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Abstract

The preparation of cyclometalated complexes offers a path to stable materials, catalysts, and 

therapeutic agents. Here, we explore the anticancer potential of novel biphenyl organogold(III) 
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cationic complexes supported by diverse bisphosphine ligands, Au-1-Au5, towards aggressive 

glioblastoma and triple negative breast cancer cells (TNBCs). The [C^C] gold(III) complex, Au-3 
exhibits significant tumor growth inhibition in a metastatic TNBC mouse model. Remarkably, 

Au-3 display promising blood serum stability over a relevant therapeutic window of 24 h and 

alteration in the presence of excess L-GSH. Mechanism-of-action studies show that Au-3 induces 

mitochondrial uncoupling, membrane depolarization, G1 cell cycle arrest, and prompts apoptosis. 

To the best of our knowledge, Au-3 is the first biphenyl gold-phosphine complex to uncouple 

mitochondria and inhibit TNBC growth in vivo.
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INTRODUCTION

Cancer remains one of the most difficult diseases to treat and is associated with high 

mortality rates.1, 2 The spectrum of available effective drugs is still limited with some 

presenting acute toxicity and severe side effects,3-5 therefore, developing new drugs and 

treatment options are desperately needed. Gold-based complexes represent a promising 

class of bioactive agents with remarkable anticancer potential.6-8 Ongoing research towards 

repurposing auranofin for various diseased conditions in the clinic9, 10 has stimulated the 

development and elucidation of different gold-derived anticancer agents and their mode of 

drug action.

Structural modifications to gold-containing scaffolds result in complexes manifested by 

changes in oxidation states, geometry, and different chelating ligands to stabilize the gold 

center.11-17 Notable work include the development of mitochondrial targeting Au(I)-NHCs 

and Au(I)-(DPPE)2Cl that showed high cytotoxicity against cancer cells in vitro and in 

vivo but failed in preclinical toxicity studies.18, 19 Furthermore, Au(III)-dithiocarbamate 

complexes triggers proteosome inhibition and potent in vivo effects.20 Gold porphyrin is 

another class of Au(III) complexes with excellent cytotoxic profile in a panel of cancer 
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cells and inhibited tumor growth in mice with multiple mechanisms of action depending 

on the tetranitrogenic porphyrin ligand used.21-24 To resolve the existing problem of 

Au(III) complex instability, we and others have used cyclometalation as a strategy to 

improve compound stability in solution.25-29 Recent speciation studies using chiral Au(III) 

complexes with glutathione deepened our understanding into Au(III) stability, however 

enhanced complex stability will facilitate clinical translation of gold therapeutic agents.30 

The use of [C^C]-cyclometalation demonstrated stability for use as catalysts and as 

luminescent agents.31-35 Recently, [C^C]Au(III) bearing bidentate ligands was shown to 

exhibit cytotoxic activity in cancer cells, however their biological target, and mechanism-of-

action studies was not fully elucidated.36

Bisphosphines are diverse bidentate ligands that have found widespread use in 

coordination chemistry, homogeneous transition metal-catalyzed organic reactions, and in 

biological systems.37 Early work on the preparation of cytotoxic gold complexes bearing 

bisphosphines, by Berners-Price, Sadler and Mirabelli18, 38-41 followed by other synthetic 

efforts to develop bisphosphine-supported gold agents have highlighted their importance as 

possible chemotherapeutics.42-47 Darkwa et al., and Raubenheimer et al., independently 

studied the effect of the nature of phosphine ligands on the anticancer properties of 

phosphinogold(I) complexes. They rationalized that the substituent on the phosphorus 

atom dictates the anticancer activity. Bisphosphine complexes with longer CH2 linkers 

demonstrate better anticancer properties than complexes with shorter CH2 linkers.48, 49 

However, their mechanism of cytotoxic action was not fully discussed.

Reducing the efficiency of energy conversion while maintaining high intracellular 

phosphate levels in the mitochondria is known as mitochondrial uncoupling.50-53 

Pharmacological induction of mild mitochondrial uncoupling has been used to control 

obesity, atherosclerosis, diabetes, fatty liver disease, and more recently cancer by 

dinitrophenol (DNP) and its derivatives.50, 54-57 Thus, novel small-molecules that induce 

mitochondrial uncoupling can alter cancer cell metabolism, energy homeostasis, and 

mitochondria-dependent apoptosis towards clinically-relevant targeted therapy. Earlier 

reports on [Au(I)-(DPPE)2]+ has shown that they induce uncoupling of mitochondrial 

oxidative phosphorylation by enhanced permeability of the inner mitochondrial membrane 

to cations in isolated rat liver mitochondria.58, 59 We hypothesized that stable redox-active 

Au(III) cations interact with mitochondria to enhance electron flux leading to mitochondrial 

uncoupling.

Here, we prepared biphenyl Au(III) complexes bearing bisphosphine ligands with significant 

serum and solution stability as well as mild mitochondrial uncoupling activity to disrupt 

mitochondrial energy states. The complexes possess potent anticancer activity in multiple 

aggressive cancer cells including TNBC and glioblastoma cells and inhibit TNBC tumor 

growth in vivo. To our prime knowledge, this is the first account of Au(III) complexes to 

induce mitochondrial uncoupling and inhibit tumor growth in vivo.
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Result and Discussion

Synthesis and Characterization

We rationalized that the μ-chloro biphenyl Au(III)33, 60, 61 could be a readily accessible 

building block to preparing bisphosphine substituted organogold complexes of the 

archetype, [[C^C]Au(III)P-P]+. The synthetic protocol is amenable to different bisphosphine 

ligands such as quinoxaline frameworks with or without chiral phosphanyl side chain (Au-1 
or Au-4) or aromatic backbone with aromatic phosphanyl side chain (Au-2 and Au-5) and 

aromatic backbone with aliphatic phosphanyl side chains (Au-3) in moderate yields (Figure 

1A).

All synthesized gold complexes were characterized by 1H NMR, 31 P NMR and 13C NMR, 

EA and purity accessed by HPLC and found to be greater than 97%. Single crystals of 

complexes were resolved by X-crystallography either with chloride anions (Au-1, Au-2) or 

[C^C]Au(III)Cl2 anions (Au-2a, Au-3a) to elucidate the structure of the complexes (Figure 

1B, Figure S1-S4). Electrochemical characterization of representative complexes (Au-2 and 

Au-3) by cyclic voltammetry in acetonitrile revealed low redox potentials with a reduction 

peak at −1.14 V and oxidation events at 0.65 - 0.79 V using Ag/AgCl reference electrodes 

(Figure 1C, Figure S30-S33).

