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Abstract

	 Coordination compounds have been successfully investigated for their therapeutic potential 
within the pharmaceutical industry due to their distinct chemical and physical characteristics. This 
literature review aims to offer the applications of coordination compounds in antibacterial, antifungal, 
antidiabetic and anticancer therapies. It explains in detail transition metal-based complexes which 
have been tested for treating diseases linked to bacteria, fungi, diabetes and cancer. These include 
silver nanoparticles which have both antibacterial and antifungal activity, platinum and zinc complexes 
with anticancer activity, and, oxo-vanadium (IV) complexes with is antidiabetic properties. The review 
provides the key action mechanisms of these complexes and highlights the efficiency and essential 
advancements within the field. The findings reveal that coordination compounds help enhance drug 
efficiency, bioavailability, and promote drug specificity. However, gaps still exist as there is little 
knowledge on the potential transition metals such as scandium and mmetal toxicity has become a 
major factor which holds back transition metal-based drugs from being approved. This review further 
points out the need for extensive research on various heteronuclear and polynuclear complexes. This 
review also emphasizes the need to adopt sustainable methods in synthesis of metal complexes for 
bio-inorganic applications. The information from this literature review helps contribute to the ongoing 
research within the drug development field thus offers itself as a foundation for upcoming studies in 
this promising research. 

Keywords: Coordination compounds, Drug development, Antimicrobial,  
Antifungal, Antidiabetic, Anticancer.

Introduction

	 Coordination compounds also known 
as coordination complexes comprise of a bond 
between one or more central transition element 
and a molecule or ion species known as a ligand1 

(Ligands are referred to as Lewis bases as they 

concede a pair of electrons to empty orbitals of 
the central transition atom. The central transition 
element(s) then becomes a Lewis acid, reason being 
they accept a pair of electrons from ligands. As such, 
the coordination of the two is sometimes called a 
Lewis acid-base adduct2. The complex may exist 
in what is called a coordination sphere which may 
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be charged or neutral. The charge of a coordination 
sphere may be negative or positive; in both cases 
the stability of the complex is compromised. As a 
result, charged coordination spheres are coupled 
by charged species referred to as counter ions3. 
The number and identity of ligands which are 
coordinated to a central atom(s) have impactful 
effects to the coordination compound as they help 
dictate the stability, reactivity and geometry of the 
complex. For instance, the geometry of a complex 
is directly linked to how many ligands coordinated 
to a central atom, thus the coordination number of 
a complex. Coordination chemistry just like other 
disciplines in chemistry has various applications 
which cut across numerous fields including catalysis, 
cosmetic industry, pharmaceutical industry, chemical 
processes such as photosynthesis and drug 
development just to mention a few4. 

	 Drug development is a highly authoritative 
process of finding a possible medication or vaccine 
for a particular disease, illness or condition5. This 
process involves four major phases, namely the early 
drug discovery phase, pre-clinical phase, clinical 
phase and the regulatory approval phase. These 
phases occur in the above respective order and 
involve scientific researchers, medical personnel, 
and national regulatory bodies amongst others.
The early drug discovery phase involves a series 
of steps including the reveal of the area for which 
the suggested drug is to work onto. It involves also 
the identification of active compounds including 
their mechanism of action. This first major step 
also entails enhancing the properties of the active 
compound, a step where the science of coordination 
compounds is very useful. The second phase is the 
pre-clinical phase where compounds used to make 
the drug undergo a comprehensive analysis in a lab. 
Animals are mostly used to check for the safety and 
efficiency of the drug during this step5. The above two 
phases involve researchers from biology, chemistry 
and pharmacy. The third phase is the clinical phase 
which builds onto what was done in the pre-clinical 
phase. It has four sub-phases, in phase 1 a more 
exhaustive analysis of compounds used to synthesis 
the drug is done, in order to establish drug tolerance, 
efficiency and suggest dosage. Phase 2 involves 
a comprehensive process of coming up with a 
working dosage before the drug is offered. A small 
number of less than a hundred patients are used to 
implement the three components. To authenticate 

the medications tolerance, efficiency and dosage 
the sample number is increased to multiples of a 
thousand6. These steps occur before the medication 
is approved and medical personnel such as medical 
doctors are involved. Phase 4 involves proposals 
to commercialize the medication, after a receipt 
of regulatory approval for marketing is equipped.
Lastly the final major step is the regulatory approval 
phase. This occurs after a clinical trial for an active 
medication or vaccine is complete. The data is 
collected and analyzed by a national regulatory 
body. It is only after the compounds analyzed pass 
the testing that the suggested medication or vaccine 
can be approved for marketing and be used to treat 
disease, illness or conditions5.

	 A l though there has been a huge 
development in epidemiology, there is still a huge 
population of humans who die from untreated 
illness, including medication prescription side 
effects7. Diseases such as cancer are on the rise 
with more complex destructive mechanisms to 
the human body as human civilization gets more 
advanced. Diabetes is also another condition 
which is now becoming more infiltrated into the 
human population8. Microbes inclusive of bacterial 
species and fungal species are also evolving, thus 
reproducing new variants which pose significant 
health risk to human cells. This calls for more specific 
treatments and therapies.Prescription drugs can 
sometimes lead to what is known as iatrogenic 
illness which includes an adverse reaction due to 
a prescribed drug. Iatrogenic illnesses are the fifth 
leading causes of death in the world. The reason 
being that such drugs are not target specific, they 
affect and cause other numerous biochemical 
reactions with their own biochemical cascades. 
As a result, affecting the non-targeted areas of the 
patient’s body9.  Coordination compounds enhance 
drugs specificity to the target area, inclusive of 
improved binding and controlled release are of great 
application to drug development10. Coordination 
compounds are therefore an applicable measure 
to reduce the effects of iatrogenic illnesses which 
results in death. Coordination compounds have 
unique and distinct molecular structures hence, 
they have been used in controlling and treating 
illnesses related to microbial infection and cancer-
related illnesses due to their anti-microbial and 
anti-tumor potential effects11. The aim of this review 
is to present a comprehensive overview of the 
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present research and investigations on the use of 
coordination compounds in antimicrobial, antifungal, 
antidiabetic and anticancer drug development. This 
review will cut-cross the anti-microbial, anti-cancer,  
anti-diabetic and anti-fungal applications of 
coordination compounds.

Coordination compounds in drug development 
as antimicrobal and antifungal agents
Introduction to antibacterial and antifungal 
coordination complexes
	 Antimicrobial resistance is a process by 
which single-celled organisms such as bacteria, 
protozoa and fungi undergo an evolutionary 
process resulting in them becoming resistant to 
antimicrobial drugs. This process has now become 
proliferated within single-celled species. This 
constitutes as a threat to both human, animal and 
plant life. Over half a billion people are infected by 
detrimental fungal diseases such as pneumonia 
and aspergillosis. These infections are caused by 
fungal species such as the Aspergillus fumigatus 
which is resistant to most antifungal drugs. 
Henceforth, the production of new and striking 
curative agents with the use of coordination 
compounds is an inspiring, industrious endeavor 
that could help redress this issue. This is because 
coordination complexes have biochemical qualities 
which allow them to impede the homeostasis of 
most microbes.

	 This chapter focuses on the inherent 
capacity of coordination compounds on the drug 
development of antimicrobial agents specifically: 
copper, zinc, silver, iron, cobalt and ruthenium. 
It further delves into the mechanism of action of 
these metal complexes and recent advancements 
in coordination compounds as antimicrobial and 
anti-fungal agents.

Silver-Based Antimicrobial Complexes
	 Silver salts have prehistoric applications 
within the medical field. It has antimicrobial 
applications which date back to the early 18th 

century right through to the 19th century. It was 
used as an antiseptic in the form of colloidal 
silver and used to leech burn wounds in the 
form of its salt silver nitrate. In 1968 the Food 
and Drug Administration approved a silver 
complex called si lver sulfadiazine (Fig. 1) 
commercialized as Silvadene. Silvadene is a 

wide range antibiotic which can also be used 
to cure burn wounds12. Silver complexes have 
biochemical properties which allow them to 
act upon microorganism’s cells. These include 
lipophilicity, redox ability, solubility in water and 
the ability to release Ag+ ions, the active element. 
It is these properties that form the basis of action 
mechanisms by which silver complexes mainly 
the Ag+ ions follow13.

