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Abstract

Indium(III) complexes are versatile species that emit Auger electrons which made them a choice for a wide range of biological
and medical applications. The properties of these complexes depend on the primary ligand that was used for their syntheses.
Herein, methods of synthesizing xanthates, dithiocarbamate, phthalocyanine, thiosemicarbazone and naphthalocyanine
complexes of indium(III) are discussed. Also, the methods for synthesizing indium(III) complexes having other ligands are
highlighted. Furthermore, antibacterial, antifungal and antiviral potential of the indium(II) complexes are comprehensively
discussed. Other biological applications of the complexes such as anticancer, bioimaging, radiopharmaceutical, photodynamic
chemotherapy, antioxidants, and optical limiting applications of these indium(III) complexes are comprehensively reviewed.
In addition, toxicity of indium(IIT) complexes towards biological samples are examined because these must be considered in
evaluating the safety and efficacy of indium(IIl) complexes for these numerous applications. Overall, indium(III) complexes
are reported to have displayed a good performance in all these biological and medical applications. The future perspectives
on the applications of indium(IIl) complexes are therefore suggested.
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1 Introduction

Indium is a metal with low melting point, and it loses its
valence electrons without attaining inert gas electronic struc-
ture. At cryogenic temperature, indium retains its proper-
ties. Asides, it is malleable, ductile, and softer than lead [1].
Although the stable state of oxidation of indium is + 3, it
can exist in the oxidation state that is lower than + 3. Indium
belongs to group 13 on the periodic table and its electronic
configuration is [Kr] 4d'°5s25p!. It has 47 isomers with
indium-115 having the highest abundance and highest half-
life of 95.7% and 4.41 x 10'* years respectively [2]. Indium
is a metal in the main Group IIla of the periodic table along
with gallium, aluminium and thallium [3]. Most of Group
II1a metals are often employed as parts of inorganic diagnos-
tic and therapeutic agents in medicine especially gallium and
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indium [4]. This has drawn increasing attention and interest
in these metals’ medical applications as alternative therapeu-
tic agents to established medical practices. The properties
and Chemistry of indium in the oxidation state of + 1 and +2
has been reviewed by Pardoe et al. [5].

@ Springer


http://orcid.org/0000-0001-5418-3234
http://crossmark.crossref.org/dialog/?doi=10.1007/s42250-023-00871-5&domain=pdf

1730

Chemistry Africa (2024) 7:1729-1748

Indium salts react with several ligands to form organo-
metallic complexes of indium. Indium(III) complexes (espe-
cially those with indium-111 isotope) have been investigated
for various medicinal and biological application due to
their ability to capture electrons when exposed to 171 and
245 keV, t,,=67.4 h gamma radiation [6]. This property
has particularly made the application in medical diagnostic
radio pharmacy feasible. The imaging of inflammation sites
and infections were achieved using the indium complexes.
Apart from this property, indium complexes emit Auger
electrons which made them to be useful for the destruction
of cancerous cells [7, 8]. Based on radioactive potential,
indium(III) compounds can be grouped into radioactive and
non-radioactive compounds. There is extensive research on
the potential of the radioactive indium(IIT) compounds in
the detection and diagnosis of infections and inflammations
compared to their non-radioactive counterparts which have
been rarely explored [2]. Clinical investigations are ongoing
about In(IIT) compounds that have a better bioavailability
with their potential anticancer and antioxidant characteristics
when compared with their inorganic salts [4]. Due to the
numerous investigations carried out on the medicinal and
biological applications of indium(II) complexes, there is
the need to have a detailed report on this aspect of research.
Hence, the aim of the present study is to comprehensively
review these biological and medical applications.

2 Methods of Preparing Selected Indium(lil)
Complexes

2.1 Preparation of Xanthate Ligands and Their
Indium(lll) Complexes

Metal xanthate complexes are dithiolates just like dithiocar-
bamates but the breakdown temperature of metal dithiocar-
bamates is higher than that of metal xanthates [9]. Their
synthesis is usually in two stages and the first stage is the
synthesis of the ligands while the second stage is the syn-
thesis of the complexes. Commonly, the ligands of xanthates
are prepared by reacting carbon disulphides with alcohols
in the presence of potassium or sodium hydroxide inside
the ice [10]. The choice of the alcohol depends on the type
of xanthates to be synthesized. For instance, S-(+)-sec-
butanol is required to synthesize potassium or sodium salt
of S-(+)-sec-butyl xanthate ligand [9]. Indium salt and the
ligands are then dissolved in tetrahydrofuran in the mole
ratio of 1:3 to form precipitates. The precipitate formed are
usually filtered and recrystallized in chloroform. This pro-
cedure has been used to prepare several indium xanthates
and some of these are shown in Table 1. Apart from this
known procedure of preparing metal xanthate, the prepara-
tion has been achieved by using electrochemical technique.
The method involve oxidation of indium metal in a single

