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Abstract: Gold(III) complexes have garnered increasing attention in 

drug delivery due to their structural and mechanistic similarities to 

cisplatin. This study investigates an indazole-based gold(III) 

carboxamide pincer complex, AuL, for its potential as an anticancer 

agent. Speciation analysis at physiological pH revealed that AuL 

predominantly exists as a neutral chlorinated species. The complex 

exhibited strong cytotoxicity against the MCF-7 breast cancer cell line, 

with an impressive IC50 value of 9 µM, while showing no significant 

activity against the HT-29 colon cancer cell line. Comprehensive 

analysis using electrophoresis, viscometry, UV-Vis, CD, LD 

spectroscopy, and biomolecular simulations demonstrated that AuL 

binds to DNA via a dual mechanism, specifically minor groove binding 

and alkylation, with binding constants Ka1 =1.48  109 M–1 and Ka2 = 

6.59  105 M–1, respectively. Our data indicate that AuL initially binds 

to the minor groove of DNA, at which point a nucleobase substitutes 

the Cl ion, resulting in AuL binding directly to the DNA bases. In 

conclusion, the dual binding mode of AuL with DNA underscores its 

potential as a promising anticancer agent, opening new avenues for 

drug discovery and the development of metal-based therapeutics. 

Introduction 
Gold(III) pincer complexes are attracting significant interest 

as potential anticancer agents due to the gold(III) ion’s 
isoelectronic and isostructural similarity to platinum(II), the central 

metal ion in cisplatin, the most widely used and successful 

anticancer metallodrug to date.1,2 Recent studies have 

demonstrated that certain gold(III) complexes exhibit in vitro 

cytotoxicity against specific cancer cell lines, with activity levels 

that are comparable to or even exceed those of cisplatin.[1–3] 

Ongoing research continues to explore the therapeutic potential 

of gold(III) complexes, aiming to expand the arsenal of effective 

metal-based anticancer agents.[4–6] 

Despite advancements in the study of gold(III) complexes, 

further research is necessary, particularly on pincer complexes to 

better understand their stability, reactivity, and therapeutic 

potential, given the limited number of available libraries for these 

molecules. A common strategy to enhance cytotoxicity involves 

modifying these complexes with moieties known for their 

anticancer properties. One such group is the indazole moiety, a 

purine base analogue,[7,8] which has recently gained prominence 

as a key building block in pharmaceutical and medicinal chemistry. 
[8–10] Although rare in nature, synthetic indazole derivatives have 

demonstrated diverse pharmacological properties, including anti-

inflammatory, analgesic, antiarrhythmic,[10] antibacterial,[11] anti-

fungal[12] anti-HIV[13–19]. Furthermore, several indazole-based 

drugs have shown success in cancer treatment,[20–32] leading to 

the exploration of novel indazole motifs for next-generation 

therapeutics.[8] Consequently, the indazole group and its 

bioisosteres remain a major focus of extensive studies.[9,33–35] 

Several carboxamide pincer complexes have been reported, 

though only a few feature gold(III) as the central metal ion.[36–38] 

These complexes incorporate amide groups, which are prevalent 

in DNA, cellular proteins,[39,40] and numerous pharmaceutical 

drugs.[39,41] Amide functionalities in these complexes contribute to 

hydrogen bonding, enhancing their rigidity and stability.[42,43] 

DNA is a primary molecular target in cancer therapy due to 

its essential role in cellular functions. Disrupting DNA integrity has 

been shown to impair the activity of cancerous cells, making it a 

critical focus for treatment strategies.[44–46] By binding to DNA and 

disrupting its secondary and tertiary structures, drugs can 

effectively inhibit uncontrolled cell replication. This inhibition is 

achieved through mechanisms such as alkylation, base 

displacement, intercalation, or groove binding. 

Herein, we report the synthesis of an indazole-based 

carboxamide pincer ligand and its corresponding gold(III) 

complex, AuL. We hypothesize that AuL facilitates DNA binding 
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through π-π stacking interactions between the indazole moiety 
and nucleic acid bases. This would engender significant, 

exploitable cytotoxicity for the complexes in vitro against the 

human breast adenocarcinoma cell line, MCF-7 and a human 

colorectal adenocarcinoma cell line, HT-29. 

Results and Discussion 
General synthesis and characterization 

The ligand H2L, which has been reported by Razuwika and 

Munro[47], was metalated by adapting and modifying a method by 

Akhmadullina, et al.[48] This entailed stirring H2L with KAuCl4 in a 

binary mixture of water-acetonitrile (3:1) for 15 h, to yield a novel 

carboxamide gold(III) pincer complex AuL (Figure 1a). The 

product was characterised using a range of analytical techniques, 

including NMR and FT-IR spectroscopy, elemental analysis, as 

well as high-resolution mass spectrometry. 

The NMR, FT-IR and electronic spectra of AuL are mainly 

presented to highlight the salient spectroscopic features of the 

synthesised compound. In Figure 1b, the 1H NMR spectrum 

reflects coordination of the gold(III) ion to the pincer ligand. In the 
1H NMR spectrum of H2L, the resonance at 12 ppm (peak e) 

disappears upon the complexation with the gold(III) ion in the 

spectrum of AuL, signifying successful metallation. This 

disappearance is attributed to the deprotonation of the amide 

protons in H2L, which facilitated metal binding. Metallation of the 

ligand resulted in a general upfield shift for all protons except 

proton b (at the meta position), which shifts downfield due to 

increased deshielding. The 13C NMR spectrum (Figure S1) 

supports the 1H NMR findings, showing the downfield shift of the 

amide carbonyl peak from 161.98 ppm in H2L to 170.04 ppm in 

AuL, which is attributed to the higher electronegativity of Au in 

comparison to H. [49–51]  

The FT-IR spectra (Figure 1c), show that the amide NH 

stretch (3310-3290 cm-1) and NH bend (1560-1585 cm-1) peaks 

present in H2L disappear upon complexation with the gold(III) ion, 

consistent with metallation. Additionally, the C=O stretch 

observed at 1690-1700 cm-1 in H2L shifts to a lower wavenumber 

(1683-1692 cm-1) presumably from back-donation of metal 

electron density into the antibonding MO of the amide groups. 