Fig. 1. Silver sulfadiazine structure13

	 Si lver nanopar t icles (Ag NPs) are 
antimicrobial agents biologically synthesized. They 
are of use within medicine due to their explicit action 
against both fungal species and bacterial species. 
Savithramma and coworkers prepared Ag NPs 
from stem bark extracts of Boswellia ovalifoliolata 
and Shorea tumbuggaia, and leaf extract of 
Svensonia hyderobadensis. The enclosing of the 
silver complexes into organic nanoparticles allows 
for a continuum release of the Ag+ ions which 
can infiltrate the cell wall of most single-celled 
organisms. The bacterial cells have a cell wall, 
which its main component is a carbohydrate-peptide 
chain called the peptidoglycan. This is the main 
target of most antibiotics and thus making it a target 
of silver complexes14.

	 The cel l  wal l  also compr ises of a  
bi-phospholipid membrane which is found within 
the gram-negative bacteria on both sides of the 
peptidoglycan. The Gram-positive bacterium with 
a much thicker peptidoglycan only possesses 
a phospholipid bilayer below its peptidoglycan. 
Ag NPs are of very small size which is about 
110nm hence their high tendency to pierce into 
the cell wall right into the cell membrane due to 
their lipophilic quality. As such, Ag NPs educe 
structural abnormalities to both the cell wall and 
cell membrane as such making the bacterial and 
fungal cells more susceptible to lysis12.
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great effect was found within, Aspergillus niger 
and Fusarium oxysporum both with an inhibition 
zone of 10mm because of Ag NPs produced using 
stem bark extracts of Boswellia ovalifoliolata. The 
Ag NPs produced using stem barks extracts of 
Shorea tumbuggaia showed great effect against the 
Fusarium oxysporum species with an inhibition zone 
of 12mm. Lastly the Ag NPs produced using leaf 
extracts of Svensonia hyderobadensis were found 
to have great effect against Rhizopus arrhizus with 
an inhibition zone of 15mm14.

	 These complexes have redox ability thus they 
can release Reactive Oxygen Species (ROS) which 
can act upon DNA and RNA within microorganisms’ 
cells. DNA molecules are very intrinsic to the 
survival of microorganisms. It is involved in crucial 
processes such as the reproduction of daughter 
cells, transcription for synthesis of messenger RNA 
which will later be used for translation, a process 
of protein synthesis12. The release of ROS by silver 
complexes will ultimately prevent DNA replication 
and as a result cells cannot divide and increase 
population. Additionally, any disruption to the amino 
acid sequence of proteins may result in mutations 
which are detrimental to the normal functioning of 
the microorganism leading to death.

	 Young’s and coworkers in 2004 prepared 
some pincer Ag(I)- carbene complexes (Fig. 3) which 
went through a successful test of their antimicrobial 
property against Escherichia coli, Staphylococcus 
aureus, and Pseudomonas aeruginosa. Compared 
to the previously used silver nitrate which is not a 
complex. The silver complex was more effective even 
at lower concentrations15. This has shown promising 
applications against both bacteria and fungi.

	 As discussed above, silver has been 
of use within the medical field for many years, 
henceforth scientists were interested in preparing 
complexes of silver. These included the Ag(I) 
N-Heterocyclic Carbene (NHC) complex which 
has antibacterial activity. Youngs and coworkers 
in the year 2004, synthesized various pincer  
Ag(I)-carbene complexes (Fig. 3) and tested them 
for toxicity against Escherichia coli, Staphylococcus 
aureus and Pseudomonas aeruginosa species. 
The minimum inhibitory concentration (MIC) of the 

Fig. 2. Mechanism action of silver nanoparticles  
on fungal and bacterial cells12

	 E s c h e r i c h i a  c o l i ,  P s e u d o m o n a s 
aeruginosa, Bacillus subtills, Proteus vulgaris and 
Klebsiella pneumoneae were the bacteria species 
that were cultured and tested for toxicity of Ag NPs. 
These cultures were spread into a plate containing 
nutrient agar. They were then exposed to a solution of  
Ag NPs of 10µg/mL and incubated for 24 h at a 
temperature of 37°C. The fungal species were also 
tested for toxicity action by the Ag NPs. These fungal 
cultures were swabbed on to the potato dextrose 
agar plates and dipped into a solution of Ag NPs with 
a concentration of 10µg/mL. They were incubated  
for 7 days. These fungal species consisted of 
Fusarium oxysporum, Curvularia lunata, Rhizopus 
arrhizus, Aspergillus niger and Aspergillus flavus 
species14.

	 The findings were positive with the effects 
of toxicity indicated by inhibition zone in millimeters 
for all bacterial and fungal species. There was 
great effect among the Klebsiella pneumoneae, 
Escherichia coli and Pseudomonas aeruginosa 
for bacterial species. The inhibition zones were 
12mm, 8mm, and 15mm respectively. The Ag NPs  
were produced from stem barks extracts of  
Boswellia ovalifoliolata and Shorea tumbuggaia and 
leaf extract of Svensonia hyderobadensis and this 
respective order corresponds to the above order of 
bacterial species14.

	 As for the fungal species the stem  
barks extracts used to produce the Ag NPs were 
Boswellia ovalifoliolata and Shorea tumbuggaia 
and leaf extract of Svensonia hyderobadensis. The 
results were positive for all fungal species. Although, 
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complexes with compounds 1 and 2 (Fig. 3) were 
found to have better antibacterial activity compared 
to the usually better antibacterial agent AgNO3. This 
was also evident when lower concentrations of the 
pincer Ag(I)-carbene complexes were used15.

of these elements in the human body is less than 100 
mg. These include Iron, Zinc and Copper18. These 
transition metals are sometimes referred to as co-
factors as they aid in catalytic biochemical reactions 
by coupling with enzymes. Copper is a cofactor for 
enzyme superoxide dismutase. They help in affirming 
the enzyme conformation to accommodate the 
appropriate substrate12. It is important to note that 
these transition metals including copper are only 
useful and safe to microbes at low concentrations. At 
high concentrations they become toxic to microbes, 
a reason why copper has applicable use in synthesis 
of antibacterial and antifungal agents. The action 
mechanism of copper complexes is dependent  
on their geometry and the type of ligands coordinated 
to copper13.

Fig. 3: Silver N-Heterocyclic Carbene complex  
synthesized by Youngs and coworkers13
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	 Various strains of Burkholderia cepacian, 
which is a very resistant respiratory pathogen found 
within lungs of patients with cystic fibrosis, were 
inhibited by complex 4 (Fig. 3). Compounds 6-9 
(Fig. 3) portrayed MIC values less than 6µg/mL. 
These were against the Burkholderia pseudomallei, 
Burkholderia mallei, Bacillus anthracis, and Yersinia 
pestis species. Whereas compounds 4 and 6 were 
tested against the strains of Yersinia pestis and the 
MIC values were 1µg/mL15.

	 Recent investigations show that silver in 
its first primary valence that is +1 oxidation state, 
when coupled with antifungal azoles, it has high 
activity compared to when the antifungal azole is 
used separately16. As for the Ag NPs, when they are 
combined with some of the general antibiotics and 
antifungal ligands there is an increase activity seen 
against the proliferation of both bacteria and fungi17. 
These haven’t been officially commercialized; it is as 
far as the research goes. 

Copper-Based Antimicrobial Complexes
	 Microorganisms use elements such 
as Carbon, Nitrogen, Oxygen, Phosphorus and 
Hydrogen in large quantities therefore these are 
called major nutrition elements. Most transition metals 
are required by microorganisms in minute quantities 
therefore known as trace elements. The daily usage 

Fig. 4. Mechanism action of copper on bacterial cell 
membrane13

	 Although the exact mechanism of the 
antimicrobial activity of copper is not known, many 
investigations have indicated that it can release 
Reactive Oxygen Species. These released ROS 
through the Fenton-type chemical reaction can 
disrupt the cell membrane of bacteria and fungi. 
This poses a threat to the genetic material of 
microorganisms especially the membrane unbound 
free flowing chromosome of the bacterial species. 
ROS cause significant damage to the DNA leading to 
gene loss and ultimately death of microorganisms19. 
A mixed-ligand copper(I) bromide complex with a 
tetrahedral geometry (Fig. 5), indicated 100 times 
greater antimicrobial activity against Escherichia coli, 
Bacillus subtilis and Bacillus cereus, as compared 
to ampicillin. It is an antimicrobial agent that uses its 
ability to release ROS to break down the bacterial 
cell membrane12.
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the central atom that occurs within most complexes12. 
Research indicates that copper (II) complexes 
with five-membered heterocyclic ring substituents 
such as sulfamethoxazole (Fig. 8) possess greater 
antimicrobial activity against both Gram-positive 
and Gram-negative bacteria as compared to free 
sulphonamides. This is because they impede the 
biosynthesis of tetrahydrofolic acid which is essential 
for bacterial metabolism13.

