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ABSTRACT: Optimizing the bioavailability of drug candidates is
crucial to successful drug development campaigns, especially for
metal-derived chemotherapeutic agents. Nanoparticle delivery
strategies can be deployed to overcome physicochemical
limitations associated with drugs to improve bioavailability,
pharmacokinetics, efficacy, and minimize toxicity. Biodegradable
albumin nanoconstructs offer pragmatic solutions for drug delivery
of metallodrugs with translational benefits in the clinic. In this
work, we explored a logical approach to investigate and resolve the
physicochemical drawbacks of gold(III) complexes with albumin
nanoparticle delivery to improve solubility, enhance intracellular
accumulation, circumvent premature deactivation, and enhance
anticancer activity. We synthesized and characterized stable gold(III) dithiocarbamate complexes with a variable degree of
cyclometalation such as phenylpyridine (C^N) or biphenyl (C^C) Au(III) framework and different alkyl chain lengths. We noted
that extended alkyl chain lengths impaired the solubility of these complexes in biological media, thus adversely impacting potency.
Encapsulation of these complexes in bovine serum albumin (BSA) reversed solubility limitations and improved cancer cytotoxicity
by ∼25-fold. Further speciation and mechanism of action studies demonstrate the stability of the compounds and alteration of
mitochondria bioenergetics, respectively. We postulate that this nanodelivery strategy is a relevant approach for translational small-
molecule gold drug delivery.
KEYWORDS: gold(III), dithiocarbamate, nanoparticles, bovine serum albumin, encapsulation, stability, cyclometalation

■ INTRODUCTION
Despite the significant progress in the development of novel
chemotherapeutic agents in the past few decades, cancer
remains a leading cause of death in the United States.1−5

Different approaches have been employed in the development
of novel chemotherapeutics with metallodrugs playing a
prominent role since the approval of cisplatin, oxaliplatin,
and carboplatin for the treatment of testicular, colon, and
ovarian cancer.6−11 Metal complexes possess unique properties
such as multiple oxidation states, unique redox potential, and
geometry that make them desirable chemotherapeutics.1,12−16

Despite these desirable qualities, research into metal-based
drugs suffers a number of setbacks due to physicochemical and
physiological factors such as off-target effects, poor stability,
aggregation, degradation, and poor cellular uptake; which have
stalled their progression to the clinic.17,18 These factors
correlate with pharmacokinetic properties, which are defined
by the absorption, distribution, metabolism, and excretion
(ADME) properties of a potential drug molecule.11 Although
these can be modeled by examining the octanol/water

partition coefficient or the Lipinski rule for lipophilicity that
has proved useful in many organic-based drug discovery efforts,
there is a need for caution when metallodrugs are involved.19,20

On the issue of stability of metal-based complexes, cyclo-
metalation is an attractive method.21 Here, the metal is
stabilized or chelated by a carboligand, this chelation confers
improved stability to the highly susceptible metal−carbon
bond giving metallodrugs increased stability.22 Also, to
modulate the physicochemical properties, increasing the alkyl
chain length could improve the lipophilicity due to the
tendency for longer chains to fill binding pocket of protein,
increase hydrophobic interactions between the compound, and
the target thus imparting cellular response.23,24
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Encapsulating metallodrugs with natural biocompatible
proteins such as albumin can further improve solubility and
absorption of metallodrugs into cells.25,26 Albumin is an
abundant protein in blood that binds ligands and facilitates
transport within cells. Albumin accumulates preferentially in
leaky vessels, where they are readily internalized by nutrient
deprived cancer cells. Also, albumin encapsulated drugs have
shown low toxicity with a long plasma circulation half-life.27−29

In addition to these characteristics, the rationale that cancer
cells overexpress albumin receptors such as neonatal Fc
receptor (FcRn), glycoprotein (gp60, gp30, gp18) receptors
where it activates caveolin-1 to mediate the transcytosis of
albumin-bound molecules and Secreted Protein Acidic Rich in
Cysteine (SPARC) receptor that modulates extracellular
proliferation and cell migration associated with increased
tumor invasion has made encapsulation with albumin an
attractive option in drug delivery systems.30−34 Abraxane a
notable albumin-based drug approved by the FDA is used for
patients with metastatic breast cancer, non-small cell lung
cancer, and pancreatic adenocarcinoma.27,35,36 Other albumin
encapsulated drugs such as nab-5404 (NCT01163071) and
nab-docetaxel (NCT00477529) which are based on the
albumin bound technology (nabtechnology) similar to
Abraxane are currently undergoing clinical trials.
Research into the use of albumin as a carrier for transition-

metal-based complexes is promising. BTP-114, an albumin

binding platinum prodrug is currently undergoing clinical trial
for treating patients with advanced solid tumors with BRCA
mutations (NCT02950064) and reports of other platinum,
palladium, and copper loaded albumin systems are present in
the current literature.25,31,37−43 In recent years, research into
gold(III) complexes has increased with the aim of overcoming
drug resistance and deleterious side effects associated with
platinum-based drugs, unravel newer mechanism of drug
action, and identify molecular targets.44−52 Hence, we explored
the use of bovine serum albumin (BSA) as a carrier for
gold(III) dithiocarbamate complexes. Albumin loaded gold-
(III)-dithiocarbamate complexes are attractive as results from
preclinical evaluation of peptidomimetic delivered gold(III)-
dithiocarbamate complexes showed excellent antineoplastic
activity in cisplatin resistant cells,53,54 but their premature
deactivation has limited their progression to the clinic. Herein,
we investigate the effect of gold(III) dithiocarbamate
complexes with different degrees of cyclometalation and alkyl
chain length on cellular responses in cancer cell lines. To
overcome the solubility problems inherent in longer chain
gold(III) dithiocarbamate, we encapsulated dodecyl dithiocar-
bamate Au(III) complexes in BSA to form nanoconstructs and
further characterized their biological responses in cancer cells.

Figure 1. Synthetic scheme to access cyclometalated gold(III) dithiocarbamate. (A) Synthesis of dialkyldithiocarbamate. (B) Synthesis of cationic
[C^N-Au(III)-S^S]PF6 complexes. (C) Synthesis of neutral [C^C-Au(III)-S^S] D) X-ray crystal structures of AuDCN6 and AuDCC1 complexes.
Thermal ellipsoids are shown at the 50% probability level.
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■ RESULT AND DISCUSSION
Synthesis. In this work, we report the synthesis of gold(III)

dithiocarbamate complexes using two different organogold(III)
starting materials bearing [C^N] and [C^C] cyclometalated
gold(III) framework and explored the impact of different
cyclometalation approaches on the cellular response in cancer
cells. The two scaffolds differ only in Au−N and Au−C bonds.
The synthetic scheme proceeds by reacting an ethanolic
solution of dialkylamine with carbon disulfide to afford
dialkyldithiocarbamate with varying alkyl chain lengths 1, 2,
6, and 12 (Figure 1A). This was followed by the synthesis of
either the C^N or C^C cyclometalated gold(III) complexes.
Subsequently, AuDCN1, 2, 6, and 12 were synthesized by
reacting a methanolic solution of dichloro(2-phenylpyridine)-
gold(III) with the corresponding dialkyldithiocarbamate at
room temperature to give cationic gold(III) complexes of the
type [C^N-Au(III)-S^S]+ (Figure 1B). To access the C^C
cyclometalated complexes, we proceeded by synthesizing di-μ-
chlorido biphenyl digold(III) via an already reported
protocol,55,56 this was then followed by the addition of
dialkyldithiocarbamate in tetrahydrofuran to afford neutral
gold(III) complexes AuDCC1, 2, 6, and 12 of the archetype
[C^C-Au(III)-S^S] (Figure 1C). The compounds were fully
characterized by NMR spectroscopy, and purity was assessed
by HPLC-MS and found to be greater than 97% (Figures S1−
S48). X-ray crystallography studies reveal that AuDCN6 and
AuDCC1 have square planar geometry around the central gold
atom. While AuDCN6 crystallizes as a monocationic complex
in a tetragonal P4̅2(1)c space group, AuDCC1 crystallizes as a

