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Abstract

Since the discovery and structural characterization of metal organic polygons and polyhedra 

(MOPs), scientists have explored their potential in various applications like catalysis, separation, 

storage, and sensing. In recent years, scientists have explored the potential of supramolecular 

MOPs in biomedical application. Pioneering works by Ehrlich, Rosenberg, Lippard, Stang and 

others have demonstrated that MOPs have great potential as a novel class of metallo–therapeutics 

that can deliver cargoes (drugs and dyes) selectively. In this article, we document the progress 

made over the past two decades on the biomedical applications of MOPs and discuss the future 

prospects of this emerging field.
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Introduction

Drug discovery, formulation and delivery are major thrusts in chemistry, medicine and 

biology.[1, 2] Despite the overwhelming presence of (synthetic) organic small molecule 

drugs and biopharmaceutical drugs in the market, metal–based drugs and dietary 

supplements are now becoming more prevalent.[3-5] The reaction and interaction between 

biomolecular entities and organic molecules are common in biology, as are their interactions 

with metal ions which are known to intimately control biological functions.[4, 6] Although 

Nature limited human physiology to few bioavailable metal ions – mostly alkali (Na, K), 

alkaline earth (Mg, Ca) and first row transition (Fe, Ni, Cu, Mn, Zn, Co) metal ions – many 
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biomolecules have the capacity to interact with second and third row transition metal ions 

and exhibit novel biological responses which are particularly useful to diagnose and treat 

diseases. One of the first therapeutic metallodrugs was salvarsan, an arsenic–based 

antimicrobial agent developed by Paul Ehrlich in 1912, as an effective treatment against 

syphilis.[7] Later in 1965, the serendipitous discovery of the inhibitory ability of cis–

diammine–dichloroplatinum(II) complex (cis-[Pt(NH3)2Cl2]) on E. coli cell division by 

Barnett Rosenberg and Loretto VanCamp[8, 9] marked the beginning of the modern era of 

metallotherapeutics. Subsequently, the US Food and Drug Administration approved the use 

of cis–[Pt(NH3)2Cl2] under the brand name cisplatin to treat testicular cancer. Cisplatin has 

spurred the imaginations of numerous scientists to investigate the properties of other metal–

coordination and organometallic complexes to as potential therapeutic metallodrugs. The 

Ptmetal center of cisplatin binds covalently to DNA to form cisplatin•DNA adducts leading 

to replication arrest, transcription inhibition, cell-cycle arrest and apoptosis.[10, 11] Two 

other platinum–based metallodrugs that are approved for cancer treatment are oxaliplatin 

and carboplatin, while several other platinum–based drugs (e.g. nedaplatin, lobaplatin, 

heptaplatin and satraplatin) are in clinical trials (Chart 1).[12] Several non–platinum metal–

coordination and organometallic complexes also showed great promises as novel metallo–

pharmaceuticals and some of them are in clinical trials, currently.[4, 6] Metal complexes 

featuring Gallium (Ga), Ruthenium (Ru), Rhodium (Rh), Titanium (Ti), Vanadium (V), Tin 

(Sn), Silver (Ag), Arsenic (As), Antimony (Sb), Bismuth (Bi), Gold (Au), Cobalt (Co), 

Manganese (Mn), Iron (Fe) complexes have also been studied extensively studied as 

potential metallopharmaceticals (e.g. anticancer, antiarthritic, antidiabetes, antiviral, 

antimicrobial and antiparasitics).[4, 5] For example, the arsenic containing drug, melarsoprol 

is currently used against human African sleeping sickness.[5] The antimony and bismuth 

containing drugs sodium stibogluconate, melglumine antimoniate, and colloidal bismuth 

subcitrate (CBS) are used against microbial and parasitic infections (Chart 1).[5] 

Coordination complexes of gallium and ruthenium have also shown great promise as 

anticancer agents and several of them (e.g. NAMI–A, KP1019 and NP 300) are in clinical 

trials.[5] Organometallic complexes also showed high antitumor activity, with some arene–

ruthenium complexes exhibiting very high anticancer activity.[13] Accordingly, significant 

effort has been spent to develop new organometallic arene–ruthenium complexes as novel 

anticancer agents. For example, RM175, [(η6–biphenyl)(ethylenediamine)ruthenium(II)–

chloride][14, 15] and RAPTA-C, [(η6-para-cymene-(1,3,5-triaza-7-

phosphaadamantane)ruthenium(II)-dichloride][16, 17] (Chart 1) exhibited promising 

anticancer activity in various in vitro and in vivo experiments. These findings will 

continuously inspire future research on developing new metallodrugs.

Despite the tremendous efforts during drug development, the real-world applications of 

many drugs are limited by to poor therapeutic efficacy and dangerous or even fatal side 

effects.[18] Often, drug molecules are rapidly metabolized or cleared from systemic 

circulation, which requires frequent administration of drugs.[19, 20] To circumvent such 

problems scientists have adopted novel strategies to encapsulate drugs within container 

molecules to protect them from degradation and rapid clearance. The pharmaceutical 

chemistry community has developed numerous strategies to formulate and deliver drugs.[21] 

For example, small molecule–based (low molecular weight) delivery systems are known to 
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prevent degradation and to deliver drugs, thus significantly altering the pharmacokinetic and 

biodistribution profiles of drugs.[1, 2, 22-24] For example, the β-cyclodextrin derivative 

Captisol (Chart 2) is used to formulate many water insoluble drugs for human 

administration. Recently Isaacs and coworkers demonstrated that acyclic cucurbit[n]uril–

based small molecular containers are promising candidates for formulation and delivery of 

numerous water insoluble drugs (Chart 2).[23-25] Conversely, large nanoparticle–based 

systems have been explored extensively and offer many advantages.[20, 26, 27] For 

example, it is believed that drug delivery systems with diameters ≥ 6 nm avoid rapid kidney 

clearance which increases blood circulation time.[28, 29] In addition, large nanoparticles 

benefit from the enhanced permeability and retention (EPR) effect, which results in selective 

accumulation of nanoparticles in the tumor compartment, thus improving distribution 

profiles. Numerous nanoparticle–based systems (e.g. polymersomes, dendrimers, inorganic 

and polymeric nanoparticles, etc.) have been reported in the literature for drug formulations 

and selective drug delivery to tumors.[26, 27, 30, 31] Several nanoparticle formulations (e.g. 

liposomal, polymeric micellar formulations) of drugs like doxorubicin, paclitaxel, 

neocarzinostatin have been approved by the US–FDA for clinical use. The liposomal 

formulation of doxorubicin, which greatly reduces its cardiotoxicity, is approved by the US–

FDA as Doxil® (Chart 2) for cancer treatment.[32] Several other nanoparticle formulations 

of many potent drugs (like cyclodextrin–PEG micelle for camptothecin, lipid nanoparticles 

for SiRNA) are currently in clinical trials. Liposome nanoparticle formulations of cisplatin 

(marketed as Lipoplatin) and oxaliplatin (marketed as Lipoxal) which are thought to 

alleviate the side effects of cisplatin and oxaliplatin, are currently in clinical trials (Chart 2). 