Physiological Stability Studies

Evidence for physiological stability of Au-1–Au-5 was established using systematic UV-vis 

spectroscopy, APCI-MS or LC-ESI-MS methods (Figure 2, Figure S34-S61). First, UV-vis 

spectroscopic monitoring of the reaction of the complexes (100 μM) with L-GSH (1000 μM) 

showed unaltered high energy charge transfer transitions over 24 hours for all complexes 

except Au-5. Complexes Au-2 and Au-3 show absorption peaks at ~250 nm and ~350 nm 

respectively over 24 hours. (Figure 2A, Figure 4B, Figure S41-S59). Further MS analysis of 

the reaction between L-GSH with Au-1- Au-5 in an equimolar ratio by APCI-MS confirmed 

that no quantitative adduct was formed. For instance, Au-2 and Au-3 showed peaks that with 

m/z = 794.5 [Au-2] and 746.5 [Au-3] corresponding to [M-Cl]+ peaks dominant after 8 h of 

reaction with no interaction with L-GSH (m/z = 307.8 (Figure 2A, Fig. S41-S59 ). Second, 

a more translational stability study was performed by incubating Au-3 in murine blood 

serum for 24 h. Quantitative decay plots using LC-ESI-MS show that more than 60% of 

the complex remain intact suggesting that majority of Au-3 may remain intact in circulation 

until it reaches its site of action (Figure 2B).

In vitro Cytotoxicity and Cellular uptake

Several cyclometalated Au(III) complexes have been shown to induce significant 

antiproliferative activity by apoptosis or autophagy.62-65 We expected that Au-1–Au-5 
recapitulate these features. Au-1–Au-5 showed lower IC50 values compared to cisplatin 

(a first line chemotherapeutic drug) in the panel of cancer cells studied: MDA-MB-468 

and MDA-MB-231 (human breast cancer), 4T1 (murine breast cancer), and BT333 (human 

glioblastoma) 72 h posttreatment by MTT (Table 1, Figure S60-S65).
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Apoptosis and Cell Cycle Analysis

Evidence for apoptosis came from a fluorescence assisted cell sorting (FACS) study using 

the TNBC cells MDA-MB-468 cells exposed to 0.1 μM or 0.3 μM of Au-3 along with 

Annexin-V-FITC and propidium iodide (Figure 3A). From the study it was inferred that cells 

treated with Au-3 induced 17.4% and 31.6% apoptosis at 0.1 and 0.3 μM respectively in 

MDA-MB-468 cells after 48 h of exposure when compared to control cells. A similar trend 

was observed for MDA-MB-231 cells (Figure S66). To analyze the effect of Au-3 on DNA 

content, FACS studies revealed marginal cell cycle arrest with an 8% increase of G0/G1 

phase in MDA-MB-468 at 1 μM in a dose-dependent fashion after 12 h post treatment 

(Figure 3B). This finding coupled with our design principle of a stable lipophilic cation led 

us to suggest that Au-3 may target mitochondria and disrupt metabolic pathways.

Au-3 induces mitochondria uncoupling activity in TNBC cells.

Mitochondrial uncoupling can be characterized by key biochemical hallmarks including: (i) 

increase in oxygen consumption even at the inhibition of ATP synthase, ii) reduction in 

mitochondrial potential and iii) decrease in mitochondrial ATP production. These among 

others destabilize cellular energy homeostasis and create an exploitable vulnerability for 

relevant cancer treatment.

We initially tested whether Au-3 would promote oxygen consumption rate (OCR) in a 

Mitostress test using Seahorse XF96. In isolated mitochondria from C57BL/6J mice, a 

concentration-dependent increase in OCR at state IV respiration (Figure 3C) was observed 

even when ATP synthase was inhibited by oligomycin indicative of uncoupling activity. 

Additionally, in cancer cells where the membrane potential is more negative to drive 

accumulation of lipophilic cation complexes such as Au-3, the complex induced increased 

OCR in MDA-MB-468 cells. As inferred from the maximal respiration in the presence 

of oligomycin (Figure 3D & 3E) and extrapolated proton leak (Figure 3F), significant 

increase in OCR up to 2.7 μM with concomitant decrease in coupling efficiency confirmed 

mitochondrial uncoupling (Figure 3G). The highest Au-3 concentration of 8.3 μM induced 

stress in cancer cells that shut down the ETC compared to effects on healthy mitochondria, 

depicting selectivity.

Next, levels of respiratory-linked ATP were assessed in MDA-MB-468 cells incubated with 

Au-3 compared to vehicle control cells. Following an initial burst in ATP production at 0.1 

μM of Au-3, higher dose treatments of 1 μM – 8.3 μM resulted in total abrogation of ATP 

production, which is the energy currency of the cell (Figure 3H).

To test whether the mitochondria uncoupling activity induced by Au-3 was independent of 

cytotoxic action or cellular stress, we investigated the uncoupling potential of the cytotoxic 

platinum drug, cisplatin in MDA-MB-468 cells. Briefly, cells were treated with varying 

concentrations of cisplatin for 12 h. Following the 12 h pre-treatment period, mitostress 

test was performed as previously described and we observed that cisplatin did not alter 

OCR significantly. Extrapolated maximal respiration, proton leak, and coupling efficiency 

data (Figure S70A-E) support this finding. Clearly, Au-3-induced mitochondria uncoupling 
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activity is differentiated from cisplatin and the characteristic uncoupling phenotype is 

consistent with the hypothesis put forth.

Another crucial phenotype of uncoupler-induced cytotoxicity is the loss of mitochondrial 

membrane potential (Δψm). Using fluorescence-based assays, we assessed whether Au-3 

depolarized Δψm. Au-3 induced depolarization in isolated mitochondria in a concentration-

dependent manner from 0.1 μM – 2.7 μM along with TMRE (tetramethylrhodamine, ethyl 

ester), which labels active mitochondria via a plate-reader (Figure 3I). The depolarized 

phenotype was recapitulated in live MDA-MB-468 cells using JC-1 assay via microscopy. 

