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A B S T R A C T

Metal complexes are a mainstay in cancer chemotherapy since the discovery of cisplatin and related metal 
complexes as highly effective anticancer agents. Interest in the development of other metal complexes has been 
driven by the various drawbacks of these agents including their off-target toxicity and tumour resistance. An 
important strategy towards development of new anticancer metal complexes is through incorporation of organic 
moieties which themselves have biological activity. Various organic compounds derived from 1,8-naphthalimide 
have found use in biological applications, with the core scaffold being highly fluorescent and intercalating DNA. 
As naphthalimide-based organic compounds have reached phase 2 clinical trials, considerable interest was 
prompted towards utilising the naphthalimide moiety in the design of bioactive metal complexes. Within this 
comprehensive review, we have collated and described the diverse range of biologically active metal complexes 
that have been reported which incorporate naphthalimide moieties. We discussed the impact of naphthalimide 
functionalisation on the biological properties of metal complexes while we critically examined the advantages 
and the shortcomings of the followed approaches.

Cancer cell lines
451Lu, human cutaneous melanoma; 4T1, murine mammary gland 

adenocarcinoma; A2780, human ovarian endometrioid adenocarci
noma; A2780R, A2780cisR, A2780/cDDP, human cisplatin-resistant 
ovarian endometrioid adenocarcinoma; A498, human renal cell carci
noma; A549, human lung adenocarcinoma; A549/cDDP, A549R, 
A549cisR, human cisplatin-resistant lung adenocarcinoma; CaCo-2, 
human colon adenocarcinoma; CRL7687, human melanoma-1 (Hs 
936.T(C1)); CT26, murine colon adenocarcinoma; HCT116, human 
colorectal carcinoma; HeLa, human papillomavirus-related cervical 

adenocarcinoma; Hep-2, human papillomavirus-related cervical 
adenocarcinoma; HepG2, human hepatoblastoma; HT-29, HT29, human 
colon adenocarcinoma; KB, human papillomavirus-related cervical 
adenocarcinoma; KHOS-NP, human osteosarcoma; LS180, human colon 
adenocarcinoma; MCF-7, human invasive breast carcinoma; MDA-MB- 
231, human breast adenocarcinoma; NCI-H460, human non-small-cell 
lung carcinoma; SiHa, human cervical squamous cell carcinoma; 
SKOV-3, human ovarian serous cystadenocarcinoma; U937, human 
acute monocytic leukaemia; WM3918, human melanoma.

Healthy cell models

Abbreviations: ATP, adenosine triphosphate; biPh, biphenyl; bipy, bipyridine; Bn, benzyl; BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; BSA, bovine serum 
albumin; Bu, butyl; Cp, η5-cyclopentadienyl; Cp*, η5-pentamethylcyclopentadienyl; ct, calf thymus; cym, η6-p-cymene; DFT, density-functional theory; DMSO, 
dimethyl sulfoxide; DNA, 5-deoxyribonucleic acid; EPR, electron paramagnetic resonance; Et, ethyl; EtBr, ethidium bromide; G4, G-quadruplex; h, hour(s); HIF-1, 
hypoxia-inducible factor-1; IC50, concentration causing 50% growth inhibition; i-Pr, isopropyl; kg, kilogram(s); LD50, median lethal dose; m-Ph, meta-phenylene; 
MAPK, mitogen-activated protein kinase; Me, methyl; mg, milligram(s); mor, morpholine; MLCT, metal-to-ligand charge-transfer; mL, millilitre(s); MMP, mito
chondrial membrane potential; mt, mitochondria(l); MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MYLK, myosin light-chain kinase; n.a., not 
applicable; NCI, National Cancer Institute; NHC, N-heterocyclic carbene; nm, nanometre(s); NP, nanoparticle; PACT, photoactivated chemotherapy; PAMAM, poly 
(amidoamine); PBS, phosphate buffered saline; PDT, photodynamic therapy; PEG, poly(ethylene glycol); Ph, phenyl; phen, phenanthroline; ppr, piperidine; PPI, poly 
(propylene imine); Pr, propyl; PS, photosensitiser; PTA, 1,3,5-triaza-7-phosphaadamantane; Py, pyridine; pyr, pyrrolidine; RF, resistance factor; ROS, reactive oxygen 
species; RTK, receptor tyrosine kinase; stDNA, salmon testes DNA; t-Bu, tert-butyl; TAP, 1,4,5,8-tetraazaphenanthrene; TFA, trifluoroacetate; TfO, triflate; tol, η6- 
toluene; TOP, topoisomerase; μg, microgram(s); μM, micromole(s) per litre.
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BEAS-2B, human bronchial epithelial cell; CA-M75, skin melanocyte; 
FF2508, human fibroblast; FOM102010, human melanocyte; HEK293, 
human embryonic kidney cell; NIH, NIH-3T3, human embryonic stem 
cell; NRK, normal rat kidney cell; PBMC, peripheral blood mononuclear 
cell.

Bacteria and fungi
A. calcoaceticus, Acinetobacter calcoaceticus; B. cereus, Bacillus cereus; 

B. subtilis, Bacillus subtilis; C. lipolytica, Candida lipolytica; E. coli, 
Escherichia coli; K. pneumoniae, Klebsiella pneumoniae; S. aureus, Staphy
lococcus aureus; S. cerevisiae, Saccharomyces cerevisiae.

1. Introduction

1,8-Naphthalimide (Fig. 1) is a rigid, planar π-deficient aromatic 
system with the core scaffold fluorescing blue in solution [1], and with a 
variety of applications due to its structural, physicochemical and bio
logical properties. Non-biological uses mainly rely on the photophysical 
properties, such as in fluorescent probes, Lucifer dyes, and non- 
biological sensors [2]. They have also been developed as ‘turn-on’ 
chemosensors for various metal ions in biological and non-biological 
systems [3–5]. Naphthalimide derivatives can carry a wide range of 
medicinal properties, with agents synthesised that are antiparasitic, 
antiviral, analgesic/local anaesthetic, and anti-amyloid, as well as 
compounds that can be used as chemosensors or serotonin receptor 
antagonists [2,6–8], to name a few.

Naphthalimide fluorescence originates from photoinduced electron 
transfer within the aromatic system. Hence, compounds in which the 
naphthalimide structure is incorporated for its fluorescent properties 
most commonly feature the naphthalimide receptor site substituted at 
R4 (Fig. 1). Alternatively and to a lesser extent, R3 can be derivatised, 
while RN substitution can result in an excited state that places a partial 
negative charge on N(12), which disfavours photoinduced electron 
transfer [10]. However, several RN-substituted fluorescent compounds 
have been reported [11]. By an extension of these fluorescence- 
quenching conditions, naphthalimides find use in cleavage-based sen
sors. These connect a fluorescence-quenching moiety via a linking re
ceptor that undergoes cleavage in the presence of the target chemical 
species, thus restoring the fluorescence of the parent naphthalimide 
structure [12].

2. Naphthalimide-based organic anticancer compounds

The naphthalimide moiety is an efficient DNA intercalator, with the 
rigid, planar, aromatic structure able to insert between stacked base 
pairs and to target DNA with high efficiency, even in competitive media 
under biological conditions where other molecules present can also 
interact favourably [6]. Many DNA intercalators are cytotoxic, but 
intercalation alone usually does not result in cell death without other 
contributing mechanisms, typically from those that directly cause 
structural damage to DNA or otherwise inhibit normal function, such as 
antitumour antibiotics that often inhibit topoisomerase 2 (TOP2) [13].

With the core scaffold being a very potent intercalator, relatively 

small variations can produce derivatives with cytotoxic activity, and 
several compounds of this type have been developed as anticancer 
agents [6,14,15]. Mitonafide and amonafide (Fig. 2) were the first two 
anticancer naphthalimides developed, both progressing to phase II 
clinical trials in the 1990s [16,17]. They were initially described in the 
early 1970s by Braña and in the early 1980s were found to be mono- 
intercalators with cytotoxicity in HeLa and KB cancer cell lines [2,7]. 
After intercalation, amonafide and mitonafide cause DNA damage by 
acting as TOP2 poisons. Amonafide disturbs the cleavage and re-ligation 
equilibrium, causing irreparable DNA-TOP2 adducts to accumulate, 
while mitonafide inhibits DNA synthesis and induces TOP2-mediated 
double-strand breaks [6].

Compounds derived from amonafide typically have dual action as 
TOP2 inhibitors and DNA intercalators, with the combination of inter
calation and stabilisation of the DNA-intercalator complex crucial to 
enact irreparable DNA damage and achieve cytotoxicity [6,18]. In 
contrast to classic TOP2 poisons, the DNA damage induced by amona
fide derivatives is ATP-independent and thus unimpacted by the most 
common mechanism by which cancer cells become resistant to TOP2 
poisons [19]. The cytotoxic mechanism is less due to unrepairable DNA 
damage compared to classic TOP2 poisons and instead more from 
antiproliferative effects via stabilisation and thus accumulation of DNA- 
TOP2 adducts, which could further circumvent typical drug resistance 
mechanisms [20].

Along with developing amonafide, Braña et al. also reported a series 
of bisnaphthalimides in the 1990s, all of which were bis-intercalators 
with stronger DNA binding and higher cytotoxicity than their mono
naphthalimide equivalents [21–23]. One of these bisnaphthalimides was 
elinafide (Fig. 2), which progressed to phase II clinical trials [22–25]. 
Bisnafide (Fig. 2) is a structurally similar compound, and the mesylate 
formulation was investigated in phase II clinical trials [26–28] with the 
mechanism of action also being DNA intercalation and inhibition of 
TOP2 [29–32]. Elinafide was found to bind to the major groove of DNA 
in a two-step process, with the cationic aminoalkyl linker chain first 
forming hydrogen bonds with the guanine bases, after which both 
naphthalimide moieties intercalate [33,34]. The naphthalimide groups 
can also exchange by rotational ring flipping while remaining bound and 
preserving the H bonding, an uncommon phenomenon in intercalated 
systems that potentially relates to its high sequence selectivity as well as 
its enhanced cytotoxicity, as more severe topological strain is induced in 
DNA upon binding (Fig. 3) [35]. DNA intercalators like elinafide and 
amonafide preferably bind to GC-rich regions of DNA, but naph
thalimide derivatives with affinity for other regions have been reported 
[36–38].

Fig. 1. (left) Chemical structure of the 1,8-naphthalimide scaffold with com
mon substitution sites RN, R3, and R4. (right) Side view of the molecular 
structure of an N-ethyl derivative demonstrating the planarity of the naph
thalimide ring structure (R3/R4 = H, RN = CH2CH3) [9]. Fig. 2. Naphthalimide anticancer agents that progressed to clinical trials.
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The most recent naphthalimide-based anticancer agent reaching 
clinical trials is UNBS5162 (Fig. 2), an amonafide derivative with a 
modified R3 moiety that circumvents a metabolic mechanism that pro
duces a haematotoxic metabolite [39]. With its novel mode of action it 
shows activity in the NCI60 cell line panel different to that of other 
agents, including amonafide.

Small N-based substitutions at R3 and R4 often increase the cyto
toxicity of monofunctional naphthalimide-based compounds, with LC50 
(median lethal dose) values trending towards a correlation between the 
substituted and non-substituted compounds. That is, if the non- 
substituted compound was non-cytotoxic, these substitutions 
commonly did not increase cytotoxicity significantly [6,40]. Variations 
at the R3 and R4 positions of the naphthalimide core have very different 
implications for the overall geometry of the compound. A substituent at 
R4 is positioned out-of-plane relative to the naphthalimide, whereas one 
at R3 lies closer to the plane of the aromatic structure and thus the 
molecule intercalates into DNA more efficiently with stronger overall 
binding [6].

In an alternative approach, compounds combining the intercalative 
naphthalimide structure with a secondary cytotoxic moiety were 
developed, equipping the compounds with more than one mode of ac
tion. These include some of the earliest bifunctional naphthalimide 
agents that belong to the nitrogen mustards, with naphthalmustine and 
napromustine (Fig. 4) constituting the first examples [41–45]. Following 
these early developments, various bifunctional naphthalimide anti
cancer agents have been successfully designed. A dual inhibitor of 
topoisomerase 1 (TOP1) and TOP2 based on cyclam (Fig. 4) was syn
thesised and shown to possess significant in vitro cytotoxicity in human 
cancer cells [46–48]. Organic cyclam compounds do not commonly 
show anticancer properties [49], and the development of a cytotoxic 
cyclam-naphthalimide conjugate shows the potential of the naph
thalimide moiety even in combination with less strongly cytotoxic 
components.