Advanced drug delivery systems provide a means to fully exploit the potential of platinum 

and other metal ion–based antitumor agents.[33-35]

Metal–coordination driven self–assembly of metal ions or clusters in combination with 

multidentate organic ligands has allowed the creation of fascinating families of metal 

organic materials e.g. polygons, discrete polyhedra, coordination polymers and metal 

organic frameworks (MOFs).[36-38] Metal organic polygons and polyhedra (MOPs) are 

discrete macrocycles and cages, respectively. Coordination polymers are 1D, 2D and 3D 

extended networks of metal ligand assemblies. MOFs are crystalline polymeric network of 

metal ligand assemblies but with potential inner porosity. Over last two decades, a 

tremendous diversity of metal organic materials have been synthesized and explored for 

various applications e.g. catalysis, gas storage, separation, sensing, and drug delivery.[39-54] 

The use of metal organic materials in the field of nanomedicine is beginning to unfold. Self–

assembled metal organic materials are composed of a multiplicity of metal–based 

coordination complexes. Therrein et al envisaged that self–assembled MOPs – similar to 

small molecule coordination complexes – might display enhanced anticancer activity.[55] 

For example, Therrein and coworkers studied the antitumor activity of arene–ruthenium 

based MOPs (MOP 1–9) and whereas Stang et al studied the cytotoxicity of arene–

ruthenium and platinum–based MOPs (MOP 10–51).[56] In an interesting example, Tocher 

et al investigated the anticancer activity of the ruthenium–based organometallic complex 

Ru(η6-C6H6)(metronidazole)Cl2 (metronidazole = 1-hydroxyethyl-2-methyl-5-

nitroimidazole) where metronidazole, an antibiotic was used as a ligand coordinated to 

Ru(II) metal center.[57] Interestingly, the Ru(II) complex exhibited higher potency toward 
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cancer cells compared to metronidazole alone indicating the enhancement of anticancer 

activity of metronidazole drug upon inclusion of Ru(II) metal ion. Self–assembled MOPs 
are known to bind a wide range of guest molecules through several non–covalent 

interactions (like hydrophobic, hydrogen bonding, electrostatic interactions). In his 

pioneering work, Therrein et al showed that arene–ruthenium based MOP can be utilized to 

encapsulate and deliver [M(acac)2] (M = Pd, Pt) complexes to cancer cells.[55] Later, this 

strategy was adopted by other scientists to deliver theranostic agents to cancer cells, 

demonstrating the potential of MOPs as drug delivery vehicles.[56, 58] Along with MOPs, 

metal organic frameworks (MOFs) were also extensively investigated for biomedical 

applications. In 2006, Ferey et al first demonstrated that MOFs can be used to formulate and 

deliver therapeutic drugs.[59, 60] Following his pioneering work, extensive research work 

has been done on this topic, most notably by Prof. Wenbin Lin.[61-68] In this review, we 

restrict ourselves to discussion of the use of discrete metal organic polygons and polyhedra 

(MOPs) in biomedical applications.[56, 58, 69] In next two sections, we discuss the use of 

MOPs as theranostic agents and drug delivery vehicles. In this review article, we referred all 

metal organic structures as MOPs for clarity and self-consistency, though they were 

designated differently like metallacycles, metal-organic cages or metal-organic knots by the 

authors in the original papers.

MOPs as Theranostic Agents

Therrein et. al. first investigated antitumor activity of self–assembled coordination cages 

incorporating p-cymene ruthenium building blocks bridged by 2,5-dioxydo-1,4-

benzoquinonato (dobq) spacer.[55] The ruthenium-based MOP 1 (Figure 1A) was 

synthesized by reacting 2,4,6-tris(pyridine-4-yl)-1,3,5-triazine with the dichloro salt of dobq 
diruthenium spacer. MOP 1 was stable in D2O and its aqueous solution exhibited 

cytotoxicity (IC50 = 23 μM) toward human ovarian cancer cells (A2780). A detailed 

investigation of the reactivity and stability of MOP 1 with several biological ligands like 

amino acids, ascorbic acid and glutathione was performed to determine the origin of 

cytotoxicity.[70] The results of NMR and ESI established that amino acids like arginine, 

histidine and lysine caused the degradation of MOP 1 while methionine had no effect. MOP 
1 catalyzes the oxidation of ascorbic acid to dihydroascorbic acid and glutathione (GSH) to 

disulfide, which provides a cause of the in vitro cytotoxicity of ruthenium–based MOP 1.

Different ruthenium and platinum–based MOPs were prepared by Therrein, Stang and 

others who systematically studied their in vitro cytotoxicities. For example, Stang and Chi 

et. al. prepared four different types of ruthenium–based self–assembled [3+2] tetragonal 

prisms (MOP 2-5) by separately reacting 1,3,5-tris(pyridine-4-ylethynyl)benzene (5) with 

four different diruthenium organometallic spacers (1 – 4, Figure 1A).[71] Cell viability 

studies were performed against five different cell lines (SK-hep-1 (liver), HeLa (cervix), 

HCT-15 (colon), A-549 (lung), and MDA-MB-231 (breast). Tetragonal prisms MOP2 (with 

oxalate-based diruthenium spacer) and MOP 4 (with donq-based diruthenium spacer) are 

found to be active, whereas dobq and dotq-based diruthenium containing tetragonal prisms, 

MOP 3 and MOP 5, respectively, do not show any activity (Table 1). No correlation 

between the cytotoxicities of MOPs and the size of aromatic system of diruthenium spacers 
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was found. Interestingly, MOP 4 was as cytotoxic or more cytotoxic than cisplatin toward 

several cell lines (Table 1).

Although the detailed reasons are not known, it is clear that particular combination of donors 

and diruthenium spacers is responsible for low IC50 value of tetragonal prisms. The most 

diverse subset of ruthenium–based MOPs studied to date is based on a [2+2] self–assembled 

scaffold. Navarro, Barea and coworkers[72] reported the preparation of [2+2] ruthenium–

based polygon (MOP) from rigid 4,4’-bipyridine and diruthenium spacer 

([(Cymene)2Ru2(CF3SO3)2(Hoxonato)]2). This MOP binds noncovalently with DNA, 

inducing significant conformational change in the biomolecule and exhibited antitumor 

activity (IC50 = 4.6 μM) toward human ovarian cancer cell line A2780cisR which showed 

acquired resistant to cisplatin. Later, Therrein and coworkers[73] prepared several cationic 

arene-ruthenium based [2+2] MOPs from bipyridine (bpy) and 1,2-[bis(4-pyridyl)ethylene] 

(7) ligands (Figure 1B). Cytotoxicity studies showed that MOPs containing 1,2-[bis(4-

pyridyl)ethylene] ligand (IC50 = 6 μM for MOP 7; IC50 = 4 μM for MOP 9) are more 

cytotoxic than MOPs containing 4,4′-bipyridine (IC50 = 66 μM for MOP; IC50 = 27 μM 

MOP 8) toward human ovarian cancer cells, A2780. This study demonstrated the correlation 

between structural properties and observed cytotoxicities of ruthenium–based polygons.

Stang, Chi and coworkers[74] reported several [2+2] metal organic polygons (MOPs), 

prepared from four different type of diruthenium spacers (oxalato, dobq, donq, dotq) and 

four different pyridyl-based donor ligands (Figure 2A). The simplest assemblies are made 

from 4–pyridyl building blocks, 8–11. The cytotoxicity of polygons MOP 10–20 (Table 1) 

were measured against several human cancer cell lines (SK-hep-1, HeLa, HCT-15 and 

AGS). Interestingly, oxalato and dobq–containing polygons do not show any significant 

anticancer activity. The larger polygons containing donq and dotq spacers exhibited higher 

potency against all cell lines. In particularly, the IC50 values for polygons MOP 19 and 

MOP 20 containing Pt-based pyridyl ligand 11 with donq and dotq spacers are even lower 

than cisplatin and doxorubicin, (Table 1) which is attributed not to the ruthenium–acceptor 

but rather to the Pt–containing ligand. Moreover, oxalato and dobq–containing polygons 

(MOP 25 and MOP 26) with 3-pyridyl donor-based extended ligand (13) have measurable 

cytotoxicity (Table 1).[75] The rectangle–containing the dotq–molecular spacer with 

extended dipyridyl ligand (MOP 28) display higher activity relative to MOP 24 which 

contains a shorter dipyridyl ligand. This study suggested that larger–sized assemblies are 

more active than smaller–sized MOPs, though reasons are still unclear and further 

investigations are needed.