neutral monoclinic gold(III) complex with a P2(1)/n space
group (Figure 1D), Tables S1−S2.
Stability and Speciation Studies. To understand the

impact of the degree of cyclometalation on the stability of gold
complexes, we carried out speciation studies. AuDCN2 and
AuDCC2 were reacted with L-glutathione and monitored by
LC-MS for 5 h to observe potential adduct formation. L-
Glutathione is a major nonprotein thiol in cells where it exists
in the reduced form at a concentration of about 10 mM and
can readily react with electrophiles or reduce Lewis acids.
Analysis of the HPLC trace of the reaction of AuDCN2 or
AuDCC2 with L-GSH showed that both complexes were
present in the reaction after 5 h (Figure 2A). However, a new
peak was observed immediately after addition of L-GSH to
AuDCN2 complex which corresponds to the reduced [2-
phenylpyridine-Au-GSH] adduct (m/z = 657) and this adduct
decreased minimally during the 5 h study period (Figure 2A,
Table S3, and Figures S49−S50) while no new adduct was
observed for AuDCC2 complexes. This result suggests that
AuDCC2 is more stable toward biological reductants than
AuDCN2. This stability may be rationalized with respect to
the presence of two strong sigma donating carbon atoms
bonded to gold in AuDCC complexes compared with AuDCN
complexes with one Au−C and Au−N bond.
Further evidence of stability was obtained from the

electrochemical characterization of representative complexes
in DMSO using Ag/AgCl reference electrodes. The cyclic
voltammogram of AuDCN2 shows a redox potential of −0.92
V, which corresponds to a reduction peak while AuDCC2

Figure 2. Stability Studies of Au(III) dithiocarbamate complexes. (A) Chart showing the reaction of AuDCN2 and AuDCC2 with L-GSH
monitored by LCMS. HPLC conditions Flow rate: 1 mL/min; λ = 260 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). Sixteen min until end of run (100:0 H2O: ACN). (B) Cyclic
voltammetry studies of AuDCN2 (5 mM) and AuDCC2 (5 mM) in DMSO with 0.1 M NBu4PF6 as the supporting electrolyte at a platinum
electrode with a Ag/AgCl reference electrode. Scan rate = 0.1 V/s; Quiet time = 2 s; sensitivity = 1 × 10−5 A/V.
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undergoes a pseudoreversible reduction at −1.01 V and a
corresponding oxidation at −0.8 V as shown in Figure 2B. This
result suggests that cyclometalation remains an important
strategy to enhance the electrochemical stability of Au(III)
complexes. Further, while AuDCN2 undergoes irreversible
reductions, the more sigma donor stabilized AuDCC2 complex
demonstrates redox reversibility arising from the gold(III)
center and dithiocarbamate ligand interaction. Overall, the
stability of complexes with [C^C-Au(III)-S^S] scaffold is
demonstrated and may be useful to study protein-Au(III)
complex interactions.
In Vitro Cytotoxicity. To investigate the impact of

different cyclometalated scaffolds and chain lengths on cellular
response, we first sought to determine the cytotoxicity of
Au(III) dithiocarbamate complexes in three (3) different
cancer cell lines using MTT assay. MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) is a cationic
lipophilic tetrazolium dye that can be reduced to formazan by
metabolically active cells. In this work, aggressive cancer cell
types (MDA-MB-231 triple negative breast cancer cell, BT-333
human glioblastoma, and UWB1.289 ovarian cancer cells) with
limited treatment options in the clinic were treated with the
eight Au(III) dithiocarbamate complexes at different concen-
trations within a 72-h period (Table 1, Figures S51−58). Our

screening showed that there was a correlation between the
carbon chain length, solubility in biological media, and
anticancer activity of these complexes. Increasing the number
of carbon chain length on the dithiocarbamate ligand leads to
reduced solubility and cytotoxicity. Also, the cytotoxicity of
AuDCN complexes were lower (IC50 = 13 nM−23 μM) in all
the cell lines screened compared to their corresponding
AuDCC complexes (IC50 = 1.99 to >100 μM). The lower IC50
values observed for AuDCN complexes can be attributed to
the cationic character of AuDCN complexes due to the
significant affinity for the inner mitochondrial membrane,
which has a negative redox potential.
Lipophilicity. Extending the carbon chain length of a drug

can influence their physicochemical properties, and increase
hydrophobic interactions, thereby impacting drug activity. To
rationalize the impact of cyclometalation and alkyl chain
lengths on cellular response, we computed their lipophilicity
using SWISSADME software and experimentally determined
the partition coefficient in an octanol−water mixture.
Theoretically, the LogP values of these complexes increase
with alkyl chain length for both AuDCN and AuDCC class of
complexes (Figure 3A, Figure S59−S74). Regarding degree of

cyclometalation, AuDCC complexes with cyclometalated
biphenyl framework showed lower lipophilicity compared to
their cyclometalated phenylpyridine counterpart (AuDCN)
with a similar alkyl chain. Experimentally, the partition
coefficient of the complexes in a presaturated octanol−water
solution was determined by measuring their affinity to each
phase. The log absorbance of the HPLC trace of each phase
was measured and calculated as . The LogP

values of AuDCN1,2 and 6 were determined to be 0.19, 0.28,
and 1.19 respectively while the LogP for the remaining
complexes could not be determined due to greater hydro-
phobicity (Figure 3A). The large differences in the LogP values
for both theoretical and experimental data can be due to the
relativistic effect of gold that may not be accounted for in
theoretical calculations due to lack of accurate parametrization
models.
Cellular Uptake and Mitochondria Bioenergetics.

Therapeutic efficacy of a drug-like molecule can be determined
by their ability to permeate the plasma membrane and
accumulate within the cells where they engage their target.
Intracellular accumulation of bioactive compounds often
correlates well with efficacy. Therefore, we studied the uptake
of gold complexes in cells and in mitochondrial fractions. For
whole cell uptake, MDA-MB-231 cells were treated with 10
μM complexes and incubated for 18 h. Gold uptake was
determined by inductively coupled plasma mass spectrometry
(ICP-MS). All eight complexes significantly accumulate in cells
at above 5 nmol per one million cells. Cationic complexes
bearing phenylpyridine backbone showed significant increase
in cellular uptake compared to their neutral biphenyl
counterpart with similar alkyl groups except for AuDCN12
which showed lower cellular uptake compared to AuDCC12
(Figure 3B). Given that gold complexes are known to alter
distinct mitochondria functions, we sought to understand the
effect of cyclometalation and alkyl chains on mitochondria
accumulation. MDA-MB-231 cells were treated with AuDCN2
and AuDCC2 at 10 μM for 18 h, and we observed
accumulation of gold in the mitochondria. Cationic
AuDCN2 showed a statistically significant mitochondria
accumulation (11 nmol/20 million cells), compared to
AuDCC2 complexes (9 nmol/20million cells) (Figure 3C).
This significant increase in mitochondria accumulation
corroborate the fact that cationic species can readily
accumulate intracellularly and in the mitochondria compared
to neutral complexes.
Earlier reports by Mertens et al., showed that the mechanism

of cytotoxic cell death of Au(III) dithiocarbamate complexes is
by inhibiting mitochondrial respiration in triple negative breast
cancer cells.48 We therefore examined the effect of the gold
complexes on mitochondria respiration in triple negative breast
cancer cell MDA-MB-231 and ovarian cancer cell UWB1-289
by Seahorse 96XF. To determine how the degree of
cyclometalation affects the OCR, AuDCN2 and AuDCC2
were chosen and injected pneumatically into MDA-MB-231
cancer cells. This was followed by application of oligomycin (a
complex V inhibitor of the electron transport chain) to
measure the minimal rate of metabolism required to support
basic cell function (basal respiration); FCCP, a potent
uncoupler that inhibit ATP synthesis by uncoupling the
proton gradient generated by mitochondria inner membrane
enabling the measurement of maximal respiration; and
antimycin A/rotenone (a complex I/III inhibitor) was added