Another significant subgroup of bifunctional naphthalimides consists 
of those conjugated to a second aromatic heterocyclic substituent. 
HKH40A (Fig. 4) carries an imidazoacridone moiety and although it 
showed poor aqueous solubility and was subject to degradation in so
lution under ambient light, it was highly potent in inducing apoptosis of 
p53-positive cancer cells [50]. Various naphthalimide conjugates with 
other biologically active aromatic heterocycles were reported. For 

example, bromobenzyl-triazole (Fig. 4), a conjugate featuring a 1,2,3- 
triazole linker, showed promising anticancer activity but a poor solu
bility profile [51]. Other aromatic groups conjugated to naphthalimide 
to form cytotoxic agents include coumarin [52], indomethacin [53], a 
non-steroidal anti-inflammatory drug, and various organo
selenocyanates [6]. Cyclic aromatic groups, such as furan, thiophene or 
thiazole, can also be fused directly onto the naphthalimide ring structure 
yielding compounds with anticancer activity. A thiazole derivative was 
reported as a lead preclinical agent for the treatment of hepatocellular 
carcinoma [54,55].

3. Anticancer metal complexes with naphthalimide-substituted 
ligands

While naphthalimide compounds as monofunctional agents did not 
have considerable success as selective cytotoxic agents, in part due to 
the toxicity of early lead compounds, they have demonstrated signifi
cant potential as building blocks in multimodal systems [6]. As shown 
for the bifunctional organic naphthalimide compounds, the naph
thalimide moiety can retain the DNA-targeting and -intercalating 
properties when conjugated to other organic functional groups in 
bifunctional compounds, while avoiding interactions with metabolic 
pathways which yield toxic species [1,56–59]. Hence, they were also 
explored conjugated to biologically active metal complexes. Naph
thalimide lacks metal coordination capability, hence most derivatives 
need to be equipped with a coordinating group at the RN, R3, or R4 

positions, in some cases with a second organic, bioactive moiety as the 
coordinating component. The naphthalimide moiety adds targeting 
capability towards DNA to the active cytotoxic moiety. As pointed out 
before, small substituents at R3 and R4 can significantly influence the 
DNA binding affinity of naphthalimide. Furthermore, larger substituents 
can drastically change or potentially completely quench the activity of 
the moiety. Thus, substitution at R3 or R4 to attach the moiety to a 
second ligand moiety may result in less effective compounds than RN- 
substituted chelating moieties [6,60].

Once coordinated to a metal system, the naphthalimide- 
functionalised ligand forms part of a multimodal and multitargeted 
complex, with the inclusion of the naphthalimide moiety often aiming to 
target DNA. Although the first complexes described in literature 
featured platinum centres, the scope has more recently been expanded 

Fig. 3. Solution structure of elinafide intercalated into a d(ATGCAT)2 DNA 
oligonucleotide. Modified from [35] (PDB ID 1CX3). Fig. 4. Bifunctional naphthalimide derivatives with anticancer properties.
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to ruthenium, copper, and other metals. Selected metal complexes 
functionalised with naphthalimides were recently reviewed with a focus 
on imaging applications [61]. Here, we provide a comprehensive review 
of biologically active coordination and organometallic compounds with 
a focus on structural features of naphthalimide-functionalised metal 
complexes with anticancer properties and compounds showing anti
bacterial potency or activity against other microorganisms (for a struc
tural overview and design rationales of metal complexes functionalised 
with naphthalimides see Tables S1, S2, S5–S7, S9–S11).

3.1. Platinum in cancer treatment

Metal-based anticancer agents gained significant interest after the 
discovery of the potency of the Pt(II) complex cisplatin cis-[dia
mminedichloridoplatinum(II)] in the 1960s. Cisplatin and its closely 
related compounds oxaliplatin and carboplatin target DNA and are used 
either alone or in combination with other agents to treat a wide range of 
cancers [62]. However, despite their success, there are a range of con
cerns associated with their use, including most prominently acquired 
and intrinsic resistance as well as significant off-target effects and sys
temic toxicity. Hence, there has been and continues to be significant 
interest in developing variants of the established Pt(II) agents which can 
circumvent these issues.

3.1.1. Naphthalimide functionalisation of Pt(II) complexes
The first naphthalimide-substituted anticancer metal complexes 

were the Pt(II) coordination compounds NN-1a and NN-1b (Fig. 5; 
Table S3) as structural variants of cisplatin and carboplatin. These bear 
ligands closely related to elinafide and were initially described by Braña 
and Navarro-Ranninger [59]. The ligands coordinate to the metal centre 
in a bidentate fashion forming a 5-membered ring and replacing the 
typical ammine ligands which feature in the classic Pt drugs. NN-1a and 
NN-1b were designed for the naphthalimide to act as a carrier to 
improve the DNA targeting of the Pt complex, thus reducing off-target 
effects and the required dosage. The ligand and Pt moiety acted syner
gistically to give the complexes higher cytotoxicity than would be ex
pected from an additive mode of action, and also retained the activity in 
cisplatin-resistant cell lines. This may be due to augmenting effects of 
DNA platination and naphthalimide intercalation, as both agents act on 
DNA but enacted damage through different molecular mechanisms.

Other Pt complexes utilising the naphthalimide moiety are the trans- 
Pt complexes N-1a–N-1f (Fig. 6) which were reported by Quiroga et al., 
featuring a monodentate N-coordinated naphthalimide ligand in trans- 
position relative to a secondary or tertiary aliphatic amine [56]. N-1a 
and N-1b showed higher cytotoxicity than cisplatin, with sub- 
micromolar IC50 values in A2780 cells and low resistance factors (RF, 
ratio IC50 resistant cell line: IC50 parent cell line), with the compounds 
displaying sub-micromolar IC50 values in cisplatin-resistant A2780cisR 
cells. DNA binding studies showed that the naphthalimide-enhanced 
compounds disrupted plasmid DNA more than would be expected 
from platination alone, as seen with cisplatin. In particular, a decrease in 
UV–vis absorbance of N-1b subsequent to the addition of calf thymus 
DNA (ctDNA) suggested a contribution of other DNA binding modes 

through the naphthalimide ligand. Pyridyl-coordinated N-1c and N-1d 
were similarly cytotoxic as N-1e and N-1f, respectively, but with 
moderately lower RF values. N-1a and N-1b being more potent than the 
other compounds in the series suggests that shorter linkers might be 
more favourable for a combined mode of action of intercalation and 
platination. The complexes with shorter linkers had better cell uptake 
compared to N-1f, with N-1b having a particularly high Pt content in 
respect to the dose applied. However, while N-1b had the highest 
cellular uptake overall and was the most cytotoxic compound, it was not 
found to localise to a significantly extent in cellular nuclei, suggesting 
the mechanism of action does not involve platination of nuclear DNA.

In compound N-2 (Fig. 6), a chlorido ligand of cisplatin was 
substituted for an N-coordinated monodentate naphthalimide ligand 
[63]. Compared to cisplatin, N-2 showed higher cytotoxicity in cancer 
cell lines while being less cytotoxic towards non-cancerous cells. In in 
vitro murine studies with MCF-7 xenografts and treatment with N-2 or 
cisplatin over 15 days at 2.5 mg Pt kg− 1, the tumour size decreased 
significantly more for N-2 and the LD50 value was approximately twice 
that of cisplatin. Intercalative binding between N-2 and DNA was 
observed, which was not found for a reference compound lacking the 
naphthalimide. Cellular uptake and distribution were moderately 
increased for N-2 compared to cisplatin, as was the extent of DNA 
damage on a single cell level. Alongside inhibiting the repair of DNA, the 

Fig. 5. Chemical structures of the elinafide-based cisplatin and oxaliplatin 
derivatives NN-1a and NN-1b.

Fig. 6. Chemical structures of trans-Pt complexes N-1a–N1f and mtDNA tar
geting complex N-2.
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compound also induced damage to mitochondria and mitochondrial 
DNA (mtDNA).

Complexes NNN-1a and NNN-1b (Fig. 7) feature tridentate chelating 
moieties restricting the formation of cross-links between DNA strands 
solely by Pt coordination [64]. Despite this, both complexes showed sub- 
micromolar cytotoxicity against cancer cell lines, maintained cytotox
icity in cisplatin-resistant cells, and were significantly less active in non- 
cancerous cells. Although similarly cytotoxic, the two compounds 
showed preference for binding to different sections of DNA, which may 
be related to the sterics of interaction defined by the naphthalimide 
substitution of the different N atoms. NNN-1b generally showed less 
discriminative binding over the DNA structures tested, binding signifi
cantly to various guanine sites (Fig. 7).

Polypyridyl complexes are known as photosensitisers (PSs) and have 
been studied for photodynamic therapy (PDT) [65]. Functionalisation 
with naphthalimide may change the properties of such complexes. The 
Pt(II) terpyridyl complex N-3 (Fig. 8) showed luminescence that origi
nated at the naphthalimide moiety [66] despite its RN substituent, which 
can act as a quencher [10]. N-3 was cytotoxic towards malignant cells 
and significantly greater DNA-binding affinity was observed than found 
for polypyridyl complexes [66] and DNA damage was identified as the 
reason for the biological activity. As N-3, the Pt agent N-4a and its Pd counterpart N-4b (Fig. 8) feature 

a terpyridyl ligand but the naphthalimide moiety is coordinated to the 

Fig. 7. (Left) Structures of NNN-1a and NNN-1b, and (Right) their DNA adduct formation profiles with the nucleosome core particle (N) or DNA (D) treated with 10-, 
20- or 50-fold excess of NNN-1a and 5-, 10- or 50-fold excess of NNN-1b; shown are purine sequencing standards (m), numbers represent general nucleotide position 
relative to nucleosome centre (black arrow), green asterisks designate locations of guanine nucleotides, red arrows indicate regions of DNA stretching in N (solid) and 
alternative configurations available (dashed). Modified from [64] with permission from Oxford University Press © 2015. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Structures of the terpyridine Pt or Pd anticancer agents N-3, N-4a and 
N-4b and photosensitising C-1 (TFA = trifluoroacetate).
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metal centre through an aliphatic amine rather than a pyridyl [67]. Both 
complexes were found to bind strongly and selectively to G4 (Fig. 9), 
which are secondary structures formed by guanine-rich DNA sequences. 
The association constant was determined by UV–vis spectroscopy and 
was several orders of magnitude higher than found with ctDNA. Both 
complexes were more cytotoxic than cisplatin, with N-4a also showing 
higher activity in the cancer cell line than the non-cancerous cell line.

In contrast to the terpyridyl compound N-3, C-1 (Fig. 8) is a PS but 
does not interact with DNA [68]. When evaluated in two non-small-cell 
lung cancer cell lines, MCF-7 and A549, as well as the cisplatin-resistant 
variant of the latter, it was found to be most cytotoxic to the cisplatin- 
resistant cells and even more so under hypoxic conditions. When irra
diated, an IC50 value of 0.18 μM was found which was a 44-fold 
improvement compared to dark conditions, and in general photo
irradiation resulted in potent activity which shows potential for the 
compound to be used even in hypoxic environments where the classic 
ROS-producing PS typically fails.

OO-1 (Fig. 10) was designed in an approach to conjugate bioactive 
moieties to the carboplatin core structure [69]. In OO-1, naphthalimide 
was incorporated for its fluorescence rather than DNA targeting, as 
biotin was intended to act as the tumour-targeting fragment. Biotin can 
act as a vector to improve selectivity for cancerous tumours through 
recognition by various biotin-specific receptors on the cell surface 
overexpressed by rapidly proliferating cells [70–72]. Although OO-1 
was less cytotoxic than cisplatin in A2780 and A549 cells, it had a higher 
cytotoxicity in the resistant cell lines A2780/cDDP and A549/cDDP with 
RF values of 2.81 and 1.84, respectively. UV–vis spectroscopy studies 
showed that the compound underwent changes in the spectrum over 12 
h at pH 6.2, resembling the tumour microenvironment, suggesting 
cleavage of the imine bond. The compound was further found to bind to 
two proteins which are important for repairing double-strand breaks in 
DNA and did so more strongly than cisplatin or carboplatin (Fig. 10).

Strictly speaking from a structural point of view, the Pt(II) agents N- 
5a–N-5f (Fig. 11) are not naphthalimides but instead benzimidazole 
derivatives thereof, with part of the scaffold resembling the hetero
aromatic ring system of camptothecin [73]. A large variability in the 
cytotoxic activity of the complexes against various cancer cell lines was 
observed and N-5a was the only compound with activity in all cell lines, 
including in cisplatin-resistant cell lines. N-5a was confirmed to inhibit 
TOP1 at 40 μM, and affected TOP1 expression in vitro at low μM con
centrations. In vivo mouse studies using NCI-H460 xenografts showed 
greater inhibition of tumour growth than cisplatin at a 4 mg/kg dose, 
with no noted toxicity nor adverse effects within the 13-day treatment 
period.

