uptake compared 
to Ru265. This result is consistent with the known Cu2+ ionophore properties of the PDTC.63 The 
facilitated Cu uptake by RuSPDTC and PDTC is consistent with the observed cytotoxic properties 
of  these  compounds,  as  elevated  intracellular  Cu  leads  to  ROS production  and  proteasome 
inhibition.64,65 It is noteworthy that the Cu uptake in cells treated with RuSPDTC is greater than 
that induced by two equivalents of PDTC. This result suggests that the Ru core of RuSPDTC acts 
as  a  chaperone  for  PDTC,  releasing  optimal  levels  of  this  ligand  either  intracellularly  or 
extracellularly to maximize its Cu2+ ionophore properties.

Fig.  4 Representative dose-response curves between cell viability and compound concentration of (a) Ru265, (b) 
PDTC and (c) RuSPDTC in MDA-MB-231 cells. Black traces represent test compounds alone and red traces represent 
test compounds + 10 μM CuSO4. Data are presented as mean ± SD, n = 6.

Table 2 Biological properties of Ru265, PDTC and RuSPDTC

Ru265 PDTC RuSPDTC
– Cu2+ + Cu2+ – Cu2+ + Cu2+ – Cu2+ + Cu2+

Cytotoxicity IC50 

(μM)a > 50 > 50 10.8 ± 0.8 0.13 ± 0.02 19 ± 8 0.07 ± 0.01

Ru cellular uptake 
(pg Ru/μg protein)b 21 ± 7 20 ± 7 n/a n/a 65 ± 20 60 ± 20



Cu cellular uptake 
(pg Cu/μg protein)b,c n/a 15 ± 1 21 ± 3 110 ± 60 19 ± 4 400 ± 100

a 48 h incubation in MDA-MB-231 cells, 4000 cells/well.
b 2 h incubation in MDA-MB-231 cells with 50 μM Ru compounds or 100 μM PDTC ± 10 μM CuSO4
c MDA-MB-231 cells treated with 10 μM CuSO4 alone have Cu uptake of 14 ± 4 pg Cu/μg protein

MCU inhibition and anti-metastatic activity
After validation of the Cu2+-dependent cytotoxicity of RuSPDTC, the ability of this compound 

and Ru265 to inhibit mCa2+ uptake in permeabilized MDA-MB-231 cells was investigated. Both 
Ru265 and RuSPDTC inhibit mCa2+ uptake with nanomolar IC50 values, reflecting their potency as 
MCU inhibitors (Table 3 and Fig. S10, SI). Comparing the IC50 values of these compounds, 
however, it is somewhat surprising that RuSPDTC exhibits similar inhibitory activity on MCU 
compared to Ru265. In prior studies, we found that axial ligand functionalization led to a decrease 
in  potency  that  could  be  recovered  after  these  ligands  underwent  aquation  and  released 
Ru265′.26,30,27–29 To investigate this phenomenon further, we carried out molecular docking studies 
to probe the interaction of RuSPDTC with the human MCU. These docking studies reveal that 
RuSPDTC cannot reside vertically in the MCU pore opening as has previously been proposed for 
Ru265′, which interacts via hydrogen bonding with ASP261 and GLU264 in the DIME region.25 
By contrast, RuSPDTC sits horizontally over the pore opening, forming hydrogen bonds only with 
ASP261 (Fig. S11, SI). This interaction is similar to that proposed for cobalt amine complexes that 
also exhibit MCU inhibitory properties.25 The JC-1 assay in intact MDA-MB-231 cells was carried 
out to determine if RuSPDTC compromises mitochondrial integrity. After treating these cells with 
10 μM of this compound for 1 h, no changes in the mitochondrial membrane potential (Ψm) were 
detected  (Fig.  S12,  SI).  These  results  suggest  that  mitochondrial  depolarization  is  not  the 
mechanism by which this compound inhibits mCa2+ uptake. Free PDTC ligand was also evaluated 
for its effect on  mCa2+ uptake, but this compound failed to show any inhibitory properties at 
concentrations up to 1000 nM (Table 3 and Fig. S10, SI). Thus, the ability to inhibit mCa2+ uptake 
arises solely from the presence of the Ru core structure in RuSPDTC. 