The treatment of MDA-MB-468 with 10 μM led to green JC-1 monomers, indicative of 

mitochondrial depolarization (Figure 3J).

Structure Activity Relationship (SAR) Considerations

We further carried out a detailed structure activity relationship study on Au-1-Au-5 to 

understand the effect of phosphanyl side groups and backbone on their cellular responses. 

First, theoretical LogP values of Au1-Au-5 were computed using SWISSADME software.68 

Au-1 with aliphatic t-butyl and methyl phosphanyl side groups displayed the lowest 

lipophilicity (LogP = 4.88) and Au-2-Au-5 with phenyl side groups displayed high 

lipophilicity (LogP = 6.38 – >10). Although Au-1 and Au-4 differ only in the nature of 

side groups attached to the quinoxaline phosphanyl backbone, they display great differences 

in lipophilicity as shown in Figure 4A. Also, within complexes with phenyl side groups, 

Au-3 with aliphatic non-conjugated backbone has the lowest LogP value while Au-5 with 

increased conjugated binapthyl backbone displayed a LogP value greater than 10. Second, 

solution stability studies of Au-1-Au-5 in DMEM or GSH also showed that complexes 

with aliphatic phosphanyl side group (Au-1) or backbone Au-3 were more stable compared 

to complexes with conjugated phosphanyl side group and backbone (Figure 4B, Figure 

S34-S59).

We further evaluated SAR by measuring the intracellular accumulation of Au-1–Au-5 in 

cancer cell lines. MDA-MB-468 cells were treated with Au-1–Au-5 at 10 μM for 18 h and 

the intracellular accumulation of the compounds were determined by GF-AAS (Fig. 4C). 

Cellular uptake of all compounds was above 400 pmol per million cells except Au-5 that 

displayed low intracellular accumulation. This was attributed to the increased conjugated 

binapthyl phosphanyl backbone of Au-5 and limited solubility due to high lipophilicity. 

This result can further explain the higher IC50 values measured for Au-5 in the four 

cancer cell lines tested compared to Au-1–Au-4 (Table 1). Also, Au-3 with aliphatic ethane 

backbone showed the highest cellular uptake and corresponding low IC50 values indicating 

that conjugation adversely impacts cellular uptake. To test the impact of the different 

phosphanyl groups on oxygen consumption rates and mitochondria membrane potential 

in isolated mitochondria from C57BL/6J mice Au-1–Au-3 was chosen, and we observed 

a concentration dependent increase in OCR up to 8.3 μM with corresponding decrease in 

MMP. At a low concentration of 2.7 μM, Au-3 displayed similar OCR levels comparable 

to Au-1 and Au-2 at a higher concentration of 8.3 μM showing that a low dose of Au-3 
is needed to induce uncoupling effect compared to Au-1 or Au-2 (Figure 4D-F). Taken 
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together, these results validate the influence of phosphanyl backbone and/or side groups on 

biological activity imposed by this class of compounds.

In vivo Anticancer activity

To illustrate the therapeutic impact on aggressive tumors, we assessed the efficacy of 

Au-3 in vivo using a metastatic TNBC syngeneic model. Balb/c mice were injected 

with 4T1 murine TNBC cells subcutaneously (Figure 5A). The mice were administered 

intraperitoneally with Au-3 at a dose of 10 mg/kg on alternate days, three times each week. 

Comparisons were made between the treatment group and a control group that received the 

vehicle (PBS solution containing 1% DMSO and 10% Kolliphor). We observed a significant 

tumor growth delay in 4T1 tumors; tumor growth inhibition measured at the end of the study 

was 36% (Figure 5B).

To assess preliminary toxicity of Au-3, we used body weight (Figure 5C). By the end 

of the study mice did not lose >5% of body weight, suggestive of optimal tolerability. 

Biodistribution studies show significant accumulation in kidneys and liver, which suggest 

that these organs may be the major clearance hubs of Au-3 (Figure 5D). Further, histological 

assessment to evaluate potential adverse effects by hematoxylin and eosin staining showed 

no signs of toxicity across all tissues examined (Figure 5E).

Conclusions

In summary, we show that [C^C]-cyclometalated Au(III), Au-3, exhibits mitochondrial 

uncoupling and impressive potency against aggressive cancer cells. Moreover, Au-3 display 

significant stability in blood serum, which is of clinical relevance and resist reduction from 

biological nucleophiles. Strikingly, the organometallic complex, Au-3 inhibits metastatic 

TNBC tumor growth in mice. Presumably, this report is likely the first account of a 

gold-based organometallic complex with mitochondrial uncoupling and promising antitumor 

activity. Our study fortifies the therapeutic value of organometallic gold agents and 

specifically provides the framework for the development of safe metal-based uncouplers.

Experimental Procedures

General Information:

Solvents used in this work were purchased from Pharmco-Aaper (ACS grade) and they were 

used as purchased. HAuCl4•3H2O was purchased from Nano Partz and stored under nitrogen 

atmosphere. S,S-QuinoxP* was purchased from Strem Chemicals. 2,2-dibromobiphenyl 

was purchased from Matrix scientific. (±)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene 

was purchased from Oakwood chemicals. 1,2-bis(diphenylphosphino)ethane and di-n-

butyl tin dichloride was purchased from Alfa Aesar. 1,2-bis(diphenylphosphino)benzene 

was purchased from ChemScene. N-BuLi and anhydrous ether was purchased from 

Sigma Aldrich. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 

purchased from Cayman Chemicals. μ-chloro biphenyl Au(III) 33, 60, 61 and 2,3-

bis(diphenylphosphino)quinoxaline37 were synthesized according to reported procedures. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories (Andover, MA). 
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NMR spectra were recorded on a Bruker Avance NEO 400 MHz spectrometer and 500 

MHz JEOL ECZr. Samples were calibrated for: 1H NMR (CDCl3 δ = 7.26 ppm), 13C(1H-

decoupled) NMR (CDCl3 δ = 77.16), and 31P(1H-decoupled) NMR externally referenced 

to H3PO4 δ = 0.00). High-resolution mass spectra (HRMS) were obtained by direct flow 

injection (injection volume = 2 μL) using ElectroSpray Ionization (ESI) on a Waters Synapt 

G2 HDMS instrument in the positive mode with a quadrupole/TOF analyzer (UC Boulder). 