Crystallography  

The crystal structure of H2L was previously reported.[47] 
Single crystals of AuL were obtained by slow diffusion of tert-
butanol (tBuOH) into a DMSO solution of AuL, while single 
crystals of AuLT (a thymine derivative of AuL) were grown by 
slow diffusion of a thymine solution in water into a DMSO 
solution of AuL.  

Unlike the carboxamide pincer ligand H2L, which has 
been reported to exhibit atropisomerism,[47] the complex AuL 
does not display this property. The metal ion holds the pyridine 
and the amide nitrogen atoms, which are initially non-planar, 
in a relatively planar configuration around the metal centre. 
While the anchoring site remains planar, the presence of a 
dihedral angle allows the “pincer arms” to rotate. As a result, 
the complex crystallizes with Cᵢ symmetry. The rigidity 
imposed on the anchoring site reduces the flexibility of the 
compound, leading to the loss of atropisomerism. 

 
Figure 1. a) Structure and general synthetic scheme for the 
indazole based gold(III) carboxamide pincer complex AuL at 
room temperature for 15 h under study.[48,52] b) A comparison 
between the proton NMR spectra for H2L (blue) and AuL (red) 
displaying presence and the absence of the amide NH proton at 
11.80 ppm. c) FT-IR spectra of H2L and AuL, displaying the shift 
of the carbonyl peaks from 1692 to 1683 cm-1 and the 
disappearance of the NH stretch and bend peaks at 1583 and 
3316 cm-1, respectively upon complexation with gold(III). 

Complexes AuL and AuLT crystallised in the P-1 space 
group. The coordination environment around the gold(III) ion is 
planar, however, the “indazole arms” of the pincer ligand deviate 
from the planarity of the central pyridine and AuN3 coordination 
group with inequivalent dihedral angles of 60.1 and 56.5 in AuL. 
This distortion results in the loss of both chirality and C2 symmetry 
in AuL, in distinct contrast to the precursor ligand H2L. 

AuLT provided important insights into the binding 
interactions of the thymine base with the gold(III) metal center. 
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Thymine coordinates to the metal in its deprotonated ionic form, 
resulting in a neutral compound. The introduction of this aromatic 
group modifies the orientation of the “indazole arms” in AuLT, 
aligning them in the same direction, in contrast to AuL, where the 
arms are oriented oppositely. The dihedral angles between the 
indazole groups and mean plane passing through the central 
pyridine ring and AuN3 coordination group are 86.7 and 89.2 in 
AuLT. While AuL exhibits nearly identical bond lengths for both 
Au–Namide bonds, AuLT shows a difference of 0.015 Å between 
these bonds (see Figure 2). This variation arises from the 
interactions depicted in Figure 2b, where the thymine group 
engages in π-π interactions with one of the indazole rings, 
thereby shortening the corresponding Au–Namide bond. 

In general, the Au–N bond lengths are shorter in AuLT 

compared to those in AuL. The most significant change is 
observed between the Au–NThymine (2.014 Å) and Au–Cl (2.265 Å) 
bonds, with a reduction of 0.251 Å upon the substitution of Clˉ with 
thymine. This suggests that the Au–N bond is stronger than the 
Au–Cl bond, which is expected given that the anionic nitrogen is 
more basic than the chloride ion. The ability of nitrogen to donate 
a pair of electrons to the metal centre stabilises the Au–Nthymine 
bond. Thymine’s bulkier structure compared to Clˉ also increases 
the dihedral angles between the metal pincer core and the two 
“indazole arms” to 90˚ in AuLT, compared to 65˚ in AuL as 
noted above (Figure S5). This suggests that the pincer complex 
exhibits flexibility, allowing it to accommodate ligands of varying 
bulkiness. This adaptability could enhance the complex's ability to 
interact with a diverse range of molecules, potentially influencing 
its reactivity and stability. 

Electronic spectroscopy  

Preceding any spectroscopic studies, the gold(III) pincer 
complex AuL was electronically characterised in DMSO, and the 
UV-vis absorption spectrum is presented in Figure 3. Three 
absorption maxima were identified at 267 nm (𝜀 = 9.05 x 104 M-1 
cm-1), 296 nm (𝜀 = 8.96 x 103 M-1 cm-1) and 439 nm (𝜀 = 3.91 x 103 
M-1 cm-1). The peaks at 267 nm and 296 nm are attributed to the 
indazole rings, in accordance with data in the literature,[53,54] while 
the peak at 439 nm is characteristic of gold(III) complexes.[55] The 
transitions were further assigned using time-dependent density 
functional theory (TD-DFT) calculations at the HSEH1PBE/SDD 
level of theory. The DFT calculated electronic spectrum of AuL in 
DMSO (using a polarizable continuum model) is shown in the 
inset to Figure 3a. The predicted absorption maxima and the 
major contributions to each transition are summarised in Figure 
3b and Table S1. The calculated peaks correspond well with the 
experimental data after a wavelength adjustment of +30 nm.  

The lower energy transition (378 nm), correlating with the 
experimental peak at 439 nm, involves excitation from the HOMO 
to the LUMO or LUMO+3. Higher energy transitions at 267 nm 
and 296 nm are assigned to excitations from the HOMO-9 to the 
LUMO+2, and from the HOMO-6 to the LUMO, respectively. The 
HOMO orbitals are π-bonding and delocalized across the 
indazole rings, while the LUMO and LUMO+3 are predominantly 
antibonding (π*) in nature and localized on the gold metal centre. 
The LUMO+2 is primarily localized on the pyridine ring. The 
lowest energy transitions are thus attributed to intraligand charge 
transfer (ILCT) with a dominant π→π* character. Due to the 
significant 5dx²-y² character in the LUMO, the HOMO-LUMO 
transition also includes a component of ligand-to-metal charge 
transfer (LMCT). 