Given the role that the MCU plays in tumor metastasis, we next investigated the ability of 
RuSPDTC to  slow down cell  migration  using  the  scratch  assay.  In  this  assay,  a  confluent 
monolayer of MDA-MB-231 cells wounded with a scratch to create a region free of cells was 
incubated with FBS-deficient cell culture medium supplemented with either Ru265, RuSPDTC, or 
PDTC. The closure of this gap in cells was monitored over the course of 24 h, a time period during 
which these test compounds are not cytotoxic (Fig. 5c). After this time period, untreated cells were 
able to nearly entirely fill the previously empty region of the dish. For cells treated with PDTC, 
however, the wound area remained larger than that of the control, indicative of the anti-migratory 
effects of this compound (Fig. 5). These results are consistent with prior studies that demonstrated 
PDTC to inhibit the NF-κB pathway and block the expression of matrix metalloproteinase, which 
breaks down the extracellular matrix to facilitate cell migration and metastasis.66–68 Cells treated 
with Ru265, likewise exhibited a decrease in migration and wound closure (Fig. 5). This result is 
consistent with earlier studies that showed that the impure MCU inhibitor ruthenium red could also 
exhibit anti-metastatic and anti-migratory properties. Lastly, cells treated with RuSPDTC had the 



smallest migratory activity, as revealed by a significantly larger wound remaining after 24 h. As a 
dual-function compound, it is likely that the improved anti-migratory activity of RuSPDTC is a 
result  of  complementary  inhibitory  activities  of  Ru265  and  PDTC,  which  act  via  different 
pathways. 

Table 3 IC50 values of Ru265, RuSPDTC, and PDTC for mCa2+ uptake inhibition in permeabilized MDA-
MB-231 cells (5×106 cells/mL). 

IC50 (nM)a

Ru265 5 ± 3
RuSPDTC 4.2 ± 0.3

PDTC >1000
a Data are reported as mean ± SD, n = 3

Fig. 5 Scratch assay on MDA-MB-231 cells. (a) Representative phase-contrast microscopy images of wound healing 
of MDA-MB-231 before and after 24 h of compound treatment (scale bar = 100 µm). (b) Quantification of wound area 
before and after 24 h of treatment using ImageJ. (c) Cell viability measurement after 24 h of treatment. Data are  
presented as mean ± SD, n = 3. Statistical significance measure with the Analysis of Variance (ANOVA) method. ns = 
not significant; * = p < 0.05.

Conclusion
In this work, we have developed a dual-function anticancer agent  RuSPDTC by attaching the 
anticancer-active PDTC ligand to the MCU inhibitor Ru265. Notably, this compound is the first 



Ru265 analogue featuring a S-based ligand at the axial position. Furthermore, to the best of our 
knowledge, this is also the second crystal structure reported of a Ru complex with a monodentate 
dithiocarbamate ligand. These findings significantly expand the coordination chemistry of Ru265-
based  compounds  and  allow more  possibilities  for  prodrug  development.  Most  importantly, 
RuSPDTC exhibits novel biological properties. The combination of the cytotoxic PDTC ligand 
with the MCU-inhibiting Ru265′ core to reduce cancer cell metastasis. Our results have shown that 
the prodrug can be activated through aquation under physiological conditions to release bioactive 
Ru265′ and PDTC, both of which retained their designated biological activities. In vitro studies 
have revealed that  RuSPDTC exhibits  potent Cu-dependent cytotoxicity arising from PDTC 
ligand with a sub-micromolar IC50 value, and simultaneously, shows potent MCU inhibition, which 
leads to decreased cell mobility. By combining anti-metastatic and cytotoxic functions within a 
single scaffold, RuSPDTC offers a promising systematic treatment strategy for invasive cancers 
like TNBC. Overall, this work establishes a proof-of-concept study for the development of dual-
function Ru265-based therapeutic agents. Utilizing the versatility of the Ru265 scaffold, future 
investigations can be focused on the screening and incorporation of alternative bioactive ligands 
that can induce synergistic therapeutic effects and optimize pharmacological properties of Ru265-
based prodrugs. 
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