Table 1 Examples of indium xanthate complexes used for different applications

Xanthate complex Reagents for synthesis Characterization Application References
[InCl;_, (S,COR) ] (R=Me, Chloroform, diethyl ether, NMR, TGA, Elemental Synthesis of indium sulphide [12]
Et, Pri, and Bus; n=1, 2, carbon disulfide, sodium Analyser nanoparticles
or 3) hydride, potassium hydrox-
ide, 2-butanol, methanol,
1-propanol, potassium ethyl
xanthogenate and Indium(III)
chloride
Indium O-2,2-dimethylpentan-  Ethanol, potassium ethyl NMR, Elemental Analyser Synthesis of indium sulphide ~ [13]
3-yl dithiocarbonate xanthogenate, chloroform, and ternary copper indium
anhydrous magnesium sulfate sulphide nanoparticles
Indium-0-2,2-dimethylpentan- — NMR and TGA Synthesis of CulnS, [14]
3-yl-dithiocarbonate
Indium (III) isopropyl xanthate ~Carbon disulfide, sodium NMR and elemental analysis ~ Synthesis of indium oxide and  [15]
hydroxide, methanol and sulphide
indium(III) chloride
Indium(I1II) diethyl dithi- - Crystallography-XRD Thin film deposition of indium [16]

ocarbonate and indium(III)
isopropyl xanthate

tris(O-ethylxanthato)-
indium(I1II)

Methylindium(III) dithiolate
complexes

In(S"S); and Me;In-OEt,

Crystallography-XRD

Indium analysis, IR, NMR
('H, ¥Cand *'P) and mass
spectra

sulphide
Crystal structure investigation

Synthesis of indium sulphide
nanoparticles

[17]

[18]
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step in the presence of tetramethylthiuram or ethyl dixantho-
gen disulphide dissolved in acetone [11].

2.2 Preparation of Dithiocarbamate Ligands
and Their Indium(lll) Complexes

Dithiocarbamates are formed through the reaction of car-
bon disulphide with either primary or secondary amine. The
reactions are often carried out in the environment of alkyl
halides, epoxides, transition metals and imines which are
electrophiles [19]. Markovnikov’s addition has also been
employed to synthesize dithiocarbamates. This was achieved
by mixing 6 mmol of ethyl vinyl ether, 6 mmol of carbon
disulphide and 5 mmol of amine together in the presence
of water. The reaction was carried out without the use of
any catalyst. However, there was an improved yield when
organic solvent was used in place of water for the reaction
[20]. The reaction scheme for the synthesis using Marko-
vnikov’s addition is shown in Fig. 1.

Apart from synthesis of dithiocarbamate via three com-
ponent system, it has also been done via a four-component
system. Azizi et al. [21], carried out this reaction through a

S
AL
N n
R > Y

Fig. 1 Synthesis of dithiocarbamate through Markovnikov’s addition
reaction. Adapted from [20]

one-pot route and the reactants used are carbon disulphide,
aliphatic amines, ketones and aldehydes in the presence of
ethanol or alkaline. Different forms of dithiocarbamates
were obtained by changing the amine used for the reaction.
One of the numerous reactions where dithiocarbamates are
obtained from four components is shown in Fig. 2. The
formation of the indium complexes is achieved by reacting
indium salt with the dithiocarbamate ligands [22].

2.3 Preparation of Thiosemicarbazones Ligands
and Their Indium(lll) Complexes

The known methods for synthesizing thiosemicarbazones
involves the reaction of different electrophiles with hydra-
zine on a step-by-step basis [23, 24]. As shown in Fig. 3,
one of the synthetic routes requires four steps while two
of the known synthetic routes require two steps. Hydrazine

Routa A

Fig.3 Three common routes for synthesizing thiosemicarbazone [23]

Fig.2 Synthesis of dithiocarba-
mate from four components [21]
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may react with isothiocyanates before reacting with either
carbonyl compounds (route A). In another two-steps route
(route B), the reaction with carbonyl compounds occurs
before the reaction with isothiocyanates and it also led to the
formation of thiosemicarbazones. In the four-step reaction
(route C), there is reaction between carbon disulphide and
hydrazine in the first step while the product of this reaction
further reacts with methyl iodide to give methyl hydrazine-
carbodithioate. Then, this product reacts with the oxo-com-
pounds to give thiosemicarbazone. Apart from these known
routes, the coupling of oxo compounds, hydrazine and aryl
isothiocyanates to form thiosemicarbazone in a single reac-
tion step in the absence of catalyst has been achieved [23].
In another research, thiosemicarbazide was reacted with
aldehyde under microwave irradiation to produce thiosemi-
carbazone [25]. Just like the role that microwave irradiation
played in the synthesis, ultrasound has also been used to
achieve the synthesis of thiosemicarbazone [24]. From the
reaction of ethanolic thiosemicarbazone with indium salt,
the thiosemicarbazone complex of indium (IIT) are made
[26].