Fig. 5. A mixed-ligand copper (I) bromide complex 
structure12
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	 Another reason why copper complexes are 
antimicrobial agents is due to their activity when in 
the form phthalimide-based copper(II) complexes 
(Fig. 6). Phthalimide moieties and their compounds 
are known to be antimicrobial due to their ability to 
euthanize the DNA13. The copper complex (Fig. 6) 
was found to have an antibacterial activity against 
various strains of bacteria, but this was pronounced 
within the Salmonella enterica with inhibition 
concentration (IC50) of 0.0019µg/mL. This effect was 
much pronounced when compared to the commonly 
used antibiotic ciprofloxacin and the phthalimide 
ligand itself which is antibacterial20.

Fig. 6. Phthalimide-based copper (II) complex structure13
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	 Copper complexes also help raise the 
lipophilicity of some compounds which have an 
antimicrobial activity. Take the case of the free 
anionic sulphonamides (Fig. 7), which have an 
antimicrobial activity, but this is hindered by 
their inability to deeply pierce into the bacterial 
cell membrane due to low lipophilicity. When 
sulphonamide ligands are coordinated with copper 
(II) their lipophilicity is dramatically enhanced. This is 
due to the delocalization of electrons from ligands to 
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Fig. 7. Free anionic sulphonamide structure12

Fig. 8. Copper (II) complex with five-membered  
heterocyclic ring substituents structure12
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	 Currently research on the potential actions 
of copper-based complexes as antimicrobial is 
undergoing. Mostly it’s the amino acid derivatives, 
and heterocyclic ligands along with Schiff bases 
that portray a great activity against both fungal and 
bacterial species21. Copper (II) complexes including 
the one stated above, along with those coupled 
to terpene derivatives of ethylenediamine have 
showed high action against fungal growth when 
in comparison to standard clinical drugs such as 
amphotericin22. These complexes have also been 
able to act on bacterial species notorious to be 
resistant to clinical drugs. 

Zinc-Based Antimicrobial Complexes
	 The second most abundant transition 
metal in the human body after iron is zinc. An 
average mass of 2-3 g of zinc is found within the 
human body. Zinc is another essential trace element 
which aids in enzymatic biochemical reactions of 
the human body. An appropriate concentration of 
zinc enables the activity of antioxidant enzymes 
such as the zinc-copper superoxide dismutase23. 
Zinc has long been regarded as an antiseptic 
element. Henceforth, it has been involved in the 
preparation of drugs with medically active ligands 
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such as benzimidazole, these giving the complex 
potentiality to be antimicrobial and antifungal. Zinc 
inhibits the growth of many bacterial species, for 
example Escherichia coli and Streptococcus faecalis. 
When in its most stable primary valence of +2, its 
complexes portray antifungal activity against fungal 
species such as Candida albicans and Aspergillus 
niger. Zn+2 complexes have around 4 to 10 times 
higher activity compared to antifungal activities of 
fluconazole12. Zinc complexes antimicrobial activities 
can be described in two action mechanisms. Firstly, 
they can directly react with membrane of microbes 
resulting in loss of membrane structure and thus an 
increase in membrane permeability. Secondly, they 
can react with essential molecules such as DNA 
and RNA. Ultimately the microbes face an inevitable 
death13. These complexes are of a high lipophilic 
nature, enabling direct interaction and penetration 
into the lipid membrane as discussed above.

	 Zinc (II) and Copper (II) ions share similar 
charge densities and size. Therefore, they have a 
high tendency to coordinate with identical ligands 
such as oxygen, and sulfadiazine donor ligands. 
As a result, some of these metal-based complexes 
portray similar antifungal and antimicrobial activity.  
Using the Irving–William’s series and the Ligand 
Field Stabilization Energy, it is clear that the stability 
of copper (II) complexes is great compared to that 
of zinc (II) complexes. In general, complex stability 
increases as the ionic radius decreases across the 
series. Nevertheless Zn2+, which has lower stability 
due to the absence of Ligand Field Stabilization 
Energy for its d10 electronic configuration, is in 
favor over Cu2+. Reason being Zn2+ has no liking 
for any specific ligand field geometry compared to 
the Cu2+ complexes12.

	 This means complexes with unfavorable 
geometries to metal centers like Cu2+ can be 
synthesized. For example, Abu Ali and coworkers 
prepared Zn(II) complexes with the anti-steroidal 
noninflammatory drug Ibuprofen in the presence of 
N-donor heterocyclic ligands, with various carboxylate 
coordination numbers (Fig. 9). The crystal structures 
of the synthesized complexes were determined using 
a single-crystal X-ray diffraction. Which indicated 
that the complexes are of different structures and 
shapes. These included tetrahedral, hexagonal 
and square planar geometries. Thecomplexes 
were tested for antibacterial activities against both  

Gram-positive bacteria such as Staphylococcus 
aureus and Bacillus subtilis, the inhibition zones 
found were 10.3mm and 12.0mm respectively 
using complex 1 (Fig. 9). It was also tested against 
Gram-negative bacteria including Escherichia coli 
and Klebsiella pneumoniae with inhibition zones of 
14.1mm and 11.3mm using complex 2 (Fig. 9)24. The 
findings indicated a strong influence of the geometry 
of the complexes on their antimicrobial activities. 
Additionally, desirable antimicrobial activities, were 
portrayed by square pyramidal Zn (II) complexes. It 
had both bactericidal and fungicidal effects against 
a wide range of bacteria and fungi12.

Fig. 9. Structure of zinc–Ibuprofen complexes12
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	 Recent studies on zinc-based complexes 
indicate that there is high activity by zinc metallodrugs 
on both bacterial and fungal species. Just as seen 
with silver, zinc can be made into nanoparticles 
which are efficient against bacterial species such 
as Escherichia coli and Candida fungal species25. 

Iron-Based Antibacterial Complexes
	 Iron is the most abundant transition element 
in the human body making it an essential trace 
element required in relatively higher concentration. 
This is due to its many functions in the human 
body, primarily the transport of oxygen around the 
cells of all living things which are dependent on 
aerobic respiration. Iron as Fe2+ forms a complex 
known as heme in hemoglobin and myoglobin12. 
Enzymes require iron as their cofactor to assist in 
their function such as the electron transfer property 
of cytochrome, which is involved in oxidative 
phosphorylation, a process where large amounts 
of Adenosine Triphosphate are produced under 
aerobic respiration26.

	 Pathogenic bacterial species depend 
greatly on iron for their growth, henceforth iron 
complexes with ligands which have potential 
antimicrobial activity are of great application 
within the pharmaceutical industry. Coordinating 
antimicrobial organic molecules to iron can help 
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meditate microbial infections. This is due to the 
efficient drug delivery to the target area property 
of iron complexes. Iron quinoxaline derivative 
complexes (Fig. 10) used to treat tuberculosis were 
synthesized through this strategy which showed 
an enhanced antibacterial activity of quinoxaline 
derivatives. The findings were that such iron 
complexes have a significant enhancement in the 
activity against Mycobacterium tuberculosis as 
compared to the free ligands. This was achieved by 
coordinating the quinoxaline derivatives which have 
antibacterial activity to the iron metal center13.