 
Figure 2. Selectively labelled views of the X-ray crystal structures 
of a) AuL and b) AuLT. Thermal ellipsoids are rendered at the 
50% probability level and H atoms are drawn as spheres of an 
arbitrary radius. Space groups: P1ˉ. AuL and AuLT has Ci 
symmetry. 

Notably, the LMCT band shifts are solvent and pH 
dependent. In DMSO (Figure 3a), a blue shift of this band is 
observed, likely due to the solvent’s solvation effects that stabilize 
higher energy states. However, in the multicomponent buffer 
(Figure 4a), where the pH range overlaps with that of DMSO (5-
8), the LMCT band shifts to a lower wavelength, indicating a red 
shift. This difference may be due to the buffer’s ionic interactions 
and specific solvation effects that stabilize lower energy states. 
Additionally, increasing the pH causes a shift to a lower 
wavelength, likely due to protonation effects or changes in the 
coordination environment, further influencing the electronic 
transitions and absorption bands. 
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Figure 3. a) The Experimental and DFT-calculated absorption 
spectra of AuL in DMSO, indicating the three Absorption maxima 
Imax.The absorption envelope for the DFT-calculated spectrum is 
plotted with full width at half maximum intensity (FWHM) of 3000 
cm-1. b) Molecular orbitals involved in the three most intense 
bands in the DFT-calculated electronic spectrum of AuL in DMSO. 
The percentage contribution of the electronic transitions to each 
band is indicated. 

Speciation Studies 

The identification of distinct chemical species at various pH 
levels is essential for understanding a compound's behavior 
under physiological conditions.[56] In the context of AuL, it can be 
inferred that the number of species corresponds to the number of 
pKa values, with each pKa representing a transition point between 
two species and indicating an equilibrium shift.[57] This study 
aimed to: (i) determine which species of AuL is present at 
physiological pH (pH 7.4), conditions that closely mirror those 
encountered in biological systems[56,58] and (ii) accurately 
delineate the pKa of AuL. We therefore conducted a series of UV-
vis spectroscopic measurements on AuL across a pH range of 

2.433 to 12.915, closely monitoring alterations in the complex’s 
electronic spectrum at 292, 330 and 460 nm, respectively (Figure 
4). Even though physiological pH’s range from 3.5–7.45, it is 
important to analyse the behaviour of AuL over a wide pH range 
to accurately delineate the complex’s pKa.[59] The titration data 
revealed the presence of four distinct transition points, 
corresponding to five different ionisation states of AuL across the 
pH range, which allowed for the derivation of equations (1) and 
(2). The equations describe the speciation behaviour of AuL and 
offer valuable insights for further interpretation of the experimental 
data. 

[AuLH2]2+ ⇌ [AuLH]+ ⇌ [AuL] ⇌ [AuLH2O]+ ⇌ [AuLOH]       (1) 

Equation (1) reflects the dynamic equilibrium involving the 
different species of AuL as a function of pH and enables a 
quantitative understanding of how the concentration of each 
species changes with variations in pH. The four steps in the 
overall equilibrium are described by the equilibrium constants K1, 
K2, K3, and K4 for the forward reactions from left to right. 

If the respective contributions of the species [AuLH2]2+, 
[AuLH]+, [AuL], [AuLH2O]+ and [AuLOH] to the total absorbance 
(AT) in a solution at various pH levels are AA, AB, AC, AD and AE, 
then equation for AT is illustrated in equation (2) below. (The full 
derivation is given in the ESI.) 

𝐴𝑇 = αβ 

where: α = 𝐴𝐴 × 10−4pH + 𝐾1𝐴𝐵 × 10−3pH + 𝐾1𝐾2𝐴𝐶 × 10−2pH+ 𝐾1𝐾2𝐾3𝐴𝐷 × 10−pH + 𝐾1𝐾2𝐾3𝐾4𝐴𝐸 β = 10−4pH + 𝐾1 × 10−3pH + 𝐾1𝐾2 × 10−2pH + 𝐾1𝐾2𝐾3 × 10−pH+ 𝐾1𝐾2𝐾3𝐾4 

(2) 

To provide a mechanistic understanding of the observed 
behaviour of the ionisation state of AuL at different pH levels, the 
pKa values were calculated using equation (2) in OriginPro 
2023b.[60] The calculated pKa values associated with each 
ionisation state were found to be 3.2, 5.8, 11.0, and 12.3. Peak 
maxima at 263 nm and 291 nm are characteristic of the indazole 
ring,[53,54] while the maximum at 448 nm is characteristic of the 
gold(III) metal ion. The pH titration data revealed a red shift in the 
peak maxima at 263 and 291 nm, between pH’s 2 and 5, 
indicating that the primary changes within this pH range occur on 
the indazole rings. At more alkaline pH levels, the main spectral 
changes are centred around 428 nm, which is characteristic of the 
gold(III) MLCT (metal-to-ligand charge transfer) transitions. 

The proposed ionization of AuL from pH 2.433 to 12.915 is 
illustrated in Figure 4b. At acidic pH levels, the indazole rings 
undergo protonation, and the resulting species carries an overall 
charge of +2. As the pH increases to 3.2, one of the indazoles is 
deprotonated, altering the molecule's charge to +1. At pH 5.8, the 
second indazole ring undergoes deprotonation, yielding a neutral 
compound. At pH 11.0, an ion exchange occurs between Clˉ and 
H2O, resulting in the molecule carrying a charge of +1. Finally, at 
pH 12.3, the water molecule is deprotonated, returning the 
complex to a neutral state. Based on the collected data, it can be 
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inferred that under physiological conditions, AuL predominantly 
exists as a neutral species 3 in Figure 4b.  
 

 

Figure 4. a) Electronic spectra of AuL at selected pH values in a 
multicomponent buffer maintained at constant ionic strength. b) 
The proposed scheme for changes in the structure of AuL with 
the increase in pH from 2-13. The pKa values for the speciation 
of AuL calculated using Equation 2 (illustrated in Figure S6), are 
indicated in the scheme. 