Stang, Chi and coworkers further extended the scope of this work by incorporating 

additional functional groups in the pyridyl–based ligands like amide groups for H–bonding 

interactions and azo groups for potential photosensitization (Figure 2A). Several [2+2] 

polygons (MOP 29 – 31) were prepared by reacting oxalato– and donq–based diruthenium 

spacer with amide–containing pyridyl ligands (14 and 15).[76] Cytotoxicity studies showed 

that MOP 31 is highly toxic towards several human cancer cell lines (SK-hep-1, HeLa, 

HCT-15 and A-549 and MDA-MB-231) than MOP 29 (Table 1). Similar observations were 

noticed for azopyridyl–based polygons (MOP 34–49) prepared from azopyridyl–based 
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ligands 17–20, with considerably high toxicities found only for donq–containing MOPs 
with IC50 values ranging from 12 to 37 μM.[77] Another subset of [2+2] MOPs were 

prepared by using asymmetric ligand 16 which results in two isomeric assemblies, namely 

the head–to–head (HTH) and head–to–tail (HTT) isomers.[78] Reaction of asymmetric 

ligand 16 with two different diruthenium spacers separately gave MOP 32 and MOP 33, 

each with a statistical mixtures of both isomers. Once again, large polygon (MOP 33) 

containing donq–based diruthenium spacer had the lowest IC50 values towards human 

cancer cell lines (Table 2).

Recently, Stang and Chi developed new diruthenium–based molecular spacer (21), prepared 

from bis–benzimidazole ligand. Reaction of diruthenium spacer, 21 with ditopic (14) and 

ditopic tritopic (5) ligands separately gave [2+2] polygon (MOP 50) and [3+2] polyhedron 

(MOP 51), respectively, (Figure 2B).[79] Cell viability studies demonstrated that MOP 51 
was more active towards Colo320, H1299 and MCF7 compared to MOP 50 and cisplatin 

drug with the exception of A-549 cell in which MOP 50 was more effective (Table 2). All 

these studies demonstrated the potential applicability of ruthenium–based MOPs for 

development of new metallo–pharmaceuticals for anticancer treatment. It is noteworthy that 

arene–ruthenium based MOPs exhibit inherent toxicity with IC50 values similar with other 

potent anticancer drugs like cisplatin and doxorubicin.

Very recently, Trabolsi and coworkers demonstrated that interlocked metal organic 

polyhedra (MOP 52) could be novel class of MOP–based materials to develop new 

antitumor agents.[34] The authors synthesized several metal organic trefoil knots featuring 

Zn(II), Cd(II), Cu(II), Fe(II) and Mn(II) metal ions by self-assembly (Figure 3A). All knots 

were found to be water soluble and stable under physiological conditions. In vitro studies 

demonstrated that these water soluble metallo-trefoil knots showed high potency against 

several cancer cell lines (HeLa, A2780, A2780/cis, MDAMB-231, PC3, MCF-7) and for 

many cases similar to or higher than cisplatin (Table 3). Interestingly, these metallo-trefoil 

knots are less potent toward non cancer cells like HEK 293. Mechanistic studies indicated 

different mechanistic pathways for the cellular uptake of trefoil knots than cisplatin. 

Cisplatin chooses to penetrate cells by a direct diffusion mechanism, which is a less selective 

uptake mechanism resulting in the high toxicity of cisplatin toward normal cells. In contrast, 

trefoil knots were taken up by a transporter–mediated endocytotsis pathway. The different 

uptake pathway mechanisms explain the following features – low toxicity of trefoil knots 

toward HEK293 normal cells due to lower internalization and higher toxicity of these knots 

toward cisplatin–resistant A2780 cells. All metallo-trefoil knots featured acid–sensitive 

hydrolyzable imine bonds which hydrolyze at the low pH inside cancer cells to release active 

metal ions. Mechanistic studies suggest that the reason for cellular toxicity is cell apoptosis. 

Metallo-trefoil knots elicited higher levels of reactive oxygen species (ROS) compared to 

cisplatin, leading to mitochondrial damage–mediated via an apoptotic pathway. Consistent 

with the in vitro results, an in vivo study on zebrafish embryos showed (Table 3) higher 

toxicity of metallotrefoil knots (LD50 = 4–8 μM) than cisplatin, with highest potency of the 

Cu–based trefoil knot (LD50 = 4 μM for Cu–MOP 52). This result is also manifested in the 

mortality rate of zebrafish embryos pre–exposed to metallo-trefoil knots (MOP 52). 

Embroys treated with metal–free trefoil knot survived (Figure 3B) even at 120 hpf (hpf = 
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hours post fertilization), whereas they were found dead by 48 hpf after pre–exposed to 

highly potent Cu–based trefoil knot (Cu–MOP 52). Intermediate mortality was observed 

when embroys are pre–exposed to other metallotrefoil knots. This study demonstrated the 

potential of interlocked metallosupramolecular structures in developing novel antitumor 

agents.

Similarly, platinum–based self–assembled structures became a logical choice for developing 

new antitumor agents, due to the high potency of several platinum complexes (e.g. cisplatin, 

oxaliplatin, carboplatin etc.) toward various cancer cell lines.[80-82] Fujita and Stang et. al. 
pioneered the preparation of platinum–based polygons and polyhedra using self-assembly.

[39] Stang and coworkers first envisaged that platinum–based self–assembled MOPs can be 

used to develop novel antitumor agents. In 2014, they first demonstrated antitumor activities 

of platinum–based polygons.[83] Reaction of 2,6-bis(pyrid-4-ylethynyl)aniline (23) and 2,9-

bis[trans-Pt(PEt3)2(OTf)]phenanthrene (22) afforded tetranuclear platinum–based 

rhomboidal polygon, MOP 53 (Figure 4). MOP 53 was found to be soluble, stable and 

highly emissive compared to free ligands (22 and 23) in biologically relevant solvent water–

DMSO (0.2% vol/vol). The cytotoxicity of platinum–based MOP 53 was assessed using the 

standard cell viability assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 

(MTT)) toward HeLa and A549 cells, with free ligand as control. No significant decrease in 

metabolism was observed suggesting low cytotoxicity of MOP 53 within the concentration 

range of 1 nM to 5 μM. Confocal microscopy showed that MOP 53 remained stable after 

cellular internalization and did not undergo any photobleaching. Significant tumor volume 

suppression (64%) was observed from in vivo efficacy study (Figure 4) when xenograft 

tumor–bearing mice of breast cancer MDA–MB–231 were treated with MOP 53. This 

pioneering work demonstrated the promise of platinum–based self–assembled MOPs in 

developing novel antitumor agents.

As previously discussed, EPR effect allows better uptake of large–sized nanoparticles by the 

tumors. In an interesting example, Stang and coworkers incorporated therapeutic platinum–

based MOP into polymeric nanoparticles (Figure 4) and studied their uptake behavior both 

in vitro and in vivo. Accordingly, rhomboidal platinum–based polygon (MOP 54) was 

synthesized using tetraphenylethene(TPE)–based bispyridyl ligand (24).[84] The exohedral 

amine groups of MOP 54 were subsequently reacted with N-hydroxysuccinimide–activated 

carboxylic acid–based cross linker (25) to produce polymeric nanoparticles, NP1 and NP2 
(Figure 4) with diameters of ~ 250 to 310 nm, as characterized by Scanning Electron 

Microscopy (SEM) and Dynamic Light Scattering (DLS) study. Due to aggregation induced 

emission of TPE units, the polymeric nanoparticles become highly emissive compared to 

MOP 54 or free TPE–based bispyridyl ligand (24). Cellular uptake and stability of the NPs 
were investigated by confocal laser scanning microscopy (CLSM). Bright fluorescence was 

observed in the cytoplasm of the A549R cells after incubation of NP2 with maximum 

emission at 521 nm, suggesting the excellent stability of MOP/NP in the cellular 

environment. Fluorescent properties of nanoparticles were further exploited for applications 

in bioimaging. After intravenous injection of NP2 to MDA-MB-231 tumor–bearing mice, 

significant accumulation of polymeric nanoparticle NP2 in the lung was observed from in 
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vivo fluorescence imaging study, demonstrating the applicability of platinum–based self–

assembled materials in developing novel theranostic agents.