	 For instance, Tarallo and coworkers 
had synthesized an iron-quinoxaline derivative 
compounds to as to achieve agents against 
tuberculosis27. The newly prepared iron-quinoxaline 
derivatives were found to have a significant activity 
against Mycobacteria tuberculosis. The reported 
MIC values were 3.9-6.2µg/mL compared to that 
of free ligands which were of 0.78µg/mL. These  
MIC values range of the iron-quinoxaline derivates 
is also much greater compared to that of the 
clinically used antibiotics such as streptomycin and 
ciprofloxacin which have MIC values of 1.00µg/mL 
and 2.00µg/mL respectively28,29.

antibacterial. This is supported by the high inhibition 
zones and low toxicity when compared to other 
standard drugs30. 

Manganese-Based Antifungal complexes
	 Manganese is another essential trace 
element that is introduced into the human body mainly 
via food and water intake. This transition element is 
absorbed into blood via the gastrointestinal tract 
where it is transported to the mitochondria of different 
organs such as the liver and pancreas. Just like other 
transition elements manganese is involved in the 
activation of many enzymatic biochemical reactions 
such as of the oxidoreductases18. Manganese 
metalloenzymes include the glutamine synthetase 
and the phosphoenolpyruvate decarboxylase. The 
mechanisms of manganese-based complexes 
against fungal infections include the inhibition of 
biofilm formation, destruction of fungal essential 
enzymes and the disruption of metal homeostasis 
of fungal species.

	 Fungal cells have sophisticated ways in 
which they regulate metal homeostasis to help 
support cellular function and avoid toxicity. Metals 
such as zinc, iron and manganese are important 
for various biological processes in fungal cells. 
They act as cofactors for their enzymes, used 
in redox reactions and are involved in structural 
function. Manganese complexes (Fig. 11) on the 
other hand can segregate essential metals making 
them inaccessible to fungal cells31. This results in 
abnormal functioning and thus an abnormal growth 
of the fungal cells. This is due to fact that fungi 
have enzymes which are dependent on metals as 
cofactors. Without the metals they cannot carry 
out effectively biological processes such the DNA 
replication, respiration and repair mechanisms.

	 Alternatively, manganese complexes can 
lead to the increased concentration of manganese 
metal within fungal cells which is highly toxic to the 
cells, as it leads to oxidative stress which educe 
cell death. Reactive oxygen species produced by 
these complexes cause oxidate damage to essential 
molecules such the DNA and lipids31. This further 
destroys cell membrane integrity and weakens 
the cell wall making fungal cells more susceptible 
to environmental stresses such antifungal agents. 
An example of such manganese complexes is the 
manganese (II) based complexes.

Fig. 10. Structures of chloroquine and iron-chloroquine 
derivative complex12
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	 Iron complexes, with the central metal as 
Fe3+, effectively carry the bioactive ligands to the 
target area. It also helps increase concentrations 
inside the target microbial cells as multiple 
bioactive ligands can be coordinated to the iron 
metal center. For instance, iron (III) complexes of 
1,2,4-triazole Schiff bases have also been reported 
to portray greater antimicrobial action against both  
Gram-positive and Gram-negative bacteria in 
comparison to the free bioactive ligands13. Although 
iron is popularly studied in its +2-oxidation state, 
recent studies have shown that iron in its +3-oxidation 
state has effective activity against microbes. For 
instance, iron (III)-based metal-organic frameworks 
have been proved to be highly antifungal and 
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and may lead to death if the cancer cells are not 
controlled. There are various causes of cancer, of 
which there is partial understanding due to their 
intricate nature. Commonly cancers are caused by a 
group of substances known as carcinogens which in 
some way damage the DNA inducing the abnormal 
multiplication of cells35. Examples of carcinogens 
include tobacco and radiation such as the gamma 
rays. Factors such as lack of exercise, obesity 
and dietary factors are known to either prompt 
or, together with carcinogens they may promote 
carcinogenesis. Cancer has become one of the world 
leading causes of death presenting itself as a huge 
concern in the epidemiology sector.

	 Coordination compounds have been of 
huge application in treating and mediating human 
illnesses and diseases including cancer. Since the 
discovery of the cisplatin in the year 1965, other 
transition metal-based complexes have been under 
investigation to test their antitumor or anticancer 
potentiality. Transition metal complexes such as 
platinum, copper, vanadium, ruthenium and copper 
are examples of complex metals that have been 
synthesized and tested to develop drugs that are 
anticancer19. This chapter focuses on the inherent 
capacity of coordination compounds on the drug 
development of anticancer agents. Precisely gold, 
platinum, copper and ruthenium. This includes a look 
at their action of mechanisms, examples of effective 
complexes and the recent advancements.

Gold-based anticancer complexes
	 Gold has been of great use in the medical 
sector since ancient times. Its use can be traced 
back to Tiongkok in 2500 BC when it was used 
widely by physicians. It helped treat skin ulcers and 
smallpox. Some uses also include the use of gold 
to cure joint pain and mediate illnesses associated 
with lungs. In 1980 a German bacteriologist 
Robert Koch discovered that gold complexes 
can inhibit the growth of bacteria that causes 
tuberculosis. Although this was proven ineffective 
later, the effectiveness of gold complexes against 
rheumatoid arthritis was soon confirmed36. Gold 
therapy soon became popular as now gold 
complexes are being tested and being used to 
detect several types of cancer. The reason being 
that cancer DNA binds to gold regardless of the 
type of cancer, for example lung cancer (Fig. 12). 
This is aided using gold nanoparticles.

Fig. 11. Manganese based antifungal complex32
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	 Manganese complexes have been proven 
to inhibit the biofilm formation of fungal species. 
They interrupt the fungal cell’s ability to adhere to 
surfaces and other fungal cells as the extracellular 
matrix that aids the biofilm is also disrupted. The 
exopolysaccharides production is also reduced by 
signal pathways induced by manganese complexes. 
This is an essential component of the biofilm. 
Biofilm formation is a way in which fungal cells 
protect themselves from external harm thus aiding 
in antifungal resistance but as it becomes inhibited 
it is much easier to control and treat these fungal 
infections as the fungal cells are now exposed.

	 Current ly invest igat ion of  var ious 
new manganese complexes has been used to 
successfully prove how effective manganese 
complexes are against both bacterial and fungal 
species. These novel manganese complexes include 
the manganese (I) tricarbonyl compounds, which 
were proven effective against the Gram-positive 
bacterial species, where the cell membrane was 
disrupted with no effect on human cells33. At the 
same time, manganese complexes have been doped 
with other metals as a way to reach a wide range of 
applications across different microorganisms34. 

Coordination compounds in drug development 
as anticancer agents
Introduction to applications of coordination 
compounds as anticancer agents
	 Cancers are a set of ailments which result 
from the irrepressible proliferation of abnormal cells. 
These abnormal cells may pervade other normal 
regions of the body with normal cells thus resulting 
in what is known as metastatic cancer. This stage is 
considered the quadrant stage of cancer diseases 
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	 Nanoparticles are generally less than 
100nm in size this is an advantageous property as 
now researchers can use these NPs to mediate 
drug development within the pharmaceutical 
industry. The small size of NPs allows for easy 
holding of the hydrophobic drugs including the 
anticancer drugs until they reach their target site with 
reduced modification by the body immune system.  
Au-NP have high stability, low cytotoxicity and are 
biocompatible making them great candidates for 
drug delivery in anticancer agents37.

	 Au-NPs target the tumor cel ls via 
accumulation and ensnarement. This is further 
enhanced and defined by the retention and 
permeation effect of the Au-NPs into cancerous cells. 
It is important to note that the level of permeation 
of the Au-NPs into the tumor cells is more selective 
towards the tumor cells as compared to the normal 
cells. This is due to the abnormal characteristic of 
the lymphatic flow and their angiogenic vessels. 
The size of Au-NPs allows them to pierce into the 
cell membrane of tumor cells educing cell apoptosis 
due to the disruption of the DNA molecule38. 
Additionally, these particles cause a malfunction to 
the mitochondrial cells thus activating the apoptotic 
signal cascades within the tumor cells thus leading 
to cell death.

was more pronounced compared to that of caspase 
9. There was a 1.5-fold increase in the activity of 
caspase 3 treated with 25µg/mL of Au NPs.

