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When self-assembly meets biology: luminescent 

platinum complexes for imaging applications 

Matteo Mauro,*,a Alessandro Aliprandi,a  Dedy Septiadi,a Nermin Seda Kehr,a and 
Luisa De Cola*,a 

Luminescent platinum complexes have attractive chemical and photophysical properties such 
high stability, emission in the visible region, high emission quantum yields and long excited 
state lifetimes. However the absorption spectrum of the compounds in the UV, preventing their 
excitation in the harmless visible/red region, as well as the strong quenching of the 
luminescent triplet state, caused by dioxygen in water and biological fluids, reduce their 
possible applications for imaging. Therefore a possible solution to these drawbacks is to take 
advantage of the high tendency of such square planar compounds to self-assembly in 
supramolecular structures. The assemblies can be considered a new chemical species with 
enhanced and tunable properties. Furthermore the assembly and disassembly process can be 
explored as a tool to obtain dynamic labels that can be applied in biomedicine. The change in 
color, the turn on and off of luminescence but also of the reactivity, the protection from 
quenching and environmental degradation, are some of the attractive properties connected to 
the aggregation of the complexes. 
 

1. Introduction 

In the last few decades, photoactive transition metal complexes 
(TMCs) have received a great deal of attention because of their 
rich and peculiar physico-chemical and redox properties. 
Particular interest has been devoted to second and third row 
transition metals with d6, d8 and d10 electronic configuration, 
such as Ir(III), Ru(II), Os(II), Re(I), Pt(II), Pd(II), Ag(I) and 
Au(I),1 as well as to the first row e.g. Cu(I),2–5 and Zn(II). The 
presence of heavy metal atoms in TMCs introduces much more 
complicate, yet fascinating and unique, photochemical and 
photophysical attributes when compared to a general 
fluorescent organic molecule. Amongst all, judicious choice of 
metal ions and ligands yields to luminescent compounds, which 
show great photo- and electro-chemical stability, high 
photoluminescence quantum yield (PLQY), tunable emission 
color across the visible electromagnetic spectrum, from ultra-
violet (UV) to near infra-red (NIR),6–7 as well as long-lived 
emissive excited states. Indeed, as a consequence of the strong 
spin-orbit coupling (SOC) exerted by the heavy atom, 
intersystem crossing (ISC) processes yields to the population of 
energetically low-lying triplet excited states, and thus efficient 
radiative decay to the singlet ground state becomes allowed. 
Despite the triplet nature of the luminescent state emission 
quantum yield can, in some cases, approach 100%.8 
 Nowadays, growing interest on such photoactive TMCs is 
currently driven by their potential and real-market applications 
in optoelectronics,9–10 photo-catalysis,11–13 

electrochemiluminescence (ECL),14–15 metallogelators,16 
molecular devices,17 non linear optical (NLO) materials,18 spin-
cross over (SCO),19 components for electron and energy 
transfer systems,20 bio-sensing,21 and bio-imaging22. In very 
recent years, they emerged as promising candidates as active 
species in photonic devices which are attractive and powerful 
alternative to conventional lighting, such as energy-saving 
organic light-emitting diodes (OLEDs) and light-emitting 
electrochemical cells (LEECs),23–29 as well as solar light 
harvesting materials for photovoltaic technology, such as in 
dye-sensitized solar cells (DSSCs).30 

 A growing and fascinating research field for luminescent 
TMCs is nowadays represented by their use as labels in bio-
imaging application either in vitro, in cellulo or in the even 
more appealing in vivo. To date, some interesting reviews have 
been reported on the application of transition metals in 
luminescence cellular and bio-molecular imaging.22,31–34 In 
addition, an excellent review has recently tried to rationalize the 
structure-cellular compartmentalization relationship, in order to 
achieve a better chemical design of such labels.33 In this review, 
we focus our attention on phosphorescent platinum(II) 
complexes that have been in the last years successfully 
employed as luminescent labels for bio-imaging application. 
Even though Pt(II) complexes have been less investigated as 
bio-imaging probes compared to other metals such as Ir(III),22 
Ru(II),35–36 Re(I),37 and lanthanides-based complexes,38–39 they 
possess attractive properties that octahedral d6 and tetrahedral 
d10 compounds do not. In fact, due to their square planar 
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geometry Pt(II) compounds exhibit a high stacking tendency 
resulting in the formation of assemblies. As it will be hereafter 
further discussed, this aggregation might blossom new avenues 
towards self-assembling of non-biological (or abiotic) entities 
into living systems. The assemblies might possess enhanced 
properties e.g. higher emission quantum yields, longer excited 
state lifetimes and reduced reactivity compared to the parental 
single components. Therefore, their use as imaging labels is 
very appealing for the preparation of novel hybrid materials or 
for the formation of nanostructures within cellular 
compartments. In particular, we will discuss how metallophilic 
interactions (i.e., short closed-shell metal-metal interactions), 
which are favored by the geometry of these TMCs, can be 
advantageously used for bio-imaging purposes leading to a new 
class of labels with a potential in diagnostics and therapy. 
Indeed Pt(II) complexes have been extensively studied for 
cancer therapy,40–42 but very few examples have shown the 
potentiality for theranostic applications so far. This new 
fascinating concept can be extended to other metal complexes 
which are able to provide sizeable metallophilic interactions, 
such as Au(I)-, Ag(I)-, Pd(II)-, Cu(I), Tl(I) and Hg(I)-based 
TMCs.43–51 
 

2. General considerations 

2.1 Basic photophysics of d8 transition metal complexes 

A number of excellent reviews and books have been already 
published describing in details the photochemistry and 
photophysics of TMCs, among which those based on d8 metals, 
such as platinum(II). Hence, it is out of the scope of the present 
review to report on it, and the reader is kindly invited to refer to 
such papers.52 However, for better following the forthcoming 
discussion, we wish to provide some basics concepts on the 
photophysics of square-planar d8 platinum compounds. 
 As aforementioned, luminescent complexes possess a richer 
photophysics and photochemistry than most common organic 
chromophores. For TMCs, the presence of filled molecular 
orbitals with strong metal d character as well as of low-lying, 
empty, anti-bonding π* orbitals located on the ligands, yields to 
a more intriguing and lively photophysical scenario. This is 
primarily due to the energetic proximity of different electronic 
states and their different nature as well as to sizeable SOC 
effect exerted by the heavy atom. Unlikely common fluorescent 
organic molecules, the presence of heavy atoms in TMCs 
allows the mixing of the singlet and triplet manifolds due to 
SOC effects, which in a first approximation scales with the 
fourth power of the atomic number Z (SOC ∝ Z4), yielding to 
competitively fast ISC processes between electronic excited 
states of different multiplicity (i.e. singlet and triplet). For this 
reason, relaxation of the spin selection rules allows efficient 
radiative decay pathways from the lowest-lying excited state 
with mainly triplet character (T1) to the singlet ground state 
(S0), i.e. phosphorescence. Thermal relaxation of the excited 
molecule to its fundamental vibrational state within the T1 
electronic state gives rise to the typical large Stokes shift 
observed in luminescence TMCs. On the other hand, the partial 

permission of radiative deactivation channels, between states 
with mixed spin character, is responsible of the relatively slow 
excited state deactivation kinetics, which typically falls in the 
hundred of nanoseconds to tens of microsecond time scale. 
 Photoexcitation of such compounds with electromagnetic 
radiation occurring in the ultraviolet-visible (UV-VIS) region 
leads to the formation of excited states described, on the basis 
of their electronic transition configuration, as metal centred 
(MC), ligand centred (LC), interligand or ligand-to-ligand 
charge transfer (ILCT or LLCT), ligand-to-metal charge 
transfer (LMCT) and metal-to-ligand charge transfer (MLCT) 
(Fig. 1a). More precisely, upon optical excitation, such 
processes can be described as electron density redistribution 
between part of the molecules where filled and virtual orbitals 
with a certain nature are located. All the so far described 
features are typical of both d6 and d8 complexes. 
 Furthermore, the square-planar geometry of d8 TMCs, such 
as platinum(II), yields to high tendency towards stacking, 
through establishment of ground-state intermolecular 
noncovalent weak metal⋅⋅⋅metal and/or ligandligand interactions 
through the π-electron cloud of the aromatic rings.46,53–61 In Fig. 
1b is depicted the diagram of the molecular orbital closer to the 
frontier region for monomeric and two axial interacting 
platinum complexes. As shown, typical luminescent platinum 
compounds bearing strong field cyclometalating ligands as well 
as good π-accepting moieties, possess highest occupied and 
lowest unoccupied molecular orbitals, namely HOMO and 
LUMO, with dπ and π* character, respectively. 
 