Later TPE-embedded polygon (MOP 54) was further exploited by Stang et. al. to prepare 

novel polymeric nanomaterials to demonstrate codelivery of therapeutic platinum–based 

drug and potent anticancer drugs like doxorubicin. MOP 54 was covalently attached (Figure 

4) to four amphiphilic copolymers (26) through amide bond forming reaction to prepare 

platinum–based copolymer (Pt–PBGM–b–POEGM).[85] Pt–PBGM–b–POEGM further 

self–assembled into highly fluorescent polymeric (NP3 and NP4) and vesicular (VC) 

nanoparticles with diameter of 50 nm and 429 nm, respectively, for NP3 and NP4. The 

diameter of vesicular nanoparticles was in the range from 0.8–3.0 μM depending on the 

precise experimental conditions. Importantly, nanoassemblies displayed higher 

photostability than the conventional fluorophore Lyso Tracker Red. The anticancer activities 

of NP3 (IC50 = 2.89 μM), NP4 (IC50 = 5.84 μM) and VC (IC50 = >20 μM) were determined 

by MTT assays. These nanoparticles were able to encapsulate hydrophobic (for NP3 and 

NP4) or hydrophilic (for VC) doxorubicin (DOX). Large–sized nanoparticles were 

particularly useful due to their selective accumulation inside tumors via EPR effect. An in 
vivo efficacy study demonstrated that tumor volume was significantly suppressed (81%), 

when HeLa tumor–bearing mice were treated with DOX–loaded nanoparticles (DOX@NP3) 

compared to other formulations (cisplatin, DOX, NP3). Glutathione (GSH)–mediated 

reduction of azide to amine initiated the cascade elimination reaction which resulted in 

change in amphiphilicity of copolymer and subsequent disassembly of the nanoparticles 

allowing codelivery of doxorubicin and platinum–based MOP to the tumors leading to 

better therapeutic efficacy.

Large nanoparticles equipped with targeting ligands benefit from both passive targeting (via 
EPR effect) and active targeting (via specific recognition of cellular receptors by targeting 

ligands), leading to better therapeutic efficacy compared to nanoparticles without targeted 

ligands.[86] Stang et al studied this phenomenon by encapsulating therapeutic platinum–

based MOP within supramolecular nanoparticles equipped with targeting ligands (Figure 

5A).[87] Self-assembly of TPE–based tetrapyridyl ligand (27), linear dicarboxylate spacer 

(28) and Pt(PEt3)2(OTf)2 afforded tetragonal prism (MOP 55). MOP 55 is highly 

fluorescent due to the presence of TPE units. MOP 55 was encapsulated within the 

hydrophobic core of spherical micelles prepared from a mixture of 1,2-distearoyl-

phosphatidylethanolamine/polyethylene glycol conjugates (mPEG-DSPE and biotin-PEG-

DSPE). MOP–loaded nanoparticles (MNP 1) with average diameter of 35 nm showed 

excellent stability in biological environment due to the presence of PEG groups. Biotin 

moieties attached to the nanoparticles enabled the targeting ability of MNP 1. Confocal laser 

scanning microscopy and flow cytometry studies demonstrated that receptor (biotin)–

mediated selective uptake of MNP 1 by HeLa and HepG2 cells (with overexpressing biotin 

receptors) compared to normal cells, CHO and HEK-293. MNP 1 exhibited enhanced 

cytotoxicity toward HeLa and HepG2 cells. Pharmacokinetic study showed that half-life 

circulation of MNP 1 was much higher than cisplatin, oxaliplatin and carboplatin, 

demonstrating enhanced efficacy of MOP 55 over conventional platinum-based antitumor 

agents. Moreover, significant accumulation of MNP 1 was observed in the tumor compared 
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to other platinum antitumor agents. Low uptake by the kidney, liver and spleen demonstrated 

the low cytotoxicity toward these organs. Interestingly, the bright fluorescence of MNP 1 
allowed the authors to use it as an imaging agent. In vivo fluorescence imaging study 

showed higher signal intensity at the tumor compared to other organs, indicating passive 

targeting via EPR effect in operation. Additionally, MNP 1 significantly suppressed tumor 

volume compared to conventional platinum antitumor drugs. Both in vitro and in vivo 
studies demonstrated that platinum–containing self–assembled MOP 55 was ideally suited 

to be included in the list of promising platinum-containing antitumor drugs and thus requires 

further investigations.

Stang and coworkers further demonstrated the possibility of platinum–based MOPs in 

combination therapy – chemotherapy and photodynamic therapy (PDT).[88] PDT is an 

effective cancer treatment approach which is minimally invasive in nature and with low side 

effects. Energy transfer from a light–excited photosensitizer to molecular oxygen (3O2) 

produces toxic singlet oxygen (1O2) which kills cancer cells. Porphyrins are extensively 

used as photosensitizers. [89-91] Accordingly, porphyrin–based platinum–containing 

tetragonal prism, MOP 56 was prepared (Figure 5B) by self–assembly of tetrapyridyl 

porphyrin (29), disodium terephthalate salt (30) and therapeutic (PEt3)2Pt(OTf)2. The 

therapeutic efficacy of MOP 56 was investigated after its encapsulation within hydrophobic 

core of nanoparticles prepared from mPEG-b-PEBP and RGD-PEG-b-PEBP. The diameter 

of MOP–loaded nanoparticles (MNP 2) is 40–80 nm according to dynamic light scattering 

(DLS). The loading capacity of the formulations was estimated to be 46% (weight:weight). 

MNP 2 showed long blood circulation time (2.18 h half-life) and high tumor uptake due to 

the EPR effect of the large nanoparticles and active targeting ability by virtue of the c–RGD 

groups. Interestingly, the 1O2 production quantum yield of porphyrin embedded within 

MNP 2 could be exploited by the authors for photodynamic therapy (PDT) and near-infrared 

fluorescence imaging (NIRFI). Confocal laser scanning microscopy (CLSM) and flow 

cytometry study showed that U87MG cells (overexpressing αvβ3 integrin) exhibited uptake 

of MNP 2 compared to MNP without RGD, indicating receptor–mediated endocytosis for 

MNP 2. Accordingly, MNP 2 was exploited for dual therapy – chemotherapy and PDT, 

exhibiting synergistic efficacy both in vitro and in vivo. Significant tumor suppression was 

observed after a single–dose injection against U87MG tumor models. Chelation of 64Cu or 

paramagnetic Mn within the porphyrin macrocycle of MOP 56 allowed MNP 2 to be useful 

for positron emission tomography (PET) and magnetic resonance imaging (MRI) for precise 

diagnosis of tumor as well as real-time monitoring of bio-distribution and excretion of 

MNPs. This study provides a platform for the future development of multifunctional 

theranostics. Taken as a whole, the series of examples discussed above establishes the great 

promise of supramolecular MOPs in developing novel theranostic agents; further 

development in terms of both new chemical entity preparation and biological (in vitro and in 
vivo) studies are ongoing in many labs.[56, 58, 92-94]

MOPs as Delivery Vehicles

MOPs with well–defined cavities are suitable carriers for delivering drug molecules to 

tumors and a potentially powerful addition to the toolbox of drug delivery systems. This 
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strategy was first developed by Therrein et al in a supramolecular coordination structure to 

encapsulate and deliver anticancer drugs to cancer cells. For this study, Therrien and 

coworkers used an arene–ruthenium based trigonal prism, self–assembled from p–

cymeneruthenium–based metal fragment and pyridyl donors as pioneered by Süss–Fink and 

coworkers, as the nanocarrier. [55] Self–assembly of two trispyridyl ligands with three 

diruthenium organometallic complex gave a trigonal prism (MOP 1) with a well–defined 

cavity. Trigonal prism, MOP 1 was able to encapsulate [(acac)2M] (M = Pd, Pt; acac = 

acetylacetonato, Figure 6C) as observed by X–ray crystallography. 1H NMR study showed 

excellent aqueous stability of MOP 1 and its host-guest complexes ([(acac)2M]@MOP 1). 

Prolonged aqueous exposure triggered the partial release of guests from the MOP 1. 