	 The release of Reaction Oxygen Species 
within cancer cells is enhanced by Au-NPs. This 
leads to destruction of cellular components such as 
DNA which are highly essential for replication, that 
is the proliferation of cancer cells. DNA molecule is 
also involved in the process of transcription whereby 
DNA is made into RNA molecule to produce proteins 
needed by the cell40. These proteins include the 
enzymes which help catalyze biochemical reactions 
with cells, without them cells are prone to malfunction 
and ultimately cell death occur. These action 
mechanisms are similar to most of the gold-based 
complexes (Figure 13).

	 Commonly cancer cells are treated using 
radiation therapy. A process whereby high doses of 
radiation is used to shrink and kill cancer cells. The 
radiation source can be from without the body which 
is known as external radiation. It can also be internal 
whereby a radioactive species is placed inside or 
near tumor cells. Au-NPs can act as radiosensitizers, 
making the cancer cells highly prone to radiation 
therapy38. This is because Au-NPs absorb radiation, 
therefore if they are placed within cancer cells, they 
can increase the radiation energy within cells making 
them more susceptible to death.  According to Dewin 
and coworkers treating the cell with 25 and 50µg/mL 
concentrations of Au NPs resulted in an increased 
ROS generation by 50% and 100% respectively. This 
was successfully identified from DAPI staining.

Fig. 12. Mechanism action of gold nanoparticles  
on lung cancer cells39

	 A study by Dawei and co-workers on the 
relationship between caspases 3 and 9 activity and 
the concentration of Au NPs in the presence of 
substrate p-NA which is fluorescent when catalyzed 
by caspases at a wavelength of 400nm, revealed 
that the lung cells exposed to Au NPs of 25 and  
50µg/mL indicated a significant enhanced activity of 
both caspases. The activity of the initiating caspase 3 

Fig. 13. Gold based complex that has anticancer activity39
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	 At  the moment there are var ious 
investigations ongoing where the gold-based 
complexes are being synthesized to help enhance 
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drug delivery. Additionally, this aims to help improve 
selectivity of drugs for cancer cells as opposed to 
attacking all rapidly dividing cells such as the hair 
follicle cells41. Most research is within the activity of 
gold nanoparticles; consequently, functionalized gold 
nanoparticles are currently used for cancer therapy 
and theragnostic purposes42. These being due to the 
positive effects of using Au NPs which includes both 
drug delivery and improved imaging, along side the 
action of these Au NPs on tumor cells. 

Platinum-based anticancer complexes.
	 Platinum complexes are destructive to 
tumor cells in the sense that they damage DNA, 
they are also capable of enhancing the production 
of reactive oxygen species within a cell thus inducing 
apoptosis. This is indicated by the cisplatin complex 
which is an isomer of the Diamminedichloroplatinum 
(II) (Fig. 14). It is a square planar complex that has 
been of use in treating cancer since its discovery in 
the year 1965. It has applications in various cancers 
including testicular, ovarian and bladder cancer43. 
Cisplatin forms platinum-DNA adducts which 
interrupt the DNA sequence of cancer cells. This is 
due to its interaction with the guanine bases within 
DNA. As it binds to the guanine base it leads DNA 
damage which have destructive effects leading to cell 
death. The reason being essential processes such 
as DNA replication and transcription are inhibited.

cells43. Another complex with cytotoxic effects on the 
cancer cells is the novel cationic platinum (ii) complex  
(Fig. 16). This complex was synthesized by Rimoldi, 
and coworkers and it was proven successful as a 
cytotoxic agent against U87 MG glioblastoma cells44. 
The IC50 of 19.85±0.97 µM this complex was even 
better compared to the cisplatin complex which had 
an IC50 of 54.14±3.19 µM44,45.

Fig. 14. The structure of a)cis and b)  
trans Diamminedichloroplatinum (II)39
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	 Another platinum-based complex known 
as Oxaliplatin (Fig. 15) has useful applications in 
mediating cancer diseases. This is due to its ability 
to induce the programmed cell death of cancer cells. 
Oxaliplatin also binds to the DNA thus changing the 
DNA sequence. This has effects which are activators 
of the apoptotic pathways within cells (Fig. 17). It 
is mainly effective in colorectal cancer treatment37. 
This complex also induces immunogenic cell 
death of cancer cells thus increasing the immune 
response of the body. This is done via the release 
of molecules known as the damage-associated 
molecular patterns such as ATP and HMGB1 which 
help the immune system identify and invade tumor 
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Fig. 15. The structure of oxaliplatin46

Fig. 16. A novel cationic Platinum (II) complex  
that is anticancer12
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	 Platinum (IV) complexes also offer unique 
mechanisms which make them key players in 
treatment of cancer. These complexes are usually 
reduced to their active form of platinum (II) after 
they have penetrated the cell membrane of the 
cancer cells. This process of reducing platinum 
(IV) to (II) releases reactive oxygen species which 
contributes to oxidative stress. ROS are highly 
reactive molecules which can damage the DNA, 
essential proteins and the lipids with a cell47. 
Additionally, they trigger apoptosis, the reason being 
the ROS activate signal cascades which lead to the 
release of cytochrome c from the mitochondria. This 
activates caspases which are enzymes responsible 
for apoptosis48. Lastly, platinum (IV) complexes 
can be encapsulated into organic nanoparticles to 
make Pt-NPs. These have high level of specificity in 
the sense that they are target specific due to high 
stability and solubility11. This measure also allows 
for bioavailability of drugs at the target site avoiding 
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resistance and ensures high concentration of drug 
at the target site.

	 Cisplatin has been the first anticancer 
complex synthesized and used to treat cancer cells. 
This progressive innovation back in 1965 when it 
was discovered, but this complex was later deemed 
highly toxic to human cells. Reason being its lower 
levels of specificity to cancer cells, rather it invades 
almost all rapidly dividing cells including some of the 
human cells such as those in the gastrointestinal 
tract. Therefore, it has been imperative to synthesize 
other platinum complexes which are more target 
specific thus less toxic. Recently platinum complexes 
have been synthesized such as the platinum (II) 
complexes with ligands of dithiocarbamate49. These 
have been proved to be less toxic than cisplatin. There 
is also increased research on how to couple different 
therapeutic techniques to help reduce the resistance 
that cancer cells are notorious to acquire50. 

enhance the generation of reactive oxygen species.
The DNA is the target of a family of ruthenium 
compounds with general formula [Ru(h6-arene)  
(N, N0) X] + . Where X = Cl or I, N, N0 = ethylenediamine 
or N-ethyl ethylenediamine. These complexes form 
either monofunctional adduct or bifunctional adducts 
with the DNA molecule. Monofunctional adducts 
occur when a single ruthenium atom binds to one site 
of the DNA, usually at the N7 position of the guanine 
whereby ruthenium coordinates with a nitrogen atom. 
Bifunctional adducts involve the binding of a single 
ruthenium atom to two sites of the DNA molecule. 
This creates a cross link that occurs between two 
guanine bases. This interaction destroys the DNA 
molecules integrity, henceforth DNA dependent 
processes such DNA replication cannot occur39. 
The stability and specificity of these adducts is 
highly dependent on the geometry and types of 
ligands coordinated to the ruthenium. Ruthenium (II) 
DMSO-based complexes such the [RuCl2 (DMSO)2 
(Hapbim)] do bind to the DNA molecule.

	 Research conducted by Turro and Sandler 
indicated that the Ruthenium complexes with an 
oxidation of +2 are capable of covalently binding with 
the DNA molecule, specifically the histone proteins 
after detaching from their ligands52. This detachment 
occurs after the complex is exposed to light irradiation 
thus allowing the phototoxicity of the ruthenium metal. 
Turro and coworkers reported that the irradiation of 
cycloruthenated complexes53 (Fig. 18) at a wavelength 
of 690nm influences the toxicity of these complexes 
on the cancer cells. The IC50 value found was 70nM 
which is 14 times much more than that found when 
the cells are exposed to a dark environment53,54.