Stability of AuL to reduction  

Glutathione (GSH) serves a crucial role as the major 
component of the intracellular antioxidant system.[61] One of its 
main functions is the detoxification of heavy metal complexes 
within cells. With GSH concentrations ranging between 1 and 10 
mM in cells, it is imperative to assess the stability of AuL in the 
presence of the intracellular reductant GSH. In this study, the 
reaction between GSH and AuL was investigated to estimate the 
stability of AuL under physiological GSH concentrations.[62,63]  

The reaction of AuL and GSH was monitored over time by 
electronic spectroscopy with spectral acquisition from 250–600 
nm using a 1:1 mole ratio (AuL:GSH) of the two reactants and is 
presented in Figure 5. The change in the spectrum of AuL 
observed was the appearance of two isosbestic points at 315 and 
439 nm, respectively. The highest-energy band at 258 nm 
redshifts by only 3 nm to 261 nm, while the 354 nm band only 
redshifts by 2 nm to 356 nm. Inspection of the region around 354 
nm indicates that two separate isosbestic points are established 
close to one another over the time course of the reaction, 

suggesting a biphasic reaction overall. The UV-vis spectra for the 
reaction of AuL with GSH reveal that the Au(III) metal ion is not 
reduced (i.e., from Au(III) to Au(I)/Au(0)). Instead, the formation of 
the isosbestic points and minor redshifted wavelengths are likely 
due to the binding of GSH to AuL, forming an AuL{GSH} adduct. 
The main reaction of GSH with AuL is described in eq. 3. 

AuL + GSH ⇌ AuL-GSH + Clˉ              (3) 

 
Figure 5. Electronic absorption spectra of 40 μM AuL in a water 
(10% V/V) and DMSO mixture containing GSH at a molar ratio of 
1 :1 [AuL]:[GSH]. The inset shows the change in absorbance at 
258 nm as a function of time. The data are fitted to a standard 

double exponential kinetic function, 𝐴 =  𝐾1𝑒−𝑥 𝑡1⁄ +  𝐾2𝑒−𝑥 𝑡2⁄ + 𝐴∞, where k1 and k2 are adjustable pre-exponential factors, t1 and 
t2 are the time constants, and 𝐴∞ the limiting absorbance. 

The kinetic trace of AuL in the presence of GSH was 
recorded from the time-dependent spectra at 258 nm and 
confirms the biphasic nature of the reaction with two distinct rate 
constants: 𝑘1= 0.100(0.005) s–1 and 𝑘2= 0.079(0.005) s–1. The 
mean lifetimes for these steps are 𝜏1= 42.61(4.4) s and 𝜏2= 388.9 
(27) s. A comprehensive kinetic study of the reaction mechanism 
would be valuable and feasible for future work, although it is 
beyond the scope of the current article. Of particular significance 
is the observation that GSH does not reductively demetallate 
AuL; instead, a spectroscopically distinct AuIII-GSH adduct is 
formed and remains stable in the presence of excess GSH. Given 
that many AuIII complexes are reduced by GSH in vivo to either 
AuI species or even completely to Au(0),[64] this study emphasizes 
the exceptional stability of AuIII conferred by the NNN pincer 
ligands. 

Cytotoxicity of AuL in vitro 

Following confirmation that AuL is sufficiently stable at 

physiological pH, we proceeded to assess its cytotoxicity in vitro. 

This was tested against two invasive adenocarcinoma cell lines 

namely MCF-7 (hormone responsive breast cancer) and HT-29 

(colorectal cancer). Cell viability was investigated using an MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assay and early stages of apoptosis were detected using an 

APOPercentage assay. This section validates the effectiveness 

of AuL as a potential anti-cancer agent. 40 µM Plumbagin (PL) 

was utilised as a positive control for cell death. Plumbagin was 
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used as the positive control in the MTT experiment because it is 

a well-characterized cytotoxic agent with a rapid and strong effect 

on cell viability, ensuring the assay's technical reliability. It exhibits 

broad-spectrum cytotoxicity and is commonly used in in vitro 

cytotoxicity studies. Unlike Auranofin or Cisplatin, Plumbagin 

exerts cytotoxic effects by inducing reactive oxygen species 

(ROS), triggering cell cycle arrest and apoptosis cell death 

primarily through ROS generation, providing a distinct mechanism 

from the test compound AuL. Plumbagin’s consistent and broad-

spectrum cytotoxicity makes it a widely accepted standard in in 

vitro assays.[65] 

An MTT assay assesses the effect of a drug or compound 

on the cytotoxicity of cells, by measuring changes in cell 

viability.[66,67] Both cancer cell lines were exposed to a range of 

AuL concentrations (0–100 µM), over a period of 24 and 48 hours. 

AuL did not appear to have a cytotoxic effect in the HT-29 and 

MCF-7 cell line after 24 hours (Figure 6a). This is likely due to the 

slow uptake of AuL by the cells. Following 48 hours of exposure, 

there was not a significant reduction in cell viability in the HT-29 

cells, in both the low (0.1-5 µM) and high (10-100 µM) 

concentration ranges, where IC50 >100 µM, compared to the 

negative control (Figures 6b and c). Low toxicity of AuL in the HT-

29 cells was confirmed with the APOPercentage assay. The red 

APOPercentage dye is selectively taken up by apoptotic cells, 

during the membrane flip of phosphatidylserine in the early stages 

of apoptosis.[68,69] Subsequently, cytotoxicity can be detected at 

550 nm and visualised via microscopy. The micrographs indicate 

APOPercentage dye uptake following 48 h exposure to AuL 

(Figure 6).  