Elemental analysis results were obtained from Atlantic Microlabs, Inc (Norcross, GA). In 

addition to spectroscopic characterization, the purity of all compounds was assessed by RP-

HPLC using an Agilent Technologies 1100 series HPLC instrument and an Agilent Phase 

Eclipse Plus C18 column (4.6 mm x 100 mm; 3.5 μm particle size). All compounds were 

found to be >97% pure. Fluorescent images were obtained from fluorescence microscope in 

total internal reflection fluorescence (TIRF) and epifluorescence mode using 488 and 510 

nm laser excitation, power 1 mW/cm2 exposure time of 200 milliseconds using 20X air 

objective. Images were processed with ImageJ software.

Synthesis and Characterization

General Procedure for the Preparation of [Au-C^C-P^P] compounds: In a 50 

mL round-bottom flask with stir bar was added 7 mL of chloroform and μ-chloro biphenyl 

Au(III) (1.0 equiv.). The corresponding bisphosphine ligand (1.0 equiv.) was added. The 

solution was stirred at room temperature and monitored with TLC to show completion of 

reaction. The reaction was then purified on combiflash using 10% MeOH/DCM, precipitated 

from diethyl ether to afford the desired solid products.

Synthesis of Au-1: Prepared as described in the general procedure. μ-chloro biphenyl 

Au(III) (30 mg, 0.039 mmol) and S,S-Quinox P* (13.04 mg, 0.039 mmol). Yield: 8.5 mg, 

32 % 1H NMR (400 MHz, CDCl3) δ (ppm) 8.44 (dd, 4 Hz, 2H), 8.17 (dd, 8 Hz, 2H), 

7.83-7.88 (m, 2H), 7.55 – 7.57 (dq, 2H), 7.32 (t, 8 Hz, 2H), 7.19 (t, 8 Hz, 2H), 2.70 (d, 

8 Hz, 6H), 1.22 (d, 16 Hz, 18H). 13C NMR (101 MHz, CDCl3): δ (ppm)155.60, 155.59, 

155.58, 153.34, 152.83, 143.68, 143.65, 143.61, 137.59, 137.52, 137.45, 135.32, 130.72, 

129.43, 129.01, 128.87, 123.46, 123.44, 123.41, 37.36, 37.25, 37.14, 28.35, 28.33, 28.31, 

6.20, 6.09, 6.06, 5.95. 31P NMR (161.9 MHz, CDCl3): δ(ppm) 44.34 APCI-MS (found) = 

682.6 [M-Cl]+ (calculated) = 683.2 Anal. Calcd: C30H36AuClN2P2: C, 50.12%; H, 5.05% 

Found: C30H36AuClN2P2 · 0.5 C4H10O: C, 50.81% H, 5.48%. Purity was determined to be 

> 97% by RP-HPLC: Rf = 10.6 minutes using the following method: Flow rate: 1 mL/min; 

λ = 280 nm; Eluent A = DI water with 0.1% trifluoroacetic acid; Eluent B = Acetonitrile 

with 0.05% formic acid; Solvent Gradient: 0 – 16 min (0:100 H2O: ACN). 16 min until end 

of run (100:0 H2O: ACN).

Synthesis of Au-2: Prepared as described in the general procedure. μ-chloro biphenyl 

Au(III) (40 mg, 0.05 mmol) and 1,2-Bis(diphenylphosphino)benzene (23.22 mg, 0.05 mmol) 

Yield : 20 mg, 47% 1H NMR (500 MHz, CDCl3): δ (ppm) 7.87 (dd, 10 Hz 2H), 7.63 

(dd, 15 Hz, 8H), 7.50-7.56 (m, 8H), 7.39-7.43 (m, 8H), 7.05-7.16 (m, 4H), 6.58 (t, 10 

Hz, 2H) 13C NMR (125.7 MHz) δ (ppm)121.01, 122.88, 122.93, 124.39, 124.90, 124.91, 

126.79, 127.10, 128.14, 128.21, 128.27, 128.60, 130.18, 130.24, 130.30, 133.31, 133.58, 

133.65, 134.86, 134.92, 134.98, 135.18, 135.22, 135.26, 136.00, 136.07, 136.15, 136.27, 
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136.34, 136.42, 137.91, 137.97, 138.18, 138.49, 138.64 138.76, 154.98, 155.01, 162.03, 

162.10, 163.18, 163.25 31PNMR (202.4 MHz) δ (ppm) 51.65 APCI-MS (found) = 794.5 

[M-Cl]+ (calculated) = 795.16. Anal. Calc. C42H32AuClP2 C, 60.7%, H, 3.88% Found: 

C42H32AuClP2 · 0.65 CH2Cl2 C, 57.73% H 3.69%. Purity was determined to be > 97% 

by RP-HPLC: Rf = 9.77 minutes using the following method: Flow rate: 1 mL/min; λ = 

280 nm; Eluent A = DI water with 0.1% trifluoroacetic acid; Eluent B = Acetonitrile with 

0.05% formic acid; Solvent Gradient: 0 – 16 min (0:100 H2O: ACN). 16 min until end of 

run (100:0 H2O: ACN).

Synthesis of Au-3: Prepared as described in the general procedure. μ-chloro biphenyl 

Au(III) (60 mg, 0.078 mmol) and 1,2-Bis(diphenylphosphino)ethane (31.08 mg, 0.078 

mmol). Yield : 21 mg, 34.4 %. 1H NMR (500 MHz, CDCl3): δ 7.82 (dd, 15, 10 Hz, 

8H), 7.63 (t, 5 Hz, 4H), 7.56 (t, 5 Hz, 8H), 7.51 (t, 5 Hz, 2H), 7.12 (q, 10 Hz, 4H, 6.62 

(t, 10 Hz, 2H), 3.31-3.42 (m, 4H), 13C NMR (125.7 MHz) δ 29.71, 30.0, 122.39, 122.45, 

122.77, 123.28, 128.41, 128.70, 130.23, 130.35, 133.52, 134.17, 134.29, 137.40, 137.54, 

155.05, 161.68, 161.74, 162.80, 162.87 31PNMR (202.4 MHz) δ 60.39 APCI-MS (found) 

= 746.5 [M-Cl]+ (calculated) = 747.16 Anal. Calcd: C38H32AuClP2: C, 58.29%; H, 4.12% 

Found: C, 57.16%, H, 4.2% C38H32AuClP2·0.85H2O Purity was determined to be > 97% 

by RP-HPLC: Rf = 10.3 minutes using the following method: Flow rate: 1 mL/min; λ = 

280 nm; Eluent A = DI water with 0.1% trifluoroacetic acid; Eluent B = Acetonitrile with 

0.05% formic acid; Solvent Gradient: 0 – 16 min (0:100 H2O: ACN). 16 min until end of run 

(100:0 H2O: ACN).