Fig. 17. Mechanism action of platinum-based  
complexes on cancer cells47

Ruthenium-based anticancer complexes
	 The action of mechanisms of ruthenium-
based anticancer complexes varies significantly 
depending on the geometry and ligands coordinated 
to the ruthenium complex. Ruthenium complexes 
usually assume octahedral geometry as compared 
to the already discussed platinum (II) complexes 
which assume a square planar geometry. Ligand 
influences the rate exchange which affects the 
stability and reactivity of a complex. For high stability 
to be attained by a complex, there shall be a slow rate 
exchange, this allows for kinetic stability of a complex 
as it is able to remain intact until it reaches the target 
site51. Ruthenium-based anticancer complexes 
interact with the DNA molecule, are highly specific 
ensuring selective targeting, inhibit metastasis and 

Fig. 18. Example of an anticancer cylcoruthenated 
complexstructure53
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	 Ruthenium complexes such as the 
tetrachloride dimethylsulpfoxideamidazole ruthenate 
(III) (NAMI-A) (Fig. 19) have the ability to inhibit 



2026Makuve et al., Orient. J. Chem., Vol. 41(6), 2014-2038 (2025)

metastasis of cancer cells. NAMI-A inhibits the 
formation of new blood vessels that tumor cells 
require to grow and proliferate. Angiogenesis is 
inhibited by starving the cells nutrients and oxygen 
gas which they require to multiply55. Another way 
in which this complex prevents metastasis is by 
reducing the ability of cancer cells to adhere to one 
another and reduces their ability to move around. 
The signal pathways that enable the movement 
and adherence of tumor cells are interrupted by this 
complex. Ultimately the cancer cells cannot detach 
from their primary root or primary tumor and pervade 
other unaffected cells55.

	 As of present times there are some 
ruthenium complexes which are under investigation, 
being synthesized and some are under clinical 
trials, for instance complexes such as BOLD-100 
and RAPTA-C59. Complexes such as the ruthenium 
(II) polyamine have been proven to have better 
selectivity and reduced toxicity against prostate 
cancer cells when compared to cisplatin60. There is 
also growing research on organometallic ruthenium 
complexes which have mechanism actions that make 
them potentially, the next-generation cancer drugs61. 

Coordination compounds as antidiabetic agents
Introduction
	 Diabetes mellitus is a set of metabolic 
illnesses which are defined by high levels of glucose 
in blood which is as a result of abnormalities in 
insulin secretion and or action8,62. Insulin is an 
anabolic hormone which means it is highly involved 
in the synthesis of proteins, carbohydrates and in 
the growth of voluntary muscles. Common types 
of diabetes mellitus include type 1, type 2, and 
gestational diabetes mellitus63. Causes of diabetes 
are coherent to the type that one has. For instance, 
poor diet, obesity and genetic predisposition are 
linked to type 2 diabetes mellitus. When it comes to 
gestational diabetes mellitus the causes are usually 
obesity and a family history of gestational diabetes. 
The causes of type 1 are unknown as of now, but it is 
linked to genetic factors and environmental triggers 
such as viral infections64.

	 At the moment diabetes mellitus is rising to 
an alarming epidemic level. In 2014 the World Health 
Organization (WHO) stated that 8.5% of people aged 
18 years and above were infected by diabetes. In 
2019, 15 million deaths were due to diabetes with 48% 
of these people below age 70. Trickle down to 2024 
the statistics published by the WHO state that more 
than 800 million people in the world have diabetes 
mellitus. Currently there is no cure for diabetes, 
however, treatment may help manage the disease 
and if one is lucky, they may reach a stage of diabetes 
remission. This raises a concern within the medical 
sector as now the need to develop drugs which are 
antidiabetic is vital due to the affected population. In 
recent years, metal complexes have been proved to 
have antidiabetic properties. These metals include 
zinc, vanadium, cobalt, copper and triazene-based 
metal complexes62. This chapter focuses on the 
inherent capacity of coordination compounds on the 
drug development of antidiabetic agents. Precisely 
vanadium, zinc, and cobalt. This includes a look at 

Fig. 19. The molecular structure of NAMI-A complex55
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	 There have been multiple studies that 
involved the synthesis of antineoplastic Ru (III) 
complexes which have antimetastatic effects to 
cancer cells such as NAMI-A. This complex has 
been successfully proven to reduce lung metastasis 
in mice56. A derivative of NAMI-A has also been 
prepared and this helped boost the activity of the 
NAMI-A including the stability of the complex when 
put in solution57. The two derivatives of NAMI-A  
(Fig. 20) were tested for the antimetastatic effects, 
and the results were of IC50 values >200 µM to the 
human lung cell lines A54955,58.

Fig. 20. The structures of NAMI-A derivatives55
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their action of mechanisms, examples of effective 
complexes and the recent advancements.

Vanadium-based antidiabetic complexes
	 Vanadium is a d-block metal which has 
various oxidation states ranging from -1 to +5. Under 
physiological conditions the accessible oxidation 
states include +3, +4 and +5 in the form of V+3, 
vanadyl (VO+2) and vanadate (VO3-). Vanadium in its 
+5 state is involved within the extra and intracellular 
equilibria. The human body has about 50-200 
micrograms of vanadium and daily humans take in 
about 10-60 micrograms through food. Henceforth 
each organ in the human body has about 0.01-1 
microgram. 90% of vanadium in the body is bound 
to proteins and the rest exists in the ionic form. In 
1985, it was found out that vanadium salt namely 
the sodium orthovanadate when added to drinking 
water, it can counteract the diabetes symptoms in 
rats65. The action mechanisms of vanadium-based 
complexes against diabetes include the inhibition of 
protein tyrosine phosphatase, activation of insulin 
receptor kinase and it has antioxidant properties.

	 Vanadium complexes inhibit protein 
tyrosine phosphatases which are responsible for the 
dephosphorylating the insulin receptor substrates. 
This helps in the signaling of insulin as it maintains 
the phosphorylation state of the insulin receptor 
substrates. An example of such complex is the 
Bis(maltolato) oxovanadium (IV) (Fig. 21) which 
inhibits the PTPs this improving the uptake of glucose 
and insulin signaling65,66. Vanadyl sulfate is an example 
of a vanadium-based complex that has antidiabetic 
properties. This is due to its ability to activate the 
insulin receptor kinase. As it does this, it mimics the 
action of insulin thus promoting the intake of glucose 
into cells and the synthesis of glycogen67.

	 Patel and coworkers on their research 
based on the analysis of a mixed ligand oxovanadium 
(IV) complex with a tridentate Schiff base68. The 
action mechanism of this complex was analyzed 
using an alpha-glucosidase inhibition assay with 
an acarbose as the standard. It was then found out 
that the inhibition activity occurred at a concentration 
of 200 µM and had an IC50 value of 14.75 µM. 
Compared to the IC50 value of acarbose which was 
18.59 µM, the complex was said to have moderate 
inhibition activity69.

	 Another action of mechanism portrayed 
by Vanadium-based complexes is because of their 
antioxidant property. For instance, the Vanadium 
(IV) oxide sulphate has exhibited antioxidant 
properties thus reducing oxidative stress brought 
about by diabetic conditions67. Lower oxidative 
stress helps preserve pancreatic beta-cells which 
in turn enhances their function of intaking glucose 
after meals of high carbohydrates and helps in 
secreting insulin. These mechanisms help to regulate 
the concentration of glucose in blood, enhancing 
insulin sensitivity and as a result they are potential 
antidiabetic agents.

	 Currently more vanadium complexes 
with pincer-type ligands are being synthesized. 
There has been a novel complex with compounds 
of dioxidovanadium have undergone preclinical 
trials where they were proven to be effective drugs 
for reducing blood glucose concentrations67. The 
challenge that researchers face with vanadium 
complexes include their high levels of toxicity due to 
their tendency to accumulate with cells or tissues. 
This has pushed researchers towards ways in which 
vanadium complexes can be made less toxic. This has 
been done via the coupling of these complexes with 
plant extractions such as the oil from olive seeds70. 

Zinc-based antidiabetic complexes
	 Zinc is a natural component of insulin; it 
is essential for the regulation sugar metabolism. It 
has therefore been proposed to be a new candidate 
to help in the treatment of type 2 diabetes mellitus 
along with vanadium62. Zinc and diabetes interact at 
many various points during a cell’s metabolism. It has 
similar effects to that of insulin as it helps enhance 
the uptake of glucose by the adipose tissue. So 
much that, deficiency of zinc element in the human 
body will drastically reduce the intake of glucose 

Fig. 21. The structure of the Bis(maltolato)  
oxovanadium (IV) complex66
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by adipose tissues especially in people affected 
by diabetes mellitus71. Mechanisms of zinc-based 
antidiabetic complexes include the improvement 
of insulin signaling, the inhibition of the glycogen 
synthetase kinase-3β and reduction of oxidative 
stress (Figure 22).