Table 1. Table Showing IC50 Values (μM) for Au(III)
Dithiocarbamate Complexes in MDA-MB-231, BT-333 and
UWB1.289 Cancer Cell Linesa

Complexes BT-333 MDA-MB-231 UWB1.289

AuDCN1 0.013 ± 0.02 0.35 ± 0.04 2.69 ± 0.04
AuDCC1 1.99 ± 0.07 4.07 ± 0.09 >100
AuDCN2 0.68 ± 0.01 1.38 ± 0.06 2.19 ± 0.02
AuDCC2 >100 >100 31.6 ± 0.05
AuDCN6 1.38 ± 0.03 1.23 ± 0.05 2.81 ± 0.03
AuDCC6 53.70 ± 0.03 81.28 ± 0.08 >100
AuDCN12 17.78 ± 0.03 23.44+ 0.13 22.9 ± 0.05
AuDCC12 89.12 ± 0.03 >100 >100
aCells were treated with freshly prepared stock solution of compound
in DMSO (< 1%) Data is represented as mean ± SD (n = 6).
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to shut down the ETC. Analyses of the mitostress assay
(Figure 3C−F) showed that AuDCN2 rapidly inhibited
oxygen consumption rate in a dose dependent manner at 10
μM compared to the control as observed from the maximal
respiration (Figure 3F), whereas AuDCC2 did not alter the
rate of oxygen consumption even at 30 μM. This effect was
recapitulated in ovarian cancer cell UWB1-289 where
AuDCN1, AuDCC1 and AuDCN12 were studied. (Figure
3G−I) This result suggests that cationic [C^N-Au(III)-S^S]+
complexes result in inhibition of OCR in cancer cells as a
mode of cell cytotoxicity and increasing the alkyl chain length
does not have significant effect on the oxygen consumption
rate due to poor solubility of the hydrophobic gold complexes
that led to reduced intracellular accumulation. We posit that
strategies to improve compound solubility will enhance the
potency of long alkyl chain gold(III) complexes.

Encapsulation of Au(III) Dithiocarbamate Complexes
Improves Its Cytotoxicity and Cellular Uptake. In our
quest to address the solubility issues of the hydrophobic
Au(III) dithiocarbamate complexes, we hypothesized that
nanoparticle encapsulation using biodegradable protein albu-
min will improve physicochemical properties and efficacy.
Encapsulation with albumin has been shown to improve the
pharmacodynamic properties of drug-like molecules, for
example, albumin has been used to deliver cytotoxic hydro-
phobic Taxol, hence we prepared bovine serum albumin (BSA)
encapsulated Au(III) dithiocarbamate using a desolvation
method (Figure 4). The nanoparticles formed were charac-
terized by dynamic light scattering (DLS) and scanning
electron microscopy (SEM) and the cytotoxicity and cellular
uptake in cancer cells measured. Briefly, BSA was dissolved in
DI water, and the solution was stirred at room temperature for
15 min; desolvation was then achieved by dropwise addition of

Figure 3. Impact of the degree of cyclometalation and alkyl chain-length elongation of Au(III) dithiocarbamate complexes on cellular responses.
(A) Lipophilicity of Au(III) dithiocarbamate complexes determined theoretically using ADMESWISS software from Swiss Institute for
Bioinformatics. LogP values shown is the consensus LogP from an average of five predictions and those performed experimentally. (B) Whole
cellular uptake of Au(III) dithiocarbamate complexes in MDA-MB-231 cancer cells. Cells treated at a concentration of 10 μM for 18 h and
analyzed by ICP-MS. Data plotted as mean ± s.e.m. (n = 2). (C) Mitochondria uptake of AuDCN2 and AuDCC2 in MDA-MB-231 cancer cells.
Cells treated at a concentration of 10 μM for 18 h and analyzed by ICP-MS. Data plotted as mean ± s.e.m (n = 2). (D) Bioenergetic study of
MDA-MB-231 cells after pneumatic in vitro treatment with AuDCN2 and AuDCC2. (E−F) Key bioenergetic parameters extrapolated from
Seahorse XF96 analyzer. Data plotted as mean ± s.e.m from a minimum of 12 wells. (G) Bioenergetic study of UWB1.289 cells after pneumatic in
vitro treatment with AuDCN1, AuDCN12, and AuDCC1. Data plotted as mean ± standard error of the mean from a minimum of 12 wells.
Unpaired student t test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (H−I) Key bioenergetic parameters extrapolated from Seahorse
XF96 analyzer. Ordinary one-way ANOVA *p < 0.05, **p < 0.1, ***p < 0.001, ****p < 0.0001
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ethanol into the solution with continuous stirring at room
temperature to give a cloudy suspension. This process alters
the tertiary structure of albumin, leading to a decreased water
solubility of albumin and enhanced phase separation.57

Glutaraldehyde was then added to stabilize the BSA nano-
particle formed. To the suspension was then added AuDCN12
or AuDCC12 and the mixture was allowed to stir for 2 h. The
mixture was then concentrated by gentle heating on a rotary
evaporator under vacuum, transferred to an ultracentrifuge
tube (MWCO 50 kDa) and centrifuged at 6000 rpm for 20
min with three successive DI water wash steps. The size,
charge, and morphology of gold-loaded BSA nanoparticles
were confirmed by DLS, zeta potential, and SEM analyses. As
shown in Figure 5A-D, AuDCN12/BSA has a diameter of
225.3 ± 25.1 nm with zeta potential of 0.431 ± 0.167 mV, and
AuDCC12/BSA has a diameter of 200.9 ± 22.1 nm with a zeta
potential of 0.359 ± 0.375. SEM images were further employed
to characterize gold-loaded BSA nanoparticles, and they
showed the spherical morphology of the nanoconstruct formed
(Figure 5I−J). This result demonstrates that BSA successfully
encapsulates the gold(III) dithiocarbamate complexes. To
elucidate the encapsulation efficiency and cargo loading
capacity of the gold-loaded BSA nanoparticles, we prepared
AuDCN12/BSA and AuDCC12/BSA at two concentrations
with the loaded gold agent, AuDCN12 or AuDCC12 at 10 or
500 μM respectively and a concentration of 0.7 mM BSA
prepared in DI water. We found that 10 μM feeding of the
bioactive gold cargo resulted in approximately 2-fold higher
encapsulation efficiency than that of 500 μM feeding for both
nanoparticles (Table S4−S5). Of note, for AuDCN12/BSA,
the loading capacity at 10 or 500 μM feeding was 4.03% or
28.8%, respectively (Table S4) and for AuDCC12/BSA, the
loading capacity at 10 or 500 μM feeding was 1.96% or 14.8%,
respectively (Table S5). To assess the physiological stability of
the gold-loaded BSA nanoparticles, we dispersed the NPs in
biologically relevant media (PBS and DMEM) and observed
the solution via dynamic light scattering experiments over a
period of 96 h at 37 °C. There was no precipitation observed
in the solution over 96 h with little or no changes in the
particle size of AuDCN12/BSA or AuDCC12/BSA as