AuL did not induce significant apoptosis in both the low (5 

µM) and high (100 µM) concentration range, at 6.3% and 8.3%, 

respectively, relative to the untreated control (Figure 6e). In the 

MCF-7 cell line, AuL was not shown to be cytotoxic in the low 

concentration range at 48 hours. However, at high concentrations, 

viability was significantly reduced, showing an IC50 = 9 µM 

(Figures 6b and c). This IC50 is comparable to that of cisplatin 

which has been recorded in literature to be within the range of 0.5 

– 10 µM.[70–72] This shows that the cytotoxicity of AuL is 

comparable to cisplatin in breast cancer cells in vitro. Our data 

indicate that AuL could potentially be an effective anti-cancer 

agent in breast cancer.  
This was validated following analysis of apoptosis. The 

apoptosis-inducing properties of AuL in MCF-7 cells was 
visualised at low concentrations of 5 and 10 µM (Figure 6f). AuL 
induced 33.9% and a significant 54.8% apoptosis in MCF-7 cells, 
at 5 and 10 µM (Figure 6g), which is comparable to the cell 
viability data. The sensitivity of AuL in MCF-7 cells and not in HT-
29 cells indicates that this compound may act as an anti-cancer 
agent in selective cancer types, likely targeting breast cancer 
(oestrogen receptor positive, progesterone receptor positive). 
Further analysis is required to understand solution stability under 
physiological conditions, cellular uptake and the mechanism of 
action of AuL in vitro. 

Although direct comparison is not possible due to various 
variables, such as different incubation times, methodology for the 
cytotoxicity assay, and cell lines, our limited data for AuL 
compares favourably with the cytotoxicity reported for other 
gold(III) complexes, of which IC50 values range from 0.1 to 35 μM 
against several different cell lines.[73–79] Importantly, AuL IC50 
values compared favourably to the closest set of AuIII pincer 
ligands we could find, IC50 = 20 µM, for a class of [Au(N–N’–
N)Cl]Cl2[77] pincer complexes.  

In contrast to the notable cytotoxicity of AuL against the 

MCF-7 cells, H2L exhibited no significant cytotoxicity against 

either the MCF-7 or HT-9 cell lines at concentration below 100 µM 

 (Figure S15). These findings emphasize that the gold(III) ion, and 

its unique chemical properties, are essential for the efficacy of the 

gold(III) complex synthesized in this study. These collective 

findings are highly encouraging, as they demonstrate that the 

gold(III) chelates successfully reach their cellular targets before 

reduction or decomposition. Furthermore, the results highlight the 

critical role of the gold(III) ion in the efficacy of gold(III) chelates 

as chemotherapeutic agents, currently in vitro and potentially also 

in vivo going forward.  
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Figure 6 Cytotoxic effect of AuL in HT-29 and MCF-7 cells. Dose-response curves of AuL at a) 24 and b) 48 hours in HT-29 and MCF-
7 cells. c) HT-29 and MCF-7 cell viability following exposure to 0.1, 0.2, 0.5, 1, 5, 10, 20, 50 and 100 μM AuL. 40 μM plumbagin (PL) 
acted as the positive control. Visual representation of the effect of AuL on apoptosis in d) HT-29 and e) MCF-7 cells. f) 5 μM and 100 
μM AuL had no significant effect on HT-29 apoptosis, relative to the untreated group. g) 5 μM and 10 μM AuL induced 33.9% and 
54.8% apoptosis in MCF-7 cells, relative to the untreated group.  The scale bar represents 100 μm. Data represents the mean ± 
standard deviation. A one-way ANOVA was performed for statistical analysis, with Bonferroni’s multiple comparisons test used for 
pairwise analyses, where * P < 0.05, ** P < 0.01, *** P < 0.001.

MOA of AuL with ctDNA – spectroscopic titrations 

Based on the design of AuL and reported literature of 

gold(III) pincer complexes binding to DNA,[77] we investigated if 

AuL binding to DNA is a potential mechanism of action (MOA) of 

its cytotoxicity. The interaction between AuL and calf thymus DNA 

(ctDNA) was investigated by spectroscopic titrations (Figure 7), 

which indicates the change in the electronic spectrum of AuL for 

a single titration (of triplicate results). In Figure 7a, the red spectral 

line (before adding ctDNA to AuL) and the blue spectral line (after 

adding 37 µM of ctDNA) marks the end point, which is reached 

due to partial precipitation and turbidity of the solutions after 

incremental additions of ctDNA. The electronic spectra (Figure 

7a) indicate a non-linear decrease in absorbance as a function of 

increasing ctDNA concentrations.  
The hypochromic spectral changes of AuL were monitored 

at 342 nm (Figure 7b) and the non-linear data set was fitted to the 
modified Hill-Langmuir model,[80,81] with a sigmoidal function using 
OriginPro2023.[60] This fit quantified the affinity of AuL to DNA as 
binding constants Ka1 =1.48 x109 M-1 and Ka2 = 6.59 x105 with an 
R2 value of 0.997, which indicated a relatively good fit (Figure 7b, 
Table 1). Furthermore, the 342 nm band exhibited minor 
bathochromic shifts in peak position (~2 nm), while isosbestic 
points were only observable at concentrations of ctDNA below 90 
nM (insert in Figure 6a).  

This hypochromicity is typical of most NNN type gold(III) 
pincer complexes in literature, however, the Ka values are several 
orders of magnitude greater than reported binding constants of 
other known gold(III) terpyridines 103 – 105 M-1.[82–87]  

Interestingly, the resultant spectral profile of the interaction 
of AuL with ctDNA was partially similar to that of a cationic 
Ru(II)polypyridine complex (order of binding constant of 106)[88] 
and an anionic DNA-binding probe (order of binding constant of 
102, where the low value was ascribed to the negative charge),[89] 
as they all exhibit a significant drop in absorbance between 300-
500 nm.  