  Fig. 1 

  
On the basis of the ligand field (LF) theory, for a metal centre 
set in a square-planar arrangement of the coordinating ligands, 
relaxation of degeneracy of the d orbitals yields to filled dz

2 
orbital normal to the plane of the molecule, which does not (or 
only weakly) interact with the ligands’ coordination sphere, and 
energetically lies below the HOMO level. The dz

2 occupied 
orbital is thus prone to interact with surrounding species, as for 
instance solvent molecule (e.g., dimethylsulfoxyde, namely 
DMSO) or neighbour platinum complexes. In the latter case, 
the formation of such ground-state metallophilic interaction, 
through the free axial position, destabilizes the filled dz

2 
orbitals, yielding a switch of the character of the HOMO level 
from dπ to σ∗ (i.e., dz

2···dz
2). Owing to the Pt···Pt interaction, 

new excited-states are formed such as metal-metal-to-ligand 
charge transfer, namely MMLCT 1(dσ* → π*), and ligand-to-
metal-metal charge-transfer (LMMCT). Interestingly, these 
charge transfer, CT, states typically show absorption and 
luminescence that are sizeably bathochromically shifted with 
respect to the parental, non-interacting, platinum complexes. It 
is important to note that the energy of such CT transitions 
strongly depends on the metal-metal distance, since the 
electronic interaction starts to occur at distance typically below 
3.5 Å. 
 

2.2 Self-assembly 
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2.2.1   Basics aspects 

Self-assembly of smaller components into larger and more 
complex systems is an ubiquitous process that occurs at all 
levels: from the extremely large, such as galaxies, to the 
extremely small entities, such as molecules.62 In general, self-
assembly strongly engages with thermodynamics, and this 
allows the distinction between equilibrium and dissipative 
processes.63–65 Even though the concept of self-assembly has 
been historically linked to biology, and in particular to 
biological structures such as cellular membrane and DNA, it 
has recently turned out to be a powerful and strategic tool in 
nanoscience.66–68 

In such respect, life, in its deepest biochemical means, 
represents the ultimate, most complex and beautiful self-
assembly process. The capability that indeed bio-molecules and 
bio-structures have to interact, recognize and self-replicate with 
incredibly high synchrony and low probability of error, plays a 
central role in life. 

Nowadays, the possibility to design and chemically control 
long-range ordered nano- and micro-meter scale architectures, 
based on either organic or organo-metallic species, still 
represents a challenging research topic from both fundamental 
and applicative point of view.67–69 Indeed, self-assembly 
through weak and noncovalent interactions has been shown to 
provide a way to organize molecules in supramolecular 
structures with properties superior to common bulk materials. 

Several papers have already reported on the self-assembly 
in a competitive environment like water, while such 
supramolecular process is even more challenging in cellulo and 
in vivo. To date, inspiring examples of interaction between 
artificial structures and living systems were reported on the use 
of self-assembly of synthetic materials70 as scaffold for 
directing cells behavior,71 tissue regeneration72 and blood 
vessels formation,73 to cite some. On the other hand, beautiful 
examples of preparation of metallic and inorganic nanoparticles 
by using bio-templated and/or bio-directed self-assembly have 
been reported forming bio-hybrid materials.74–77 Such very 
promising and fascinating examples have paved the way to self-
assembly molecular components by means of weaker and non-
covalent interactions in living cells. 

To the best of our knowledge, only few examples are so far 
reported in which self-assembly of exogenous molecular (i.e., 
organic and/or organometallic) components has been achieved 
in or triggered by very complicated environment such as living 
cells. In particular Rao and coworkers78 have reported on the 
possibility to carry out a catalyzed condensation reaction under 
enzymatic control into living human cervical cancer cells, 
HeLa. The reported condensation process has been successfully 
visualized by means of fluorescence confocal imaging using a 
labeled biotin–streptavidin bio-conjugate. Moreover, Smith and 
coworkers79 have nicely shown the possibility to form a host-
guest system based on NIR-emitting squaraine–tetralactame 
macrocycle inclusion complexes with very high association 
constant. The complexation process has been easily followed 
by the increase of the NIR emission at ca. 700 nm even in high 
competitive biological environment such as bilayer membranes 
and in organelle with vesicle-like structures inside live Chinese 
hamster ovary (CHO) cells. 

 

2.2.2    Self-assembly properties of luminescent platinum 

complexes 

The possibility to prepare self-assembled nanostructures based 
on TMCs by means of supramolecular approaches represents an 
appealing topic with greatly growing interests.80–81 This is due 
to the possibility to fabricate functional materials with 
emerging properties, compared to the bulk, by means of 
bottom-up approaches and it is driven by the potential 
advantage of the rich physico-chemical properties that metal 
complexes might possess. In particular, square-planar Pt(II) 
compounds with protruding filled dz

2 orbitals have been known 
since long time to show high tendency towards stacking. 

To date, it has been already reported that, in either organic 
or aqueous media, luminescent Pt(II) complexes are able to 
form homo-82–83 and hetero-metallic84–86 supramolecular 
architectures and superstructures as nanowires87 nanosheets, 
nanowheels, nanotubes,88 liquid crystals,89 and metallogels90–91 
with very appealing (electro)optical,92–94 sensing95–96 and 
semiconducting properties.97 Also, it has been nicely showed 
that the formation of such metallophilic interactions in 
luminescent square planar platinum complexes, and the 
subsequent modulation of their photophysical properties, can be 
induced by the presence of biological relevant molecules and 
poly-electrolytes in aqueous media.95,98–100 

2.3 Emitters for imaging. Organic vs metal complexes. 

Even though all the commercial cellular labels are based on 
organic fluorophores, luminescent metal complexes have a 
great potential for bio-imaging applications. There are several 
requirements that must be fulfilled in order to have a 
luminescent compound useful as a bio-imaging probe. 
 The compounds must be soluble and stable in aqueous 
media, such as phosphate buffered solution (PBS), cell culture 
media or in general the incubation media, as well as possess 
high cell permeability. Sometimes, addition of cell permeability 
agents, such as DMSO and low molecular weight alcohols at 
non-cytotoxic concentration level (<1% v/v), can also be 
employed in order to favour internalization. In particular, water 
solubility is not enough since the luminescent species must also 
possess a good degree of hydrophobicity to cross the 
phospholipidic cell membrane in order to be internalized. 
Therefore, amphiphilic complexes are desirable. As we will 
discuss in Section 3.2, such amphiphilic nature of the 
compounds can be successfully employed as tool for the 
preparation of self-assembled TMCs, which modulate their 
properties upon aggregation, as for instance luminescence and 
reactivity. 
 Following their internalization, the compounds should show 
high photochemical stability, low cytotoxicity, and produce no 
toxic products, at least on the time scale of the imaging 
experiments. However, such last requirement is often a 
drawback for photoactive TMCs, due to the fact that they show 
singlet oxygen (O2 

1∆g) sensitization upon photoirradiation, 
with relatively good quantum yields.101–102 
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 Most of the bright luminescent TMCs display relatively 
intense (ε ≥103 M-1 cm-1), but lower than the organic dyes, 
absorption bands in the UV-Vis range which can mainly be 
ascribed to singlet-manifold electronic transition with 1LC, 
1ILCT and 1MLCT character. One of the advantages of 
luminescent complexes is their sizeable Stokes shift, mainly 
due to the energy gap between the absorbing singlet state and 
the triplet manifold responsible for the emission. Also the 
higher distortion of the emitting T1 state, with respect to the 
optically excited one, further increases the degree of the shift. A 
large energy difference between excitation and emission spectra 
prevents secondary inner filter effects (i.e., self-quenching) and 
interference with the emissive biomolecules. On the other hand, 
luminescent TMCs are strongly sensitive to dioxygen. The high 
emission quantum yields and the long excited state lifetimes (in 
organic deareated solvents) are strongly reduced in aereated 
aqueous media, and such issues are responsible for the rather 
rare use of TMCs as labels. Indeed, both the photophysical 
parameters are of great importance and need judicious 
attention. Noteworthy, the longer radiative deactivation kinetics 
allows the use of time-resolved and/or time-gated techniques, 
as for instance those based on lifetime imaging map (i.e. 
fluorescence lifetime imaging microscopy, FLIM). The 
combination of the large Stokes shift and long lifetime allows 
better energetic and temporal discrimination between emission 
arising from endogenous fluorophores (i.e., auto-fluorescence) 
and the phosphorescent bio-label. The high emission quantum 
yield is desirable to allow a lower concentration of probe and a 
better visualization of the analysed substrate. Moreover, while 
designing molecules to be used for bio-imaging applications, 
one should keep in mind that UV light might damage biological 
specimens and the radiations have low transmittance. This is a 
major issue for thick specimens, as tissue, organs and even 
whole body (in vivo) imaging. On the other hand, tissues are 
relatively transparent at wavelengths in the range 600–1300 
nm, called the optical therapeutic window. Molecules 
displaying relatively high two-photon absorption (TPA) cross-
section or NIR absorption are therefore good candidates and in 
this respect metal complexes are key players. Furthermore red 
and NIR region is desirable for detection due to the lack of 
overlap with the fluorescence of biomolecules and the larger 
penetration of red light. 
 Finally, of great importance is where the labels are located 
inside cells. Indeed, cells possess distribution of organelles, 
membranes and structures, which are highly organized in terms 
of space, role and time. In such compartments, particular 
chemical reactions occur in a highly organized fashion, which 
allows vital cellular functions to take place. Seeking of 
luminophores able to imaging such compartments and, even 
more interesting, unravel bio-chemical reactions in real-time, 
plays a pivotal role in biological sciences. Thus, even though 
compartmentalization of bio-labels is still hard to predict, 
preventing a rational design of the emitters, it is desirable a 
targeting of specific sites. To this purpose, bio-conjugation of 
the luminophore has been widely used as a way to direct 
localization of the emissive compounds towards staining of 

specific organelle and compartments in both research stage and 
market products. 
 As it will be further illustrated and discussed, formation of 
metallophilic interactions, in aggregation-induced emission 
(AIE) active compounds, can constitute a valuable and clever 
way to both bathochromically shift absoption and emission 
spectra onset, while keeping high, or even enhancing, the 
photoluminescence quantum yield (PLQY). Also, protection 
from dioxygen or environmental quenching, maintaining long-
lived excited state can be envisaged. 
 