measured by DLS (Figure 5E and 5F), pointing to optimal
physiological stability and allows for use in biological models
systems. The kinetic release profiles of AuDCN12/BSA or
AuDCC12/BSA under slightly acidic conditions (pH 4)
showed ∼10−20% release of the gold cargo from the BSA
nanoparticles within 48 h (Figure 5G and 5H). At pH 7.4,
there was no gold cargo release under similar kinetic
conditions.
With the nanoparticles in hand, we assessed the

physicochemical characteristics and the attendant cellular
responses that they evoke. Beyond the observation of a turbid,
cloudy solution of the free AuDCN12 or AuDCC12
compounds in DMEM and the clear solution observed for
gold-loaded BSA nanoparticles in DMEM (Figure 6A), we
subjected these solutions to experimental verification by UV−
vis spectroscopy (λmax = 254 nm) at room temperature. The
concentrations required to reach an absorbance of 1 for the
gold-loaded BSA nanoparticles were significantly higher than
free gold(III)-dithiocarbamate constructs (Figures S77−80).
This emphasizes the enhanced solubility imparted by BSA
encapsulation. Further studies to examine the impact of
albumin encapsulation of AuDCN12 or AuDCC12 on
cytotoxicity by MTT assay in MDA-MB-231 and BT-333
cancer cells was conducted. First, we determined the gold
concentration in the nanoparticle construct by AAS before
treatment of cancer cells. We found that the nanoparticle
constructs displayed improved cytotoxicity in MDA-MB-231
and BT-333 cancer cell lines with 25−40 times reduction in
IC50 compared to free AuDCN12 or AuDCC12 (Figure
6B−E, Table S6). This impressive result necessitated the
examination of cellular uptake in MDA-MB-231 cells. We
observed a significant increase in the amount of gold content
accumulation when MDA-MB-231 cells were treated with 10
μM AuDCN12/BSA and AuDCC12/BSA for 18 h (Figure
6F). This result suggests that encapsulation of drug molecules
is an efficient way of improving their delivery into target cells.

Figure 4. Flowchart showing the steps involved in bovine serum albumin encapsulation of AuDCN12 and AuDCC12.
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■ CONCLUSION
In conclusion, we have studied the physicochemical impact of
gold-based agents via the rational design and synthesis of
gold(III) dithiocarbamate complexes with varying degrees of
cyclometalation and alkyl chain lengths. We showed by cyclic
voltammetry and LCMS studies that stability of Au(III)
complexes can be improved through cyclometalation and that
the degree of cyclometalation influences stability of Au(III)
dithiocarbamate complexes with neutral complexes of the type
[C^C-Au(III)-S^S] showing more solution stability than
cationic [C^N-Au(III)-S^S]+ complexes in a L-GSH model
reaction.
Furthermore, in vitro cytotoxicity studies showed that the

anticancer activity of these complexes is dependent on the
degree of cyclometalation and alkyl chain length, with cationic
AuDCN complexes having lower IC50 values compared to
neutral AuDCC complexes. Also, increasing alkyl chain length
from methyl to dodecyl alkyl groups results in a corresponding
increase in IC50 values. This result can be explained from the
affinity of cationic gold(III) dithiocarbamate complexes to the

more negative redox potential of the mitochondria and the
increased lipophilicity, reduced solubility, and cellular uptake
of higher alkyl chain dithiocarbamate in biological media and
cancer cells. To improve these cellular responses, higher chain
Au(III) dithiocarbamate complexes were encapsulated into
bovine serum albumin using the desolvation method and they
were characterized by DLS and SEM. The BSA encapsulation
approach greatly improves the solubility in biological media,
cellular uptake, and potency in MDA-MB-231 and BT-333
cancer cell lines. We believe that this approach can help in
reducing the systemic toxicity, off-target effects, and enable the
effective delivery of next generation gold-based chemo-
therapeutics to the clinic.

■ MATERIALS AND METHOD
Materials. All of the solvents used in the work were purchased

from Greenfield Global (ACS grade). The starting Au(III) cyclo-
metalated complex dichloro(2-phenylpyridine)gold(III) was prepared
as previously reported.58 HAuCl4.3H2O was purchased from ACROS
Organic and stored under a nitrogen atmosphere. Sodium
hexafluorophosphate and 2,2-dibromobiphenyl were purchased from

Figure 5. Physicochemical characterization of AuDCN12/BSA and AuDCC12/BSA. (A−B) Size distribution of AuDCN12/BSA and AuDCC12/
BSA by DLS. (C−D) Zeta potentials of AuDCN12/BSA and AuDCC12/BSA. (E−F) Plot showing in vitro stability studies in PBS and DMEM.
The particle size was measured by DLS over a period of 96 h at 37 °C. (G−H) Plot showing kinetic release profile of nanoparticle construct in PBS
pH 4.0 for 48 h. Data plotted as mean ± s.e.m (n = 2). (I−J) SEM images of AuDCN12 and AuDCC12.
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Matrix scientific. Di-n-butyl tin dichloride, carbon disulfide, sodium
dimethyl dithiocarbamate and sodium diethyl dithiocarbamate salts,
dihexylamine, and didodecyl amine were purchased from Alfa Aesar.
n-Butyllithium solution (1.6 M in hexane) and anhydrous ether were
purchased from Sigma-Aldrich. Sodium hydroxide pellets were
purchased from VWR. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) was purchased from Cayman Chemicals.
Bovine serum albumin, glutaraldehyde, nitric acid (trace metal grade)
and hydrochloric acid (trace metal grade) were purchased from
Thermo Fisher scientific. All biological supplements for media, PBS
and trypsin-EDTA were purchased from Corning Inc. and used as
purchased. Deuterated solvents were purchased from Cambridge
Isotope Laboratories (Andover, MA). 1H, 13C (1H-decoupled), and
31P (1H-decoupled) NMR spectra were recorded on a 500 MHz
JEOL ECZr and Bruker Avance NEO 400 MHz spectrometer and
samples calibrated for: 1H NMR (CDCl3 δ = 7.26 ppm), 13C NMR
(CDCl3 δ = 77.16), and 31P NMR externally referenced to H3PO4 δ =
0.00). Liquid chromatography mass spectra were obtained by direct
flow injection (injection volume = 10 μL) using ElectroSpray
Ionization (ESI) on an Advion Expression CMS MassExpress
6.7.15.1 mass spectrometer instrument in the positive mode coupled
with RP-HPLC using an Agilent Technologies 1100 series HPLC

instrument and an Agilent Phase Eclipse Plus C18 column (4.6 × 100
mm; 3.5 μm particle size). All compounds were found to be ≥97%
pure. Gold content was determined using Agilent 8800 QqQ
Inductively coupled plasma mass spectrometry and a Varian Spectra
AA100Z Atomic Absorption Spectrometer. The ICPMS has the
following conditions: Tune mode = He MS/MS; Tune elements 7Li,
89Y, 95 Mo, 197Au (all at 1 ppb); RF power = 1550 W, RF matching
1.8 V, sample depth 10.0 mm, Nebulizer gas 1.04 l/min, He Flow rate
= 4.0 mL/min, H2 Flow rate = 0.0 mL/min, OctP Bias = −20 V, OctP
RF = 200 V, Energy discrimination = 5.0 V
Synthesis and Characterization. Synthesis of Dichloro(2-

phenylpyridine)gold(I I I ) . The synthesis of dichloro(2-
phenylpyridine)gold(III) was carried out using an already established
protocol from our lab. Briefly, 2-phenylpyridine (76 mg, 0.492 mmol)
was added to a 30 mL pressure tube containing HAuCl4·3H2O (0.194
g, 0.492 mmol) in water (10 mL) and the reaction was heated to 130
°C with continuous stirring for 24 h days. The precipitate formed was
filtered and washed with DI H2O, ethanol, and ether to give an off-
white solid that was used without further purification. Yield: 0.161 g,
(77.4%). 1H NMR (400 MHz, DMSO-d6) δ: 9.53 (d, J = 6, Hz, 1H),
8.44−8.38 (m, 2H), 7.98 (dd, J = 7.7, 1.7 Hz, 1H), 7.82 (dd, J = 8.1,
1.1 Hz, 1H), 7.78 (td, J = 6.3, 2.6 Hz, 1H), 7.49 (td, J = 7.5, 1.1 Hz,