Fig. 22. Mechanism action of zinc-based  
metallodrugs on diabetic cells62

	 The fact that Zinc has similar actions of 
insulin means that it can improve insulin signaling 
pathways. As it activates the insulin receptor kinase 
along with other downstream signaling molecules. 
Henceforth, glucose uptake by cells for respiration 
is increased and the glucose metabolism within 
tissues is improved. An example of such zinc-based 
complex is the Zinc (II) bis(maltolato) complex   
(Fig. 23) which greatly enhances glucose uptake72. 
Zinc complexes also can inhibit the glycogen 
synthetase kinase-3β. This is evident in the action 
of a zinc complex with metformin (Fig. 24). This 
complex has been shown to inhibit the glycogen 
synthetase kinase-3β, an enzyme which negatively 
regulates the synthesis of glycogen. When this 
enzyme is inhibited the synthesis of glycogen is 
promoted, which will be stores in muscles and 
liver tissues71.
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Fig. 23. The structure of Zinc (II) bis(maltolato) complex73

Fig. 24. The molecular structure of metformin74
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	 Zinc complexes like vanadium complexes 
have an antioxidant property which helps to lower the 
oxidative stress resulting from diabetic conditions. 
This helps to protect pancreatic beta cells. An 
example of such a complex is a zinc (II) complex with 
quercetin (Fig. 25) which has been proven to lower 
oxidative stress within diabetic cells62. Zinc being a 
popular transition metal with the drug development 
industry, it is currently being studied to produce 
other new drugs for treating diabetes. There has 
been a focus on zinc (II) complexes with organic 
ligands such as thiazole. These complexes portray 
great hypoglycemic activity making them promising 
agents for treating diabetes75. However, there are 
challenges faced with such complexes. For instance, 
these complexes do not have high stability therefore 
associated with low bioavailability which if used may 
lead to resistance with diabetic cells76.

Fig. 25. zinc (II) coordinated to quercetin ligands77
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Cobalt-based antidiabetic complexes
	 Among the essential trace elements for 
animals and humans is cobalt. This element has 
therapeutic application in the pharmacological field. 
It is commonly known to exist in the form of vitamin 
B12 (cobalamin), which is an essential nutrient with 
vital roles to play within the human body. It is the 
only metal-containing water-soluble vitamin which 



2029Makuve et al., Orient. J. Chem., Vol. 41(6), 2014-2038 (2025)

is stored in the liver cells. Cobalamin cannot be 
synthesized by the human body; it is sourced from 
the diet78. Cobalamin is vital for DNA synthesis and 
the formation of red blood cells as a result cobalt 
is used to treat anemia. It has also been found 
to enhance the effects and the action of insulin 
henceforth it has applicable uses against diabetes.
Cobalt-based complexes help improve the action 
of insulin due to their ability to enhance the insulin 
signaling pathways. This is due to the activation 
of insulin receptor kinase and other downstream 
signaling molecules involved in insulin signaling. 
Additionally, they can inhibit the glycogen synthetase 
kinase-3β which leads to the synthesis of glycogen 
and its storage within the muscle tissues and the 
liver79. For instance, Co(II) complex coordinated 
to quercetin (Fig. 26) was investigated through 
an assay of DPPH spectrophotometer. The IC50 
values from the DPPH assay were found to be 
3.88±0.06µM for quercetin and 2.01±0.25µM, for the 
Co(II) complex80. This was taken as evidence that 
coordinating quercetin to cobalt (II) metal enhances 
the antiradical characteristics of quercetin.

	 As of present time, more attention has 
been drawn to how cobalt nanoparticles could serve 
as the next-generation agents for diabetic cells. 
Research indicates that the administration of these 
cobalt nanoparticles orally, helps to prevent and 
control within the experimental models. This is due 
to their ability to improve resistance against diabetes 
complications. The challenge faced however, is 
finding a way to prevent the toxicity due to the 
accumulation of the cobalt nanoparticles as a result 
of long-term use81. 

gaps within this research and as to help provide 
some recommendations to help close these 
research gaps. This is an attempt to enhance 
the development of coordination chemistry as 
a discipline that is used within medical science 
via medical chemistry. The suggestions will 
encompass future perspectives, the drug approval 
process, sustainability and the economics of drug 
development using coordination compounds.

Future perspectives
	 As of now, researchers have been able to 
synthesize various transition metal-based complexes 
which can mimic various antimicrobial agents and 
those which can portray the action mechanisms 
of essential hormones such as insulin. This led 
to an increased drug efficiency and heightened 
specificity towards the target area. For instance, 
zinc(II) complexes and platinum complexes have 
been proved in laboratories for their antidiabetic 
and anticancer action, respectively. Although these 
complexes have increased heightened the drug 
efficiency and selectivity, they still have some level 
of toxicity83. There is also a risk of side effects which 
is because of them affecting untargeted areas within 
the organism’s system. For example, cis-platin which 
is used as an anticancer agent has been reported to 
induce side effects such as kidney vomiting and loss 
in ability to taste food84. These side effects are a way 
in which the body responds to an action of a drug that 
is affecting other untargeted areas. This calls for the 
need for researchers and scientists synthesize other 
complex based drugs which induce no side effects.

	 Zinc (II)-based complexes have been 
proven to have successful antifungal and antibacterial 
effects, as well as anticancer and antidiabetic 
effects85. As much as other transition metals like 
Vanadium also cut-cross all the four classes of 
diseases, it is not as much investigated like zinc. 
This is due to the broader application that has been 
discovered amongst the zinc element to the human 
physiology86. This means that complexes such as 
cobalt, copper and vanadium which are of less 
known application to the drug development process 
are behind in terms of drug processing compared 
to zinc elements.Although most of the zinc-based 
complexes are still under or awaiting the process of 
approval by the drug administrators. They are much 
ahead compared to other complex based drugs 
which have not yet preceded the clinical stages yet87. 

Fig. 26. A structure of a cobalt-based antidiabetic complex82
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	 This chapter will point out some of the 
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This calls for extensive research and analysis into 
other transition metals as we cannot heavily and 
solely depend on one transition metal to try and 
mediate all classes of diseases.

The economics of drugs.
	 We live in a socio-economic world where 
as much as the advancements in science and 
technology help run our day-to-day lives with ease, 
there is need to have these inventions bring some 
income back to the innovators. As such, everything in 
today’s world is eventually monetized. This includes 
the process of drug development be it with organic, 
or inorganic compounds. Henceforth, it is vital to take 
into consideration the economics of coordination 
compounds in drug development. This is a highly 
expensive endeavor due to its various sophisticated 
and highly regulated processes.

	 Drug development is also a very lengthy 
process due to multiple stages involved before a 
drug can even pass approval. It can take up to  
14 years and research using articles published 
from 1980 to 2009 had costs ranging from USD$ 
92 million to USD$ 1.8 billion88. Comparing these 
statistics to those of gathered from research done 
in 2021, there was a rise in the cost which ranged 
from 161 million USD$ to 4.54 billon USD$89. 
Hypothetically, as of now in 2025 the costs of drug 
development have skyrocketed especially when 
dealing with sophisticated diseases such as cancer 
which already leads in terms of being costly to find 
potential drugs or vaccines.

	 Additionally, transition metals unlike 
organic compounds which can be sourced from 
living organisms or synthesized. They are most 
times obtained from within the deep layers of the 
earth through a process called mining90. This is 
another field which uses highly complex and robust 
machinery to penetrate the rocky surfaces of the 
earth henceforth it makes sense that this machinery 
used is highly expensive. This is another point which 
adds to the costs involved within drug development91. 
Obviously transition metals are sourced from the 
ground with some impurities therefore they undergo 
a series of steps which help remove those impurities, 
which is another cost. From being mined, these 
transition metals need to undergo cleaning, cutting 
and polishing before they can be used92.