3.1.2. Pt(IV) complexes – Activation by reduction
To overcome the high rate of off-target effects seen in the clinically 

used Pt(II) compounds, kinetically stable Pt(IV) prodrugs have been 
explored that can be reduced to the respective Pt(II) complexes under 
hypoxic conditions to release the two axial ligands [74,75]. The Pt(IV) 
complex O-1 was designed to release its fluorescent naphthalimide 
ligand upon reduction in the hypoxic tumour environment, enabling 
visualisation of hypoxic areas and tracking of treatment. When exposed 
to HCT116 cells in increasingly hypoxic environments, O-1 was reduced 
and gave progressively higher fluorescence emission (Fig. 12) [76]. 
While it was found to be cytotoxic, no IC50 values were calculated. 
However, incubation of the cells with O-1 resulted in a lower fraction of 
cells surviving under hypoxic than normoxic conditions.

Similarly, O-2a–O-2e (Fig. 13; Table S4) are a series of oxaliplatin- 
Fig. 9. Molecular docking of N-4a (top) and N-4b (bottom) with Htelo quad
ruplex DNA, a telomeric G4-quadruplex structure. Modified from [67] with 
permission from RSC © 2016.

Fig. 10. (Top) Structure of the biotin derivative OO-1. (Bottom) Immunoflu
orescence staining determination of Ku70 expression in A549 cells exposed to 
OO-1 (40 μM) for 12 h in comparison to the control and cisplatin (40 μM). 
Modified from [69] with permission from Elsevier © 2020.

Fig. 11. Structure of naphthalenebenzimidazole compounds N-5a–N-5f.
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derived Pt(IV) prodrugs with axial ligands conjugated with naph
thalimide derivatives [77,78]. The amino-derivative O-2a and unsub
stituted O-2b were cytotoxic in a panel of cell lines with results 
comparable to those for cisplatin and oxaliplatin, apart from slightly 
higher activity in the cisplatin-resistant variant A549R. Moreover, in 
vivo a slightly reduced tumour weight was observed in CT26 xenograft 
tumours in BALB/c mice for O-2a relative to oxaliplatin treatment (83 
vs. 62%), while the tumour volume was similar to that observed with 
oxaliplatin for both compounds (Fig. 13). The reduced forms, i.e., the Pt 
(II) equivalents of O-2a and O-2b, prepared through treatment with 
ascorbic acid, were more effective at damaging plasmid DNA than either 
oxaliplatin or the complexes without reductant present, which supports 
a synergistic effect from the components and reduction-induced activity. 
For O-2b–O-2e minor variation in the activity was observed in the cell 
line panel.

The same naphthalimide ligands used in O-2a–O-2e were also uti
lised to form the bisnaphthalimide Pt(IV) analogues of oxaliplatin and 
cisplatin O-3a–O-3e and O-4a–O-4e (Fig. 14) [79,80]. Of the oxaliplatin 
prodrugs O-3a–O-3e, only O-3c showed comparable activity to O-1a, 
which was attributed in part to the poor water solubility of the bis
naphthalimide compounds, as well as apoptosis induction [79]. The 
anticancer activity appears to be due to DNA interaction of the com
pounds as confirmed by spectroscopic studies and DNA platination 
studies in cells. The cisplatin derivatives O-4a–O-4e mirror the prop
erties of the oxaliplatin analogues. The amino-derivative O-4a was the 
most cytotoxic, although O-4c did show comparable activity in the 
cancer cell lines SKOV-3, A549R and HeLa [80]. This could be related to 
the balance of water solubility and lipophilicity which is an important 
consideration that can have large effects on the cytotoxicity of anti
cancer agents, due to the effect on cellular uptake and accumulation 

Fig. 12. Structure of hypoxia-fluorescent Pt(IV) oxaliplatin prodrug O-1 and 
fluorescence of HCT116 cells treated with O-1 (10 μM) for 6 h in dependence of 
the O2 concentration. Modified from [76] © 2023.

Fig. 13. Chemical structure and in vivo antitumour activity studies of O-2a 
compared to oxaliplatin and NaCl. Modified from [77] with permission from 
Elsevier © 2019.

Fig. 14. Pt(IV) prodrugs for cisplatin and oxaliplatin [dach = (1R,2R)-dia
minocyclohexane] with dual naphthalimide-based axial ligands.
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[81].
A series of nitro-derivatives O-5a–O-5d (Fig. 14) were also devel

oped in which the position of the nitro substituent on the two naph
thalimide prodrugs was varied. The cisplatin prodrug O-5d showed the 
highest activity in all cancer cell lines tested, with higher potency than 
either cisplatin or oxaliplatin alone. This was pronounced in the chemo- 
resistant cell lines MDA-MB-231, 4T1, and A549cisR [57], indicating 
that the naphthalimide ligand may be exerting a synergistic function 
which augments the activity of cisplatin and oxaliplatin. O-5b and O-5d 
both showed higher activity than their counterparts with R3-substituted 
nitro groups, which could be an indication that substitution at the R4 

position may be most favourable for higher cytotoxicity for nitro- 
naphthalimide derivatives.

The trans-azido complexes O-6a–O-6c (Fig. 15) were designed to 
intercalate DNA and upon photoactivation produce ROS and platinate 
DNA after reduction to the respective Pt(II) species [82]. O-6a was 
shown to bind to DNA by linear dichroism spectroscopy, with viscom
etry suggesting the length of DNA increased upon binding. While O-6b 
was fluorescent and bound to DNA, the latter was much weaker than 
found for O-6a, while O-6c did not show any detectable DNA binding. 
This suggests that larger steric bulk of naphthalimide substituents is 
detrimental to DNA binding. However, O-6a also possessed poor 
aqueous solubility, limiting further photocytotoxicity studies. Despite 
the lesser DNA-binding affinity of O-6c, it showed comparable photo
cytotoxicity to O-6b after incubation and irradiation at 465 nm and 
could also be activated by light at 520 nm.

The Pt(IV) complexes N-6a–N-6d (Fig. 15) are prodrugs of the Pt(II) 
compounds N-6a–N-6d [58]. They were found to be more stable in 
DMSO than the Pt(II) analogues. In gel electrophoresis experiments with 
plasmid pBR322, none of the Pt(IV) complexes alone interacted with 
DNA. Significant changes were seen upon incubation with either of the 
biological reductants ascorbic acid or glutathione, with the most sig
nificant results seen for N-6c and N-6d. However, despite the greater 
interaction with DNA of the other complexes, N-6a and N-6b showed 
significantly greater cytotoxicity at a sub-μM level in A2780 cells (0.06 
μM) compared to 2.5 and 1.7 μM for N-6c and N-6d, respectively. All 
complexes were significantly more cytotoxic than their Pt(II) counter
parts, attributed to a higher logP value since higher lipophilicity also 
suggests higher cell uptake.

Complexes O-7a–O-7j (Fig. 16) were designed as Pt(IV) prodrugs of 
oxaliplatin (O-7a–O-7g) or cisplatin (O-7h–O-7j) [83]. Functionalisa
tion with naphthalimide was aimed to increase the cytotoxicity of the 
platinum pharmacophore through targeting specific mechanisms asso
ciated with the development of resistance. The naphthalimide Pt(IV) 
prodrugs of cisplatin (O-7h–O-7j) were found to inhibit cell growth 
across the cancer cell line panel, with similar or higher potencies 
compared to cisplatin and oxaliplatin, and O-7i identified as having the 
highest cytotoxicity overall. Among the oxaliplatin prodrugs, there was 
no clear trend in activity between those carrying one or two axial 
naphthalimide ligands, nor modification of the naphthalimide core.

Compound O-7i was demonstrated to show in vivo activity in C57BL/ 
6 mice bearing glioblastoma with an inhibition level of 64.3% compared 
to cisplatin (26.7%) and temozolomide (40.3%) [83]. The complex was 
found to be more potent than a combination of cisplatin and the free 
ligand. The compound was well tolerated in vivo and the pharmacoki
netic parameters demonstrated the applicability of the compound in a 
therapeutic setting. Its targeted activity against factors commonly 
implicated in cisplatin resistance of glioblastoma, namely increased 
lysosome abundance and recruitment of tumour-associated macro
phages, was investigated. Lysosomes are able to sequester and degrade 
cisplatin, hence increased lysosome abundance can confer resistance to 
cisplatin as it fails to accumulate in the nucleus to a sufficient extent 

Fig. 15. Structures of the photoactivatable diazido complexes O-6a–O-6c, and 
the Pt(IV) prodrugs N-6a–N-6d.

Fig. 16. Structures of the Pt(IV) prodrugs of oxaliplatin or cisplatin O-7a–O-7j 
(Pa = palmitate).
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[84,85]. Treatment of two glioblastoma cell lines with O-7i was found to 
decrease not only the abundance of lysosomes but also the extent of Pt 
uptake by the remaining lysosomes, proposed to be due to the activity of 
the palmitate fatty acid component regulating lysosomal autophagy.

Tumour-associated macrophages are well understood for their role in 
promoting the tumour microenvironment and suppressing immune 
activation as M2 polarised macrophages, but the direct mechanisms by 
which they promote cisplatin resistance are yet unclear [86]. Regard
less, O-7i was found to significantly reduce the number of M2 polarised 
macrophages in both in vivo and in vitro studies, which could be a 
contributing mechanism towards its observed cytotoxic activity and also 
reinforces its potential to inhibit or reverse treatment-associated 
cisplatin resistance [83].

3.2. Ruthenium complexes functionalised with naphthalimide

Just as the discovery of cisplatin led to the development of other Pt 
anticancer agents, it also steered interest towards investigation of 
complexes of other metal centres with anticancer activity. Changing 
from Pt to other metal centres has been hypothesised to circumvent the 
common acquired and intrinsic resistances to the Pt agents by various 
cancers [62,71,87]. Due to similar physicochemical properties of Pt(II) 
and Ru(II)/Ru(III) complexes, the latter have attracted early interest as 
an alternative to Pt. Furthermore, due to their propensity to undergo 
redox reactions and possibly mimic some properties of Fe, given the 
position in the Table of Elements, additional beneficial physiological 
properties were anticipated. Eventually, several Ru compounds entered 
clinical trials including TLD1433 (ruvidar®) as a photodynamic therapy 
(PDT) agent and cytotoxic BOLD-100, which are both currently under
going clinical evaluation [88–91].

3.2.1. Polypyridyl-type complexes
Polypyridyl ligands are often paired with Ru centres for use as 

photosensitisers (PS) in PDT [92,93]. Gunnlaugsson and co-workers 
were the first to functionalise Ru(II) polypyridyl complexes with naph
thalimide arms (NN-2a, NN-2b, NN-3a–NN-3d, NN-4a, NN-4b; Fig. 17) 

to increase the DNA binding affinity and light-harvesting efficiency, also 
observing DNA photocleavage [94–96]. The 1,4,5,8-tetraazaphenan
threne (TAP) complexes NN-3a–NN-3d showed the highest binding af
finity to DNA which was attributed to the meta-arrangement resulting in 
a wedged compound that allowed closer association with DNA [95]. The 
amine derivatives showed stronger DNA binding affinity in various 
studies, however, the nitro derivative NN-3a produced more significant 
results in the DNA photocleavage experiments and was also not affected 
by the presence of a singlet oxygen scavenger. This indicates that the 
mechanism for these complexes is independent of singlet oxygen, unlike 
the PDT type II mechanism typically displayed by Ru(II) polypyridyl 
complexes [97]. The bipy complex NN-3d was found to show the highest 
photocytotoxicity despite its low DNA photocleavage efficiency [95]. 
This suggests that DNA photocleavage may not be the predominant 
mode of action for the photocytotoxicity but rather photoinduced ROS 
generation. This is based on the activity of these compounds being 
quenched in the presence of a singlet oxygen scavenger and enhanced in 
D2O, which prolongs the lifetime of ROS to produce more damage.