The DNA binding constants may be suggestive of the mode 
of binding of AuL to DNA. Alkylators typically exhibit moderately 
high binding constants, as they bind to DNA primarily through 
covalent bonding, with this interaction often being irreversible. In 
contrast, other types of DNA binding mainly depend on 
electrostatic, hydrophobic interactions, and π-π stacking 
(intercalation).[84,90,91] Notably, groove binders tend to have even 
higher binding constants, as they interact more deeply within the 
DNA grooves facilitating stronger and more stable binding.[92,93] 
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Figure 7 a) A representative of the triplicates for the UV-vis 
absorption spectra of 117 µM AuL in 0.10 M TRIS-HCl buffer 10% 
DMSO (red spectrum) after sequential additions of ctDNA from 0 
to 0.1 µM (purple spectrum) and to a final concentration of 37 µM 
ctDNA before precipitation (blue spectrum). The insert shows the 
isosbestic points at low concentrations of DNA. b) Illustration of 
the UV-vis titration spectra monitored at 342 nm as a function of 
the concentration ctDNA at fixed AuL concentration. 

Most intercalators in the literature have binding constants 
between 103 – 106 M-1, examples of which include ethidium 
bromide (2.5  106 – 8.2  104 M-1)[94] psoralen ( 9.75 × 103 M-1),[95] 
and acridine (1.74  104 - 1.0  106 M-1).[96] Groove binders 
however generally have higher affinities with binding constants 
between 105 and 108 M-1.[92,93] It is difficult to distinguish alkylators 
based on the binding constant, but some base-binding gold(III) 
pincer complexes have been reported to have binding constants 
of 4.5  105 and 5.4  105 M-1. Although these ranges often overlap, 
they provide an insight on the binding mechanism of the binders. 

The potential of AuL base-binding to ctDNA was 
investigated by electronic spectroscopy titration between the 
metal complex and DNA bases, nucleosides, and nucleotides 
(Figure 8a). This was done to delineate the binding behaviour of 
AuL with DNA components, and ATP, and to evaluate the impact 
of steric bulk (from ribose and phosphate groups) on AuL's 
binding to DNA bases, as well as identify atoms involved in the 
base-binding of AuL. 

The interaction between AuL and thymine (Figure 8), as 
well as other DNA components, was investigated through 
spectroscopic titrations within the 300–700 nm range. 
Hypochromic spectral changes of AuL were monitored between 
400-450 nm for the various DNA components, and the non-linear 
data were fitted to the Hill model (Figures 8 and S7 -S9).[80,81] This 
analysis quantified the affinity of AuL for the native DNA bases 
yielding Ka values ranging from 1.26  103 to 1.21  104 M-1 (Table 
1). Unlike the titrations with ctDNA, minor bathochromic shifts (~4 
nm) were observed along with distinct isosbestic points 
throughout the titration with all bases, nucleosides and 
nucleotides, suggesting a permanent interaction (covalent 
bonding) between AuL and the DNA components. 

The moderate binding affinities of the DNA components to 
AuL indicate that the gold(III) complex has the ability to interact 
directly with these DNA residues. Notably, we successfully 
obtained a crystal structure of the AuL complex with thymine 
(AuLT; Figures 2b and 8b). Despite many attempts with all four 
native DNA bases, only the complex with thymine was 
successfully crystallized.  

Table 1: The binding parameters of DNA and its components with 
ctDNA. 

 
Binding constant (Ka) / M-1 

DNA Ka1 1.48  109 

 Ka2 6.59  105 

 Base  Nucleoside Nucleotide 

Adenine  1.21  104 1.75  103 3.72  103 

Thymine  1.83  103 2.19  103 NA 

Cytosine  2.20  103 1.74  103 3.60  103 

Guanine  NA 1.65  103 1.26  103 

NA refers to the component not being available for testing. 

The binding of AuL with thymine in Figures 2b and 8b shows 
a preference for the N3 position over N1, likely due to the 
polarized N3-H bond. This polarization facilitates deprotonation, 
and making N3 more reactive than N1.[97] Studies indicate that 
alkylating agents like cisplatin preferentially bind at the N7 
position in guanine, suggesting that N1 in pyrimidines and N9 in 
purines are not central to alkylation.[98] Consequently, it is 
proposed that AuL, as a “DNA alkylator”, will similarly favor 
binding at N3 in pyrimidines and N7 in purines. The N7 position in 
purines is more accessible, as it is not involved in hydrogen 
bonding between bases or in the base-sugar linkage, which may 
explain the binding preference of metal complexes like cisplatin 
for guanine.[99] Conversely, the involvement of N3 in purines in 
hydrogen bonding with adenine in double helix DNA limits its 
availability for metal complex binding, unless conformational 
displacement of thymine from the base stack occurs during the 
reaction. 
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Figure 8. a) A representative of the titration triplicates for the UV-
vis absorption spectra of 117 µM AuL in 0.10 M TRIS-HCl buffer 
10% DMSO after sequential additions of thymine until the final 
concentration before precipitation. The insert graph illustrates the 
UV-vis titration spectra at 406 nm as a function of the increasing 
ratio (concentration) of thymine to AuL. b) An illustration showing 
the atom numbering on the thymine residue in AuLT along with 
the numbering of the DNA bases: guanine (G), adenine (A), 
cytosine (C) and thymine (T). The bases are linked to ribose 
through N1 for pyrimidines and N9 purines. 

Our data for the titration of AuL with the four native DNA 
components (base, nucleoside, nucleotide) suggest that the 
interactions involve the same donor atom across these targets, 
and presumably also double-stranded DNA. Notably, the increase 
in molecular size from bases to nucleotides did not significantly 
impact the binding affinity of A, C, G, and T components to AuL 
(Table 1). While smaller DNA components might be expected to 
bind more efficiently to AuL than the full DNA structure, steric 
hindrance did not substantially affect binding among bases, 
nucleosides, and nucleotides. This observation suggests that 
steric bulk from ribose and phosphate groups does not obstruct 
the complexation process. Rather, electronic factors appear to 
predominantly govern the reactivity of these components. 

Adenine exhibited a relatively higher binding affinity to AuL 
compared to guanine, cytosine, and thymine, though no 
consistent trend was observed among nucleotides and 
nucleosides, indicating no clear preference. The binding 
constants for bases, nucleosides, and nucleotides were 
moderately high, ranging from 1.26  103 – 1.21  10⁴ M–1, 
suggesting that alkylation may be a primary interaction mode for 
AuL with DNA. 