Synthesis of Au-4: Prepared as described in the general procedure. μ-chloro biphenyl 

Au(III), (40 mg, 0.05 mmol and 1,2-bis(diphenylphosphino)quinoxaline (24.95 mg, 0.05 

mmol). Yield : 27 mg, 58.7 % 1H NMR (500 MHz, CDCl3): δ 8.11 (dd 10, 5Hz 2H), 

7.85-7.90 (m, 10H), 7.49 (d, 5 Hz, 2H), 7.44 (t, 10 Hz, 4H), 7.33 (t, 5 Hz, 7H), 7.19 (m, 

2H), 7.10 (t, 10 Hz, 2 H), 6.97 (t, 5 Hz, 0.5H), 6.74 (t, 10 Hz, 0.5H), 6.57 (t, 5H, 2H). 13C 

NMR (125 MHz, CDCl3) 120.43, 122.28, 122.31, 122.33, 123.33,123.41, 123.66, 123.68, 

123.93, 124.01, 126.25, 126.49, 127.49, 127.56, 127.63, 127.83, 129.02, 129.21, 129.27, 

129.32, 129.50, 130.21, 132.52, 133.04, 133.20, 135.50, 135.56, 135.61, 136.10, 136.18, 

136.26, 142.79, 142.83, 152.21, 154.53, 154.92, 155.51, 156.02, 156.10, 160.54, 161.61 31P 

NMR (202.4 MHz, CDCl3) δ (ppm) 33.98 APCI-MS (found) = 846.5 [M-Cl]+ (calculated) 

= 847.17 Elemental Analysis Anal. Calcd: C44H32AuClN2P2 C, 59.84%; H, 3.65%; Found: 

C44H32AuClN2P2·1.85H2O·0.1C4H10O; C, 57.7% H, 3.99% Purity was determined to be > 

97% by RP-HPLC: Rf = 10.77 minutes using the following method: Flow rate: 1 mL/min; λ 
= 280 nm; Eluent A = DI water with 0.1% trifluoroacetic acid; Eluent B = Acetonitrile with 

0.05% formic acid; Solvent Gradient: 0 – 16 min (0:100 H2O: ACN). 16 min until end of 

run (100:0 H2O: ACN).

Synthesis of Au-5: Prepared as described in the general procedure. μ-chloro biphenyl 

Au(III), (40 mg, 0.05 mmol and (±)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene (32.3 

mg, 0.05 mmol). Yield : 18 mg, 34.3 % 1H NMR (500 MHz, CDCl3): δ 8.26 (d, 5 Hz, 

2H), 7.75 – 7.82 (m, 3H), 7.59 (d, 10Hz, 4H), 7.53 (t, 5 Hz, 2H), 7.43 (t, 10 Hz, 6H), 

7.37 (d, 10 Hz, 2H), 7.21 (d, 5 Hz, 4H), 7.15 (t, 10 Hz, 2H), 6.97 - 7.02 (m, 6H), 6.82 (t, 
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5 Hz, 2H), 6.70 (d, 10 Hz, 2H), 6.50 (q, 10 Hz, 2H), 6.33 ( t, 10 Hz, 2H) 13CNMR (175 

MHz, CDCl3) δ 156.02, 154.38, 152.31, 140.02, 139.95, 139.91, 136.45, 136.38, 136.31, 

135.62, 135.52, 134.68, 134.61, 134.39, 134.31, 134.09, 133.28, 133.24, 133.03, 132.98, 

132.85, 132.84, 132.78, 131.81, 130.61, 130.58 130.55, 130.50, 129.23, 129.16, 128.81, 

128.75, 128.69, 128.50, 128.40, 128.31, 128.11, 128.08, 128.05, 128.01, 127.91, 127.69, 

127.57, 127.49, 127.44, 127.35, 126.52, 126.50, 126.30, 125.80, 124.75, 122.39, 122.37, 

120.42, 119.25, 119.17 31P NMR (202.4 MHz) δ (ppm) 35.46 APCI-MS (found) = 970.4 

[M-Cl]+ (calculated) = 971.23 Elemental Analysis Anal. Calcd. C56H40AuClP2 C, 66.77% 

H, 4.0% Found: C56H40AuClP2 C56H40AuClP2·1.35 CH2Cl2 C, 61.49% H, 3.66% Purity 

was determined to be > 97% by RP-HPLC: Rf = 11.56 minutes using the following method: 

Flow rate: 1 mL/min; λ = 280 nm; Eluent A = DI water with 0.1% trifluoroacetic acid; 

Eluent B = Acetonitrile with 0.05% formic acid; Solvent Gradient: 0 – 16 min (0:100 H2O: 

ACN). 16 min until end of run (100:0 H2O: ACN).

Physical and Chemical Characterization

X-ray Crystallography.—Diethylether was slowly diffused into concentrated solutions of 

Au-1, Au-2a and Au-3a in dichloromethane at room temperature while Au-2 was grown 

in slow diffusion of Et2O into a concentrated solution of CDCl3. Solid crystals were 

carefully examined under a microscope and mounted using polyisobutene oil on the end 

of a glass fibre, which had been mounted to a copper pin using an electrical solder. It 

was placed directly in the cold gas stream of a liquid nitrogen cryostat69, 70 A Bruker 

D8 Venture diffractometer with graded multilayer focused MoKα X-rays (λ = 0.71073 Å) 

was used to collect diffraction. Raw data were integrated, scaled, merged, and corrected 

for Lorentz-polarization effects using the APEX3 package.71-73 Space group determination 

and structure solution and refinement were carried out with SHELXT and SHELXL 

respectively.74, 75 All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were placed at calculated positions and refined using a riding 

model with their isotropic displacement parameters (Uiso) set to either 1.2Uiso or 1.5Uiso 

of the atom to which they were attached. Ellipsoid plots were drawn using SHELXTL-

XP.76 The structures, deposited in the Cambridge Structural Database, were checked for 

missed symmetry, twinning, and overall quality with PLATON,77 an R-tensor,78 and finally 

validated using CheckCIF.77

Cyclic Voltammetry of Au-2 and Au-3.—Electrochemical measurements of the ligands 

were recorded with a scan rate of 0.1 V/s with a three-segment sweep and a sample 

interval of 0.001 V. For complexes Au-2 and Au-3 further characterization was performed 

by scanning at different rates (0.05 V/s, 0.1 V/s, 0.2V/s, and 0.3 V/s). The quiet time was set 

to 2 seconds and sensitivity 1 x10−4 A/V. All solutions were freshly prepared prior to use. 