NN-4a and NN-4b (Fig. 17) were designed as dual imaging and 
therapeutic agents, with the naphthalimide moiety intended to aid cell 
uptake and DNA-binding [96]. For the bisnaphthalimide derivative NN- 
4b, the DNA binding affinity increased while the photocleavage effi
ciency decreased, inferred to be due to the additional naphthalimide- 
DNA interaction hindering close association between the Ru- 
polypyridyl centre and DNA. The intensity of the metal to ligand 
charge transfer (MLCT) emission in the presence of DNA after excitation 
at 338 nm was decreased by ~43% while the naphthalimide-centred 
emission was not affected, supporting its potential use as a DNA imag
ing agent. Upon light activation, significant DNA cleavage was seen, and 
the IC50 value in HeLa was reported as 7.81 μM compared to almost 30 
μM in the dark. The Ru(II) polypyridyl complexes NN-5a and NN-5b 
(Fig. 18) were designed to resemble traditional organic naphthalimide 
agents and were shown to retain significant levels of TOP2α inhibition 
and extended the inhibitory activity towards TOP1 [98]. Binding 
through intercalation, their DNA-binding affinity was several magni
tudes greater than found for [Ru(bipy)3]2+ (bipy = 2,2′-bipyridine) and 
[Ru(phen)3]2+ (phen = 1,10-phenanthroline) and comparable to that of 
the established DNA intercalator ethidium bromide (EtBr). However, 
viscosity titrations and thermal denaturation studies suggested that they 
did not disrupt the DNA structure as much as EtBr, although the greater 
lipophilicity of the ancillary ligands of NN-5a gave a slightly higher 
binding affinity. Photocleavage of plasmid DNA to the open circular 

Fig. 17. Chemical structures of Ru(II) polypyridyl complexes NN-2a, NN-2b, 
NN-3a–NN-3d, NN-4a, and NN-4b.

Fig. 18. Chemical structures of Ru(II) imidazophenanthroline complexes NN- 
5a and NN-5b, and of dithiocarbamato complexes SS-1a–SS-1d.
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form was seen at 15 μM, and IC50 values of approximately 4.5 and 4.0 
μM were estimated for TOP1 and TOP2α, respectively. NN-5a was also 
shown to bind to and stabilise RNA triplexes [99], having positive im
plications for potential cytotoxic or cytostatic activity, although this has 
yet to be investigated.

The polypyridyl complexes SS-1a–SS-1d (Fig. 18; Tables 1 and S8) 
pair the bioactive moieties of a Ru(dithiocarbamato) moiety and an 
amonafide-like naphthalimide [100]. All complexes showed moderate 
to good cytotoxicity against cancer cells, with SS-1a generally being the 
most potent at low-μM cytotoxicity in A549 cells, which was retained in 
the cisplatin-resistant variant (A549cisR). Guided by proteomics data, a 
range of mechanistic investigations were carried out which suggested 
SS-1a could exert the cytotoxic activity through multiple pathways, 
predominantly involving mitochondrial damage such as reducing MMP, 
damaging inner membrane cristae, and reducing metabolic function. It 
may also function to stimulate an immune response, suggested initially 
by proteomics and consequently through in vivo experiments, in which 
the splenocyte population in mice treated with SS-1a had a significantly 
increased proportion of CD4 and CD8 T lymphocytes. Unlike the other 
polypyridyl complexes, the photophysical properties of the dithio
carbamato complexes were not investigated.

Gunnlaugsson et al. prepared the water-soluble Ru(II) polypyridyl 
complexes NN-6a and NN-6b (Fig. 19) bearing two naphthalimide 
moieties conjugated via Tröger's base with bipyridyl coordinating moi
eties [110,111]. Originally investigated as cellular probes, the DNA 
binding capability of the two compounds was investigated. In spectro
scopic titrations with salmon testes DNA (stDNA), no significant de
viations were observed in absorption or emission spectra. However, both 
compounds shifted the melting transition (Tm) of stDNA significantly, 
with NN-6a producing the greatest shift from an initial Tm of 69 to over 
85 ◦C (10 mM phosphate buffer, 50 mM NaCl), with melting still 
incomplete at 90 ◦C. Both compounds showed complete uptake in HeLa 
cells after 4 h, with the red emission of the compounds visible in the 
cytoplasm as well as in and around the nucleus.

Although initial studies revealed no cytotoxicity towards HeLa cells 
over a range of concentrations, NN-6a was found to induce membrane 
blebbing and NN-6a together with NN-6b was later investigated further 
for use in PDT [111]. In these subsequent experiments, the uptake of the 
compounds into peripheral blood mononuclear cells (PBMC) obtained 
from healthy individuals was found to be significantly lower than in 
HeLa cells. In the cancer cells, endocytosis was found to be the pre
dominant cellular uptake mechanism, which for NN-6a was caveolae- 

and lipid raft-dependent. Although it was initially reported that the 
compounds were found partially in and around the nucleus, experiments 
following the determination of the cellular uptake mechanism revealed 
that the compounds predominantly accumulated in the Golgi complex 
and lysosomes (Fig. 19), with a more modest accumulation also in 
mitochondria. Both compounds displayed no cytotoxicity in the dark 
against HeLa cells but a 1 h photoactivation period followed by 23 h 
incubation resulted in significant cytotoxicity and gave IC50 values of 
1.8 ± 0.3 μM and 4.6 ± 0.7 μM for NN-6a and NN-6b, respectively, 
through induction of late-stage apoptosis. Cell shrinkage and significant 
disruption to tubulin structure were observed after treatment with both 
compounds, although they were more pronounced for NN-6a. ROS 
production also occurred, particularly in mitochondria, in which the 
compounds induced rapid changes in morphology after light activation. 
Given the compounds were not significantly localised in nuclei and 
accordingly DNA binding and damage would be limited, the light- 
dependent cytotoxicity was noted as highly promising and suggest 
these compounds may be suitable for use in PDT.

3.2.2. Piano-stool complexes
In addition to their use in Ru(polypyridyl) complexes, naphthalimide 

moieties have been attached to various Ru(II)-arene piano-stool com
plexes. These complexes are easily modifiable and the framework lends 
itself to the design of multifunctional agents [71,87]. Incorporating a 
naphthalimide moiety in Ru(II) piano-stool complexes can be performed 
either through conjugation to the π-bound arene or functionalisation of 
an ancillary ligand [6,101].

3.2.2.1. Piano-stool complexes of N-donor ancillary naphthalimide- 
functionalised ligands. By functionalisation of an N-donor ancillary 
ligand with naphthalimide moieties, N-7a–N-7d and N-8a–N-8c 
(Fig. 20) were reported [101,112]. Compounds N-7a–N-7d were more 
cytotoxic in comparison to RAPTA-C, and the derivatives with unsub
stituted naphthalimides, i.e., N-7b and N-7d, were less cytotoxic than 
the dimethylamine derivatives N-7a and N-7c. The increase in cyto
toxicity for the complexes with a dimethylamine-substituted naph
thalimide suggests DNA intercalation is involved in the mechanism of 
action since small nitrogen substituents at this site have been reported to 
increase cytotoxicity through increased DNA-binding affinity [50]. The 
reported IC50 values for N-7c of 6.5 μM in A2780 and 8.6 μM in A2780R 
indicate a similar level of cytotoxicity in the chemoresistant variant. N- 
8a–N-8c (Fig. 20) feature a bipy ligand and are thus more alike the 

Table 1 
IC50 values (μM) determined in cancer cell lines with the MTT assay for lead compounds in series of cytotoxic piano-stool and NHC metal complexes modified with 
naphthalimide, as well as auranofin-like derivatives. The IC50 values are given in those cell lines in which the test compounds exhibited the highest activity and most 
commonly cisplatin was used as the control compound.

Compound Cancer cell 
line

IC50 / μM IC50 / μM 
control compound

IC50 / μM 
ligand

Treatment 
time / h

Ref.

SS-1a A549 4.13 ± 0.69 15.89 ± 0.24 >50 48 [100]
N-7a 1 A2780 6.1 ± 1.1 230 18.5 ± 0.3 72 [101]
Ar-1b 1 ​ 2.31 ± 0.1 –
N-10a 2 HeLa 2.0 ± 0.3 13 >100 48 [102]
NN-7b CRL7687 1.103 ± 0.8 19.7 ± 2.0 3 0.620 ± 0.1 72 [60]
NO-1a ​ 0.724 ± 0.3 0.627 ± 0.4 3 0.724 ± 0.2
NHC-1 h MCF-7 1.7 ± 0.2 – 0.6 ± 0.02 72 [103]
NHC-2e ​ 1.7 ± 0.3 1.9 ± 0.4 [104]
NHC-3a ​ 0.2 ± 0.02 0.2 ± 0.01 [103]
NHC-4c ​ 2.0 ± 0.2 5.2 ± 0.6 [105]
NHC-5d ​ 2.1 ± 0.5 4.6 ± 3.6 [106]
NHC-6 h MCF-7 4.82 ± 0.77 – 33.23 ± 5.84 96 [107]
NHC-7 4 A549 0.059 ± 0.003 2.23 ± 0.12 0.134 ± 0.025 72 [108]
S-1c MCF-7 1.1 ± 0.1 – 3.1 ± 0.4 72 [109]

1 RAPTA-C used as the control compound.
2 IC50 values determined with the alamarBlue assay.
3 As no control compound was tested, instead the IC50 value presented is of the compound in the healthy cell model CA-M75.
4 Test compounds pre-incubated with 6 eq. bovine serum albumin (BSA). As the naph ligand was not tested, instead the IC50 value presented is of the metal complex 

lacking the naph component.
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polypyridyl compounds (vide supra) in that they are intended to be 
photoactivated, specifically for use in photoactivated chemotherapy 
(PACT) [112]. Designed to release the naphthalimide ligand upon irra
diation, only N-8c underwent complete photolysis after 3 h of radiation 

while over 50% of N-8a and N-8b were still intact. Concordant with 
these results, the only compound to show significant cytotoxicity in 
A549 cells was N-8c (IC50 10.5 μM) after 24 h of incubation with the 
drug followed by irradiation for 3 h at 420 nm.

NN-7a, NN-7b, and NN-8 (Fig. 20) feature a naphthalimide conju
gated to a bidentate-coordinating bi- or di-pyridyl moiety, with the 
ligand of NN-8 also found in a series of Ir(I) compounds (NN-11a–NN- 
11c, vide infra). NN-8 showed no cytotoxicity towards the cancer models 
tested (A549, HeLa, HepG2) [113] although photocytotoxicity was not 
investigated. Compounds NN-7a and NN-7b and the Schiff base com
plexes NO-1a–NO-1c (Fig. 21) exhibited cytotoxicity in CRL7687 mel
anoma cells at sub-μM concentrations but were also similarly active in 
the healthy melanocyte cell model CA-M75 [60]. NN-7b showed high 
cytotoxicity towards CRL7687 cells with an IC50 value of 1.1 μM, while it 
gave an IC50 value of 20 μM in the healthy cell model.

N-9a and N-9b (Fig. 21) are both water-soluble compounds with 
logPo/w values of − 0.05 and − 0.71, respectively, indicating mild hy
drophilicity which is likely due to the morpholine substituent [114]. 
This is in contrast to most other naphthalimide anticancer agents which 
are lipophilic and thus typically have more efficient cell uptake. How
ever, particularly for N-9a, cell uptake was sufficient to visualise its 
green luminescence within cells, where it was found to localise mostly in 
nuclei and lysosomes. The lysosome localisation was attributed to the 
morpholine moiety rather than the naphthalimide, with the overall 
localisation supporting the ability of these compounds to exhibit dual 
modes of action from different moieties within the same metal complex. 
Designed as PS for PDT or PACT, N-9a and N-9b were more cytotoxic 
than cisplatin in MCF-7, A498 and HeLa cancer cells upon light irradi
ation, while showing less or similar cytotoxicity to cisplatin in the 
healthy cell models NRK and NIH.

The dimetallic piano-stool complexes N-10a and N-10b (Fig. 22) 
feature two naphthalimide moieties conjugated via Tröger's base and 
carry curcumin as ancillary ligands [102,115]. The naphthalimide 
component is highly emissive due to the intramolecular charge transfer- 
based transitions and wedged structure, while the curcumin moiety has 

Fig. 19. (Top) Structure of dimetallic Ru(II) polypyridyl naphthalimide complexes NN-6a and NN-6b conjugated via Tröger's base. (Bottom) Confocal microscopy 
showing compounds in HeLa cells localising in Golgi apparatus, lysosomes, and mitochondria when stained with DAPI and co-stain GFP (green fluorescent protein), 
and the effects of compounds on α-tubulin and actin. Modified from [111] © 2024.