 

3. Luminescent Pt(II) complexes as bio-imaging 

labels 

The potential and real applications of cyclometalated 
platinum(II) complexes in biology, which involves bio-labeling, 
cytotoxicity, phototoxicity and their ability to bind nucleic 
acids and proteins, have remained so far as one of the main 
reasons of very fast growing of research in the field of TMCs.41 
 The investigation of metal complexes for biological 
applications concerns almost always the compounds as 
monomeric species and rarely as in any aggregate form. This is 
despite the fact that aggregation could protect the metal 
complexes from interactions with the environment,103 and allow 
the formation of species more stable towards chemical 
degradation. However, aggregation might give detrimental 
effects on the photophysical properties, such as emission 
quenching, e.g. through triplet-triplet annihilation (TTA), 
spectral broadening and, in some cases, formation of 
precipitate. So far, several strategies have been used in order to 
favor cell internalization and prevent their quenching by 
dioxygen and water molecules, such as caged complexes,21,104 
encapsulation in polymeric matrices, linking polyethylenglycol 
(PEG) moieties to the coordinated ligands,105 increasing 
lipophilicity with long alkyl chains and bio-conjugation.106–107 
In particular, for platinum(II) complexes in either organic 
solvents or in solid state, self-assembled structures lead to 
changes in properties which are interesting and could be used to 
improve their use as labels. The ability to form aggregates is 
driven by the well-known tendency of square-planar platinum 
complexes to promote metallophilic interactions. We have 
recently reported that the aggregates exhibit enhanced 
luminescence properties,92,108 and different emission colors 
depending on the packing.91 Indeed, clever ligand design can 
allow the preparation of the emissive assemblies, where the 
photoluminescence properties of platinum compounds are even 
enhanced because of shielding effects imparted by the neighbor 
Pt(II) species (see cartoon in Fig. 2). Such protection yields to  
 
    Fig. 2 

 
luminescent species which are almost insensitive to the 
environment and can therefore display high PLQY and excited-
state lifetimes as long as in deareated conditions. Finally, it is 
worth to mention that assembling is a dynamic process and 
therefore the reversible formation of aggregates can be used to 
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following specific recognition event or localization of the 
complexes in certain organelles rather than others. All these 
emerging properties of the assemblies can be used for labeling 
and will be discussed in Section 3.2. In the next we will 
illustrate some selected examples of Pt(II) complexes used for 
imaging applications. 

3.1 Non-assembled systems 

Before discussing the self-assembly of square-planar platinum 
complexes, we are going to review some type of ligands that 
can be used to obtain luminescent systems and discuss how 
ligands can influence the fate of the compound in the cellular 
uptake. For these reasons, we have sorted the next section in 
three parts: the first dealing with the use of bidentate ligands; 
the second reporting tridentate-based derivatives, and a final 
section dealing with complexes in polymeric systems. 
 Many simple bi- and tri-dentate platinum(II) complexes, 
such as [Pt(bpy)2Cl2], [Pt(tpy)Cl]+ (where bpy and tpy are 2,2’-
bipyridine and 2,2’:6’,2’’-terpyridine, respectively) are usually 
either non-emissive or only very weakly luminescent at room 
temperature, due to the presence of low-lying MC (d–d) excited 
states, which are severely distorted compared to the ground 
state and hence subject to efficient non-radiative decay.52 In 
order to increase the ligand field strength and raise the energy 
of the deactivating d–d states alternative routes have been 
reported. A possible solution is represented by the replacement 
of the monodendate chloride ligand(s) by a strong-field ligand 
as, for instance, an acetylide –C≡CR, leading to complexes that 
are emissive at room temperature. Alternatively, the 
polypyridyl ligand can be replaced by a cyclometalating 
analogue because of the very strong ligand-field induced by the 
cyclometalating carbon or negatively charged nitrogen, 
necessary to raise the energy of the deactivating d–d states. 
This approach has led to a variety of emissive complexes, 
including bidentate, tridentate and tetradentate chelates.52 We 
have summarized all the major photophysical properties and 
their cell localization as well as their cytotoxicity in Table 1. 

3.1.1 Bidentate systems 

3.1.1.1 N^C systems. Amongst bidentate ligands coordinated 
to platinum center in order to have luminescent species, the 
cyclometallated chelates are the most interesting ones because 
of their high stability and good emission properties. Despite the 
hundreds of complexes prepared and investigated with these 
ligands, only very few have been modified in order to have 
enough water solubility and to be exploited as bio-imaging 
label. All the chemical formulas of the relevant compounds are 
depicted in Chart 1. As a relevant example of this class of 
compounds, Lai et al.109 reported a Pt(II) complex which was 
used for cell labeling and displays also photo-induced 
cytotoxicity. The cyclometalated compound depicted in Chart 
1, namely [Pt(thpy)(Hthpy)pyridine]+, 1, where thpy is 2-(2’-
thienyl)pyridine, shows a good absorption that extend to the 
visible region since the presence of 1MLCT Pt(5d) → π*(thpy) 
transitions. Complex 1 also exhibits room temperature orange 

emission with moderate emission quantum yield. The complex 
was reported to be uptaken by HeLa cells after incubation in 
culture media and to be predominantly localized inside the 
nucleus and the mitochondria. Interestingly, complex 1 showed 
noticeable toxicity under broadband visible light irradiation. 
Indeed, this complex, as many other metal  
 
    Chart 1 
 
compounds, can sensitize oxygen by energy transfer, leading to 
the generation of toxic singlet oxygen.21 
 An interesting combination of imaging and toxicity which 
could lead to the development of this popular field, named 
theranostics, where diagnostics (in this case imaging) and 
therapy can be combined, was reported by Che and 
coworkers.110 The authors described cyclometalated 
platinum(II) compounds, namely [PtII(ppy)(bisNHC2C6)]OTf, 2 
(where ppy is 2-phenylpyridine and bis-NHC is a bis-N-
heterocyclic carbene), and [PtII(thpy)(bisNHC2C6)]OTf, 3, and 
their structures are shown in Chart 1. In this case, the authors 
showed that the reported green and orange emissive platinum 
complexes are strongly quenched by the buffer employed, as 
typical of most phosphorescent compounds. Nonetheless, 
addition of bovine serum albumin (BSA) allows protection of 
the complex from oxygen quenching and the emission intensity 
increases. The cellular uptake and toxicity of these two 
platinum(II) complexes were also reported. Upon 
internalization into HeLa cells, the authors claim selective 
staining of endoplasmic reticulum (ER) (Fig. 3) by their Pt(II)  
 
    Fig. 3 

 
systems. Moreover, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay experiments 
revealed very high toxicity activity for both complexes towards 
several cancer cell lines such as nasopharyngeal carcinoma 
(HONE1, SUNE1), breast cancer (MCF-7), lung carcinoma 
(HCC827, H1975), hepatocellular carcinoma (HepG2), and a 
non-tumorigenic liver cell line (MIHA). In particular, they 
reported that the toxicity of complex 3 was 5.3- to 60-fold 
stronger than cisplatin, a widely used drug for human 
cancers.111 Moreover, they also explained that the toxicity 
activity was governed by the ER stress, inducing cell apoptosis. 
 Other examples of use of bidentate platinum(II) complexes 
in bio-imaging were reported by Huang and coworkers.112 A 
series of four different membrane permeable compounds 
bearing β-diketonate ligands, namely 4–7, are shown in Chart 1. 
It was reported that the luminescence properties were attributed 
to the mixing of 3MLCT, 3LLCT and 3LC/3ILCT transitions. 
The influence of conjugation length on the energy levels of the 
β-diketonate ligands can vary excited state energies, thus the 
emission wavelengths can be tuned from 485 to 550 nm. The 
corresponding cellular uptake experiments are displayed in Fig. 
4 and showed that the complexes were internalized into 
 
    Fig. 4 
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 cytoplasmic region of the HeLa cells rather than merely 
staining the membrane surface. Interestingly, on the basis of 
MTT study, which showed more than 80% cell viability, it has 
been concluded that the complexes did not exhibit any toxicity 
activity, as compared with previous examples. 
 
      TABLE 1 

 
3.1.1.2 N^N systems. Besides N^C ligands, also N^N chelates 
coordinated to Pt ion have been investigated as potential labels. 
Mishra and coworkers reported on complex [{Pt(en)L}2]·4PF6, 
8, where LH2 is N,N’-bis(salicylidene)-p-phenylenediamine and 
en is 1,2-diamino-ethane (see Chart 1 for the chemical 
structure).113 The complex is internalized by HeLa cells and its 
toxicity evaluated by MTT assay study. Complex 8 was 2- and 
10-fold more toxic than cisplatin towards HeLa and Dalton’s 
Lymphoma (DL) cell lines, respectively. Co-localisation 
experiments with Hoechst, a fluorophore that bind the DNA 
inside the nucleus, are reported in Fig. 5. Such experiments  
 
    Fig. 5 

 
confirmed the accumulation of the complex 8 inside the cells’ 
nucleus and DNA binding was confirmed through the formation 
of the DNA-complex by means of UV-visible absorption 
spectroscopy. Indeed, calf thymus DNA (CT-DNA) in PBS, 
added to a solution of the platinum compound, causes a strong 
hyper-chromic shift by 30% of the absorption band at 254 nm 
and a small (3 nm) shift of the absorption band at 328 nm. 