Figure 6. In vitro cytotoxicity and cellular uptake of AuDCN/BSA and AuDCC12/BSA. (A) Images showing improved solubility of encapsulated
Au(III) dithiocarbamate compared to naked Au(III) dithiocarbamate. (B−E) Dose response curve showing improved cytotoxicity of BSA
encapsulated Au(III) dithiocarbamate. Data plotted as mean ± SD (n = 6) F) Whole cell uptake studies. Data plotted as mean ± s.e.m (n = 2).
Unpaired student t test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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1H), 7.39 (td, J = 8, 2.6 Hz, 1H). 13C NMR (101 MHz, DMSO) δ:
164.41, 152.78, 148.51, 144.46, 143.47, 132.15, 130.49, 129.84,
127.24, 125.82, 122.67.
Synthesis of 9,9-Dibutyl-9-stannafluorene. A Schlenk flask (250

mL) was charged with a solution of 2,2′-dibromobiphenyl (2 g, 6.410
mmol) in 60 mL of anhydrous diethyl ether under N2 gas at −78 °C.
n-BuLi (1.6 M in hexane solution) (8 mL, 12.82 mmol) was added
dropwise, and the temperature warmed to room temperature. The
solution was stirred for 2 h after which a solution of Bu2SnCl2 (2.08 g,
6.859 mmol) in 2 mL of diethyl ether was added, the light-yellow
solution turned white after addition, and stirring was continued
overnight. Water (50 mL) was added, and the organic layer extracted,
dried with MgSO4, filtered, and concentrated to give a pale-yellow
solid which was purified by column chromatography (100% Hexane)
to give white solid. Yield: 1.29 g, 52.8%. 1H NMR (500 MHz,
CDCl3): δ 7.96 (d, J = 10.0 Hz, 2H), 7.59 (d, 2H, J = 5 Hz, JH−Sn = 40
Hz), 7.35 (dd, J = 10 Hz, 5 Hz, 2H), 7.24 (dd, J = 10, 5 Hz, 2H), 1.65
(m, 4H), 1.39 (m, 8H), 0.84 (t, J = 10 Hz, 6H). 13C NMR (125 MHz,
CDCl3): δ 148.8, 141.2, 136.6 (JC−Sn = 45 Hz), 128.9, 127.3 (JC−Sn =
30.0 Hz), 122.75 (JC−Sn = 34.3 Hz), 29.1, 27.3 (JC−Sn = 54.9 Hz),
13.7, 12.1 (JC−Sn = 360.7 Hz).
Synthesis of μ-Chlorobiphenyl Au(III). In a 50 mL round-

bottomed flask fitted with a magnetic stir bar, HAuCl4.3H2O (200
mg, 0.519 mmol) in 10 mL of acetonitrile was added. To this yellow
solution 9,9-dibutyl-9-stannafluorene (204.51 mg, 0.519 mmol) was
introduced. The solution was then placed in an oil bath and stirred at
reflux for 24 h. After 24 h, the precipitate formed was filtered, washed
with acetonitrile (20 mL), and chloroform (20 mL) and dried to give
an off-white solid. Yield for complete compound: 74.5 mg, 37.3%. 1H
NMR (400 MHz, DMSO-d6) δ: 6.90 (t, J = 8 Hz, 2H), 6.99 (t, J = 4
Hz, 2 H), 7.14−7.21 (m, 4H), 7.41−7.44 (m, 6H), 7.81 (d, 8 Hz,
2H). 13CNMR (101 MHz DMSO-d6) δ: 122.07,122.44, 127.12,
127.24, 128.67, 128.97, 133.67, 147.98, 150.89, 152.06, 156.64
General Procedure A: Synthesis of Sodium Dialkyldithio-

carbamate. Sodium dihexyldithiocarbamate and sodium didodecyl
dithiocarbamate salts were prepared according to a modified
procedure in the literature.48 In a round-bottom flask, dialkylamine
(1.35 mmol, 1 equiv) and NaOH (1.35 mmol, 1 equiv) were mixed
with ethanol (20 mL). The mixture was sonicated to dissolve NaOH
completely and placed in an ice bath at 0 °C. Carbon disulfide (2.70
mmol 2 equiv) was added dropwise, and the reaction mixture was
stirred at room temperature overnight. The reaction mixture was
concentrated in vacuo and used for the next step without further
purification.
Dihexyldithiocarbamate. Yield: quantitative. 1H NMR (400 MHz,

CDCl3) δ: 3.92 (t, 4H, J = 8 Hz), 1.72−1.65 (m, 4H), 1.36−1.25 (m,
12H), 0.88 (t, J = 8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ:
208.08, 54.75, 31.68, 26.99, 26.79, 22.69, 14.06.
Didodecyldithiocarbamate. Yield: quantitative. 1H NMR (400

MHz, Chloroform-d) δ: 3.91 (t, 4H J = 8 Hz), 1.65−1.74 (m, 4H),
1.23−1.31 (m, 36H), 0.88 (t, J = 8 Hz, 6H). 13C NMR (101 MHz,
CDCl3) δ: 207.87, 58.39, 54.83, 31.98, 29.88, 29.79, 29.57, 29.45,
27.24, 27.03, 22.73, 18.39, 14.14.
General Procedure B: Synthesis of AuDCN Complexes.

Dichloro(2-phenylpyridine)gold(III) (40 mg, 0.094 mmol) was
suspended in 20 mL of MeOH in a 250 mL Erlenmeyer flask and
stirred at room temperature. A separate solution of the corresponding
sodium dithiocarbamate salt (0.094 mmol) was dissolved in 10 mL of
MeOH and added dropwise. The mixture gradually turned yellow
upon the addition of the dithiocarbamate solution. The reaction
mixture was stirred at room temperature overnight. A saturated
solution of NaPF6 in DI H2O was made and added to the MeOH
mixture. Excess distilled water was added, until a precipitate was
observed. The solution was filtered, and the solid was washed with
distilled water and diethyl ether and dried to afford the corresponding
AuDCN complexes.
General Procedure C: Synthesis of AuDCC Complexes. In a

50 mL round-bottomed flask equipped with a magnetic stirrer,
biphenyl[AuC)Cl]2 (40 mg, 0.052 mmol) and THF (9 mL) were
added. The reaction mixture was cooled to 0 °C in an ice bath and

sodium dialkyldithiocarbamate (0.104 mmol, 2 equiv) was added.
The reaction was stirred for 20 min and monitored by TLC (100%
DCM) for completion. After completion of reaction, the solution was
filtered through Celite and concentrated to yield the product.
AuDCC6 and AuDCC12 were purified on silica gel combiflash 0−
25% DCM/Hexane.

AuDCN1.