Fig. 20. Ru(II) anticancer agents with RN-naphthalimide-substituted ancillary 
ligands (cym = η6-p-cymene, tol = η6-toluene, ppr = piperidine).
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been demonstrated to have a range of beneficial bioactivities on its own 
[116,117] and when conjugated to Ru(II) piano-stool compounds 
[118,119]. The emission of the naphthalimide moiety within the Ru 
complexes was largely quenched compared to the free ligand, which was 
suggested to be due to energy transfer between the naphthalimide 
excited state to curcumin and overlap of the emission band with the 
MLCT absorption. However, both compounds were significantly more 
cytotoxic than cisplatin in cancer cells with IC50 values in the low μM 
range. Interestingly for N-10a, the free naphthalimide ligand also 
showed moderate cytotoxicity with an IC50 value of 25 μM, while the 
ligand in N-10b with the extended spacer between the naphthalimide 
moiety and the coordinating pyridyl group was non-cytotoxic.

Compounds, N-11a–N-11c (Fig. 22) are structurally related to N-10a 
and N-10b with the most significant distinction in this new series being 
the replacement of the curcumin ligand with two exchangeable chlorido 

ligands [120]. Designed predominantly as fluorescent bioimaging 
probes, N-11a and N-11b showed good cell uptake and low cytotoxicity 
in 3T3 mouse embryonic fibroblast cells, in addition to relatively strong 
binding to BSA [121]. N-11c was not extensively investigated as it was 
observed to have poor cell uptake and formed aggregates at the cell 
membrane border [120]. The non-cytotoxicity of N-11a and N-11b is in 
stark contrast to the significant cytotoxicity observed for N-10a and N- 
10b, indicating that the curcumin co-ligand is important for their 
cytotoxicity. This can be considered analogous to the core design prin
ciple for organic naphthalimide anticancer agents, wherein the intrinsic 
DNA binding activity of the naphthalimide only translates to cytotoxic 
activity upon substitution of the core naphthalimide scaffold to intro
duce a complimentary mechanism. Compounds N-11a and N-11b are 
structurally related to cytotoxic N-7a and N-7c. The dimeric nature of N- 
11a and N-11b may render them more sterically demanding, possibly 
limiting their interaction with DNA or proteins at the exchangeable 
chlorido ligand sites.

3.2.2.2. From N-donor to C-donor ligands. The piano-stool complex CN- 
1a and the structurally related trithiacyclononane complexes CN- 
1b–CN-1d (Fig. 23) were developed as protein kinase inhibitors, with 
CN-1b investigated more in depth [122]. Kinase inhibitors have been 
widely investigated for the treatment of cancer and often they feature 
large, planar aromatic structures to, for example, block the ATP-binding 
sites on the proteins [123]. Of the 442 enzymes tested, there were 8 
protein kinases distributed among four families for which the compound 
exhibited very strong inhibition. For MYLK, which is involved in regu
lating smooth muscle contraction, CN-1b was a very strong inhibitor 
with an IC50 value of 75 ± 20 nM, while the naphthalimide ligand alone 
displayed no inhibitory activity. Despite the high inhibition of MYLK by 
CN-1b, in vitro cytotoxicity studies found that it did not significantly 
inhibit the proliferation of either 451Lu or WM3918 melanoma cells. 
However, CN-1a showed marked cytotoxicity in 451Lu and WM3918 
cancer cells with IC50 values up to 20 μM, while it was substantially less 
cytotoxic towards the healthy cell models FOM102010 and FF2508.

Besides N-donor ligands, naphthalimides have also been tethered to 
N-heterocyclic carbenes (NHCs) as coordinating moieties (Tables 1 and 
S7). Metal(NHC) complexes are generally very stable in biological en
vironments, making NHCs ideal anchor ligands for the naphthalimide 
DNA-targeting and -intercalating moiety [103,105]. Several series of 
naphthalimide-NHC complexes with Ru(II) (NHC-1a–NHC-1h), as well 
as Rh(I) (NHC-2a–NHC-2h), and Ag(I) (NHC-3a–NHC-3b) (Fig. 24) 

Fig. 21. Schiff base complexes NO-1a–NO-1c and photocytotoxic N-9a and N- 
9b (PTA = 1,3,5-triaza-7-phosphaadamantane).

Fig. 22. (Left) Chemical structures of the dimetallic piano-stool Ru(II) naphthalimide complexes conjugated via Tröger's base, N-10a and N-10b, and N-11a–N-11c. 
(Right) Confocal live images of N-10a and N-10b (5 μM) within HeLa cells after various periods of incubation, with green fluorescence from the metal complex and 
red fluorescence from DRAQ5 nuclear stain. Modified from references [102,115] with permission of the American Chemical Society ©2022 and the Royal Society of 
Chemistry ©2018 https://doi.org/10.1039/C8CC01584H, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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were developed with mono- or bis-naphthalimide substitution. Coordi
nation to metal centres mostly resulted in quenching of fluorescence, 
with the exception of NHC-1f and NHC-2f bearing electron-rich thio- 
substituents on the naphthalimide and benzyl-substituents on the NHC 
[104]. Substitution of the naphthalimide-NHC with a secondary lipo
philic group was associated with improved cytotoxicity, likely due to 

increased cellular accumulation and retention. For organometallics 
bearing unsubstituted mononaphthalimide ligands (C-2a–C-2i), cyto
toxicity increased in the order Ru(II) < Rh(I) < Cu(I) in MCF-7 and HT- 
29 cells. The thioether compounds all showed lower or equal cytotox
icity to the pro-carbene compounds in MCF-7. In HT-29 cells some 
complexes showed improved potency over the respective pro-carbenes, 
with NHC-1f being the most cytotoxic with an IC50 value of 4.9 μM, 
compared to 9.6 μM for the pro-carbene [104]. Among the bis- 
naphthalimide-functionalised complexes, only the Ag(I) compounds 
NHC-3a and NHC-3b gave similar cytotoxicity to the pro-carbenes, 
while NHC-3a was slightly more cytotoxic overall [103].

In further investigations into the activity and modes of action of 
NHC-1f and NHC-2f and the free naphthalimide-NHC ligand in HCT116, 
MCF-7 and MDA-MB-231 cancer cell lines, both metal complexes 
showed increased cytotoxicity in HCT116 compared to the free ligand, 
contrasting the inverse relationship in MCF-7 [124]. NHC-1f was found 
inferior to both NHC-2f and the pro-carbene in inhibiting cell cycle 
progression and to the pro-carbene in producing ROS. While NHC-1f 
was inferior to the ligand in producing cellular ROS, it was more active 
in inducing mitochondrial ROS at all timepoints. It was found to exert 
this effect through increasing the mitochondrial membrane potential 
(MMP) and thus sensitising the membrane to apoptogenic factors. Pro
duction of mitochondrial ROS is associated with activation of the p38 
mitogen-activated protein kinase (MAPK) pathway, which leads to pro- 
apoptotic signalling. NHC-1f and NHC-2f were found to also induce p38 
MAPK in MCF-7 and MDA-MB-231 cells, although to a lesser extent in 
the latter.

The same compounds were subjected to antimicrobial studies and 
they were overall significantly more active in inhibiting the growth of 
gram-positive bacteria compared to gram-negative bacteria or fungi 
[104]. Overall, NHC-1f and NHC-2f were the most active inhibitors of 
gram-positive bacterial growth, with NHC-1f exhibiting MIC values of 8 
μg/mL, while NHC-2f was less active in the B. subtilis strain tested but 
reached an MIC of 4 μg/mL in a Staphylococcus aureus (S. aureus) strain.

3.2.3. 3.2.2.3 π-bound ligands functionalised with naphthalimide moieties
Based on the RAPTA-C scaffold, Ar-1a–Ar-1c (Fig. 25) feature a 

naphthalimide conjugated to the π-bound benzene group rather than at 
the more readily exchangeable ligand coordination sites [101]. Com
plexes like RAPTA are often highly water soluble due to the presence of 
the amphiphilic PTA ligand [71,125], with Ar-1a–Ar-1c soluble in water 

Fig. 23. Chemical structures of the Cp complex CN-1a and its trithiacyclono
nane analogues CN-1b–CN-1d.

Fig. 24. Structures of NHC complexes of Ru(II) NHC-1a–NHC-1h, Rh(I)- 
cyclooctadiene (COD) NHC-2a–NHC-2h, as well as of Ag(I)-acetate NHC-3a 
and NHC-3b. Fig. 25. Arene-conjugated RAPTA-derived compounds Ar-1a–Ar-1c.
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and undergoing rapid aquation within 30 min to the monoaqua species, 
although not proceeding spontaneously to the doubly aquated species. 
All complexes were significantly more cytotoxic than RAPTA-C in the 
cancer cells tested, with Ar-1b showing the highest cytotoxicity in 
A2780 cells and the resistant variant A2780R with IC50 values of 2.3 μM. 
While guanosine binding studies suggested Ar-1b showed less affinity 
for coordination to DNA than RAPTA-C, UV–vis and circular dichroism 
spectroscopy studies indicated that it significantly bound to and dis
rupted the structure of ctDNA.

3.3. First-row d block metal anticancer complexes with naphthalimide- 
derived ligands

3.3.1. Cu complexes and derivatives
In addition to the Pt and Ru complexes modified with naphthalimide 

which have been investigated for biological properties, many complexes 
with first row transition metal centres have been reported and investi
gated [126]. In contrast to several of the Ru(II) complexes, for which 
fluorescence emission was quenched compared to the ligands, the Cu(I) 
complexes NN-9a–NN-9c (Fig. 26; Table S12) were slightly more 
emissive than their ligands, which was enhanced in aqueous over 
organic solvents [127]. Moderate DNA binding affinity was reported for 
NN-9a. The IC50 values reported in MCF-7 and A549 cells suggest non- 
cytotoxicity, however, cisplatin was also not active under the conditions 
studied. Similarly, the Cu(II) complexes N-12a and N-12b (Fig. 26) 
[128], and N-13a and N-13b (Fig. 27) [129] were seemingly inactive in 
cancer cells. Both series exhibited the same increase in fluorescence in 
aqueous solvents as the Cu(I) complexes, although no comparison was 
made to the fluorescence of the free ligands. Both compound series were 
reported to bind to BSA. Despite their non-cytotoxicity in the cancer 
cells tested, N-13a and N-13b induced plasmid DNA cleavage after 
irradiation at 365 nm, with the mechanism of action differing between 
the two complexes as DNA photocleavage from N-13a was quenched by 

ROS scavengers while for N-13b it was unaffected.
Cu(II) compounds NNN-2a–NNN-2c and NNN-3a–NNN-3c (Fig. 26) 

feature similar tridentate naphthalimide-functionalised ligands but 
differ in their co-ligands and thus also the geometry about the Cu(II) 
centre [130,131]. The compounds showed similar cytotoxicity despite 
the structural differences, probably due to weak interaction of the Cu 
centre with one of the coordinated acetylacetonato O donor atoms. In 
terms of biological activity, compounds with longer aliphatic linkers 
showed higher cytotoxicity, and NNN-2c and NNN-3c were similarly 
active in cancer cells and equal or superior to cisplatin. The Cu(II) 
complex lacking the naphthalimide substituent was moderately cyto
toxic with IC50 values of approximately 40 μM, and significantly less 
cytotoxic than NNN-2c (IC50 values ≤10 μM), demonstrating the 
contribution of the naphthalimide fragment to the activity. NNN-2c and 
NNN-3c were found to intercalate into DNA with similar affinity.

NHC-4a–NHC-4c (Fig. 28) are the Cu(I) equivalents of the Ru(II) and 
Rh(I) complexes NHC-1a–NHC-1c and NHC-2a–NHC-2c (vide supra), of 
which NHC-4c was the only compound which was more cytotoxic than 
the naphthalimide pro-carbene [105]. Across the entire series of Ru, Rh, 
Ag, and Cu organometallics, the complexes containing naphthalimide- 
functionalised benzylimidazolylidene ligands were the most cytotoxic; 
hence, it was inferred that the role of the metal centre in the observed 
biological activity was minimal. Despite their promising cytotoxicity, 
the Cu compounds were found to be insufficiently stable for further 
studies.

ONO-1 (Fig. 29) is a Cu(II) complex with a rhodamine B-tagged 

Fig. 26. Structures of Cu(I) complexes NN-9a–NN-9c and the related square 
pyramidal Cu(II) complexes N-12a and N-12b, and complexes with tridentate 
naphthalimide-functionalised ligands NNN-2a–NNN-2c and NNN-3a–NNN-3c.

Fig. 27. Structures of di-Cu(II) complexes N-13a and N-13b.