3.1.2 Tridentate systems 

In order to meet one of the requirements for bio-imaging, e.g. 
chemical stability, an interesting chemical approach is to move 
from bidentate ligands to the corresponding tridentate chelates. 
A kinetic stabilization is indeed expected and the emission 
properties can also be retained using appropriate combination 
of C and/or N donor atoms in the conjugated coordinated 
ligands. Synthetic versatility and in particular introduction of 
asymmetry in the complex is also an advantage of such 
systems.52 
 
3.1.2.1 N^C^N systems. In order to gain deeper insights into 
the behavior of platinum complexes inside different type of 
cells, a very interesting class of compounds and spectroscopic 
tools have been described by Williams and coworkers.114–115 
They reported on highly emissive and photostable platinum(II) 
species of general formula [PtLCl], namely 9, where HL is 1,3-
di(2-pyridyl)benzene. The introduction of substituents on the 
central ring resulted in different derivatives, 9a–b (Fig. 6). In 
their work it has been demonstrated that the green luminescent 
complexes possess microsecond lifetimes and emission 
quantum yields of up to 70% in organic solvents and deareated 
conditions, which are exceptionally high for platinum 
complexes. After an incubation time as short as 5 minutes, the 

two complexes 9a–b are internalized in a range of live cell 
lines, such as normal human dermal fibroblast (HDF), 
neoplastic C8161 and CHO, with apparently diffusion 
controlled uptake kinetics and negligible up to low toxicity. 
Due to their low absorption in the visible region, a NIR two-
photon excitation was employed to excite the platinum systems. 
The exceptional long excited state lifetime of the complexes 
allowed the author to apply an interesting time-gated technique 
to eliminate fluorescence background or emission coming from 
other cell labels. 
 This technique represents a nice tool to discriminate 
localization of the complex inside the cell but also to gain 
insights onto the environment to which the platinum is exposed. 
The change in the excited-state lifetime depending on the 
different localization of the complex inside the cell has been 
more recently demonstrated,115 since the same authors have 
shown that they can map the excited state decays inside the 
cells by applying a new powerful method of “two-photon time-
resolved emission imaging microscopy” (TP-TREM). The 
method combines microsecond-range imaging with enhanced 
multi-photon resolution and allows time-resolved detection on a 
timescale of several orders of magnitude longer than that 
available in FLIM, yet maintaining the essential sub-µm spatial 
resolution afforded by two-photon excitation techniques. They 
apply this novel technique on the first water-soluble 
representative of the family of probes 9b (Fig. 6), since the  
 
                                              Fig. 6 

 
previous study was made with 9a that was less water-soluble. 
Complex 9b shows a two-photon absorption, TPA, with a 
cross-section as high as 3.5 GM at 760 nm. Remarkably, likely 
for other derivatives of the family 9, no photo-bleaching has 
been detected under intense prolonged irradiation. The TP-
TREM method produces simultaneously information on the 
energy, intensity and decay time of the emission in 
tridimensional (3D) spatial resolution. The lifetime map gives 
interesting insights on the surrounding environment of the Pt 
complex 9b, since the excited state decay kinetics decreases 
moving from the cell membrane (τ ~300 ns), to the cytoplasm 
(τ ~4.2 µs) and finally into the nucleus (τ ~5.8 µs) (Fig. 6). 
However, at this stage, the authors cannot rule out the cleavage 
of the coordinated Cl-, and thus, there is no clear evidence of 
the exact nature of the emissive species and what type of 
surrounding the luminophore experiences. Furthermore, 
interaction of the complex with biomolecules can create a 
shielding microenvironment, which can be accounted for the 
preservation of the good emitting properties of the platinum 
species. The changes in the first or second coordination sphere 
and/or a more hydrophobic or rigid environment provide a 
variable degree of protection from quenching by oxygen, with 
subsequent decrease of the non-radiative pathways kinetics. 
Indeed the authors demonstrated that an interaction between the 
DNA and the complex might occur, as evidenced by the 
enhancement of the emission intensity when the complex is 
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treated with CT-DNA and salmon sperm DNA in aqueous 
phosphate or HEPES buffer in the presence of NaCl. 
 
3.1.2.2 C^N^N systems. The change of the position of the 
cyclometallated ring from a central to a lateral location yields to 
complexes with very different spectroscopical properties. As 
discussed in recent reviews and papers.116–119 the general trend 
shows reduced emission quantum yield accompanied by shorter 
excited-state lifetime. This change in the spectroscopic 
properties does not prevent the use of such complexes as cell-
imaging probes. 
 Lam and coworkers reported on a series of organometallic 
platinum(II) complexes with a new tridentate cyclometalating 
ligand 2-phenyl-6-(1H-pyrazol-3-yl)pyridine and its 
derivatives, which contains a Cphenyl^Npyridyl^Npyrazolyl 
chromophoric moiety.120 The chemical structure of the complex 
10, is reported in Table 1. As for many platinum complexes, the 
absorption in the visible is very limited and the authors 
overcome such a problem using two-photon excitation to 
populate the emissive excited state. The compound exhibits 
intense green emission under ambient conditions with a 
structured emission profile in the region 500–520 nm (see 
Table 1 for details). HeLa and NIH3T3 cells were incubated 
with complex 10 for various time durations (0–60 minutes). At 
an exposure time of 5 minutes, more than 95% of the cells 
exhibited green luminescence but no clear images of the 
localization of the compound have been reported. However, the 
authors claimed an even localization throughout the 
cytoplasmic region. Cytotoxicity of 10 towards HeLa and 
NIH3T3 cells was also tested by means of MTT assay. Upon 6 
hours exposure of cells to complex 10 at a 20-fold higher 
concentration respect to the dose used for imaging experiments, 
the measured viability was similar to that of the control tests. 
This low level of cytotoxicity of 10 is consistent with that 
observed by Botchway et al.114 in the series of complexes 9 on 
CHOK1 animal-derived cell line. Emission spectra of 10 
internalized by HeLa and NIH3T3 cells were recorded by 
means of a confocal microscopy and compared with the 
emission profile in solution. Due to the similarity of the spectra, 
the authors concluded that the nature of the emission arising 
from the cyclometalated platinum complex 10 before and after 
entering the cells is similar and the lost of fine structure for the 
profile recorded into the cells tentatively attributed to the 
different environment (organic solvent vs cellular environment, 
respectively). However, it has not been ruled out the possibility 
that the measured broad and featureless emission band centered 
at ca. 520 nm arose from the cellular endogenous auto-
fluorescence due to flavin adenine dinucleotide (FAD),121–122 
rather then the platinum complexes. 
 Derivatization of 2-phenyl-6-(1H-pyrazol-3-yl)pyridine by 
incorporation of an hydrophobic C18 chain and replacement of 
the ancillary chloride ligand by a water soluble p-trisulfonated 
triphenylphosphine ([PPh3-3SO3]

3-) have led to an anionic 
water-soluble complex, [Pt(L2)(PPh3-3SO3)]

2-, namely 11, with 
interesting amphiphilic characteristics and closely resembling 

anionic surfactants such as sodium dodecyl sulfate, SDS.123 The 
corresponding chemical structures are reported in Fig. 7. 
 
    Fig. 7 
 
 The cyclometalated complex 11 shows a strong absorption 
features in the range 300–400 nm and weaker transitions at 
lower energies. The higher donating ability of the SO3-
substituted PPh3 moiety pushes the lower-lying MLCT 
transition to higher energies, causing the overlapping of the 
1MLCT absorption bands with the 1IL states. Upon excitation at 
355 nm at room temperature in aqueous media (HEPES buffer 
at pH 7.0), complex 11 displayed a poorly resolved emission in 
the green region (see Table 1 for details). Also, derivate 11 
displayed poor absorption features in the visible range, and the 
authors succeeded with the two-photon excitation of the sample 
at λexc = 720 nm, reproducing exactly the same emission band. 
Likewise its parent complex 10, complex 11 was rapidly taken 
up and accumulated in HeLa cells at a dosage as low as 1 µg 
mL-1. However, the authors report that the cells were not 
washed after incubation with the complex. Due to the long 
hydrophobic C18 carbon chain, compound 11 showed rapid and 
efficient localization in the plasma membrane of live cells and 
the p-trisulfonated triphenylphosphine ancillary ligand is also 
believed to help maintaining the localization of the complex in 
the plasma membrane. MTT viability assay experiments 
performed on HeLa cells and normal epithelial cells showed 
values up to 90% and 70% cell viability after 25 hours of 
exposure, respectively. 
 In order to localize the platinum complexes in different part 
of cells, Koo et al. synthesized a platinum(II)compound bearing 
a (triphenyl{5-[3-(6-phenylpyridin-2-yl)-1H-pyrazol-1-
yl]pentyl}phosphonium chloride) as cyclometalating ligand,124 
12, and its chemical structure is shown in Table 1. The presence 
of a terminal cationic triphenylphosphonium moiety as a 
bioactive pendant should induce a preferential localization 
since it is known that this functionalization often delivers 
different bioactive molecules to mitochondria both in vitro and 
in vivo.125–126 Spectroscopic properties of complex 12 
resembled those of its related compound 10. In CH3CN at 298 
K, complex 12 gives a slightly structured profile and relatively 
low emission quantum yields (see Table 1). 
 Unlikely its parental complex 10 which was claimed to 
evenly stain the cytoplasmic region, upon excitation at 405 nm, 
characteristic emission of 12 was detected in both nuclei and 
cytoplasm of HeLa and 3T3 cells with some nuclear domains 
strongly enriched, and weak cytoplasmic background (Fig. 8).  
 