Prepared as described in the general procedure B. Yield: 50.5 mg,
86.6%. 1H NMR (500 MHz, Acetonitrile-d3) δ: 8.60 (d, J = 5 Hz 1H),
8.31 (t, J = 10 Hz 1H), 8.23 (d, J = 5 Hz 1H), 7.91 (d, J = 5 Hz, 1H),
7.60 (t, J = 10 Hz 1H), 7.52 (t, J = 10, 1H), 7.39 (t, J = 10 Hz, 1H),
7.18 (d, J = 5, Hz, 1H), 3.46, (s, 3H), 3.45 (s, 3H). 13C NMR (101
MHz, DMSO-d6) δ: 192.77, 163.12, 150.97, 149.61, 143.86, 143.66,
132.13, 129.06, 128.00, 127.11, 126.05, 122.26, 41.92, 40.02. 31P
NMR (162 MHz, CD3CN) δ: −144.62. 19F NMR (376 MHz,
CD3CN) δ −72.05. Purity was determined to be >97% by RP-HPLC:
Rf = 6.9 min using the following method: Flow rate: 1 mL/min; λ =
260 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: can). Sixteen min until the end of run (100:0
H2canACN). ESI+ MS (found) = 471.1 [M − PF6]+ (calcd =
471.03).

AuDCN2.

Prepared as described in the general procedure B. Yield: 45 mg,
73.7%. 1H NMR (500 MHz, Acetonitrile-d3) δ: 8.61 (d, J = 5 Hz,
1H), 8.34 (t, J = 10 Hz, 1H), 8.22 (d, J = 5 Hz, 1H), 7.93 (d, J = 5
Hz, 1H), 7.60 (t, J = 10 Hz, 1H), 7.53 (t, J = 10 Hz, 1H), 7.44 (t, J =
10 Hz, 1H), 7.20 (d, J = 5 Hz, 1H), 3.86 (q, J = 10, 5 Hz, 2H),
3.87(q, J = 10 Hz, 5 Hz) 1.44−1.36 (m, 6H). 13C NMR (101 MHz,
CD3CN) δ: 194.23, 164.54, 152.02, 149.78, 144.59, 144.34, 133.05,
129.95, 128.84, 127.55, 126.47, 122.89, 49.29, 47.74, 12.31, 12.02. 31P
NMR (162 MHz, CD3CN) δ: −144.67. 19F NMR (376 MHz,
CD3CN) δ: −72.06, −73.93. Purity was determined to be >97% by
RP-HPLC: Rf = 7.86 min using the following method: Flow rate: 1
mL/min; λ = 260 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). Sixteen min until end of run
(100:0 H2O: ACN). ESI+ MS (found) = 499.2 [M − PF6]+ (calcd =
499.04).

AuDCN6.

Prepared as described in the general procedure B. Yield: 81.7%. 1H
NMR (500 MHz, Acetonitrile-d3) δ: 8.59 (d, 1H), 8.32 (t, J = 10 Hz,
1H), 8.21 (d, J = 10 Hz, 1H), 7.92 (d, J = 5, Hz, 1H), 7.60 (t, J = 10
Hz, 1H), 7.52 (t, J = 10 Hz, 1H), 7.41 (t, J = 10 Hz, 1H), 7.19 (d, J =
5 Hz, 1H), 3.85−3.75 (m, 4H), 1.87−1.78 (m, 4H), 1.45−1.32 (m,
12H), 0.94−0.91 (m, 6H). 13C NMR (101 MHz, CD3CN) δ: 195.00,
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152.12, 149.85, 144.36, 133.05, 129.97, 128.91, 127.58, 126.47,
122.92, 117.88, 54.48, 52.83, 31.57, 27.42, 27.13, 26.54, 22.79, 13.84,
13.35. 31P NMR (162 MHz, CD3CN): −144.62. 19F NMR (376
MHz, CD3CN) δ: −72.04. Purity was determined to be >97% by RP-
HPLC: Rf = 11.34 min using the following method: Flow rate: 1 mL/
min; λ = 260 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). Sixteen min until end of run (100:0
H2O: ACN). ESI+ MS (found) = 611.2 [M − PF6]+ (calculated =
611.18).
AuDCN12.

Prepared as described in the general procedure B. Yield: 36.5 mg,
42%. 1H NMR (500 MHz, Chloroform-d): δ 8.39 (d, J = 5 Hz, 1H),
8.29 (t, J = 10 Hz, 1H), 8.10 (d, J = 5 Hz, 1H), 7.72 (d, J = 5 Hz,
1H), 7.64 (t, J = 10 Hz, 1H), 7.40 (t, J = 10 Hz, 1H), 7.24 (d, J = 5
Hz, 1H), 6.95 (d, J = 5 Hz, 1H), 3.78 (m, 4H), 1.87−1.79 (m, 4H),
1.32−1.20 (m, 36H), 0.87 (t, J = 5 Hz, 6H). 31P NMR (162 MHz,
CDCl3): −143.59. 19F NMR (376 MHz, CDCl3): δ −70.52. Purity
was determined to be >97% by RP-HPLC: Rf = 16.2 min using the
following method: Flow rate: 1 mL/min; λ = 260 nm; Eluent A = DI
water with 0.1% trifluoroacetic acid; Eluent B = Acetonitrile with
0.05% formic acid; Solvent Gradient: 0−20 min (0:100 H2O: ACN).
Twenty min until end of run (100:0 H2O: ACN). ESI+ MS (found) =
799.4 [M − PF6]+ (calculated = 799.27).
AuDCC1.

Prepared as described in the general procedure C. Yield = 45 mg,
80.5%. Rf = 0.44 in 50% Hexane: DCM. 1H NMR (400 MHz, DMSO-
d6) δ: 7.56 (d, J = 8 Hz, 2H), 7.22 (t, J = 8 Hz, 2H), 7.17 (d, J = 8 Hz,
2H), 7.01 (t, J = 8 Hz, 2H), 3.44 (s, 6H). 13C NMR (101 MHz,
CDCl3) δ: 205.13, 153.28, 153.16, 131.22, 127.41, 127.11, 121.73,
40.95. Purity was determined to be >97% by RP-HPLC: Rf = 10.87
min using the following method: Flow rate: 1 mL/min; λ = 260 nm;
Eluent A = DI water with 0.1% trifluoroacetic acid; Eluent B =
Acetonitrile with 0.05% formic acid; Solvent Gradient: 0−15 min
(0:100 H2O: ACN). 15−20 min until the end of run (100:0 H2O:
ACN). ESI+ MS (Found) = 470.1 (calculated) = 470.03.
AuDCC2.

Prepared as described in the general procedure C. Yield: 36 mg, 70%.
Rf = 0.52 in 50% Hexane: DCM. 1H NMR (400 MHz, DMSO-d6): δ
7.56 (d, J = 7.5 Hz, 2H), 7.22 (t, J = 7.5 Hz, 2H), 7.16 (d, J = 7.5 Hz,
2H), 7.01 (t, J = 7.4 Hz, 2H), 3.85 (q, J = 7.2 Hz, 4H), 1.34 (t, J = 7.1
Hz, 6H). 13C NMR (101 MHz, DMSO) δ: 199.82, 153.24, 153.07,
131.29, 128.08, 127.87, 122.49, 47.16, 12.62. Prepared as described in
the general procedure C. Yield 1H NMR (400 MHz, DMSO-d6) δ
7.56 (d, J = 8 Hz, 2H), 7.22 (t, J = 8 Hz, 2H), 7.17 (d, J = 8 Hz, 2H),
7.01 (t, J = 8 Hz, 2H), 3.44 (s, 6H). 13C NMR (101 MHz, DMSO) δ:

153.16, 131.37, 128.13, 127.93, 122.55, 41.58. Purity was determined
to be >97% by RP-HPLC: Rf = 9.5 min using the following method:
Flow rate: 1 mL/min; λ = 260 nm; Eluent A = DI water with 0.1%
trifluoroacetic acid; Eluent B = Acetonitrile with 0.05% formic acid;
Solvent Gradient: 0−10 min (0:100 H2O: ACN). Ten min until the
end of the run (100:0 H2O: ACN). ESI+ MS (found) = 498 [M + 1]+
(calculated = 498.04).