Fig. 28. Structures of Cu(I) complexes NHC-4a–NHC-4c.
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naphthalimide ligand which undergoes a significant colour change from 
colourless to pink upon coordination to Cu(II), as the spirolactam ring of 
the free ligand opens upon coordination and extends the aromatic sys
tem across the rhodamine B component [132]. The complex was sensi
tive to the presence of sulfide and partially sensitive to azide, in the 
presence of which it reverted to the colourless free ligand but was 
resistant to other anions including some commonly present in biological 
systems such as chloride and dihydrogen phosphate. ONO-1 was eval
uated for its antiproliferative activity in cervical cancer cell lines HeLa 
and SiHa and in non-cancerous HEK293 cells. The complex was rela
tively nontoxic in HEK293 cells, while in HeLa and SiHa they were 
moderately active. In HeLa cells, fluorescence microscopy after staining 
with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) after expo
sure to ONO-1 at the IC50 dose revealed a significant increase in ROS 
generation (Fig. 29). Staining with 4′,6-diamidino-2-phenylindole 
(DAPI) indicated significant chromatin condensation, and analysis of 
DNA extracted from the ONO-1-treated cells showed extensive 
fragmentation.

The Co(II), Cu(II) and Zn(II) complexes Tpd-1a–Tpd-1c with a 
tripodal, tridentate ligand (Fig. 30; Table S13) caused photoinduced 
DNA and protein cleavage [133]. The complexes showed similar DNA 
affinity, however, the degree of photoinducible DNA cleavage was 
variable between the complexes, with only Tpd-1a and Tpd-1b inducing 
cleavage in the visible light range at 365 nm. Tpd-1b was additionally 
capable of cleaving DNA under irradiation at near-IR wavelengths. This 
effect was not quenched by singlet oxygen scavengers or enhanced in 
D2O, indicating that, like some other photoactive naphthalimide com
pounds (NN-3a and NN-3c, vide supra), the reaction does not proceed via 
a type II pathway as is most common in PDT. Hydroxyl radical scav
engers were seen to quench the DNA cleavage activity, which may make 
Tpd-1b useful as a PDT agent.

Complexes Tpd-2a and Tpd-2b (Fig. 30) contain three naph
thalimide moieties on a tetradentate tripodal ligand coordinated to 
either Fe(III) or Cu(II) centres [134]. Both the free ligand and the 
complexes were significantly fluorescent with an emission maximum at 
480 nm attributed to the excimer of the naphthalimide. Interestingly, 
this was shown to primarily consist of intramolecular excimers for Tpd- 
2a and Tpd-2b as there was almost no change in ratio of the monomer 
and excimer peaks with change in concentration. In contrast, an 
increasing concentration of the ligand led to a growth in the excimer 
peak, suggesting formation of intermolecular excimers instead. 
Compared to the free ligand, the quantum yields of the complexes were 
only slightly quenched by the presence of the metal centres. Utilising the 
fluorescence of Tpd-2a and Tpd-2b to investigate DNA interaction, both 
metal complexes were able to moderately displace EtBr while the free 
ligand did not. DNA binding was theorised to occur primarily at the DNA 
backbone via coulombic interactions, which is in contrast to the typical 
DNA intercalation observed for naphthalimides [13]. Electrostatic in
teractions were also thought to contribute to BSA binding, however, 
binding was primarily driven by hydrophobic interactions. The Cu 
compound Tpd-2b showed higher activity than the Fe(III) equivalent in 
both DNA- and protein-binding studies possibly because of differences in 
hydrophobicity (Table S14), charge and geometry. This trend was 
maintained in cytotoxicity assays using HeLa cells, with Tpd-2b being 
more active with, for example, an IC50 value of <5 μM after 48 h of 
incubation.

3.3.2. Naphthalimide-bearing porphyrin-derived and other polydentate 
ligands

The Zn phthalocyanine derivative Pht-1a and its Ga analogue Pht-1b 
(Fig. 31) were reported to be highly luminescent singlet oxygen gener
ators [135] and investigated for their biological properties [136]. 

Fig. 29. Chemical structure of the Cu(II) complex ONO-1 carrying a rhodamine B and naphthalimide conjugate ligand. (A) Fluorescence microscopy of HeLa cells 
treated with ONO-1 for 48 h at IC50 doses and stained with ROS-fluorescent marker dye H2DCFDA (top) or with DAPI (bottom), for which white arrows show areas of 
chromatin condensation (scale bar 10 μm). (B) DNA gel shift assay showing DNA fragmentation, (M) 1 kb DNA ladder, (Hc) HeLa control, (H1) 24 h and (H2) 48 h 
treatment of HeLa cells with ONO-1; (Sc) SiHa control, (S1) 24 h and (S2) 48 h treatment of SiHa cells with ONO-1. Modified from [132] with permission from 
Elsevier ©2024.
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Although many phthalocyanines display antioxidant properties, the 
complexes displayed only modest potency after exposure to the 2,2- 
diphenyl-1-picrylhydrazyl radical (DPPH). However, in the DNA gel 
shift assay, both Pht-1a and Pht-1b were reported to cleave plasmid 
DNA. The compounds were found to be moderately effective against 
gram-positive bacteria and showed modest antifungal activity. Irradi
ating the compounds for 30 min with light before bacterial inoculation 
improved the activity. This was suggested to be due to ROS production 
in a PDT-like process.

Zn(II) porphyrin Por-1 (Fig. 31) carries a naphthalimide moiety on 
each arm of the porphyrin ligand and self-assembled through nano
precipitation to form spherical nanoparticles (NPs) of narrow size dis
tribution of ca. 60 nm, an ideal size for tumour targeting [137]. In vitro 
cytotoxicity assays were performed for the NPs of Por-1 and the metal- 
free porphyrin, finding that both showed photocytotoxicity, which was 
highest when irradiated by a 635 nm laser and Por-1 gave an IC50 value 
of 5.86 μg/mL in HeLa cells while showing negligible cytotoxicity in the 
dark. The cytotoxicity was attributed to a combined effect of ROS pro
duction as well as photothermal heating [138].

In another Zn(II) porphyrin, Por-2 (Fig. 32), the naphthalimide was 
utilised as a bridging moiety between poly(ethylene glycol) (PEG) and 
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) [139]. NPs of the 
compound were prepared with the aim to enhance its tumour accumu
lation through the enhanced permeability and retention effect. This ef
fect may result in macromolecular compounds accumulating in solid 
tumours due to, among other factors, irregular vasculature and impaired 
lymphatic drainage [140]. Por-2 gave a broad emission at 580–720 nm 
in the fluorescence emission spectrum of Por-2, which was quenched 
upon formation of NPs, possibly due to π-stacking interactions. UV–vis 
spectroscopic titrations with ctDNA revealed that both the complex and 

NPs bound to DNA, with the complex proposed to bind via the cationic 
porphyrin moiety and the NP through non-covalent interactions. Both 
generated singlet oxygen, although the NPs produced singlet oxygen 
faster than Por-2 alone. A significant decrease in cell viability was 
observed after irradiation of cells treated with the NPs at 680 nm for 10 
min.

Of the Cr(III), Co(II), Ni(II), Cu(II) and Zn(II) complexes Cyc-1a–Cyc- 
1d bearing cyclam derivatives (Fig. 33) [141], the Cr(III) derivatives 
generally showed slightly higher antiproliferative activity against can
cer cells than the other complexes and was usually in the same range as 

Fig. 30. Complexes with tridentate (Tpd-1a–Tpd-1c) and tetradentate ligands 
(Tpd-2a and Tpd-2b).

Fig. 31. Structures of the phthalocyanine complexes Pht-1a and Pht-1b and 
the porphyrin Zn(II) complex Por-1.

Fig. 32. Structure of naphthalimide porphyrin and BODIPY conjugate Por-2.
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the respective ligands. Overall, the reference compound amonafide was 
more potent, although no standard deviations were provided for the 
data, and the purity of the compounds was not established beyond high- 
resolution mass spectrometry (HRMS). The Cyc-1d complexes of Zn(II) 
and Cr(III) were investigated further and the Zn(II) compound was 
found to inhibit a wide range of receptor tyrosine kinases (RTKs), which 
are involved in tumour proliferation and angiogenesis, and was found to 
be antiangiogenic, while being equally toxic across a panel of cancer cell 
lines assayed.

NPy-1a–NPy-1c (Fig. 34) feature a pentadentate ligand to mimic the 
metal-binding domain of bleomycins, which are natural antibiotics that 
cause DNA scission and have found clinical use in the treatment of some 
cancers [142]. In the presence of the external reducing agent dithio
threitol (DTT), NPy-1b was least efficient in inducing DNA nicks in 
supercoiled DNA over 1 h, while NPy-1a and NPy-1c were similarly 
effective. In experiments without a reductant present, only NPy-1a 
maintained a moderate extent of DNA-cleaving activity. Despite this, of 

the naphthalimide compounds reported only NPy-1b produced strand 
breaks in double-stranded and single-stranded DNA. From further 
mechanistic studies, it is likely that the mechanism of damage is through 
a species formed with either superoxide or hydroperoxide coordinated 
to the metal centre. Hence, variations in ligand nucleophilicity would 
have a significant impact on the reactivity of the overall complex, which 
may be why the ligands which had alkyl amines as the antennae moieties 
were more active than the naphthalimide derivatives.

3.3.3. Dendritic structures
A variety of naphthalimide-metal dendrimers (Figs. 35 and 36) were 

reported by Grabchev et al., including the poly(propylene imine) (PPI) 
dendrimers Dnd-1a, Dnd-1b [143], Dnd-2a, Dnd-2b [144] and Dnd-3 
[145], and the poly(amidoamine) (PAMAM) dendrimers Dnd-4 [146], 
Dnd-5 [147], Dnd-6 [148,149], and Dnd-7 [150].

The PPI dendrimers (Fig. 35) consisted of several generations with 
naphthalimide termini bearing various R4 substituents. The dendrimers 
terminated at the second generation for Dnd-1a and Dnd-1b [143], the 
third generation for Dnd-2a, and the first generation for Dnd-2b [144]
and Dnd-3 [145]. Dnd-1a and Dnd-3 were coordinated to Cu(II), while 
the other PPI dendrimers were treated with different equivalents of Zn 
(NO3)2. While there is no conclusive structural data available, electron 
paramagnetic resonance (EPR) spectroscopic studies were conducted for 
Dnd-1a and Dnd-3 to characterise the modes of metal coordination, 
with results suggesting that they formed bimetallic complexes with Cu 
(NO3)2 [143,145]. Antimicrobial testing showed some growth inhibition 
of C. candida along with all the tested bacterial strains, however the 
minimal inhibitory concentration (MIC) was high for most compounds. 
The most active compound appeared to be Dnd-1b with Zn(II) which 
resulted in complete inhibition of growth at 38.8 μM for B. subtilis and 
77.6 μM for C. lipolytica. All PPI dendrimers were moderately active in 
cytotoxicity assays against cancer cells, and Dnd-3 was found to have 
some virucidal activity against two different human respiratory viruses.

PAMAM dendrimers (Fig. 36) were reported to form complexes with 
two equivalents of Zn(NO3)2 (Dnd-4) or Cu(NO3)2 (Dnd-5, Dnd-6, Dnd- 
7). The Zn(II) complex of Dnd-4 [146] was found to have modest 
inhibitory activity in the gram-negative strains tested and good activity 
in the gram-positive strains, with the lowest activity seen in gram- 
negative E. coli. This variation in activity could be related to the dif
ferences in cell membranes between gram-positive and -negative 

Fig. 33. Structures of ligands Cyc-1a–Cyc-1d.

Fig. 34. Structures of complexes NPy-1a–NPy-1c.
Fig. 35. Cu- or Zn-based metallodendrimers of PPI scaffolds Dnd-1a, Dnd-1b, 
Dnd-2a, Dnd-2b, and Dnd-3.
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bacteria, with compounds typically requiring greater hydro- or amphi
philic nature to effectively pass through cell membranes of gram- 
negative bacteria [151]. The Zn(II) complex of Dnd-4 exhibited 
slightly higher activity against Hep-2 cancer cells than the metal-free 
dendrimer, as was also found for Cu(NO3)2-treated Dnd-5 [147], 
which was functionalised with a sulfonate on the naphthalimides rather 
than alkyl amines found in Dnd-4. Dnd-5 treated with Cu(II) and 
applied to cotton fabric inhibited P. aeruginosa bacterial growth by 39% 
in the dark and 52% under light irradiation, compared to the free ligand 
components causing 21–25% growth inhibition in the dark and 33–35% 
growth inhibition under light irradiation. The antimicrobial activity was 
suggested to originate from the ability of the metal complex to bind to 
bacterial membranes and, upon photostimulation, generate singlet ox
ygen, which may also be the reason for the cytotoxic activity. The 
compounds were also moderately virucidal, although the metal-free 
components showed slightly higher activity.