                                              Fig. 8 

 
Indeed, complex 12 accumulated rapidly in living HeLa cells, 
with nucleoli clearly labeled within 15 minutes of incubation. 
Significant degree of cell death was observed for different cell 
lines 4 hours later. Complex 12 was also found to be a potent 
inhibitor of transcription. Even though it did not show any 
nucleic acids binding properties, its nuclear staining behavior 
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may be mediated by specific interactions with some nuclear or 
nucleolar proteins. 
 The derivatization of the C^N^N ligands with carboxylic 
acid was investigated by Che and coworkers.127 The chemical 
structure of the most representative [Pt(C^N^N)Cl] complexes 
is sketched in Fig. 9. The compounds showed solubility and 
stability in aqueous solutions at room temperature and ability to 
bind to proteins via non-covalent interaction. 
 Excitation of 13a–b at λ = 410 nm gave a weak emission at 
563 and 522 nm, respectively whereas, 14–15 exhibited a weak  
    Fig. 9 
 
emission at 656 nm in DMSO/H2O and 631 nm in H2O, 
respectively. Interestingly, even though solution of 13 (60 µM) 
in PBS was weakly emissive, the addition of bovine serum 
albumin (BSA) resulted in up to a 26-fold increase in emission 
intensity upon increase from 0 to 1.0 of concentration ratio of 
[BSA]/[13a] (Fig. 9). Noteworthy, changing the additive from 
BSA to glycine, phenylalanine, or tryptophan did not result in 
any emission enhancement, not even at a 10-fold molar ratio of 
the amino acid vs complex 13a. 
 After 5 minutes incubation of HeLa cells with 13a the 
complex was internalized and a marked enhancement of 
luminescence was observed within 24 hours. The bright field 
image of HeLa cells after incubation with 13a showed that the 
complex mostly distributed inside the cytoplasm, with a lower 
level of nuclear uptake. However, the higher degree of 
localization of the complex in the perinuclear region made the 
author suggest that 13a interacts with organelles such as the ER 
and Golgi apparatus. Also, toxicity studies showed that 
complex 13a is relatively non-cytotoxic towards HeLa cells 
with IC50 of 80 µM. 
 In order to enhance stability against biological reduction 
and ligand exchange reactions, Sun et al. reported on C^N^N-
based platinum(II) complexes bearing N-heterocyclic carbene 
(NHC), as the ancillary ligands, namely 16–18, and their 
structure is depicted in Fig. 10a.128 Contrarily to closely related  
 
                                         Fig. 10 

 
previously reported cyclometalated Pt(II) complexes, but 
analogously for the carbene containing bidentate systems, 
complexes 16–18 show highly cytotoxic and specificity 
towards cancerous cells. 
 Apart from the good solubilty in organic solvents, they 
showed to be stable in water and, more importantly, resistance 
towards reduction/substitution by glutathione (GSH). The 
mononuclear complexes 16a–d, 17a–b are emissive in the solid 
state and in degassed CH3CN with very similar emission λmax at 
around 545 nm with moderate emission quantum yields. The 
dimeric specie 18f displays a more red shifted emission with 
maximum at 619 nm. 
 Complex 16a (Table 1) was internalized by HeLa cell and, 
even more importantly, displayed promising anti-cancer 
activity towards several cancer cell lines (IC50 = 0.057–0.77 
µM). Notably, this complex is less cytotoxic to the normal-
derived human cell line (CCD-19Lu) with IC50 value of 11.6 
mM, which is 232-fold higher than for HeLa cells. To ascertain 

the site of cellular localization, cells previously incubated with 
16a were further co-stained with known fluorescent dyes and 
the majority of 16a can be co-localized with MitoTracker (Fig. 
10). 
 Moreover, Che and coworkers described two Pt(II) 
allenylidene complexes supported by tridentate cyclometalated 
ligands having mixed N- and C-donor atoms, and the 
corresponding structures are depicted in Fig. 11.129 These 
metal–allenylidene complexes exhibit many intriguing  
 
                                   

 
                                     Fig. 11 

 
functionalities including self-assembled nanostructures and 
biological activity. 
 Solutions of complexes 19a and 19b in CH2Cl2 are yellow 
with a modest low-energy absorption band at λmax = 400 nm. 
When the concentration of 19a in CH2Cl2 is increased above 
2×10-5 M, an additional distinct absorption band emerges at 
λmax = 440 nm. The latter band is tentatively ascribed to a 
1MMLCT transition derived from molecular aggregates through 
Pt···Pt interactions. The absence of MMLCT absorption band in 
the case of 19b is attributed to the two bulky tert-butyl groups 
disfavoring intermolecular stacking interactions in solution. 
Upon excitation at around 400 nm, Pt(II) complexes 19 –b in 
dilute degassed CH2Cl2 solutions show intense yellow-green 
emission. 
 The combination of a planar cationic structure and 
intriguing phosphorescent properties renders these metal 
allenylidene complexes possible switching probes for DNA 
molecules in aqueous solutions. The authors demonstrated that 
a 17- and 5-fold enhancement in intensity was observed upon 
addition of DNA for 19a and 19b, respectively. They also 
investigated the applications of these complexes in cell 
imaging. HeLa cells were incubated with either 19a or 19b. 
Observation under a fluorescence microscope revealed living 
cell morphologies with 19a predominately localized in the 
nucleus whereas 19b mainly accumulated in the cytosolic 
region (Fig. 11). The bulky tert-butyl groups in 19b may 
impede deep intercalation of 19b into DNA and prevent its 
localization into the nucleus. The in vitro cytotoxicity of the 
complexes towards HeLa cells was evaluated by using the MTT 
assay, which showed IC50 values of 5.8 and 9.0 µM after 48 
hours incubation for 19a and 19b, respectively, and turned out 
to be more cytotoxic than cisplatin (IC50 = 19 µM in the control 
experiment). 
 Besides cell imaging platinum complexes have also been 
employed to detect specific metal ions. In this respect Zhang et 
al. explored the use of platinum(II) complex in the field of two-
photon probes for Hg2+ ion detection bearing a tridentate 6-
phenyl-2,2’-bipyridine (C^N^N) and the corresponding 
structures is sketched in Fig. 12.130 The novel water-soluble  
 
                                     Fig. 12 

 
C^N^N-Pt(II)–alkynyl complex, namely 20, was designed in 
such a way to display two-manifold features. On one hand, the 
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introduction of a rhodamine derivative as functional pendant 
moiety allowed the well-known mercury-promoted 
desulfurization reaction and spirolactam ring opening process, 
triggering the fluorescence to turn-on. On the other hand, the 
C^N^N-Pt(II)–alkynyl moiety increased nonlinear absorption 
properties of the employed system. Thus, the compound is 
expected to be helpful for estimation of trace amounts of 
mercury ions in live cells by means of two-photon microscopy. 
 Among the various metal ions, the chemosensor 20 
displayed highly selective color changes and fluorescent 
increase upon the addition of Hg2+ (Fig. 12b).  The detection 
limit was determined by fluorescence enhancement and 
estimated to be 4.87×10−7 M in CH3CN and HEPES buffer. The 
authors also demonstrated that the high sensitivity towards 
mercury in the presence of other competitive species. The same 
photophysical behavior was also observed inside HeLa cells. 
Two-photon microscopy image cells labeled with 20 showed 
weak luminescence, presumably due to the efficient 
fluorescence quenching by photo-induced electron transfer 
(PET). The presence of Hg ions, added to the solution, was 
clearly revealed by an increase in the emission intensity (Fig. 
12 c–d). 
 
3.1.2.3 N^N^N-binding ligands. Wu and coworkers reported a 
new fluorescent system, namely 21,131 constructed by tethering 
a fluorophore, 4-amino-7-nitro-2,1,3- benzoxadiazole (4-
amino-NBD), to a tridentate chelate, BPA (N,N-bis(pyridin-2- 
ylmethyl)amine]), able to coordinate  a Pt ion (Fig. 13a). 
 
                                     Fig. 13 

 
Both the ligand and the complex 21 can be internalized inside 
different cells lines. Interestingly the authors report that the free 
ligand is localized in the cytoplasmic region (Fig. 13b) while 
the complex is also observed in the nucleus (Fig. 13c). After 
4−5 h of incubation it is however not clear if the migration of 
the complex inside the nucleus is induce by the fact that the 
cells became swollen, which is a common appearance for cell 
paraptosis. Complex 21 in different cell lines showed lower 
cytotoxicity than cisplatin in human pulmonary carcinoma cell 
(A549), breast carcinoma (MCF-7), and ovarian cancer cell 
lines (COC1 and CAOV3), see Table1. 
 