 

Linear dichroism (LD) and circular dichroism (CD) of DNA  

The LD spectra of ctDNA and ctDNA with AuL (ctDNA-AuL) 

are depicted in Figure 9a, while ctDNA with Hoechst 33258 

(ctDNA-HS) and with ethidium bromide (ctDNA-EB) served as 

comparison controls (Figure S10c). The ctDNA-AuL system has 

a negative signal throughout the π–π* region of the LD spectra 
(230–290 nm), with a minimum at 260 nm, as a result of the 

nitrogenous bases within ctDNA.[100] This is indicative that the 

transition moments are oriented perpendicular to the helix axis. 

Figure 9a highlights that the 260 nm minimum decreases in a 

dose-dependent manner (i.e., with increasing AuL concentration). 

This is due to AuL binding within the nucleobases of ctDNA, 

suggesting that its ability to orient along the perpendicular flow 

lines is significantly impaired as function of AuL concentration. 

The observation that the induced LD signal from the π–π* bands 

of AuL (400 nm) becomes increasingly positive in the LD 

spectrum at higher [AuL] is consistent with the spectroscopic 

signature of ctDNA-HS, a known minor groove binder Figure 

S10d.[101] 
Regarding the induced dichroic signal observed between 

300–540 nm, this is specifically in a spectral region where no 
contribution from the ctDNA nucleobases can be detected and 
only AuL absorbs. AuL itself is isotropic and cannot be orientated 
in the flow field. Therefore, the dichroic signal peaking is indicative 
of an induced LD signal[102] and its occurrence suggests that AuL 
forms a molecular complex with ctDNA, resulting in the bound 
complex becoming oriented in the flow field. The positive dichroic 
signal signifies that the π–π* transition dipoles of AuL are in a 
plane tilted almost 45° in relation to the helix axis, consistent with 
minor groove binders. Furthermore, the data is consistent with 
that of HS binding to ctDNA; a strong positive induced LD signal 
was observed with a maximum at 347 nm (Figure S10). This is 
consistent with previously reported induced LD spectra of HS.[103] 
From Figure S10d, we see HS is orientated close to 45° to the 
base pair plane and helical axis, indicating it is a grove binder.[104] 

Electrophoresis  
To corroborate the data from LD spectroscopy, we 

conducted electrophoretic mobility shift assays (EMSA)[105] to 
examine alterations in the tertiary and secondary structure of 
pUC57 plasmid DNA. EMSA was performed using plasmid DNA 
equilibrated with varying concentrations of AuL, HS, and EB. As 
shown in Figure 9b, the reference lane contained only native DNA, 
representing the mobility of untreated pUC57 plasmid DNA. EB 
served as an intercalator control, while HS acted as a control for 
a minor groove binder. The well-defined binding modes of both 
EB and HS to pUC57 plasmid DNA made them suitable controls, 
with their migration patterns in the EMSA gel helping to evaluate 
the binding mode of AuL to pUC57 plasmid DNA. 

In the EMSA gel, linear pUC57 plasmid DNA is marginally 
affected by the binding of either the intercalator or the minor 
groove binder. The binding of EB reduces the mobility of 
supercoiled (SC) and nicked-open circular (NOC) pUC57 plasmid 
DNA on the agarose gel.[106] This reduction occurs because 
intercalation partially unwinds the SC DNA, increasing steric 
bulkiness in the NOC form, thereby reducing mobility due to 
increased hydrodynamic drag.[106] Conversely, the minor groove 
binder HS increases DNA mobility along the gel, as the DNA 
molecules become more compactly packed.[92] Although the 
change is less pronounced than with EB, an increase in HS 
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concentration enhances the supercoiling of SC DNA, resulting in 
increased mobility across the agarose gel. As shown in Figure 8b, 
EB binding reduces DNA mobility in a concentration-dependent 
manner, whereas HS exhibits the opposite effect. 

 
Figure 9. a) The LD spectrum of AuL with 100 µM of ctDNA at 
increasing AuL concentration in KH2PO4 (50 mM, pH 7.5) at 37 °C. 
The intense minimum at 260 nm represents ctDNA and the 300–
540 nm band represents an induced gold(III) complex LD 
spectrum. b) EMSA agarose gel for AuL with pUC57 (2.5 ng/well, 
1x TAE buffer, 5% v/v DMSO). The DNA bands formed are for 
supercoiled (SC), nicked-open circular (NOC), and linear (Lin). 
Lane 1 is the control lane containing ctDNA only. Lanes 2-14 have 
increasing concentrations of EB (2–4), AuL (5–11), and Hoechst 
33258 (HS, 12–14), and they compare the behaviour of a DNA 
intercalator, EB, the gold(III) complex, and a DNA minor groove 
binder, HS respectively. Experiments were done in triplicates and 
a representative assay is shown. c) The melt curves for ctDNA 
with different concentrations of AuL to calculate Tm from the 
Boltzmann sigmoidal fit. The inset is the change in Tm with the 
change in [AuL], fitted to a Hill sigmoidal function (Tm = +2.7 °C). 

The AuL complex exhibited a pronounced reduction in the 
mobility of SC and NOC pUC57 plasmid DNA, suggesting a 
strong interaction between AuL and pUC57 plasmid DNA, and 
likely involving alkylation. When AuL covalently binds to the DNA 

bases (alkylation), it increases the bulkiness of the pUC57 
plasmid DNA, causing kinking and resulting in higher 
hydrodynamic drag and reduced mobility on the gel. This 
reduction in pUC57 plasmid DNA mobility is apparent even at low 
concentrations, starting from 10 µM, highlighting AuL as a DNA 
alkylator. This is consistent with findings in literature where 
cisplatin, a prototypical alkylating agent, exhibits comparably high 
hydrodynamic drag due to its interaction with DNA and its 
subsequent structural modifications.[107–110] To reinforce these 
EMSA findings, additional experiments were conducted. 