AuDCC6.

Prepared as described in the general procedure C. Yield: 40 mg,
92.8%. Rf = 0.61 in 50% Hexane: DCM. 1H NMR (500 MHz,
Chloroform-d) δ: 7.44 (d, J = 8 Hz, 2H), 7.28−7.25 (m, 2H), 7.18 (d,
J = 16.0 Hz, 2H), 6.98 (t, J = 8 Hz, 2H), 3.69 (t, J = 8.0 Hz, 4H),
1.81−1.71 (m, 4H), 1.36 (d, J = 12.2 Hz, 12H), 0.93 (t, 8 Hz, 6H).
13C NMR (126 MHz, CHLOROFORM-d) δ: 203.59, 153.62, 153.26,
131.31, 127.40, 127.16, 121.76, 52.14, 31.46, 27.23, 26.59, 22.63,
14.10. Purity was determined to be >97% by RP-HPLC: Rf = 11.43
min using the following method: Flow rate: 1 mL/min; λ = 260 nm;
Eluent A = DI water with 0.1% trifluoroacetic acid; Eluent B =
Acetonitrile with 0.05% formic acid; Solvent Gradient: 0−20 min
(0:100 H2O: ACN). Twenty min until end of run (100:0 H2O:
ACN). ESI+ MS (found) = 610.1 [M + 1]+ (calculated = 610.65).

AuDCC12.

Prepared as described in the general procedure C. Yield = 55 mg,
69%. Rf = 0.65 in 50% Hexane: DCM. 1H NMR (400 MHz,
Chloroform-d) δ: 7.44 (d, J = 8 Hz, 2H), 7.28 (s, 1H), 7.19 (t, J = 8
Hz, 2H), 6.99 (t, J = 7.4 Hz, 2H), 3.75−3.68 (m, 3H), 1.80 (t, J = 8
Hz, 4H), 1.43−1.20 (m, 36H), 0.88 (t, J = 8 Hz, 6H). 13C NMR (101
MHz, CDCl3) δ: 203.53, 153.52, 153.18, 131.21, 127.32, 127.07,
121.68, 77.35, 77.04, 76.72, 52.03, 31.94, 29.65, 29.57, 29.49, 29.38,
29.23, 27.17, 26.84, 22.72, 14.16. Purity was determined to be >97%
by RP-HPLC: Rf = 11.19 min using the following method: Flow rate:
1 mL/min; λ = 260 nm; Eluent A = DI water with 0.1% trifluoroacetic
acid; Eluent B = methanol with 0.05% formic acid; Solvent Gradient:
0−5 min (70:30 H2O: MeOH). 5−7 min (50:50 H2O: MeOH), 7−
10 min (0:100 H2O: MeOH), 10−15 min (20:80 H2O: MeOH) 15
min until the end of run (100:0 H2O: MeOH).
Physical and Chemical Characterization. X-ray Crystallog-

raphy. Crystal for complexes AuDCN6 and AuDCC1 were grown at
room temperature from a vapor diffusion of chloroform into diethyl
ether. Crystals were mounted using polyisobutene oil on the end of a
glass fiber, which had been mounted to a copper pin using an
electrical solder after careful selection of suitable crystals by
microscopic examination through crossed polarizers. The selected
crystal was transferred to the cold gas stream of a liquid nitrogen
cryostat59,60 diffraction collected by a Bruker D8 Venture diffrac-
tometer with graded multilayer focused MoKα X-rays (λ = 0.71073
Å). Lorentz-polarization effects was corrected by integrating, scaling,
merging and correcting the raw data gotten from the diffractometer
using APEX3 package.61−63 Space group determination, structure
solution and refinement was determined with SHELXT and SHELXL
while ellipsoid plots were drawn using SHELXTL-XP.64−66 The
positioning of hydrogen atoms was determined after calculation and
refining using a riding model with their isotropic displacement
parameters (Uiso) determined based on the atom to which they were
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attached while anisotropic displacement parameters were to refine
non-hydrogen atoms. The structures, deposited in the Cambridge
Structural Database, were checked for missed symmetry, twinning,
and overall quality with PLATON,67 an R-tensor,68 and finally
validated using CheckCIF.67 See Figures 1 and S1−S3 and Tables
S1−S3 for structural details.
LCMS Stability Studies with L-Glutathione. L-Glutathione (1

mM in water) was mixed with AuDCN2 or AuDCC2 (1 mM in
acetonitrile) to make a 0.5 mM equimolar solution. The solution was
then subjected to LCMS analysis with readings taken every hour for 5
h using an Advion expression CMS mass express 6.7.15.1 coupled
with RP-HPLC using an Agilent Technologies 1100 series HPLC
instrument and an Agilent Phase Eclipse Plus C18 column (4.6 mm ×
100 mm; 3.5 μm particle size). The data was analyzed using Advion
data express and Graphpad 9.5.1 software.
Electrochemical Studies. Electrochemical analysis of AuDCN2

and AuDCC2 was carried out using a CH instruments 650E
potentiostat. The electrodes used are a 3 mm glassy carbon working
electrode (CHI104), a 3 mm Ag/AgCl reference electrode (CHI111),
and a 3 mm platinum wire counter electrode (CHI115). AuDCN2
and AuDCC2 were prepared as a 5 mM solution in DMSO with 0.1
M tetrabutylammonium hexafluorophosphate (NBu4PF6) as the
supporting electrolyte. Prior to each measurement, the samples
were purged with nitrogen for 30 min to eliminate any dissolved
oxygen in the solution. The electrochemical measurements were taken
at a scan rate of 0.1 V/s with a three-segment sweep and a sample
interval of 0.001 V. The quiet time was set to 2 s and sensitivity 1 ×
10−5 A/V. Data were analyzed with GraphPad Prism 9.5.1
Lipophilicity. To determine the LogP for the gold(III)

dithiocarbamate complexes, a stock solution (1000 μM) was prepared
in acetonitrile. In a 1.5 mL Eppendorf tube was added 400 μL of
presaturated octanol, 400 μL of DI water, and 200 μL of the test
sample was added. The sample was agitated for 30 min and
centrifuged at 10,000 g at 23 °C for 15 min, and the octanol layer was
separated from the water layer. HPLC trace of each layer was taken,
and the partition coefficient of the complexes in a presaturated
octanol−water solution was determined by measuring their affinity to
each phase. The log absorbance of the HPLC trace of each phase was
measured and calculated using .

In Vitro Biological Assay. Cell Culture. MDA-MB-231 was
purchased from ATCC, while BT-333 and UWB1.289 were generous
gifts from Dr. Gilles Berger and Dr. Jill Kolesar, respectively. MDA-
MB-231, BT-333 cancer cells were grown in DMEM supplemented
with 10% FBS, 1% amphotericin B and 1% penicillin/streptomycin
while UWB1.289 cancer cells were grown in Lomza’s MEGM + RPMI
mixture containing 3% FBS, 1% amphotericin B and 1% penicillin/
streptomycin and kept in an incubator at 37 °C with 5−10% CO2. All
supplements along with PBS and trypsin-EDTA were purchased from
Corning Inc. and used as purchased.
In Vitro Cytotoxicity. The cytotoxicity of the eight Au(III)

dithiocarbamate complexes was performed in MDA-MB-231, BT-333,
and UWB1.289 cancer cells. Cells were harvested after reaching 80%
confluency via trypsinization. Harvested cells were then suspended in
10 mL of the appropriate medium, centrifuged at 2000 rpm for 5 min,
pellet removed, and then resuspended in 5 mL of the same medium.
Cell plating was carried out at a density of 4,000 cells/well in a 96-well
clear bottom plate, allowed to adhere overnight at 37 °C with 5−10%
CO2 before addition of compounds. All the eight Au(III)
dithiocarbamate complexes were prepared fresh as 1 mM stock
solution in DMSO and diluted with appropriate media to the working
concentration of 300 μM. The compounds were then added at seven
concentrations with a 3× serial dilution starting at 100 μM for the
highest concentration and incubated at 37 °C for 72 h with 5−10%
CO2. After 72 h, the media were removed and replaced with a
solution of MTT (100 μL and incubated for 4 h 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 Biotek Synergy
H1 Plate Reader at 570 nm (peak absorbance) and the data plotted as
mean ± s.e.m (6 technical replicate) using Graphpad 9.5.1. Similarly,

the cytotoxicities of AuDCN12/BSA and AuDCC12/BSA were
determined in MDA-MB-231 and UWB1.289 using the procedure
described above with a starting concentration of 15 μM.