[(acac)2Pd] guest is released to a greater extent from MOP 1 compared to [(acac)2Pd] guest. 

The free complexes [(acac)2M] (M = Pd, Pt) which are hydrophobic did not exhibit any 

cytotoxicities toward ovarian cancer cells, A2780. On the other hand, the host–guest 

complexes (IC50 = 12 μM for [(acac)2Pt@MOP 1]; 1 μM for [(acac)2Pd@MOP 1]) were 

substantially more cytotoxic than MOP 1 (IC50 = 23 μM). This study demonstrated that 

water soluble trigonal prism, MOP 1 has ability to transport water insoluble drugs 

([(acac)2M]) to the cancer cells by forming host–guest complexes and to release the drugs 

after cell internalization to exhibit their toxicity.

Therrien and coworkers further explored the encapsulation properties of the Ru–based cage 

MOP 1 toward several fluorescent pyrene derivatives to demonstrate the ability of MOP as 

delivery vehicle and to monitor the uptake and release of anticancer drugs in cellular 

environment.[95] MOP 1 was able to encapsulate series of pyrene derivatives (Figure 6A) 

with diverse functional groups within its cavity, as evidenced by 1H NMR, DOSY NMR and 

ESI-MS. Antitumor activities of MOP 1 and its host–guest complexes (pyrenes@MOP 1) 

were studied in human A2780 ovarian cancer cells. The host–guest complexes exhibited 

lower IC50 values compared to the empty cage MOP 1 (IC50 = 23 μM). Two of the pyrene 

derivatives – sulfonamide containing pyrene (carbonic anhydrase inhibitor, IC50 = 2 μM) and 

ethacrynamide containing pyrene (glutathione transferase inhibitor, IC50 = 3 μM), upon 

forming complexes with MOP 1 exhibited similar cytotoxicity (Table 4) to cisplatin drug 

(IC50 = 1.6 μM). The precise structure of the pyrene derivatives greatly influenced the in 
vitro cytotoxicity of the host–guest system. By attaching appropriate functional groups (e.g. 

ethacrynamide, sulfonamide, floxuridine) onto pyrene, ruthenium-based highly toxic 

materials were prepared.

By exploiting this strategy, Therrein and Kim et. al. were able to demonstrate the delivery of 

highly potent anticancer drugs like floxuridine to cancer cells.[96] Accordingly, a prodrug of 

floxuridine which is a synthetic antitumor nucleoside was derivatized with a pyrene tag. The 

floxuridine prodrug binds to MOP 1 by virtue of the pyrene encapsulation ability of the 

MOP to produce floxuridine–prodrug@MOP 1 (Figure 6A). In contrast to other clinically 

used floxuridine compounds, floxuridine–prodrug@MOP 1 is water soluble. The complex is 

found to be stable in aqueous–biological media and under ESI–MS condition. The 

antiproliferative activity of MOP 1 and the host–guest complex (floxuridine-prodrug@MOP 
1) were tested against human ovarian A2780 and A2780cisR cancer cell lines using the 

MTT assay. The floxuridine-prodrug@MOP 1 complex (IC50 = 0.3 μM) exhibited higher 
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toxicity compared to vacant cage MOP 1 (IC50 = 23 μM). This type of host–guest system 

can be considered as alternative therapeutic of the parent drug floxuridine which suffers poor 

cellular uptake and bioavailability due to poor water solubility.

After successfully demonstrating the ability of ruthenium–based MOP 1 to deliver 

anticancer drugs to the cancer cells, Dyson and Therrein et al studied the mechanism of drug 

release from MOPs after cellular internalization.[97] It was observed that encapsulation of 

the intrinsically fluorescent pyrenyl compound, 1-(4,6-dichloro-1,3,5-triazin-2-yl)pyrene 

inside MOP1 led to the fluorescence quenching of the pyrenyl derivatives. This property 

was exploited to study the intracellular drug release mechanism by using fluorescence 

microscopy (Figure 6B). Cell viability study on human ovarian A2780 cancer cells showed 

significantly lower cytotoxicity for the host–guest complex (IC50 = 6 μM) compared to both 

free MOP 1 (IC50 =16 μM) and free pyrenyl derivative (IC50 = >20 μM), further 

demonstrating the cage mediated cellular uptake of the poorly water soluble pyrenyl 

derivative. At pH 2 or pH 7, no guest release was observed by fluorescence microscopy, 

whereas at pH 12 the pyrenyl derivative was released from the cage due to the destruction of 

MOP 1. Fluorescence microscopy images showed enhanced fluorescence intensity inside 

the cells following the treatment with host–guest complex (Figure 6B). Moreover, 

mechanistic investigations showed that the uptake of the host–guest complex does not 

correlate linearly with the incubation time or the concentration of the complex, indicating 

the cellular uptake via an assisted diffusion pathway. Cisplatin displays similar uptake 

pathways, in which cellular machineries like transporters or receptors are partly involved.

Pioneering works by Therrein and coworkers demonstrated that ruthenium–based MOPs can 

function as antitumor agent alone and also as nanocarriers to deliver other antitumor drugs to 

the cancer cells, thus improving the therapeutic efficacy of the drugs. Interestingly, the 

synergistic effect of drugs and MOPs may find applications in future in combination 

therapy.

Later, Crowley and coworkers showed that other palladium–based MOPs can also be 

utilized to deliver therapeutic drugs.[98] Self–assembly of 2,6-bis(pyridine-3-

ylethynyl)pyridine ligand with [Pd(CH3CN)4](BF4)2 in acetonitrile afforded quadruply–

stranded dipalladium(II) cage (Pd2L4–type) MOP 57 as evidenced by 1H NMR, HR-ESMS 

and XRD. MOP 57 was able to encapsulate two molecules of cisplatin drugs within its 

cavity as demonstrated by 1H NMR, ESI-MS and X-ray crystallography (Figure 7A). The 

encapsulation complex is stabilized by H–bonding interactions (N–H⋯·N and C–H⋯·Cl) 

between host and guest and by metal–metal (Pt.⋯·Pt) interactions between the two cisplatin 
molecules. Later, Kuhn, Casini and coworkers[99]studied the anticancer activity of 

cisplatin–loaded MOP (another variant of MOP 57) toward several human cancer cell lines 

(A549, SKOV-3 and HepG2). The (cisplatin)2@MOP complex exhibited higher cytotoxicity 

(IC50 = 1.9 ± 0.5 μM) compared to free cisplatin (IC50 = 15.4 ± 2.2 μM) and free cage MOP 
(IC50 = 11.6 ± 1.7 μM). Additionally, an ex vivo study demonstrated that MOP alone 

displays very limited toxicity toward healthy liver tissues according to precision-cut liver 

slices (PCLS) assay. Overall the encapsulation and biological study demonstrated that 

palladium–based MOPs are very attractive candidates for developing novel drug–delivery 

systems.
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Susceptablity toward degradation and poor water solubility often limit the biological 

application of MOPs, whereas extremely low quantum yield prevented a study of their 

cellular uptake by fluorescence microscopy. Water solubility was improved by attaching 

glucose molecules to the Pd2L4–type MOP and stability was significantly enhanced by 

PEGylation.[100] Kühn and Casini et al made highly fluorescent Pd2L4–type MOPs by 

attaching fluorophores like naphthalene, anthracene and ruthenium–pyridine complexes to 

the exo–position of the ligands (L),[101, 102] which will enable studies of their cellular 

uptake in cancer cells by fluorescence microscopy.