All spectra were recorded using a CH instruments 650E potentiostat. The electrodes used 

were all 3 mm: glassy carbon working electrode (CHI104), Ag/AgCl reference electrode 

(CHI111), and a platinum wire counter electrode (CHI115). Both compounds Au-2 and 

Au-3 as well as both free ligands were prepared as a 5 mM solution in dry MeCN with 

NBu4PF6 (0.1 M) as the supporting electrolyte. The samples were purged with nitrogen for 

30 minutes and recorded. Data were analyzed with GraphPad Prism 9.5.
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Reactivity with GSH (UV-vis Spectroscopy).—Stock solutions of the complexes were 

prepared by dissolving appropriate amount of compound and making a 1 mM solution in 

DMSO. The stock solutions were diluted down to 100 μM with DI H2O. A separate stock 

solution of GSH was prepared as a 1 mM stock x 5 mL. All spectra were recorded on a 

Shimadzu UV-1280 model instrument. Prior to each recording the instrument was blanked. 

The 1:10 solutions of the complex (100 μM) and GSH (1000 μM) were mixed, and the 

UV-vis spectra recorded at the indicated time intervals. For each reaction, the spectrum was 

normalized to the highest absorbance and plotted in GraphPad Prism 9.5.

Reactivity with GSH (LC-MS Analysis).—Stock solutions of the complexes were 

prepared by dissolving appropriate amount of compound and making a 1 mM stock solution 

in acetonitrile and the solution was diluted to 100 μM. A separate stock solution of GSH 

was prepared as a 10 mM stock and diluted to 100 μM. A 1:1 solution of the complex Au-1 
- Au-5 (100 μM) and GSH (100 μM) were mixed, and the solution was then subjected to 

APCI-MS analysis using an Agilent 1200 HPLC with a direct flow injection with a HPLC 

auto sampler without a column, λ = 280 nm, (injection volume: 40 μL, flow rate: 0.2 

mL/ min). ESI positive mode was taken with a source temperature of 120 °C, desolvation 

temperature of 300 °C, Capillary Vat 3.5 kV while Cone was set at 35. Results were taken at 

0 h, 1h, 4 h, and 8 h interval. Data was plotted and analyzed using Mestrenova.

In Vitro Biological Characterization

Cell Culture.—Cancer cell lines (MDA-MB-231, MDA-MB-468, 4T1 and BT-333) used 

in this study were purchased from ATCC. MDA-MB-231, MDA-MB-468, and BT-333 

were grown in DMEM supplemented with 10% FBS, 1% amphotericin and 1% penicillin/

streptomycin in a humidified incubator at 37 °C with 5-10% CO2. The 4T1 cells were grown 

in RPMI supplemented with 10% FBS, 1% amphotericin, and 1% penicillin / streptomycin, 

and 4 mM glutamine.

Cell Viability of complexes.—The cytotoxicity assay of Au-1-Au-5 and cisplatin was 

performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT 

assay) in MDA-MB-231, MDA-MB-468, BT-333 and 4T1 cancer cells. After the cells had 

reached confluency Trypsin was added to detach and harvest the cells. The cells were 

washed in PBS and suspended in 10 mL of DMEM (or RPMI for 4T1 cells). The cells were 

centrifuged at 2000 rpm for five minutes, media decanted and resuspended in 5 mL of the 

appropriate medium. The cells were plated in a 96-well clear bottom plate at a density of 

4,000 cells per well and left to adhere overnight at 37 °C with 5-10% CO2. Au-1–Au-5 
and cisplatin were prepared as a stock in DMSO and PBS respectively and added at seven 

different concentrations starting at 100 μM for the highest concentration with a 3x serial 

dilution for subsequent wells and incubated at 37 °C for 72 h with 5-10% CO2. After 72 

h, the media was removed and replaced with a solution of MTT (100 μL, prepared by 

dissolving MTT at 5 mg/mL and diluting by 10x with DMEM) was added to each well and 

incubated for 4h at 37 °C with 5-10% CO2. The dye was removed from each well and 100 

μL of DMSO was added to induce cell lysis. The plates were read using a Genios plate 

reader (λ = 570 nm). The experiment was performed in triplicate and data are plotted as the 
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mean ± s.e.m. (n = 3). Data can be found in the main text and the other complexes can be 

seen in the supplementary figures.

Whole Cell Uptake Analysis: MDA-MB-468 cells (1 x 106) were seeded in a 6 well 

plate and allowed to adhere overnight at 37 °C. Cells were treated with compound for 

18 h, collected via trypsinization, centrifuged at 2000 rpm for 5 minutes to form a pellet. 

The pellet was suspended in 1 mL of DMEM, transferred to 1.5 mL Eppendorf tube and 

centrifuged at 2000 rpm for 5 minutes. The media was removed, and pellets resuspended and 

washed in PBS (1 ml x 2) and stored at −20 °C until further analysis. Prior to analysis, pellet 

was suspended in 70 % HNO3 200 μL, digested for 4 h, allowed to cool to room temperature 

and diluted appropriated before been analyzed on GF-AAS. Cellular gold concentration was 

expressed as pmol of Au per million cells.