3.1.3 Encapsulation of platinum complexes in confined 

matrices 

An important approach to shift the absorption and emission of 
the platinum complexes in the red part of the electromagnetic 
spectrum has been pioneered, for imaging applications, by 
Tanke and co-workers.132 They have developed two compounds 
with general formula Pt meso-tetra (4-carboxyphenyl)porphine 
(PTP), namely 22 and Pt 3,8,13,18-tetramethyl-21H,23H-
porphine-2,7,12,18-tetrapropionic acid (PTCP), namely 23 see 
Table 1. The complexes derivatives, PTP-N-
hydroxysuccinimide (PTP-NHS) and PTCP-N-
hydroxysuccinimide ester (PTCP-NHS ester) were successfully 
used to label avidin derivatives as well as some antibodies. 
Interestingly, the authors showed internalization of their 

compounds in HeLa cells and, with such red long-lived 
emitting species, proved that time gated emission can be 
successfully used to overcome the autofluorescence problems 
of the biosystems.133 
 A further improvement on the properties of porphyrinic 
systems has been recently described by Prasad and 
coworkers.134 It is well known that encapsulating metal 
complexes inside polymeric particles or micelles,103,135 could 
prevent oxygen quenching avoiding decreasing of luminescence 
intensity in air-equilibrated media. The combination of 
encapsulation and red emissive platinum(II) complex was 
realized with a Pt(II)-tetra-phenyltetranaphthoporphyrin, 
namely 24, entrapped in PEG-modified phospolipid micelles 
and its structure is sketched in Fig. 14a. Complex 24 showed  
 
                                     Fig. 14 

 
very interesting photophysical properties, such as maximum 
absorption at 691 nm and the emission peak at 903 nm in 
CHCl3 solution (Table 1). Interestingly, the average decay time 
for 24 was found to increase three-fold after the encapsulation. 
In addition, quantum yield also increased up to 30% upon 
confinement. These observations confirm the ability of 
polymeric micelles to hinder access to oxygen molecules. 
 The toxicity study was carried out with pancreatic cancer 
cell line Panc-1 (ATCC, CRL-1469) and showed slight, dose-
dependent toxicity of the nanomicelles over a period of 24 h. 
Interestingly, as shown in Fig. 14b–d, in vivo study in nude 
mice with pancreatic tumor xenografts reveals distribution of 
the complex-micelles inside the tumor tissue and liver 96 hours 
after the injection. 
 Another Pt(II) complex, namely 25 (Fig. 15), which has  
 
                                     Fig. 15 

 
been protected by the environment by embedding it into 
polyacrylamide-coated poly-styrene, to form polymeric 
luminescence particles, was reported by Huang and 
coworkers.136 The complex shows no emission in any solvents, 
but unexpectedly shows very intense emission in crystal state 
(PLQY up to 38%) which has been ascribed to the a restriction 
of distortion of excited state structure mechanism. The 
enhanced emission of 25 was maintained in the polymeric 
structure (Fig. 15a) and in order to increase water solubility and 
cell uptake the particles were functionalized with folic acid and 
incubated with HeLa cells. As shown in Fig. 15, the hybrid 
materials seemed to accumulate only inside cytoplasm and 
cytotoxicity study showed no toxicity even after 24 hours of 
incubation, with cell viability of 95% (see Table 1). 
 

3.2 Assembled systems 

As discussed above, platinum(II) complexes can in some cases 
aggregate into dinuclear,57,118,137–138 trinuclear,52,118,137 or even 
multinuclear87,108 arrays through formation of (extended) 
metallophilic and π–π interactions. As far as luminescence 
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TMCs is concerned, aggregation has been since long time 
considered more a drawback, mostly due to the concomitant 
decrease of PLQY, a phenomenon generally called aggregation 
caused quenching (ACQ). Moreover, severe decrease of 
solubility and color purity can be also envisaged upon 
aggregation. On the other hand, very recently an increasing 
interest has been devoted to design and preparation of 
luminophores showing opposite effects, i.e. phenomena known 
as aggregation induced emission (AIE) and aggregation 
induced emission enhancement (AIEE).139 So far, few 
fascinating examples of conjugated organic, and TMCs based 
on Ir(III),140 Pt(II),92,108 and Re(I)141 have been reported. 
Furthermore, the advantage to have and/or induce formation of 
TMCs aggregates, in particular based on Pt complexes, can be 
manifold and might lead to: i) shielding of the emitter from the 
environment and in particular from dioxygen to avoid 
quenching and/or formation of toxic species;103,134 ii) 
rigidochromic effect due to the packing of the molecules in 
fixed structures, causing decreasing of non-radiative 
processes;136 iii) switch-off of reactivity or toxicity caused by 
the isolation of complexes and difficult accessibility of the 
metal center; iv) changes in the excited state nature and/or 
properties leading to bathochromic shift of both excitation and 
emission towards more biologically interesting spectral 
windows, such as red and NIR region. All these features are 
more difficult to be achieved by using octahedral complexes, 
such as Re(I), Ru(II) and Ir(III) derivatives, and would 
definitely constitute great advantages for bio-imaging 
applications. 
 To this purpose, we have recently investigated on the self-
assembly as a tool to obtain luminescent nanostructures based 
on neutral tridentate platinum(II)108 complexes also in cellular 
compartments142. Our group has preliminarily demonstrated 
that the platinum complexes showed in (Fig. 16–17), namely 
26, Tol-Pt-4OHpy and 27, CF3-Pt-4OHpy, respectively, are 
internalized in living cells and they self-assemble into 
nanosized aggregates. The choice of the coordinated ligands 
was dictated by the interest in forming neutral and amphiphilic 
complexes. The nature of the substituents on the tridentate 
ligand changes the HOMO–LUMO properties, leading to 
different energies of the exited states of the complexes, as well 
as a different lipophilicity and size of the systems. It is indeed 
known in medicinal chemistry that CF3 groups enhance cell and 
nuclear permeability, while lipophilicity generally enhance 
cellular uptake even though being responsible of increased 
cytotoxicity.143-144 
 
                                Figs. 16 and 17 

 

The compounds have remarkable photophysical properties with 
emission in the green and blue region for 26 and 27 
respectively, in solid state. In solution their properties depends 
dramatically on the concentration and on the employed solvent.  
In water:1% v/v DMSO, both complexes are present in an 
aggregate form displaying an intense yellow emission arising 
from 3MMLCT transitions. Noteworthy, the assemblies under 

excitation are bright emitters, with long-lived triplet excited-
state lifetimes, even in the presence of oxygen, and enhanced 
photostability. Complex 26 and 27 are both internalized into 
HeLa cells within few minutes, and demonstrate how the choice 
of the coordinating ligands can determine the aggregates 
formation preferentially into the cytoplasmatic region, Fig. 16 
and in the nucleus, Fig. 17, for 26 and 27 respectively. Both the 
complexes possess the same emission in water:1% v/v DMSO 
and after cell uptake, as clearly shown in Fig. 16–17, 
suggesting that the compounds are in the aggregate form inside 
the cell. At this stage we cannot say if the complexes are 
uptaken as aggregates or as monomeric species and aggregate 
subsequently in the cell. The most striking results are with 
complex 27 since it is able to localize into the nucleoli as 
proven by colocalization experiments performed by using 
Phalloidin Alexa Fluor® 568, 4',6-diamidino-2-phenylindole-6-
carboxamidine (DAPI) and SYTO® RNASelect™ Green 
Fluorescent Cell Stain, for staining of actin, nucleus and 
nucleoli, respectively. The corresponding confocal microscopy 
pictures are shown in Fig. 18 and clearly confirm that the bright  
                                     

    Fig. 18 

 
aggregates emission is coming from the nucleoli and the 
cytoplasm. Interestingly, the excited state decay kinetics 
measured by confocal fluorescence lifetime imaging 
microscopy (FLIM) displays a multi-exponential decay with 
one of the components being as long as 920 ns for the stained 
nucleoli. Even more importantly, the aggregation process 
through (extended) ground-state dz2···dz2 metallophilic 
interactions leads to 1MMLCT state. The establishment of such 
lower-lying state nicely allowed excitation of the labels with 
wavelengths up to 543 nm, as shown in Fig. 19. As already 
mentioned the aggregates display  
 

                                     Fig. 19 

 
an enhanced photostability which is also observed inside the 
cell, after strong excitation with a Hg lamp irradiation at 365 
nm for several minutes up to one hour, while the DAPI 
emission is photobleached after few minutes. 
 The concept of assembly and disassembly of aggregates to 
be used as dynamic labels for cell imaging has been recently 
proved by Yam and coworkers.145 The authors reported a series 
of water-soluble alkynylplatinum(II) terpyridine complexes 28 
(Fig. 20a) that can aggregate and disassemble over changes in 
pH which are in the physiological range, resulting in drastic 
emission intensity changes in the NIR region (Fig. 20b) and  
                                     