The high kinetic inertness of the Pt–N bond makes platinum–based MOPs more stable 

against degradation compared to Pd–based MOPs thus improving their prospects as 

nanocarriers. Lippard et al. demonstrated that Pt6L4–type cationic MOP 58 can be utilized 

to transport anticancer drugs to cancer cells.[103] Platinum cage MOP 58 is known to bind 

four adamantane molecules in its hydrophobic pocket in water. [104] Four molecules of 

newly synthesized adamantylplatinum(IV) prodrug (31) bind to MOP 58 in D2O (Figure 

7B) as confirmed by 1H NMR and DOSY NMR. This host–guest complex, (31)4@MOP 58 
exhibited micromolar potency (Figure 7C) against human cancer cell lines (A549, A2780, 

and A2780CP70) and showed higher cytotoxicity (IC50 =14.7± 2.8 μM) compared to the 

free prodrug 31 (IC50 = 22.3±1.8 μM) and free cage MOP 58 (IC50 = 57.7±9.2μM). The 

higher cytotoxicity (Table 5) of the host–guest complex is attributed to the higher cellular 

uptake of the prodrug as the (31)4@MOP 58 complex compared to free prodrug 31 alone. 

Interestingly, intracellular reduction of platinum (IV) drugs by ascorbic acid followed by 

release of active drug cisplatin demonstrated the utility of this approach in reducing the fatal 

side effects of active drugs and improving therapeutic efficacy in vivo.

The selective transport of therapeutics to the tumor is one of the major challenges in 

nanomedicine. Targeting nanocarriers selectively to the tumors depends on many factors, but 

the size of the nanocarrier is an important one. As previously discussed, large–sized 

nanocarriers (> 6–100 nm)[28, 29] often benefit from EPR effect which lead to the selective 

accumulation of the cargo–loaded nanocarriers in the tumors. The MOP–based nanocarriers 

described above are rather small with diameters ≤ 2 nm. Despite their abilities to transport 

anticancer drugs to cancer cells in vitro, their utility in in vivo applications have not been 

established. Large–sized MOP–based nanocarriers will be useful for demonstrating the 

passive targeting (via EPR effect) effect in vivo. The groups of Fujita and Yaghi developed 

elegant strategies to prepare large–sized MOPs (diameter ≈ 3-10 nm) using self–assembly.

[37, 105, 106] These MOPs are ideally suitable for developing novel drug delivery systems.

Yaghi et al demonstrated the preparation of copper(II)–based porous cuboctahedron cage by 

reacting with 1,3-dibenzenedicarboxylic acid with Cu(NO3)2 in mixture of DMF and 

ethanol.[106] This porous cage is composed of 12 dicopper paddlewheel clusters and 24 

isophthalate moieties. The relatively large size of such porous cages (diameter ~ 3–4 nm) 

makes them potentially a good scaffold for developing novel drug delivery vehicles. Zhao et 
al developed a novel drug delivery system based on a copper(II)–containing cuboctahedral 

cage and was successful in demonstrating the delivery of anticancer drug, 5-fluorouracil (5-

FU).[107] A water soluble version of the copper(II)–containing cubooctahedral cage (MOP 
60) was prepared via surface functionalization of 5-(prop-2-ynyloxy)isophthalic acid (32) 
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which delivered cuboctahedral cage (MOP 59) with azide–containing PEG5K polymeric 

material through click chemistry (Figure 7C). Dark field TEM images showed nanoparticles 

with diameter of ~20 nm, which is much larger than the expected single MOP 60 molecule, 

suggesting intermolecular aggregation. The 5–FU drug loading capacity of MOP 60 was 

determined to be 4.38% (weight:weight). The 5–FU–loaded MOP 60 was dialyzed against 

PBS buffer solution at pH 7.4 at room temperature to study drug release from MOP 60. 

Approximately 20% drug was released over a period of first 2 h followed by an almost flat 

release curve for next 24 h (Figure 7C) suggesting very slow/no release of drugs. The 

observed slow release rate may arise due to the strong interaction between the basic site of 

5–FU and Lewis acid sites in MOP 60. This study demonstrates the ability of MOP–based 

systems to formulate water insoluble drugs which may find in vivo applications in the future.

Fujita et al demonstrated that self–assembly of bent–shaped bispyridyl ligands with 

Pd(NO3)2/Pt(NO3)2 afforded large–sized MOPs (diameter ~ 3–8 nm).[108] Facile 

functionalization at the exo/endohedral position of Fujita–type MOP make them highly 

attractive for various applications.[105] Isaacs and coworkers envisaged that Fujita–type 

Pd12L24 large cuboctahedron MOP can be exploited for drug delivery applications.[109] 

Methyl viologen (MV)–studded Pd12L24 MOP 61 was prepared (Figure 8A) by self-

assembly of MV–functionalized bispyridyl ligand (33) and Pd(NO3)2 as characterized by 1H 

NMR and ESI-MS. The presence of 24 MV groups on the surface made MOP 61 highly 

water soluble. Strong binding affinity of cucurbit[n]uril (CB[7] and CB[8]) toward the MVs 

on the surface of MOP 61 was exploited to prepare CB[7]– and CB[8]–capped MOP as 

characterized by 1H, DOSY NMR, and TEM. The TEM images showed that the diameter of 

CB[n]–capped MOP was 5.5 nm. The CB[8]–capped polyhedron (MOP 62) was further 

able to form the heteroternary complex with 2–hydroxy naphthalene derivative. This 

property was exploited to load MOP 62 with naphthol derivatized doxorubicin prodrug 

(ProDox) to give MOP 63. The hydrazone linkage of ProDox is acid sensitive and was 

expected to deliver doxorubicin in pH–responsive manner at the slightly acidic pH of 

tumors. Cell viability assays showed that drug–loaded MOP 63 was 10–fold more cytotoxic 

toward HeLa cells (Figure 8C) compared to an equimolar amount of ProDox. Flow 

cytometry (Figure 8B) and confocal fluorescence microscopy (Figure 8D) showed that 

enhanced cytotoxicity originates from the combined effect of enhanced cellular uptake of the 

drug–loaded MOP 63 and enhanced release of doxorubicin from ProDox. This study 

demonstrates that larger MOPs have the ability to load drugs and deliver to the cancer cells. 

Such large–sized MOPs in drug delivery may benefit from EPR effect for targeting 

nanoparticles in vivo.

Stang and coworkers showed that methyl viologen–functionalized platinum–based metal 

organic polygon can be synthesized by self–assembly of MV–functionalized dipyridyl donor 

and tetraethylene glycol–functionalized organoplatinum acceptor.[110] CB[8]–

functionalized platinum–based MOP was synthesized by capping MV with CB8. Exploiting 

the heteroternary complexation property of CB[8], curcumin–mediated polymerization of 

CB[8]–capped MOP afforded micrometer–sized honeycomb like network which was 

subsequently transformed to tapes of diameter 40–80 nm and then to vesicles with an 

average diameter of 75 nm. UV/Vis measurements showed higher drug release at lower pH 
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values which suggests the use of platinum–based MOPs in drug delivery to cancer cells. 

Cell viability studies showed that curcumin–loaded vesicles exhibited 100–fold improved 

cytotoxicity compared to free curcumin toward several cancer cell lines including human 

melanoma (C32), melanoma of rodents (B16F10), hormone responsive (MCF-7) and triple-

negative (MDA-MB231) breast cancer cells.

Despite major progress in nanoparticle–based drug delivery systems, selective delivery of 

drugs to tumors in a spatio–temporal manner without affecting healthy tissues is still a major 

challenge. Although the blockbuster drug Doxil® significantly reduced the cardiotoxicity of 

Dox by encapsulation within liposomal nanoparticles,[32] it suffers from the slow release of 

doxorubicin (<5% in 24 h)[111] from the liposomes even after accumulation within the 

tumor, which hampers its efficacy and requires frequent drug administration. Therefore, the 

development of new drug delivery systems capable of targeted delivery and stimuli–

responsive release is highly sought. Isaacs and coworkers have developed a stimuli–

responsive MOP–based nanocarrier that releases drug (doxorubicin) or dye (nile red) in 

response to chemical or pH–chemical stimuli.[112] The Pd112L24–type MOP 64 was 

prepared by co-assembly of cucurbit[7]uril–modified bispyridyl ligand (34), unmodified 

bispyridyl ligand (35), Pd(NO3)2 and hexanediammonium (HDA) guest (Figure 9A). On the 

outer surface, MOP 64 is covalently attached to 18 CB[7] units where the CB[7] cavity is 

occupied by HDA guest. The guest recognition property of CB[7] was exploited to generate 

a hydrophobic environment within the Pd12L24 framework of MOP 64. When an 

amphiphilic guest like C18H37–HDA was used during co–assembly instead of HDA, the 

long alkyl chains non–covalently attached to the CB[7] units sequester themselves within the 

cavity of MOP 66 to create a hydrophobic nanoenvironment. Interestingly, stronger binding 

guests like adamantane ammonium (ADA) are able to destroy the hydrophobic environment 

by displacing the weaker binding hexane diammonium (HDA) guest from the CB[7] cavity. 