Apoptosis Analysis.—MDA-MB-231 cells were seeded at a density of 5 x 105 cells/well 

in a 6 well clear bottom plate with a final media volume of 2 mL. The cells were allowed 

to adhere overnight at 37 °C. A stock of 3 was prepared fresh in DMSO and added to the 

desired well at a concentration of 1 μM with a final volume of 2.5 mL and incubated for 4 h 

at 37 °C. A stock of H2O2 was prepared in PBS and the cells treated at a final concentration 

of 2 mM for 1 hour as a positive control. When ready for analysis, the media were removed, 

and the wells washed with 5 mL of PBS. The cells were trypsinized (1 mL), 5 mL of 

DMEM were added to each well, and total volume collected and centrifuged to pellet 

the cells. The cells were resuspended in 2 mL of fresh media, counted, and reconstituted 

to a concentration of 1 x 105 cells/mL. The cells were centrifuged again, and the pellet 

suspended in 500 μL of Annexin binding buffer. To each sample was added 5 μl of Annexin 

V-FITC and 5 μl PI and incubated in the dark at room temperature for 5 minutes. The 

samples were then subjected to FACS analysis. Graphs are representative of three technical 

replicates.

MDA-MB-468 Mitochondria Respiration Analysis.—MDA-MB-468 cells (30,000 

cells per well) were seeded in a XF96 Seahorse plate and allowed to adhere overnight 

in an incubator at 37 °C with 5-10% CO2. Au-3 and cisplatin was prepared as stock solution 

in DMSO and PBS respectively and diluted to 75 μM with Seahorse XF96 assay buffer and 

then subsequently serial diluted by 3x to achieve multiple concentrations and added for 12 h 

prior to measurement on the XF96 Seahorse. This was followed by injection of oligomycin 

(1.5 μM), FCCP (0.6 μM) and rotenone/ antimycin A (0.5 μM). The metabolic parameters 

were calculated from the reading gotten from a minimum of 6 wells.

Cell Cycle Analysis.—MDA-MB-468 cells were seeded at a density of 2 x 105 cells/well 

in a 6 well clear bottom plate with a final media volume of 2 mL and allowed to adhere 

overnight 37 °C. Au-3 was prepared fresh as a stock in DMSO and added at a concentration 

of 0.5 μM and 1 μM with a final volume of 2.5 mL for 12 h. After 12 h, the medium was 

removed and added to a 15 mL Falcon tube. The wells were washed with PBS (5 mL), 

trypsinized (1 mL) and 5 mL of fresh DMEM was added. All media were combined, and the 

tube centrifuged at 2000 rpm for 5 minutes to collect the pellet. The pellet was resuspended 

in 1 mL of PBS, and transferred to a 1 mL Eppendorf tube, centrifuged at 2000 rpm for 5 
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minutes, decanted and resuspended in 70% EtOH/PBS solution. This solution was stored at 

4 °C until ready for analysis. Prior to analysis, the stored cells were collected by centrifuging 

at 2000 rpm for 5 minutes, washed twice with PBS (1 mL) and resuspended in a 50 μL of 

RNase solution (100 mg/mL) and 200 μL of a 50 mg/mL PI solution. The solutions were 

then filtered through a 5 mL round polystyrene bottom tube fit with a cell-strainer cap. The 

samples were then analyzed with FACS. Data are representative of three technical replicates 

with percentages plotted as the mean ± s.e.m. (n = 3).

Animal Experiment

Mouse Liver Mitochondrial Membrane Potential.

Differential mitochondrial isolation method was used to isolate mouse liver mitochondria 

were isolated from 8–9-week-old mouse. 10μg mito were run on HTX plate reader 

containing 100μl Respiration buffer. The Membrane potential was monitored using TMRE 

dye (150 nM final concentration). Compounds Au-3 was dissolved in DMSO to make 

25mM stock solutions. The stocks were further diluted 1:10 in DMSO to prepare working 

stock 2.5 mM. The working stock was serially diluted (5 times) 1:3 in DMSO to prepare 

further dilutions 0.83 mM, 0.27 mM, 0.09 mM, 0.03 mM and 0.01 mM. 1μl of each 

of these dilutions were added to reaction well containing respiration buffer to have final 

concentrations of the compound as 25μm, 8.3μM, 2.7μM, 0.9μM, 0.3μM and 0.1μM 

respectively. Results for 25 μM and 8.3 μM not included. The plate was read at λ= 530ex/

590em with the mito, and subsequently after addition of pyruvate+Malate, Oligomycin and 

FCCP. The difference (Δ) between FCCP-Oligomycin were taken as a maximum membrane 

potential difference between the coupled and uncoupled states of respiration.

Mouse Liver Mitochondria Respiration using Seahorse.

Mouse Liver mitochondria isolated from 8–9-week-old C57BL/6 mouse using differential 

mito isolation was used for this study. 5μg mito per well were run on Seahorse (XFe96) 

containing Respiration buffer. Compounds Au-3 was dissolved in DMSO to make 25 mM 

stock solutions. The stocks were further diluted 1:10 in DMSO to prepare stock of 2.5mM. 

The working stock was serially diluted (5 times) 1:3 in DMSO to prepare further dilutions 

(each of 100X) 0.83mM, 0.27mM, 0.09mM, 0.03mM and 0.01mM. 16 μl of each of these 

dilutions (100X) were added to 186 μl respiration buffer and 25 μl was added to reaction 

well containing respiration buffer to have final concentrations of the compound as 25 μm, 

8.3 μM, 2.7 μM, 0.9 μM, 0.3 μM and 0.1 μM respectively. The Oxygen consumption rates 

(OCR) were monitored after compound addition during top up volume (25 μl) followed 

by pyruvate+malate+ADP, oligomycin, FCCP and rotenone+succinate addition through 

injection ports A, B, C and D respectively and measuring OCR after each addition.

In vivo experiment:

5-week-old female BALB/c mice were purchased from Jackson Laboratories and 

quarantined for a period of one week before inoculation with 1,000,000 4T1 cells 

subcutaneously on their right flanks. After 3 days of implantation, the mice were 

systemically treated with 10 mg/kg Au-3 via intraperitoneal administration. Au-3 was 

formulated in DMSO (1%), Kolliphor (10%), and PBS (89%) and delivered at 100 μL. The 
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control group was treated with a PBS solution containing 1% DMSO and 10% Kolliphor. 

The injection of Au-3 was performed three times a week for two weeks. Tumor size and 

body weight measurements were performed three days a week, and mice were euthanized 

15 days later. All mice were maintained in a pathogen-free environment under the care of 

DLAR of University of Kentucky. Our study was performed in compliance with the NIH 

guidelines (NIH Publication No. 85-23 Rev. 1985) for the care and use of laboratory animals 

and all experimental procedures were monitored and approved by the Institutional Animal 

Care and Use Committee (IACUC) of University of Kentucky (USA).