As for the PPI dendrimers, no conclusive structural data was ob
tained for the PAMAM dendrimers. However, EPR spectroscopic data for 
Dnd-6 suggested the coordination geometry around the metal centres to 
be square planar. The dendrimer ligand also appeared to have signifi
cantly lower affinity for Cu(II) than in Dnd-1a, which was attributed to 
the difference in the species functionalised onto the R4 site of the 
naphthalimide. The antimicrobial activity of Dnd-6 was moderate, with 
a 90% growth inhibition of gram-positive B. cereus at 200 μg/mL [148]. 
However, it also showed significant cytotoxicity in U937 leukaemia cells 
and much lower growth inhibition in the healthy cell model PBMC, 
particularly in comparison to the free dendrimer and when dendrimer 
and Cu(II) were added to cells without pre-formation of the metal
lodendrimer [149]. As they produced more indiscriminate damage, the 
ligand and ligand with Cu(II) led to cell death via necroptotic processes 
rather than apoptosis. In contrast, Dnd-6 affected cell viability more 
specifically through mitochondrial and lysosomal accumulation and 
damage, and potentially the interference with or exacerbation of ROS 

pathways in cancer cells. For the structurally similar Dnd-7, cytotoxicity 
data against MDA-MB-231 cells was reported although issues with 
aqueous solubility were reported [150] which may have affected both 
cell and antimicrobial activity studies.

3.3.4. Schiff base ligands and their complexes
Schiff bases are frequently employed as ligands in metal complexes, 

including for such designed to have biological activity [152]. Ligand 
Sch-1 (Fig. 37) featuring naphthalimide and Schiff base moieties was 
coordinated to Co(II) and Cu(II) centres with the structures established 
with DFT calculations [153]. While the coordination compounds were 
not characterised, Sch-1 was reported to be cytotoxic in KHOS-NP os
teosarcoma cells, with an IC50 value of 35 μM. Of the Schiff base com
plexes NO-3a–NO-3d (Fig. 37) [154], NO-3b and NO-3c were active 
against gram-negative K. pneumoniae and gram-positive S. aureus, 
respectively, at either equal or higher activity than the ciprofloxacin 
control.

3.3.5. Unusual ligand systems and organometallics with naphthalimides
Metallacarborane-naphthalimide conjugates Cbr-1a–Cbr-1f 

(Fig. 38) were investigated in HepG2 and RPMI 2650 cancer cells. Cbr- 
1c exhibited a modest IC50 value of 29 μM after 24 h incubation in 
HepG2 and induced intracellular ROS formation and G0/G1 arrest [155]. 
It caused the formation of oxidative DNA lesions at guanosine residues at 
a level that was significantly higher than that for the mitonafide control, 
as well as induced mtROS which can damage mtDNA. Cbr-1c interacted 
most strongly with DNA out of the synthesised complexes, however, it 
still bound much weaker than mitonafide which points towards a 
different mode of action [155]. Some of the compounds were further 
tested for their anthelmintic activity, where Cbr-1a and Cbr-1e were the 
most active compounds. Cbr-1e was also reported as having an IC50 
value of 14 μM in HT29 colon cancer cells but was non-cytotoxic to
wards CaCo-2 and LS180 colon cancer cell lines [156]. This may warrant 
investigation into the specific mode of action of Cbr-1e in colon cancer 

Fig. 36. Dendritic ligands of PAMAM scaffolds forming complexes with Zn 
(NO3)2 (Dnd-4) or Cu(NO3)2 (Dnd-5, Dnd-6, Dnd-7). In Dnd-6 and Dnd-7 the 
bolded N-donor atoms coordinate to the Cu centre.

Fig. 37. Structures of Schiff base Sch-1 and the antibacterial complexes NO- 
3a–NO-3d.
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cells.
Several ferrocene compounds have demonstrated promising biolog

ical activity, with ferroquine being the most prominent example 
[157,158]. The naphthalimide-appended ferrocene derivatives Fc- 
1a–Fc-1c (Fig. 39), Fc-1c with a bisnaphthalimide moiety showed 
stronger DNA binding than the mononaphthalimides Fc-1a and Fc-1b 
[159]. Binding of DNA intercalators to DNA typically induces an in
crease in the viscosity of DNA, however, Fc-1c instead caused a decrease 
in viscosity which suggests it likely interacted through a different 
mechanism, such as DNA nicking or destabilisation of interstrand in
teractions [160,161]. Fc-1c was reported to be the most cytotoxic 
compound while Fc-1a was non-cytotoxic in all cancer cell lines tested.

Utilising the same overall structure as for Fc-1c, a range of bis
naphthalimide compounds Fc-2a–Fc-2h (Fig. 39) was prepared by 
varying the lengths of the alkyl spacers between the naphthalimide and 

ferrocene moieties [162]. Fc-2a bearing the shortest linker, and thus the 
most similar structurally to Fc-1c, was found to exhibit the strongest 
binding affinity towards ctDNA. No distinct relationship was observed 
between compound linker length and DNA binding affinity, which may 
be due to the overall small degree of variation in activity between the 
compounds. Considering the relatively high similarity of the compounds 
both in their structure as well as their affinity for binding DNA, it is not 
surprising that the cytotoxicity of the compounds was also very similar 
and in the low micromolar range for the four cancer cell lines tested. 
There was one notable exception, however, with Fc-2a having an IC50 
value of 0.4 μM in the HepG2 hepatocellular carcinoma cell line, a ten- 
fold increase compared to its activity in the three other cell lines, and a 
five-fold increase compared to Fc-2g with second highest activity in 
HepG2. Fc-2b and Fc-2e were found to localise more in cytosol of 
HepG2 cells and exhibited IC50 values of ~3 μM, while Fc-2a in com
parison had higher uptake in nuclei and was also found to increase levels 
of cellular ROS in a dose-dependent manner. Further studies could seek 
to investigate the mechanisms by which Fc-2a exerts its antiproliferative 
effect on hepatocellular carcinoma, such as probing the relationship 
between DNA binding affinity and cytotoxicity.

Of the ferrocene-functionalised naphthalimide derivatives Fc-3a–Fc- 
3h (Fig. 40), Fc-3f was found to exert strong growth inhibition towards 
MCF-7 cells within 48 h with a GI50 value of 8.0 μM [163]. However, at 
72 h it was inferior compared to the structure lacking the ferrocene 
moiety which gave a GI50 value of ~2.2 μM. Several of the compounds 
did not reach the GI50 value in MCF-7 cells within 24 or even 48 h, hence 
these compounds were identified as ideal candidates for cellular imaging 
applications. Other ferrocene compounds substituted with naph
thalimide were reported as intracellular turn-on fluorescent probes for 
GSH, showing only mild cytotoxicity within the time required for 
staining [164,165].

The only reported naphthalimide-functionalised anticancer agent 
with a Mn centre NNN-4 (Fig. 42) is a photocytotoxic lysosome-targeted 
Mn(I) compound [166] that is able to act as a CO-releasing molecule 
(CORM) [167]. It was designed to be photoactive, releasing the CO li
gands upon irradiation in aqueous solution to form the triaqua species 
and then inducing singlet oxygen formation as well as naphthalimide- 
centred fluorescence [166]. A gradual increase in fluorescence at 546 
nm was observed following intermittent radiation at 405 nm over 35 
min, attributed to the release of the CO ligands which was then 
confirmed via IR spectroscopic measurements (Fig. 42). This process was 
not affected by dithionite as a reductant and could be triggered by H2O2, 

Fig. 38. Structures of the metallacarborane complexes Cbr-1a–Cbr-1f.

Fig. 39. Ferrocene-functionalised naphthalimides Fc-1a–Fc-1c and Fc- 
2a–Fc-2h.

Fig. 40. Ferrocene-functionalised naphthalimides Fc-3a–Fc-3h (ppz 
= piperazine).
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although at a much lower rate than observed with irradiation, which can 
be favourable in the highly reducing tumour environment. Cytotoxicity 
assays in HeLa cells and the healthy cell model NIH-3T3 indicated low 
potency of NNN-4 in the dark in both cell types. While irradiation 
activated the compound in the cancer cells, NNN-4 retained low activity 
in NIH-3T3 upon irradiation.

Cu(II) and Zn(II) complexes of the morpholine-functionalised ligand 
Mor-1 (Fig. 43) were investigated for antibacterial activity against 
gram-negative A. calcoaceticus and antifungal activity against 
S. cerevisiae and C. lipolytica [168]. The Cu complex showed slightly 
higher activity than the Zn derivative in all these microorganisms.

3.4. Naphthalimides in other metal complexes

The platinum group elements are a rich source when it comes to 
developing compounds with biological activity. This ranges from the 
archetypical Pt complexes discussed to Au and Ir coordination com
pounds and organometallics with anticancer, antibacterial, and other 
biological properties [157,169,170]. The prototype Au compound aur
anofin has shown applicability in a diverse range of biological applica
tions [171] and remains in various phases of clinical trials for treatment 
of cancer and other conditions [172,173].

3.4.1. Gold compounds
Au(NHC) complexes have been explored as anticancer agents [174]

and NHC-5a–NHC-5f (Fig. 44) were developed by Ott et al. as analogues 
of various NHC metal complexes of Ru, Rh, Ag, and Cu (vide supra). The 
bisnaphthalimide Au(I) complexes NHC-5e and NHC-5f were signifi
cantly less cytotoxic than the pro-carbenes [103]. However, the mono
naphthalimide complexes NHC-5a–NHC-5d (Fig. 44) were more active, 
with the thioalkyl derivative NHC-5d showing particularly high 

inhibitory activity against HT-29 and MCF-7 cancer cells as well as of 
thioredoxin reductase, the natural target of Au complexes due to the 
selenocysteine moiety [175]. It was further found to decrease cellular 
respiration, cell impedance and extracellular acidification in a dose- 
dependent manner which was not reversible after removing the drug- 
containing medium. The cytotoxicity increased across NHC-5a–NHC- 
5c as the second NHC substituent increased in steric bulk, while no such 
trend was seen for the pro-carbenes. While NHC-5a was not the most 
potent cytotoxin nor thioredoxin reductase inhibitor, it intercalated into 
DNA more effectively than any of the other complexes. Interestingly, the 
relationship between steric bulk at the NHC and efficacy of DNA 

Fig. 42. Structure of the Mn(I) complex NNN-4 and changes in the IR spectra of NNN-4 (10 mM) during irradiation every 2 min in phosphate-buffered saline (PBS). 
Reprinted from [166] with permission from the Royal Society of Chemistry ©2024 https://doi.org/10.1039/D4CC00009A.

Fig. 43. Structure of ligand Mor-1, used to prepare Cu and Zn complexes.

Fig. 44. Structures of Au(I) NHC complexes with RN- (NHC-5a–NHC-5f) and 
R4-substituted naphthalimides (NHC-6a–NHC-6h) as well as of the bis-NHC Au 
complex NHC-7.
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intercalation in the complexes was found to be increase with steric bulk 
to the degree that the pro-carbene of NHC-5c showed a similar efficacy 
to NHC-5a [106]. This could indicate that the other substituent on the 
endocyclic NHC nitrogen atom has an influence on the DNA-binding 
efficacy of the naphthalimide fragment.

Complexes NHC-6a–NHC-6h (Fig. 44) were developed as cytotoxic 
cellular bioimaging agents with varying substituents on both the 
naphthalimide and NHC nitrogen atoms [107]. Most of the metal com
plexes were largely non-cytotoxic in the cancer cell lines tested but 
NHC-6h showed an IC50 value of 4.8 μM in MCF-7 cells despite being 
non-cytotoxic in A549 and PC3. The bis-NHC complex NHC-7 (Fig. 44) 
incorporates a naphthalimide moiety in an asymmetrically substituted 
NHC ligand [108]. Preliminary in vitro studies were performed to 
investigate the cytotoxicity and intracellular localisation of NHC-7 in 
A549 lung cancer cells. It was found to localise in mitochondria both 
with and without BSA present and gave an IC50 value in the nM range 
which was more potent than auranofin.