	 These stages are also expensive and 
require a lot of precision and accuracy as now the 
transition elements are in their purest form. As if 
that is not enough, within the drug development 
process, there is a stage where the drug after being 
approved by a national drug administration must be 
commercialized or marketed. This includes the use 
of advertisements and the pricing of the drug which 
also adds to costs of a drug which has not yet been 
known by its assumed consumers88. It is really risky 
business endeavor which business personnel may 
not find profitable. With that said, we must mind 
that these drugs if approved can save a lot of lives 
including ourselves especially from diseases which 
are genetically inherited and with unknown causes 
such as the diabetes mellitus type 1.

	 Therefore, it is imperative to have an 
outlet of various stakeholders funding into the 
pharmaceutical sectors and the biochemistry field 
where researchers and scientists investigate the 
potential actions of transition elements against 
diseases in the laboratories.

Sustainability and Energy conservation
	 The synthetic process of transition-
based drugs have potential harmful effects to the 
environment revealed through the post-marketing 
surveillance whereby the safety of the environment 
is not considered compared to that of the patient93. 
Therefore, the goal is mainly to produce a drug 
that can cure a patient regardless of the collateral 
damage done to the environment. A way in which 
this is done includes the use of hazardous solvents 
such as dichloromethane, which has been common 
in the traditional production of complexes94.

	 This solvent is used at an industrial level, 
which if so, it is used in large quantities it can destroy 
the ozone layer within the lower atmosphere. This 
is due to its volatile property which can also allow 
it to enter water bodies such as the oceans where 
there are marine animals which will take in such a 
hazardous chemical95. This is also a risk to humans 
who consume marine animals such as fish and via 
bioaccumulation, they take in dichloromethane at 
high concentrations leading to other diseases. This 
is somehow counteracting the goal of the medical 
sector as they are trying to cure diseases but along 
the way there is potential to cause other diseases. 
As it has been discovered that dichloromethane 
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has carcinogenic potentiality thus proving to be of 
threat to human life96.

	 Another thing to keep in mind is that these 
processes consume a lot of energy which releases 
harmful waste products which are non-biodegradable 
thus poisoning the soil or water bodies if disposed of 
in local drain systems that reach water bodies. The 
pharmaceutical industry has been reported to have a 
significant contribution to the global carbon emission 
from by 2015 it was found out that pharmaceutical 
industry’s carbon emission increased by 77%97. As 
mentioned above, transition metals are mostly mined 
and that too has harmful effects on the environment. 
Mining destroys habitats of animals which live both 
underground and above ground in the areas being 
cleared for mining.

	 There is also an issue of deforestation that 
occurs when mining occurs this reduces both the 
animals within an area and the plants which help 
reduce the accumulated greenhouse gas being 
carbon dioxide within the atmosphere90. This leads 
to an increased concentration of carbon dioxide in 
the atmosphere leading to global warming which also 
has negative effects on both the environment and 
human beings. The ecosystem is disrupted when 
plants which animals depend on for both food and 
habitat are cleared.

	 This is a serious issue that needs to be 
resolved as it places not only the planet in adverse 
conditions but also human beings. This can be 
achieved using green chemistry, a principle which 
if the pharmaceutical industry remains committed 
to will greatly reduce the negative impacts that face 
the environment98. It aims to use biodegradable or 
environmentally friendly solvents99. This also involves 
the use of patented green tech toolbox which help 
monitor chemical processes and thus reduce waste 
production100. This has been adopted by companies 
such as Dude Chem.

	 Practicing sustainable activities such the 
use of renewable raw materials can also help to 
minimize waste and reduce the amount of energy 
which is consumed by traditional methods. A leading 
pharmaceutical company such as Pfizer’s has adopted 
such schemes to minimize the negative impacts that 
face the environment101. Pharmaceutical industries 
can transition metals from environmentally friendly 

sources such as urban mining and the practice of bio-
mining. Urban mining is the reprocessing of already 
existing materials to source the raw materials which 
have been used to make such materials102. Metals 
such as iron which are used in building houses and 
hence when such buildings are no longer of use, they 
can undergo urban mining. This saves the planet 
from the effects of afforestation as the area is already 
available for mining.

	 Recycling of materials such batteries and 
electronic waste can help source transition metals 
such as copper and nickel which are components of 
these materials101. Another useful way is the use of 
bio-mining, whereby certain strains of microorganisms 
are used to source transition elements from low 
grade ores and waste known to contain transition 
metals. These processes are much friendly to the 
environment and use less energy compared to the 
traditional mining103. Additionally, they help reduce 
costs which would have been spent on mining, 
although they are of no significant cost reduction 
but accumulatively, they provide a significant gap of 
reduced costs with less production of waste.

The approval process for transition-based drugs.
	 It is not common for a patient to be 
prescribed a transition-based drug; mostly these 
drugs are of organic molecules. This means that 
drugs which pass the drug approval stages are 
mostly organic based as they are ones used in 
daily life. These common prescription drugs include 
Acetaminophen commonly known as paracetamol, 
aspirin, and ibuprofen104. Next on the line of being 
approved are the inorganic-based drugs which 
contain elements such as magnesium and lithium. 
For instance, lithium carbonates are used to treat 
bipolar disorders and magnesium sulphates are 
common for treating epilepsy105.

	 When it comes to inorganic transition metal-
based drugs, their approval can be said to move 
at a snail pace. There are examples of approved 
transition metal-based drugs used in everyday life. 
For instance, zinc sulphate, ferrous salts and the 
popular cisplatin. Reasons why transition metal-
based drugs are left pending to be approved is 
due to their toxicity and the often resistance that 
is acquired by microbes and cancer cells being 
targeted83,106. This goes out to say although these 
drugs are of high efficiency compared to commonly 
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used drugs, they have side effects which are much 
adverse compared to these common drugs which 
are mostly organic-based compounds.

	 This goes out to say that even though 
there is an increased efficiency, there is need for 
synthesizing other complex drugs or modifications 
can be done to the already synthesized drugs. 
Implementation of various international drug 
administrations which aim at regulating synthesized 
and thus proposed drugs across countries can help 
to facilitate drug development and reduce redundant 
processes within the drug development process.

Conclusion

	 Coordination chemistry has been of huge 
application within medical chemistry especially after 
the synthesis of cis-platin. This led to the investigation 
of other transition elements and their effect on some 
of the leading diseases in the world. This includes 
diseases associated with microbes such as bacteria 
and fungi. Furthermore, diseases with sophisticated 
action mechanisms within the body such as cancer 
and diabetes mellitus also can be treated using drugs 
synthesized through applications of coordination 
chemistry. Metal-based antibacterial complexes 
include metal centers such as silver, zinc, copper 
and iron. Those which have antifungal action include 
zinc, silver, and manganese. Elements such as gold, 
platinum and ruthenium have been successfully 
tested for anticancer activity. Lastly, antidiabetic 
complexes include vanadium, zinc and cobalt. 
This review helps deepen understanding of the 
various mechanisms of the above metals that have 
therapeutic effects. These complexes have generic 
action mechanisms such as generation of reactive 
oxygen species, disruption of cell membrane and 
disruption of the DNA molecule.

	 Coordination chemistry has helped 
improve the efficiency of drugs due to its ability 

to help the active ingredient remains kinetically 
stable and arrive at the target area with little 
modifications. Although these complexes improve 
efficiency, they still have some level of toxicity 
which delays their approval within the drug 
development process. Therefore, it is not common 
to have a patient prescribed a transition metal-
based drug. This calls for extensive research on 
proposed complexes or other new complexes 
which will have less toxicity and thus produce 
fewer side effects to the patient. This review does 
provide advancements for the medical chemistry 
and pharmaceutical industry by identifying key 
research gaps. These gaps include the need for 
extensive research on other transition elements 
and their potential, it also includes the need to use 
environmentally friendly preparation techniques. 
Addressing this will help develop more effective 
drugs which also help keep the planet safe.

	 Lastly, this l i terature review offers 
knowledge which is already common on coordination 
chemistry and its application through medical 
chemistry. Additionally, this review offers ways for 
future research and development in drug synthesis 
using transition metals. It highlights the most 
promising applications and offers areas which need 
further investigation and safer preparation methods. 
This can be used as a foundational source of 
information by researchers and medical personnel 
who are aiming to improve medical science 
and patient care using extensive applications of 
coordination compounds.
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