Hematoxylin and eosin (H&E) staining.

The mice used in the in vivo comparative experiment of Au-3 were sacrificed at day 14 

post tumor cells(4T1) injection. Freshly prepared paraformaldehyde (4% in PBS) was used 

to fix harvested mice organs (heart, lung, liver, kidney, spleen, and tumor) for 24 h before 

been processed for paraffin sectioning. The organs sections of 5 μm were stained with H&E 

staining and used for histological examination of the organs and tumor. A total of 5 sections 

per tissue (spanning the full depth of the organ) were examined and photographed using a 

Nikon Eclipse 55i microscope.

Tissue biodistribution.

Tissues obtained from the in vivo studies were used for tissue biodistribution. The tissues 

were boiled for 5 hours at 60 °C with 70% HNO3 (0.5 ml) and then boiled again at 60 °C 

for 10 minutes by adding 35% hydrogen peroxide (0.5 ml). The solution turned yellow and 

diluted as needed to measure the gold content using a Graphite Furnace Atomic Absorption 

Spectrometer. Before measuring all samples, the standard solution curves were measured.

Serum Stability.

Blood samples were taken from 14 weeks old BALB/cJ female mice and used for serum 

stability. Au-3 was prepared as a 100 mM stock solution in DMSO. 2.5 μL of Au-3 was 

taken and mixed with 247.5 μL of serum to make a final volume of 250 μL. For the 

experiment, serum containing Au-3 (17 μL) was mixed with MeOH (80 μL ). The solution 

was vortexed for 1 minute and centrifuged at 14,000 rpm at 4 °C for 10 minutes. The clear 

supernatants were taken and subjected to LCMS analysis at different time points (0, 10, 30, 

60, 120, 360, and 1440 min). The result was plotted as the % of Au-3 serum stability against 

time. All experiments were performed in duplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

APCI-MS atmospheric pressure chemical ionization mass spectrometry

ATP adenosine triphosphate

AUC area under the curve

DMEM dulbecco's modified eagle medium

DNP dinitrophenol

DPPE 1,2-Bis(diphenylphosphino)ethane

ESI electrospray ionization

FBS fetal bovine serum

GF-AAS graphite furnace atomic absorption spectrometry

HPLC high performance liquid chromatogram

L-GSH L-glutathione

MMP mitochondria membrane potential

NHC N-heterocyclic carbine

ORTEP oak ridge thermal ellipsoid plot

PBS phosphate buffer saline

TMRE tetramethylrhodamine, ethyl ester

TNBC triple negative breast cancer
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Figure 1. 
A. Generic chemical structure of biphenyl Au(III) complexes showing bisphosphine ligands 

used in this work B. Chemical structure of Au-3 used in this work and the ORTEP 

representation of Au-3 (biphenyl AuCl2 anion omitted for clarity). CCDC no: 2233442 

C. Cyclic voltammogram of Au-2 and Au-3 at 0.1 V/s with Ag/AgCl reference electrode.
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Figure 2. 
Physiological stability studies. A. Reaction of Au-3 with L-glutathione using UV-Vis (24 

h) and APCI-MS (8 h) B. LC-ESI-MS serum stability studies of Au-3 (100 μM, 24 h) and 

decay plot (right) extrapolated from HPLC AUC (left).
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Figure 3. 
Mechanistic studies on the mode of action of Au-3. A. Flow cytometry result showing 

apoptosis at 0.1 and 0.3 μM in MDA-MB-468 cells. B. Cell cycle analysis of Au-3 at 0.5 

and 1 μM. C. Extrapolated state IV data from isolated mitochondria of C57BL/6J mice. 

D. MitoStress study using Seahorse assay. MDA-MB-468 cancer cells were pretreated with 

Au-3 (12 h) and various inhibitors of ETC were added at indicated time points. E to H. 

Key parameters extrapolated from Seahorse assay. I. Mitochondria membrane potential of 

isolated mitochondria of C57BL/6J mice using TMRE dye. J. Mitochondria membrane 

potential of MDA-MB-468 using JC-1 dye. Au-3 was administered at (10 μM) for 90 

minutes. Ordinary one-way ANOVA * p< 0.05, ** p< 0.1, *** p<0.001, ****p< 0.0001
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Figure 4. 
Structure activity relationship studies. A. Theoretical LogP values of Au-1-Au-5 computed 

from SWISSADME software. B. UV-Vis solution stability studies of Au-1 (top) and Au-5 
(bottom) over 24 h. C. Intracellular accumulation of Au1-Au-5 in MDA-MB-468 cancer 

cells. Cells were treated with 10 μM for 18 h. D-F. Extrapolated state IV data from treatment 

of Au-1-Au-3 on isolated mitochondria of C57BL/6J mice. Ordinary one-way ANOVA * p< 

0.05, ** p< 0.1, *** p<0.001, ****p< 0.0001
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Figure 5. 
Therapeutic potential of Au-3. A. Schematic diagram showing Au-3 dosing schedule. B and 

C. Effect of Au-3 on tumor volume and weight of 4T1 infected Balb/c mice. Unpaired t-test, 

*p< 0.05, **p< 0.01. D. Histology (H&E) staining of harvested tissue and tumor. E. Tissue 

biodistribution of Au-3 determined by GF-AAS (n= 3).
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Table 1.

Table showing IC50 values (μM) for complex Au-1-Au-5 and cisplatin, in MDA-MB-468, MDA-MB-231, 4T1 

and BT-333 cancer cells.

Compounds MDA-
MB-468

MDA-MB-
231

4T1 BT-333

Au-1 0.11± 0.12 0.49 ± 0.06 0.85 ± 0.18 0.76± 0.08

Au-2 0.21± 0.14 0.25 ± 0.21 1.18 ± 0.16 0.93± 0.09

Au-3 0.11± 0.09 0.55 ± 0.09 0.38 ± 0.2 0.52± 0.07

Au-4 0.33± 0.18 0.20 ± 0.18 0.13 ± 0.08 1.43± 0.12

Au-5 6.76± 0.65 2.62 ± 0.25 2.07 ± 0.27 3.38± 0.04

cisplatin 2.60± 0.61 43.14± 0.9a 1.0 ± 0.17b 23.2± 0.29

a,b
Reported IC50 values of cisplatin in MDA-MB-231 and 4T1.66,67
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