Mitochondrial Metabolism Analysis with Seahorse XF96
Analysis. For the mito-stress experiment, MDA-MB-231 and
UWB1.289 cells were seeded at 30,000 cells/wells (100 μL) and
allowed to adhere overnight at 37 °C with 5−10% CO2. Stock
solutions of AuDCN2 and AuDCC2 (1 mM) were prepared in
DMSO and diluted to a working concentration of 100 μM with a
Seahorse XF96 assay buffer. The assay was performed using a
pneumatic injection of both complexes, with the final injection
concentrations of 30 μM, 10 μM, and 1 μM. 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
based on the reading gotten from a minimum of 12 wells and the data
plotted as mean ± SD using Graphpad 9.5.1

Whole Cellular Uptake. MDA-MB-231 cells (1 × 106 cells/well)
were seeded in a 6 well clear bottom plate with a final volume of 2.5
mL and allowed to adhere overnight at 37 °C. Gold(III)
dithiocarbamate complexes and BSA encapsulated Au(III) dithio-
carbamate were prepared as a stock in DMSO and added to each well
at a final concentration of 10 μM. After 18 h of treatment cells were
collected via trypsinization and centrifuged at 2000 rpm for 5 min.
The pellets formed were suspended in 1 mL of DMEM, transferred to
a 1.5 mL Eppendorf tube, and centrifuged a second time at 2000 rpm
for 5 min. The media was decanted, and the pellets washed with PBS
(1 mL × 2). The pellets were stored at −20 °C until further analysis.
Prior to analysis, the pellets were suspended in 300 μL of aqua regia
and digested for 4 h at 60 °C. The solution was allowed to cool to
room temperature and diluted appropriately and subjected to analysis
with ICP-MS. Cellular gold concentration were expressed as nmol of
Au per million cells. Data is plotted as mean ± s.e.m (n = 2) using
Graphpad Prism 9.5.1

Mitochondrial Uptake. MDA-MB-231 (20 × 106) were treated
with 10 μM AuDCN2 and AuDCC2 at 37 °C. After 18 h of
incubation, the media was removed and the cells were washed with
PBS solution (1 mL × 3), and the cells were harvested via
trypsinization. Extraction of mitochondria was carried out according
to the procedures/protocol of the mitochondria extraction kit
(ThermoFisher Scientific). The mitochondria pellets collected were
digested with aqua regia (300 μL) for 4 h at 60 °C and then diluted to
the appropriate concentration as needed. The solution was thereafter
subjected to ICP-MS for analysis. Mitochondria gold concentration
were expressed as nmol of Au per million cells. Data is plotted as
mean ± s.e.m (n = 2) using Graphpad Prism 9.5.1
Encapsulation of Gold(III) Dithiocarbamate Complexes with

Bovine Serum Albumin. For the BSA encapsulation of Au(III)
dithiocarbamate complexes, 100 mg of bovine serum albumin (pH
7.0) was dissolved in DI water (2 mL), the solution was stirred at
room temperature for 15 min, ethanol (4 mL) was added gradually
with continuous stirring, and the clear solution became milky; 18 μL
of 50% glutaraldehyde was then added to stabilize the BSA
nanoparticle formed. AuDCN12 or AuDCC12 (10 μM, 500 μM,
and 2 mM) dissolved in acetone were added to different batches, and
the mixture was allowed to stir at room temperature for 2 h,
concentrated under vacuum, and transferred to an ultracentrifuge tube
(MWCO 50 kDa) The solution was centrifuged at 6000 rpm for 20
min with three successive DI water wash steps to give the respective
BSA-encapsulated Au(III) dithiocarbamate.
BSA Nanoparticle Characterization. To determine the particle

size of the Au(III) dithiocarbamate BSA nanoparticle formed,
AuDCN12 (33 μM) or AuDCC12 (24 μM) was diluted in 1 mL
of ultrapure water. The particle size and zeta potential were
determined using Litesizer Anton−Paar particle size analyzer at 25
°C. Prior to measurement, the sample was sonicated for 1 min to
avoid aggregation of nanoparticles.
Kinetic Release Profile. Using the 500 μM prepared AuDCN12/

BSA and AuDCC12/BSA, 1.0 mL of test compound and 1 mL of
PBS were added to a 3.5 kDa dialysis membrane (the dialysis
membrane was plunged into DI water overnight before use), and the
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membrane was suspended in a beaker containing 30 mL of PBS
adjusted to pH 4.0 with 1 M HCl. At different time points, 0.5 mL of
samples were drawn out from the beaker and replaced with equal
volume of PBS. The samples taken were further digested with 70%
HNO3 and concentration determined using AAS. Data plotted as
mean ± s.e.m (n = 2).
Stability of AuDCN12/BSA and AuDCC12/BSA Using DLS.

Using the 500 μM prepared AuDCN12/BSA and AuDCC12/BSA, 1
mL of test sample was added to 1 mL of DMEM or PBS solution and
the NP size were measured every day for 5 days using DLS. Prior to
measurement, the sample was sonicated for 1 min to avoid
aggregation of nanoparticles.
UV−vis Solubility Studies in DMEM. Stock solutions of

AuDCN12 and AuDCC12 (2.5 mM) were prepared in DMSO and
serially diluted with DMEM to appropriate concentration before
absorption measurement was taken with a UV−vis spectrophotometer
at 37 °C. Similarly, gold-loaded BSA nanoparticles were prepared in
water and diluted with DMEM to the appropriate concentration
before absorbance reading. Prior to absorbance reading, the
instrument was blanked with a DMEM, and measurement taken at
λmax 254 nm.
Scanning Electron Microscopy. AuDCN12 and AuDCC12

were first sonicated for 5 min for proper dispersion in solution. A
droplet of each sample was then micropipetted and deposited onto a
silicon wafer chip (Ted Pella, Redding, CA, USA) which surface was
priorly made hydrophilic by glow discharge (EM ACE600, Leica,
Wetzlar, Germany). The samples were then left to dry at air before
sputter coating with 5 nm of platinum (EM ACE600, Leica, Wetzlar,
Germany). Imaging in the scanning electron microscope (SEM,
Quanta 250 FE-SEM, FEI/ThermoFisher Scientific, Hillsboro, OR,
USA) was conducted at 5 kV accelerating voltage for proper surface
sensitivity.
Determination of Gold Concentration in Nanoconstructs.

To a 50 μL solution of AuDCN12/BSA and AuDCC12/BSA was
added 100 μL of 70% HNO3 (trace metal grade), and the sample was
digested at 60 °C for 4 h. The sample was cooled to room
temperature and diluted appropriately with 1% HNO3 before
analyzing on a Varian Spectra AA100Z Atomic Absorption
Spectrometer. The analysis was performed in duplicate, and the
result analyzed with Graphpad 9.5.1
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