    Fig. 20 

 
evidenced by dynamic light scattering (DLS). The trigger for 
the changes in the aggregation properties is the acidity of 
phenolic proton of the complex 28a which at high pH increase 
the hydrophilicity of the complex and hence its deaggregation 
in aqueous medium. The emission of the complex is present 
only when the compound is in the aggregate form at pH 
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between 3.5 and 5.6. Above 5.6 in pH the NIR emission shows 
a significant drop in intensity and becomes completely “turned-
off” at or above pH 7.6 (Fig. 20b). In addition, the complete 
“turning-off” of the NIR emission of complex 28a at high pH, 
suggest a combination of aggregation/deaggregation of 
platinum(II) complex moieties and PET that would be 
energetically more favourable to occur in basic solution, 
probably due to the deprotonation of the phenolic groups on the 
alkynyl ligand of complex 28a which becomes more electron-
rich. This has further been supported by a lack of pH-
dependence of the NIR emission of an aqueous solution of the 
control complex, 28c, at 788 nm. 
 Confocal microscopy images of fixed MDCK cells 
incubated with complex 28a in serum and phenol red free 
Dulbecco's modified Eagle's medium (DMEM) revealed a 
strong NIR emission band in vesicular distribution (Fig. 20c). 
The MDCK cells remained viable after the incubation (MTT 
assay result ca. 97% viability as compared to untreated MDCK 
cells) and showed good co-localization, with the green emission 
of LysoSensor Green DND-189, in acidic organelles such as 
lysosomes. 

4 Conclusion and outlook 

 The research presented in this review clearly indicated that 
the use of metal complexes and in particular of luminescent 
Pt(II) systems is an important and relative young field in bio-
imaging. So far however problems related to the intrinsic 
properties of the complexes, e.g. the lack of visible absorption 
bands for low energy excitation (partially overcame by two 
photon techniques), the quenching by dioxygen and 
biomolecules, low solubility in water, prevent their full 
exploitation as biolabels.  In addition, the relationship between 
their chemical structures and cell uptake, localization and 
toxicity remains elusive.  
The planar geometry would favor the formation of aggregates, 
which in the case of Pt(II) complexes can result in assemblies 
possessing high stability and interesting photophysical 
properties. Such aggregates can be indeed considered a new 
class of dynamic probes, since the luminescence can be turned 
on and off but also the emission color, the excited state lifetime 
and quantum yield can be modulated by assembling or 
disassembling the system. Their dynamic behavior can be 
envisaged to investigate not only the visualization of certain 
parts of the cell or tissues, but also to explore chemical 
recognition event or biochemical reaction. A clever design of 
the complexes can in fact lead to the realization of assemblies 
sensitive to e.g. pH or polarity of the environment, oxygen 
content, formation of redox species, so that their change in 
emission color, in size or even their migration from one part of 
the cell to other sites can be related to cellular chemical 
changes. These visionary previsions are not far to be realized 
since in two of the examples reported here, it is clear that the 
assemblies can be obtained in living cells and therefore they 
can be reporters of subtle intracellular changes. 
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Chart 1. Chemical structures of the bidentate platinum(II) complexes discussed in this review. 
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Fig. 1. (a) Simplified MO diagram for a generic transition metal complex and relative spectroscopic excitation transitions. (b) Simplified MO diagram 

of two interacting square-planar platinum(II) complexes, showing the intermolecular dz
2 orbital overlap in the ground-state and its influence on energy 

of the MO energy level. 

 

 

 

 

 

 
 

 
Fig. 2. Schematic representation of the deactivation of a platinum complex by the environment (left) and the rigidochromic and shielding effect imparted by 
the aggregation, resulting in the emission enhancement (right).  
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Fig. 3. (a) Fluorescent confocal microscopy images of HeLa cells stained with complex 2. (b) ER Tracker® stain. (c) Merged image showing the 

distribution of complex 2 inside the ER domains. Images were recorded upon excitation at 340 nm and 546 nm for complex 2 and ER Tracker®, 

respectively. Adapted from Ref. 110. 

 

 

 

 

 

 

  

 

 
Fig. 4. Fluorescence microscopy images of complex 4 (a), 5 (b), 6 (c) and 7 (d) inside HeLa cells which was incubated with 10 µM of complex 4–7 in 
DMSO/PBS for 30 minutes at 37 ºC. Images were recorded upon excitation at 405 nm. Scale bar = 20 µm. Adapted from Ref. 112. 
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Fig. 5. (a) Fluorescence microscopy images of internalization and localization of complex 8 inside HeLa cells. (b) Selective nuclear staining with 
Hoechst 33342. (c) Merged image (a) and (b). Green circles in (a) and (c) show the nuclear boundary and white ovals show cell boundaries. Green 
arrows show the intense localization of complex 8 inside the cell nucleus, while white arrows in window (a) and (c) point to the region with lower 
concentration of complex 8. Images were recorded upon excitation at 405 nm and 488 nm, respectively. Adapted from Ref. 113. 
 
 
 
 
 
 

 

 
Fig. 6. (a) Chemical structure of the N^C^N platinum complexes 9a–b. (b) Time resolved confocal imaging of live cells and sensitivity to the micro-
environment. TP-TREM of CHO-K1 cells labeled with 9b (b) and (c) and 9a (d–g) under 760 nm, ~120 fs two-photon excitation. (b) and (d) Intensity 
images reconstructed by integrating total emission intensity pixel-per-pixel. (c) Lifetime map corresponding to (b). (e) Lifetime map corresponding to 
(d). (f) Kinetic traces from pixels 1 and 2 on (e), red line corresponds to the lifetime fitting of the main component [pixel symbol magnified for clarity]. 
(g) Emission spectra recorded from nucleus and cytoplasm (e). Adapted from Ref. 115. 
 
 
 
 

 
Fig. 7. Chemical structure of the C^N^N platinum complex 11 (left) and comparison with the SDS surfactant (right). 
 
 
 
 
 
 
 

 
Fig. 8. Chemical formula of complex 12 and fluorescence microscopy image of HeLa cells stained with 12, showing the labelling of the cellular 
nuclear domains (arrows). The image was recorded upon the excitation at 405 nm. Adapted with permission from Ref. 124. 
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Fig. 9. (a) Chemical formulas of complexes 13–15. (b) Changes in the emission spectra of complex 13a upon addition of different concentration of 
BSA. Adapted with permission from Ref. 127. 
 
 
 
 
 
 
 
 
 

 
 

Fig. 10. (a) Chemical formulas of complexes 16–18. (b) Fluorescent microscopic examination of HeLa cells incubated with 16a and 
co-incubated with MitoTrackerTM (c). (d) Merged image showing that the majority of 16a can be co-localized with MitoTrackerTM. Adapted from Ref. 128. 
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Fig. 11. (a) Chemical formulas of the allenylidene platinum complexes 19a–b. (b) and (c) Cellular imaging of 19a and 19b in viable HeLa cells, observed 
under fluorescence microscope revealing the subcellular localization of 19a and 19b, respectively. Adapted with permission from Ref. 129. 
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Fig. 12. (a) Chemical formula of complex 20. (b) Changes in the emission spectra of 20 in CH3CN/HEPES buffer (20 mM, pH 7.0, v/v 50/50) upon 
addition of Hg2+ (λexc = 490 nm). (c) and (d) TPM image of HeLa cells labeled with 20 before and after addition of Hg2+, respectively. Adapted with 
permission from Ref. 130. 
 
 
 
 
 
 
 

  
Fig. 13. (a) Chemical structure of compound 21. (b) Fluorescence microscopy image of MCF-7 cells stained with the free ligand after 20 minutes 
incubation. (c) Fluorescence microscopy image of MCF-7 cells stained with the complex 21, after 5 hours incubation bright vacuoles are observed. 
Adapted with permission from Ref. 131. Copyright 2011 American Chemical Society  
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Figure 14. (a) Chemical structure of the porphyrinic platinum complex 24. In vivo phospholuminescence (PL) imaging experiment in xenografted nude 
mice showing the distribution of the encapsulated platinum porphyrin complex 24 into micelles after different time delay upon injection (b–d). Images 
show the accumulation of 24 (red color) at the tail two hours post injection while after 24 and 96 hours the complexes were found at the tumor sites. 
Images were recorded by Maestro GNIR FLEX fluorescence imaging system upon the excitation of xenon lamp at wavelength 650–700 nm. Adapted 
with permission from Ref. 134. Copyright 2009 American Chemical Society 

 

 

 

 
 

Figure 15. (a) Chemical formula of complex 25 and its encapsulation embedded into polyacrylamide-coated polystyrene. The particles are functionalized 
with folic acid. (b) Confocal luminescence images of living HeLa cells stained with the particles and (c) DAPI; (d) merged image (b) and (c). Adapted from 
Ref. 136. 
 