This property was utilized to load and trigger the release of encapsulated guests in stimuli–

responsive fashion. Hydrophobic guests like nile red (NR) and doxorubicin (DOX) were 

found to be encapsulated within the hydrophobic environment of MOP 65 and guest release 

was triggered by chemical stimuli like ADA (Figure 9B). By changing amphiphilic guest to 

C18H37–BDA during co–assembly (C18H37–BDA) afforded MOP 66. Adamantane 

carboxylic acid guest (ADAc) is able to displace butane diammonium (BDA) from CB[7] at 

pH 5.8, but not at pH 7.4, making MOP 66 responsive toward pH–chemical stimulus as 

well. Fluorescence spectroscopy study showed that ~75% of nile red was released at pH 5.8 

when MOP 66 is probed with ADAc. However, only 10% of nile red was released from 

MOP 66 at pH 7.4 upon addition of ADAc. Similar observation was noticed for guest 

doxorubicin as well. Considering that the tumor environment is slightly acidic, the pH–

responsive behavior of MOP 66 may make them useful for drug delivery purposes in 

stimuli–responsive manner. An effort to study stimuli–responsive guest release from MOP 
inside cancer cells was unsuccessful. After the cellular uptake of NR@MOP 65 (Figure 9C), 

nile red is released passively without any external additive like ADA as observed by 

fluorescence microscopy (Figure 9D). This study demonstrated that MOP–based system is 

capable of delivering guest in stimuli–responsive fashion, but more robust delivery systems 

that only actively release drugs are still needed.
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While larger–sized drug delivery systems have major advantages over smaller–sized delivery 

vehicles due to the EPR effect, small–sized delivery vehicles with 2–3 KDa can have similar 

advantages when they are attached to cell targeting ligands. Active cell targeting can be 

achieved for such small molecular weight MOPs by successfully conjugating cell–specific 

ligands, including tumor–targeting peptides that recognize tumor–related surface markers 

such as membrane receptors. Fujita et al first demonstrated the preparation of peptide coated 

MOP.[113] Hexapeptide aptamer–modified ligand was reacted with Pd(NO3)2 to afford 24 

hexapeptide aptamers coated self-assembled Pd12L24–type MOP. Evidence of multiple 

aptamers on the surface of Pd12L24–type MOP is further demonstrated by the irreversible 

immobilization of the nanocage on a Ti surface, which stands in contrast to weak and 

reversible binding for a single aptamer ligand. Casini et al later demonstrated that relatively 

smaller cages like Pd2L4-type MOP 57 (L = 2,6–bis(pyridin–3–ylethynyl)pyridine) can be 

exo-functionalized with peptides.[114] Bioconjugation of the ligand (L) with peptides 

followed by the formation of supramolecular MOP afforded peptide functionalized MOPs 
as evidenced by high resolution mass-spectroscopy.

While attaching cell targeting ligands to small cages is beneficial, it will be extremely useful 

when they are attached to very large cages as they will benefit from both active and passive 

targeting. Isaacs and coworkers demonstrated that cucurbit[7]uril–functionalized Pd12L24–

type MOP can be successfully post–functionalized with cell targeting small molecules like 

biotin and peptides like c-RGD. [92] Co–assembly of CB[7]–modified bispyridyl ligand (34) 

and cyclooctyne–modified bispyridyl ligand (36) with Pd(NO3)2 and p-xylene diammonium 

(PXDA) guest afforded Pd12L24–type MOP 67 (diameter = 6.5–7.0 nm). MOP 67 is 

attached to 18 units of cyclooctyne and 6 units of CB[7] whose cavity is occupied by PXDA 
guests (Figure 10A). Post–modification of MOP 67 with biotin–azide or RGD–azide via 
click chemistry afforded cell targeting ligands–modified Pd12L24–type MOP 68. The higher 

binding affinity of adamantane ammonium toward CB[7] compared to PXDA was exploited 

to functionalize the cage with a fluorescent dye (FITC) by performing guest exchange of 

MOP 68 with Ad–FITC to afford MOP 69. Covalent and non–covalent modifications 

afforded MOP 69 which is equipped with both targeting ligands and fluorescent dye 

molecules on its surface to investigate active targeted delivery to the cancer cells by 

fluorescence microscopy. U87 glioblastoma cells which express c–RGD binding integrin 

receptors (αvβ3) on cell surfaces, are incubated with c–RGD and FITC–labelled MOP 69 
for 30 mins at −4 °C. Flow cytometry (Figure 10B) study showed that MOP 69 equipped 

with c-RGD targeting ligands are better taken up by cells compared to control MOP which 

lacks c–RGD targeting peptide. This example demonstrated the ability of targeting ligands to 

selectively deliver MOPs to cancer cells. Larger MOPs equipped with cell targeting ligands 

will benefit from both passive targeting (EPR effect) and active targeting (receptor–mediated 

uptake), which will enhance the therapeutic efficacy of the MOP–based drug delivery 

systems in vivo.

Conclusion and Outlook

Self–assembled metal organic materials have emerged as novel supramolecular materials for 

a variety of applications. The use of MOPs in biomedical applications is an emerging and 
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rapidly expanding field of research. Metal organic polygons and polyhedra (MOPs) were 

found to be excellent candidates for developing new antitumor agents. Pioneering works by 

Stang, Therrein and others demonstrated that both Ru– and Pt–based MOPs exhibited 

cytotoxicities toward various cancer cell lines similar with other potent drugs like cisplatin 

or doxorubicin. These studies demonstrated that future research work on MOPs needs to be 

done to explore the full potential of MOPs as novel antitumor agents. The encapsulation of 

unmodified drugs and prodrugs within metal organic cages was cleverly exploited to protect 

and deliver cargoes to cancer cells. The targeted delivery of dyes to cancer cells using 

MOPs demonstrated by Isaacs and coworkers suggested potential applicability of metal 

organic cages in targeted drug delivery applications. These initial successes suggest that 

MOP–based systems should be more thoroughly investigated for biomedical applications. 

One challenge of current MOP–based drug delivery systems is their modest stability and 

tendency to fall apart within biologically relevant media. Often integration of MOPs with 

diverse class of chemicals are compulsory for selective delivery of drugs or dye to the 

desired location. So, the prospect of this field is not only relying on mere exploration of 

several MOP–based systems toward biomedical applications but also their ability to 

withstand in biological media and other chemical modifications. One future aim of this 

emerging field of research will be to look for more stable and robust MOPs.
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Figure 1: 
(A) Metal Organic Polyhedra (MOP 2-5) were obtained from [3+2] self-assembly of 

diruthenium molecular spacers (1 – 4) and tritopic ligand (5). (B) Metal Organic Polygons 

(MOP 6-9) were obtained from [2+2] self-assembly of diruthenium molecular spacer (2 or 

6) and ditopic ligand (bpy or 7). (Reprinted by permission from ref. 55. Copyright 2008 
from Wiley-VCH).
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Figure 2: 
A) Diruthenium molecular spacers (1–4) undergo [2+2] self-assembly with ditopic linear 

donors (8–20) to give metal organic polygons (MOPs). B) Diruthenium molecular spacer 

(21) was used to prepare new class of MOPs (50 and 51).
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Figure 3: 
(a) Chemical structure of MOP 52. (b) Kaplan– Meier plot displaying the survival trend 

after treatment with metallo trefoil knots, cisplatin, and metal-free trefoil knots at a fixed 

concentration of 4 μM. (Reprinted by permission from ref. 34. Copyright 2019 from Royal 

Society of Chemistry).
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Figure 4: 
A) Self-assembly of Pt(II)–based supramolecular polygons (MOP 53 and MOP 54) and 

their subsequent transformation to prepare supramolecular nanoparticles and vesicles. B) 

Antitumor study of xenograft tumor bearing mice of breast cancer MDA–MB–231 with 

MOP 53. (Reprinted by permission from ref. 83, 84 and 85. Copyright 2014 and 2016 from 

National Academy of Sciences and 2017 from American Chemical Society).
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Figure 5: 
A) Self–assembly of platinum–based MOP 55 and its encapsulation within hydrophobic 

micelles containing cell targeting ligand (biotin) endowing selective delivery of therapeutic 

platinum–based MOP 55 to tumor. B) Self–assembly of porphyrin containing platinum–

based therapeutic MOP 56 for combination of chemotherapy and photodynamic therapy. 