Thermal melt analysis:  
The thermal melt temperature (Tm) of ctDNA was analysed 

in the presence of AuL to elucidate the two potential binding 
mechanisms of the complex to DNA (Figure 9c). At the highest 
concentration of AuL (25 µM), the observed ΔTm was +2.7 °C. 
While DNA intercalators typically increase the Tm by at least 5°C, 
minor groove binders tend to slightly increase the Tm (<5 °C).[111] 
Minor groove binders stabilise the DNA double helix structure 
through hydrogen bonding and van der Waals interaction within 
the groove, which enhances the overall structural integrity of the 
DNA.[112–114] Conversely, alkylators disrupt base pair interactions, 
leading to local denaturing, and a decrease in Tm of ctDNA.[115–117] 
This effect is characteristic of monofunctional alkylation, while 
bifunctional alkylation (interstrand crosslinking) stabilizes the 
DNA, thereby increasing the energy required for denaturation and 
elevating Tm.  

As shown in Figure 9c, at AuL:ctDNA concentration ratios 
of below 0.05, a slight decrease in the Tm was observed, indicative 
of alkylation. At higher ratios (above 0.05), the data suggest that 
minor groove binding also contributes to the observed interactions. 

The modest ΔTm of +2.7 °C, along with the two binding 
constants (Ka1 and Ka2) and the LD and EMSA data, supports a 
mechanism involving dual binding modes of AuL to DNA: 
specifically, minor groove binding and alkylation. This conclusion 
is further substantiated by viscosity data Figure S11.  

Biomolecular simulations:  
To further corroborate the binding mechanism of AuL to 

DNA, we incorporated molecular dynamics (MD) simulations. This 
was achieved by first docking AuL into two oligonucleotides using 
Glide XP. The two DNA oligonucleotide X-ray structures used 
were PDB 425D (2.80 Å) [118] and PDB 4E1U (0.92 Å)[119] for 
flexible ligand docking. Docking data are presented in Figure S12. 
MD simulations may aid in drawing conclusions based on the 
interactions between the oligonucleotide and AuL over the 
simulated time, capturing the system's dynamic behaviour and 
offering a more accurate reflection of physiological conditions.[120] 
As shown in Figure 10, the root-mean-square deviation (RMSD) 
of AuL indicates that it remains stably bound within the minor 
grove of an AT cluster until 79 ns, thereafter a large deviation is 
observed for about 2 ns before an equilibrium is reached, with 
AuL now occupying a new conformation within DNA. The MD 
simulation to a degree corroborates the experimental data (vide 

supra), indicating a dual binding mechanism: (i) initially minor 
groove binding and (ii) alkylation. Due to the limitations of 
Desmond with regards to metal complexes, alkylation would not 
be accurately portrayed.  

Based on comprehensive experimental and theoretical data, 
we propose a probable mechanism by which AuL interacts with 
DNA (Figure 10b). Initially, AuL binds to the minor groove of DNA, 
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specifically within an AT-rich cluster, with an affinity constant (Ka) 
of 1.48  109 M–1, which is consistent with typical values for groove 
binders. Following this, a second binding event occurs wherein 
the coordinated chloride ion is displaced by the amide of a 
thymine residue through nucleophilic substitution. This secondary 
interaction, referred to as alkylation, proceeds with an affinity 
constant of 6.59  105 M–1.  

 
Figure 10. a) Molecular dynamics (MD) simulation over 100 ns of 
the best-docked GLIDE XP structure of AuL binding within the 
minor groove of a DNA oligonucleotide (PDB 425D[118], 5’-
D(ACCGACGTCGGT)-3’; ligand removed). A large target grid 
was generated for ligand docking at nucleic acid sites close to the 
centre of the DNA (with all solvents removed), spanning 40 x 40 
x 40 Å3, thereby facilitating a search of alternative binding pockets 
radiating throughout the oligonucleotide. The RMSD indicates 
that there is minimal fluctuation of complex AuL throughout the 
MD trajectory. b) Proposed reaction mechanism of AuL binding 
to an AT cluster and alkylating via N3 on the thymine residue. 

Conclusion 
A cytotoxic indazole-based gold(III) complex, AuL, was 

successfully synthesized. AuL demonstrated significant 

cytotoxicity against the MCF-7 breast cancer cell line, with activity 

comparable to that of cisplatin, despite showing limited effects 

against the HT-29 colon cancer cell line. The interaction of AuL 

with DNA was investigated using various biophysical techniques, 

which revealed dual binding modes: at lower concentrations, AuL 

predominantly binds within the minor groove, while at higher 

concentrations, alkylation (covalent binding) becomes significant. 

Biomolecular simulations further supported minor groove binding; 

however, confirmation of alkylation was limited by the constraints 

of the Desmond software. 

A proposed interaction scheme suggests that AuL initially 

binds to the minor groove of the DNA double helix, followed by 

interactions with DNA bases as concentration increases. This 

dual binding mechanism highlights the potential of AuL as an 

effective anticancer agent, warranting further investigation. 

Importantly, the dual binding behaviour of AuL suggests broader 

implications for drug design, particularly in developing novel 

metal-based therapeutics that can target DNA through multiple 

modes of interaction. While the interaction of the complex with 

DNA may play a crucial role in its cytotoxicity, it remains unclear 

whether this is the primary in vitro cellular target as studies to 

confirm this are still ongoing. Additional pathways, including 

potential interactions with cellular proteins, remain to be explored, 

opening avenues for future studies and optimization in therapeutic 

applications. 
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Towards new gold(III) anticancer agents. Herein, we report on an indazole-based gold(III) carboxamide pincer complex exhibiting 

significant cytotoxicity, likely mediated through dual interactions with DNA. Mechanistic investigations suggest that the complex binds 

to the DNA and forms specific interactions with nucleotide bases. Structural studies with thymine reveal its DNA base recognition 

mechanism, offering insights into its anticancer activity. 
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