 
 
 
 
 
 
 
 
 

 
 

Figure 16. (a) Chemical formula of the complex 26. (b) Microscopy images of internalization of complex 26 into HeLa cells. Cells were incubated for 4 hours 
with 50 µM of 26 in <1% DMSO in PBS. Images were taken upon excitation at 405 nm. (c) Comparison of the emission spectra of 26 in the cytoplasm (red 
trace) and in water :1%DMSO (black trace). Scale bar = 10 µm. 
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Figure 17. (a) Chemical formula of complex 27 and its internalization and confocal image (b) showing the presence of the complex as aggregates into 
the nucleus. (c) The emission inside the nucleus (red trace) is almost identical to that of the aggregates in 1% DMSO:H2O (black trace). Scale bar = 10 
µm. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 18. Microscopy images of distribution of complex 27 inside HeLa cells. (a) DAPI stains nucleus (b) complex 27, (c) Phalloidin Alexa Fluor® 568 
stains actin inside cytoplasmic region, (d) overlay of (a), (b) and (c). The excitation wavelengths of DAPI, complex 27 and Phalloidin Alexa Fluor® 
568 are 405 and 594 nm, respectively. Localization has been obtained as follows: (e) DAPI stains nucleus, (f) complex 27, (g) SYTO® RNASelect™ Green 
Fluorescent Cell Stain stains nucleoli, (h) overlay of (a), (b), (c). Co-localisation experiments show a very bright aggregate signal (f) coming from inside the 
nuclear region (e) is distributed inside nucleoli (g). The excitation wavelengths of DAPI, complex 27 and SYTO® RNASelect™ Green Fluorescent Cell Stain 
are 405 and 488 nm, respectively. Scale bar = 10 and 5 µm for (a)–(d) and (e)–(h), respectively. 
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Figure 19. Fluorescence images of internalization of complex 27 inside HeLa cells upon excitation at 355 nm (a), 405 nm (b), 458 nm (c), 488 nm (d), 

514 nm (e), and 543 nm (f). Scale bar = 10 µm. 

 

 

 

 

 

 

 

 

 
Figure 20. (a) Chemical structure of complexes 28. (b) Emission spectra of complex 28a (200 µM) in aqueous solution (50 mM NaCl) at various pH 

values (λex = 480 nm). (c–e) Confocal microscopy images of fixed MDCK cells incubated with 20 µM of complex 28a for 1 hour followed by 

incubation with buffer solutions at different pH: pH 5.72 (c), pH 6.75 (d) and pH 7.80 (e). λex = 488 nm. Adapted from Ref. 145. 
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Table 1. Spectroscopy data of series of Pt(II) complexes together with preferential cellular localization and viability. 
 

 
Complex Structure λλλλem(nm) Φ ττττ    

[µ[µ[µ[µs]]]] 

Incubation 

conditions 

viability 

IC50 

Cell 

co--localization 

Ref 

1 

 

464, 553, 596 (TBS); 
602 (CH3CN) 

 
 

0.38 (deg) 0.33 (air) 
24 (N2) 

5 µM, 
1 hour, 37°C, 

MEM + 10% FBS 

6.12 µM (in the dark) 
1.78 µM 

(under light irradiation) 

Mitochondria and 
nucleous 

110 

2 

 

485–517 
(CH2Cl2) 

0.051 
(deg) 

1.7 5 µM, 
10 minutes, 

 

0.45-1.59 µM Endoplasmic reticulum 111 

3 

 

560–604 
(CH2Cl2) 

0.24 
(deg) 

29.2 5 µM, 
10 minutes, 

 

2.75-44.3 µM Endoplasmic reticulum 111 

4 

 

493,528 
(DMSO/PBS (1/99, v/v)) 

0.11 
(CH2Cl2) 

 

10 µM, 
30 minutes, 

37°C, 
DMSO/PBS (1/99, 

v/v) 
 

>80% viability Cytoplasm 113 
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5 

 

522 
(DMSO/PBS (1/99)) 

0.044 
(CH2Cl2) 

 

10 µM, 
30 minutes, 

37°C, 
DMSO/PBS (1/99, 

v/v) 
 

>85% viability Cytoplasm 113 

6 

 

532 
(DMSO/PBS (1/99)) 

0.018 
(CH2Cl2) 

 10 µM, 
30 minutes, 

37°C, 
DMSO/PBS (1/99, 

v/v) 
 

≈90%viability Cytoplasm 113 

7 

 

545 
(DMSO/PBS (1/99)) 

0.086 
(CH2Cl2) 

 

10 µM, 
30 minutes, 

37°C, 
DMSO/PBS (1/99, 

v/v) 
 

≈ 85%viability Cytoplasm 113 

8 

 

~500 
(DMSO) 

 0.0043 20 µM, 
30 minutes, PBS 

11.5 µM Nucleus 114 

9 

 

491, 524, 562 (H2O and 
CH2Cl2) 

0.6 (deg) 
0.039 
(air) 

7.2 (deg) 
0.5(air) 

100 µM, 
5 minutes, 

PBS 
 

no significant decrease 
in metabolic activity 

Nucleus 115, 
116 
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10 

 

500-520 (DMF,  
HEPES buffer/DMSO 

95/5, v/v) 

0.09 
(DMF), 

0.1 
(HEPES 

buffer/DM
SO 95/5, 

v/v) 

0.57 
(DMF), 

1.46 
(HEPES 
buffer/D

MSO 
95/5, v/v) 

1 µg/mL, 
5 minutes, culture 

medium 

no significant decrease 
in metabolic activity 

Cytoplasm 121 

11 

 

528 
(HEPES buffer) 

0.3 
(HEPES 
buffer) 

1.95 1 µg/mL in cell 
culture medium 

90% viability Plasma membrane 124 

12 

 

510 
(CH3CN) 

0.10 
(CH3CN) 

0.36 
(CH3CN) 

0.1-1 mM, 
15 minutes 

Significant cell death Nucleoli 125 

13 

 

563 
(H2O) 

0.01 <0.1 5 µM, 
24 hours 

80 µM Authors suggested the 
sublocalization inside 
endoplasmic reticulum 

and golgi apparatus 

128 
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16a 

 

545 
(CH3CN) 

0.23 
(CH3CN) 

1.2 
(CH3CN) 

1 µM, 
1 hour 

0.057µM  Mitochondria 129 

19 

 

a: 542 (CH2Cl2, deg),  
b: 530 (CH2Cl2, deg) 

a: 0.34 
(CH2Cl2, 

deg) 
 

b: 0.63 
(CH2Cl2, 

deg) 

a: 3.9 
(CH2Cl2, 

deg) 
 

b: 4.5 
(CH2Cl2, 

deg) 

20 µM, 
37 °C, 

2 hours, Tris-HCl (5 
mm) buffer 

 

a: 5.8 µM 
b: 9 µM 

a: Nucleus 
b: Cytoplasm 

130 

20 

 

545 
(CH3CN) 

 

 

2 µM, 
37°C 

20 minutes, DMEM 
 

  131 
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21 

 

546 
(PBS 0.3% DMSO) 

  MCF-7 cell, 
10 µM, 
25°C, 

0.5-5 hours, 
PBS, <1% DMSO 

 

45.9 µM 

 
Mitochondria 
and nucleus 

132 

22 

 

675 
(PB pH 8) 

 

0.12 28 

  

Coniugated with vidin, 
streptavidin, 

neutravidin, and 
antibodies 

133,
134 

23 

 

650 
(PB pH 8) 

 

0.23 52 10 µg/ml 
in TNB 

 Coniugated with avidin, 
streptavidin, 

neutravidin, and 
antibodies 

133,
134 

24 

 

903 
(CHCl3) 

0.01 
(CHCl3) 
 
0.22 
(Toluene, 
deg) 

1.3 µs 
(CHCl3) 

Polimeric particle 
∼100 nm size, 30 

µg/ml (water with 5% 
glucose), in vivo 
animal imaging 

90 % (0.225 µg/ml) Highly specific 
accumulation into 

tumor site 

135 

25 

 

550 
(H2O/THF) 

  70 nm polymeric 
nanoparticle 
0.2 mg/mL, 

37°C, 
30 minutes 

>95% Cytoplasm 137 
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26 

 

560 
(H2O/1% DMSO) 

 

 

 

50 µM in less than 
1% DMSO in PBS, 

37°C, 4 hours 

 Cytoplasm 143 

27 

 

585 
(H2O/1% DMSO) 

 

 

0.9 

50 µM in less than 
1% DMSO in PBS, 

37°C, 4 hours 

 Cytoplasm, 
nucleoli 

143 

28 

 

a: 582 (CH3CN/CH3OH, 
5/1, v/v),  

788 
(pH 7 aqueous solution), 

795 (pH 3 aqueous 
solution) 

 b: 634 (DMF), 654 
(CH3CN/CH3OH, 5/1, 

v/v), 
788 

(pH 3,7, and 10 aqueous 
solution) 

 a: 0.2 
(CH3CN/
CH3OH, 
5/1, v/v), 
0.1 (pH 3, 
7 aqueous 
solution),  

b: 0.1 
(CH3CN/
CH3OH, 
5/1, v/v), 

and 
DMF), 

<0.1 (pH 
3,7, and 

10 
aqueous 
solution) 

MDCK cells, 
20 µM, 
37°C, 

1 hour, 
phenol red-free 

DMEM, 0.2% DMSO 

a: 97% viability a: lysosomes 
b: 

diffused 
 

144 

TBS = Tris Buffer Solution, MEM = Minimum Essential Medium, DMEM = Dulbecco's Modified Eagle Medium, FBS = Fetal Bovine 
Serum 
PB = 50 µM Phosphate buffer, TNB = Tris-NaCl-blocking buffer, deg = degassed. HeLa cells were employed unless specified
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