Complexes S-1a–S-1d feature a similar coordination motif to aur
anofin with thioglucose replaced with a thiolate-functionalised naph
thalimide (Fig. 45), which resembles to some extent amonafide and 
mitonafide with their RN substituent [109,176]. The cytotoxicity of S- 
1a–S-1d in HT-29 and MCF-7 increased with higher lipophilicity of the 
PR3 ligand coordinated to the Au centre. This was also true for the 
analogous (R3P)AuCl complexes, but the naphthalimide-functionalised 
complexes were in general more cytotoxic than the respective chlorido 
equivalents. The complex type is able inhibit thioredoxin reductase, as 
was demonstrated for S-1b, possibly through binding to selenocysteine 
or cysteine residues, as would be expected for Au(I) anticancer agents of 
this type. Furthermore, it was found that S-1b strongly induced 
apoptosis at concentrations as low as 2.5 μM, and decreased the mito
chondrial membrane potential at even lower concentrations, indicating 
that apoptosis may be induced through a mitochondrial pathway [176]. 
S-1b and S-1d inhibited angiogenesis in zebrafish embryos while the 
chlorido equivalents did not, providing evidence for the activity arising 
from the naphthalimide moiety. In an antiangiogenesis assay in zebra
fish embryos (Fig. 45), S-1d inhibited tumour-cell induced neo
vascularisation [109].

3.4.2. Organoiridium compounds
The bipyridine complexes NN-10a–NN-10c (Fig. 46) were reported 

alongside Ru(II) complex NN-8 (vide supra). NN-10b and NN-10c 
showed moderate to high activity in in vitro anticancer activity assays 
while NN-10a and NN-8 were inactive [113]. However, they were 
similarly active in the healthy cell model BEAS-2B with the exception of 
NN-10c. This discrimination of activity could be related to several fac
tors including the stronger ability of NN-10b to bind to BSA compared to 
NN-10c. Furthermore, significant difference in their cellular distribu
tion was found with NN-10b largely accumulating in mitochondria and 
its cell uptake appeared to be energy-dependent, while NN-10c pri
marily localised in lysosomes. In A549 cells, NN-10c seemed to lead to 

lysosomal rupture and cell death may be induced through lysozyme 
permeabilisation of cell membranes. Conjugation of a morpholine 
fragment to the naphthalimide moiety has previously also shown to 
result in lysosome targeting for the Ru(II) complex N-9a (vide supra) 
[114], while introduction of morpholine is frequently applied in me
dicinal chemistry to alter the solubility properties of compounds [177].

NN-10b was further investigated in A549 cells for ROS production, 
cell cycle arrest, pro-apoptotic, and antimetastatic activity [113]. In a 
dose-dependent manner, it induced cell cycle arrest in S and G2/M 
phases and caused cell death through apoptosis rather than necrosis. It 
also exhibited significant antimetastatic activity at the IC50 concentra
tion, reducing wound healing by almost 95% at 24 h. NN-10b was 
further found to induce intracellular ROS. The damage to mitochondria 
was widespread and resulted in the majority being phagocytosed by 
lysosomes after 24 h of treatment.

The Ir(III) compound NN-11 (Fig. 47) was designed as a PS agent for 
PDT. It was conjugated to upconverting NPs (NaYF4:Yb/Tm@NaYF4) 
[178] while the HIF-1α inhibitor YC-1 was adsorbed on the NPs. The 
lanthanide-doped NPs were utilised with the aim to enable PDT of NN- 
11 as Ir(III) complexes typically absorb poorly in the near-infrared re
gion. Lanthanide NPs can thus convert near-infrared radiation to a 
higher-energy visible wavelength to activate the Ir(III) complex. The 

Fig. 45. Structures of auranofin derivatives S-1a–S-1d. Inhibition of angiogenesis in zebrafish embryos from 2 to 5 d post-fertilisation (dpf). The embryos were 
treated with 0.05 μM of either S-1d (panels A–D) or the chlorido equivalent (panels E–H); intersegmental vessel (IV), dorsal longitudinal anastomic vessel (DLAV) and 
subintestinal vein (SIV). Arrows indicate vessel defects in embryos treated with S-1d. Modified from reference [109] with permission from the Royal Chemical 
Society ©2009.

Fig. 46. Chemical structures of the Ir(I) complexes NN-10a–NN-10c (pyr =
pyrrolidine, mor = morpholine, biPh = biphenyl).
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naphthalimide moiety acted as an antenna to optimise energy uptake of 
the metal complex. The emission peak of NN-11 was red-shifted by ~30 
nm compared to the analogous Ir complex without the naphthalimide 
moiety, with a phosphorescence lifetime approximately 1 μs longer. 
Unfortunately, the phosphorescence quantum yield also decreased from 
41% to 6.5%. However, NN-11 was significantly more effective than [Ru 
(bipy)3]Cl2, at producing singlet oxygen in normoxia and also caused 
singlet oxygen formation under hypoxic conditions, although at a lower 
efficiency. DFT calculations suggested that the lowest triplet excited 
state of NN-11 involves an intraligand triplet excited state transition 
from the naphthalimide to the phenanthroline. This supports that the 
naphthalimide could be used as a light harvester to activate the PS ac
tivity at the metal centre. Upon conjugation to the upconverting NPs and 
after irradiation at 980 nm, the NP-centred fluorescence emission bands, 
which overlapped with the naphthalimide absorption bands in the 
visible region, were significantly quenched, indicating energy transfer to 
the naphthalimide moiety. In vitro cytotoxicity assays showed that in 
normoxia both the NPs with and without YC-1 were considerably 
cytotoxic and a similar percentage of cells undergoing apoptosis or ne
crosis (~46%). In hypoxic conditions however, the NPs loaded with YC- 
1 became more potent. Results were similar for in vivo studies in murine 

models, where tumour size significantly decreased after treatment with 
NN-11/YC-1 nanoparticles over 27 d (Fig. 47), when the drug was 
administered every 7 d. Intratumoural (i.t.) administration of the agent 
produced only marginally improved results compared to that for intra
venous (i.v.) injection, which has significantly more applicability for 
clinical use.

3.4.3. Sn complexes
Organotin(IV) compounds have been investigated as antitumour and 

bioimaging agents, with moieties coordinating to Sn(IV) typically 
retaining their fluorescence, which is unlike what is often seen for 
transition metal complexes [179]. To the best of our knowledge, there is 
only one report of organotin(IV) naphthalimide compounds as anti
cancer agents. Complexes O-8a–O-8c (Fig. 48) showed higher fluores
cence intensity in the solid state compared to the free naphthalimide 
ligand, with O-8c showing the most intense emission which was also 
markedly blue shifted [180]. Preliminary cytotoxicity assays were per
formed in MCF-7 and HepG2 cancer cells, in which the free naph
thalimide ligand was only moderately cytotoxic at 45 and 19 μM, 
respectively, while the complexes gave IC50 values in the high nano
molar range.

4. Conclusions

Metal complexes are a mainstay in cancer chemotherapy and 
equipping them with uncommon or multiple modes of action is aimed to 
overcome shortcomings of current chemotherapeutics. Due to numerous 
organic naphthalimide compounds with promising biological proper
ties, diverse metal complexes incorporating naphthalimide moieties 
have been reported in attempts to alter the properties of bioactive metal 
complexes, including those of clinically used cisplatin and oxaliplatin. In 
addition, developmental anticancer agents based on Pt, Pd, Ru, Au, Ag, 
Rh, Ir, Fe, Ga, Zn, Cu, Co, Ni, Cr and Sn were reported (Fig. 49) although 
not all of them are fully characterised both in terms of structure and 
purity. Nevertheless, several examples exhibited promising properties 
with sometimes unconventional modes of action. The effect of naph
thalimide conjugation to metal fragments is not always clear in terms of 
impact on the biological activity. Surprisingly, conjugation of more than 

Fig. 47. Structure of NN-11. (A) In vivo fluorescence tumour imaging in mice 4, 
8, and 12 h after intravenous injection of NN-11/YC-1 NPs. (B) Representative 
photographs of excised tumours at 27 d post-treatment under different condi
tions. Modified from [178] with permission by the American Chemical Soci
ety ©2020.

Fig. 48. Structures of Sn(IV) complexes O-8a–O-8c.
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one naphthalimide fragment per metal moiety generally gave reduced 
activity, with the exception being some complexes with polydentate li
gands. Although the overall relationship is not always obvious and the 
number of cell studies under comparable conditions is limited, in gen
eral incorporating a naphthalimide moiety in a metal complex was 
found to be a successful strategy to improve the biological activity, in 
particular the cytotoxicity in cancer cells, as for example found for 
cisplatin-derived naphthalimide-bearing Pt(II) and Pt(IV) complexes. As 
for many other compound classes, the comparison of biological activity 
in cancer cells and ‘healthy’, non-tumourigenic cells is common prac
tice, but the relevance of such cell models for predicting the existence of 
a therapeutic window is contested. This is supported by the fact that 
most compounds discussed here are more active in cancer cells than the 
‘healthy’ variants.

The functionalisation of complexes with naphthalimide was found to 
significantly alter the physicochemical properties of metal complexes. 
The considerable lipophilic nature of the naphthalimide moiety likely 
exerts significant influence on localisation as well as the large variability 
in biological effect of these compounds, with a delicate balance between 
lipophilicity and aqueous solubility. The precise degree of lipophilicity 
either tolerated or even required for activity varies significantly between 
metal complexes of different overall structure, with few studies delving 
further into structure-activity relationships, which is another limitation 
to establish clear-cut generalisable structure-activity relationships for 
the compound class. In addition, progress has been made in under
standing that ligand design and metal choice are essential to achieve the 
desired biological properties. This is particularly essential for naph
thalimide conjugation which requires introduction of mono-, bi- or 
multidentate donor systems to form sufficiently stable complexes with 
metal centres, allowing their use in biologically relevant media. The 
denticity of the ligand will also control the stability of the complex, 
which is further affected by the choice of co-ligands that may be selected 
to allow for additional interactions of the metal centre with biological 
molecules through dative covalent bond formation.

An advantage of naphthalimide functionalisation is the photo
chemical properties they bring with them. This may hold potential for 
fluorescence imaging, photodynamic therapy and photoactivated 
chemotherapy. However, these applications are very much dependent 
on the effect of metal coordination on the photophysical properties, 
which frequently have not been fully characterised in detail, including 
the type of luminescence exhibited by the complexes. A few examples 
have been reported so far where these concepts have been successfully 
implemented, most notably for PACT or PDT, utilising established 
concepts of activating metal–ligand bonds. Induction of ROS formation 
was often driven by metal fragments, with the naphthalimide moiety 
observed to increase ROS yields and the overall activity of the 
complexes.

The DNA binding ability was frequently investigated for the com
pounds and many examples were found to bind to nucleic acids or other 
biological macromolecules in the test tube. However, the compounds 
did not necessarily accumulate in cell compartments with high nucleic 
acid content, nor did high DNA affinity correlate with cytotoxicity in 
cancer cell models. While DNA interaction experiments usually indi
cated intercalation, which is typical for naphthalimides, metal moieties 
equip them with novel, uncommon biological properties. However, this 
also results in the modes of action for naphthalimide-functionalised 
metal complexes often being poorly understood and characterised 
beyond any structural relationships.

A limitation in the biological studies on naphthalimide- 
functionalised metal complexes is that a wide range of models and 
methods were utilised to investigate the various biological activities of 
the compounds, which makes it difficult to compare data collected from 
different research groups. Nevertheless, the breadth of biological ac
tivities described for the various naphthalimide complexes, shows the 
promise these structures hold. In addition to anticancer activity, there 
are several reports on potential use as antibacterial, antifungal, viru
cidal, and nematicidal agents. Unfortunately, only a very limited num
ber of studies investigated the activity of the compounds in vivo, 
however, studies which did utilise in vivo experiments found the pre
pared naphthalimide-metal complexes to be safe and effective in mice 
against tumours of various origins. On the other hand, in some cases the 
free naphthalimide ligands yielded equal or greater cytotoxicity than the 
metal complexes, which could have several reasons, including altered 
cellular uptake, intracellular distribution and an effect of in vitro speci
ation of formed complexes. Addition of the naphthalimide moiety may 
yield complexes which accumulate in different tissues or cell compart
ments, with various substitutions on the naphthalimide capable of 
influencing localisation. Ligand exchange kinetics may contribute to this 
effect, and studies to establish speciation in the aqueous environment 
may aid to probe suitability for those frameworks where aquation or 
other ligand exchange is anticipated to be required for biological 
activity.

Overall, despite encouraging biological results and the interesting 
physicochemical properties endowed by naphthalimides on metal 
complexes, there is still significant work to be done to develop the 
compound class to their full potential. The most promising approach to 
fully realise the potential of naphthalimide appears to be based on their 
incorporation into scaffolds of metal compounds with well-established 
biological properties.
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[70] M.V. Babak, D. Plażuk, S.M. Meier, H.J. Arabshahi, J. Reynisson, B. Rychlik, 
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