Therapeutic MOP 56 was delivered after encapsulation within hydrophobic sphere of 

nanoparticles containing cell targeting ligand (c-RGD). (Reprinted by permission from ref. 

87 and 88. Copyright 2016 and 2018 from National Academy of Sciences and Nature 

Publishing Group).
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Figure 6. 
A) Encapsulation of pyrene derivatives (Pyrene-R) by MOP 1 to give Pyrene–R@MOP 1. 

B) Microscopy images of cells incubated with py–tz and py–tz@MOP 1, transmitted light 

(left) and fluorescent light (right). C) Molecular structure of [(acac)2Pt@MOP 1] obtained 

from the CCDC (673229) and modified using Mercury software. D) Flow cytometry study 

of A2780 cells treated with Py-tz@MOP 1 demonstrated transportation and release of Py-tz 

inside cancer cell. (Reprinted by permission from ref. 55, 95, 96 and 97. Copyright 2008 and 

2010 from Wiley-VCH, 2012 from American Chemical Society and 2012 from Royal 

Society of Chemistry).
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Figure 7: 
A) Molecular structure of host–guest complex (cisplatin)2@MOP 57. B) Encapsulation of 

four molecules of platinum prodrugs (31) by MOP 58 to give (31)4@MOP 58. C) Synthesis 

of copper (II) containing cuboctahedron cage (MOP 59) and its surface modification with 

PEG to give water soluble MOP 60. D) Release profile of 5-fluorouracil (5-FU) from MOP 
60. (Reprinted by permission from ref. 98, 103 and 107. Copyright 2012 and 2015 from 

Royal Society of Chemistry, 2011 from Wiley-VCH).
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Figure 8. 
Self-assembly of methyl viologen–studded MOP 61 from ligand 33. Capping of MOP 61 
by CB8 followed by drug (ProDox) loading to give MOP 63. B) Flow cytometry 

experiments for HeLa cells treated with MOP 63 and ProDox. C) MTS assay for HeLa cells 

after treatment with MOP 63 and ProDox. D) Confocal fluorescence microscopy of HeLa 

cells treated with MOP 63 and ProDox. (Reprinted by permission from ref. 109. Copyright 

2016 from American Chemical Society).
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Figure 9: 
A) Co-assembly of cucurbit[7]uril–functionalized MOP 64. Co-assembly of MOP 65 and 

MOP 66 allow to load with hydrophobic dye nile red (NR) inside the cage and stimuli 

(chemical and pH–chemical) responsive release of NR. B) Naked–eye detection of 

hydrophobic guest (NR and DOX) encapsulation and chemical–responsive release. C) Flow-

cytometry analysis of the uptake of NR@MOP 65 by THP-1 cells. D) Fluorescence 

microscopy analysis of HeLa cells stained with NR@MOP 65. (Reprinted by permission 

from ref. 112. Copyright 2017 from American Chemical Society).
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Figure 10: 
A) Co–assembly of MOP 67. Dual post–synthetic modification of MOP 67 to give MOP 
69. B) Flow cytometry uptake study of MOP 69 (with c–RGD) by U87 cell lines. Inset: 

chemical structures of c-RGD-N3, Biotin-N3, Ad-FITC and PXDA. (Reprinted by 

permission from ref. 92. Copyright 2018 from Wiley-VCH).
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Chart 1. 
Approved and promising therapeutic metallodrugs.
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Chart 2: 
Approved and promising novel formulating agents.
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Table 1.

Cytotoxicities (IC50/μM) of ruthenium–based MOPs.

SK-hep-1 HeLa HCT-15 A-549 AGS MDA-
MB-231

1 (oxalato) >200 – – – – –

2 (dobq) >200 – – – – –

3 (donq) 149 – – – – –

4 (dotq) >200 – – – – –

Cisplatin 6.3 10.5 5.6 2.4 >100 2.7

doxorubicin 2.67 3.16 15.34 0.70

MOP 2 83.7 163.7 187.9 inactive – inactive

MOP 4 3.8 9.2 4.1 3.4 – 7.6

MOP 17 114.05 – 109.60 – 31.96

MOP 18 51.08 14.91 11.40 – 9.61

MOP 19 58.88 43.71 11.91 – 10.37

MOP 20 15.45 20.48 15.23 – 11.65 –

MOP 21 5.36 9.40 9.83 – 2.65 –

MOP 22 8.60 9.55 13.27 – 10.83 –

MOP 23 6.97 – 7.46 – – –

MOP 24 29.53 – 39.45 – – –

MOP 25 66.19 – 53.66 – – –

MOP 26 63.58 – 57.05 – – –

MOP 27 9.60 – 10.66 – – –

MOP 28 16.32 – 17.68 – – –

MOP 31 4.2 10.2 3.7 3.2 – 2.8
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Table 2.

Cytotoxicities (IC50/μM) of ruthenium–based MOPs.

A-549 Colo320 H1299 MCF7

21 >100 >100 >100 >100

cisplatin >100 38.6 >100 >100

MOP32 38.86 >100 >100 80.91

MOP33 10.18 0.33 3.62 <0.1

MOP50 13.94 >100 >100 80.91

MOP51 78.86 15.42 15.65 8.41
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Table 3.

In vitro and in vivo cytotoxicities (IC50/μM) of trefoil knots.

MOPs Cell lines Zebrafish
Embryo

HeLa A2780 A2780
/cis

MDAMB PC3 MCF-7 HEK-
293

Cu–MOP 52 13.3 3.2 1.3 2.4 27.7 4.8 20.4 4

Zn–MOP 52 5.4 8.3 5.7 6.0 44.5 17.7 11.8 8.8

Fe–MOP 52 1.3 5.2 2.3 3.1 0.9 9.1 >100 8

Cd–MOP 52 1.5 2.1 0.6 1.9 11.7 7.8 16.8 8

Mn–MOP 52 3.3 4.1 4.2 0.8 7.5 3.4 24.3 4.8

Metal-free
MOP 52

>100 >100 54.6 >100 >100 27.4 >100 >100

cisplatin 25.7 11.2 28.1 16.5 15.4 5.8 1.7 250
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Table 4.

Cytotoxicities (IC50) of several host–guest complexes of MOP 1 towards A2780 cells.

IC50

[(acac)2Pd]@MOP 1 1 μM

[(acac)2Pt]@MOP 1 23 μM

[Pyrene-sulfonamide]@MOP 1 2 μM

[Pyrene-ethacrynamide]@MOP 1 3 μM

[Pyrene-floxuridine]@MOP 1 0.3 μM

cisplatin 1.6 μM

MOP 1 23 μM

Py-tz@MOP 1 6 μM
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Table 5.

Cytotoxicities of cisplatin, 31, MOP 58 and (31)4@MOP 58 toward several cell lines.

Cell lines IC50 (μM)

cisplatin 31 MOP 58 (31)4@MOP 58

A 549 10.5 50.7 >250 31.5

A2780 1.67 3.58 31.1 4.40

A2780CP70 9.76 22.3 57.7 14.7
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