These synthetic procedures have also been used to synthe-
size different derivatives of indium thiosemicarbazone. In a
particular investigation, indium(III) benzoylpyridine N(4)-
cyclohexyl thiosemicarbazone was synthesized from the
reaction of thiosemicarbazone with hydrated indium nitrate
in the presence of methanol and sodium acetate [26]. Even
chelated indium(III) thiosemicarbazones with partial fluori-
nation has been made in solution via the same synthetic pro-
cedure [6]. In a similar investigation, many indium chloride
complexes of bis-thiosemicarbazones that are structurally
related were synthesized from bis-thiosemicarbazones in
the presence of methanol and sodium methoxide. Fluorine
was introduced into the complexes via a simple exchange of
halide method using K'®F [27].The same method has been
adopted for the synthesis of indium complexes of thiosemi-
carbazone containing pyridine. Indium nitrates and indium
halides were used as the source of indium for the synthesis
of 2-acetylpyridine-thiosemicarbazone and 2, 6-diacetylpyri-
dine-bis (thiosemicarbazone) indium complexes respectively
[28]. Other examples of indium complexes that were syn-
thesized from indium salts and other reagents are shown in
Table 2.

2.4 Preparation of Phthalocyanine,
Naphthalocyanine Ligands and Their Indium(lll)
Complexes

In preparing chloro-(octa-(n-pentyl)phthalocyanito)
indium (IIT) complex, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), dry quinoline, 4,5-bis(n-pentyl) phthalonitrile and
indium(III) chloride were stirred together at 180 °C for 5 h.
Where chloroform was used as the solvent, it was removed

@ Springer

by distillation[38]. Phthalocyanine complexes of indium has
also been synthesized from a reaction involving quinoline,
3-pyridyloxyphthalonitrile and anhydrous indium(III) chlo-
ride. In brief, 6.8 mmol (1.50 g) of 3-pyridyloxyphthaloni-
trile, 5 ml quinoline and 3.4 mmol (0.75 g) of anhydrous
indium(III) chloride were stirred together for 7 h while keep-
ing the temperature constant for 7 h. The green precipitate
formed was cooled, precipitated out, filtered and purified via
thin layer chromatography [39].

The synthesis of naphthalocyanine has been carried out
by using different precursors. One of the precursors that has
been used is aromatic nitrile and it was effectively used to
synthesize quaternized 2,3-octakis-(3-pyridyloxyphthalocy-
aninato) indium(III) and 2,3-octakis-(3-pyridyloxyphthalo-
cyaninato) indium(III) [40]. The aromatic nitrile precursors
are often prepared via condensation reaction. In an investiga-
tion, 4-[(3,5-di-tert-butyl)-phenoxy]-phthalonitrile precur-
sor was prepared in basic medium by condensing 3,5-di-
tert-butyl-phenol with 4-nitro-phthalonitrile [41]. Another
common precursor is diiminoisoindolines and is preferred
to naphthalenedicarbonitriles precursor because it is more
reactive [42]. The synthesis of the indium complex from
the ligand is usually carried out by reacting the ligand with
indium(III) salt in the presence of ring-forming non-nucleo-
philic base catalyst. Naphthalocyanines generally have poor
solubility in organic solvents and to increase its solubility,
peripheral substituents such as alkoxy, alkylthiol, halogens
and alkyl are often introduced into their complexes. These
are usually achieved by using Grignard reagents or halogen-
ated compounds [43]. Several chloro(naphthalocyaninato)
indium (III) complexes have been synthesized by using this
procedure [42].

2.5 Preparation of Other Indium (lll) complexes

Apart from the discussed indium complexes, there are other
complexes of indium that have been synthesized and charac-
terized by using different analytical techniques. Homoleptic
and heteroleptic tris(dipyrrinato)indium(IIl) complexes were
synthesized by using both plain and pie-extended dipyrrin
ligands [44]. Also, novel p-hydroxy bridged eclipsed dimer
based on indium(III) tetrapyrazinoporphyrazine was made
through the co-ordination of porphyrazine compound and
indium ions [45]. Curcumin which is a naturally occurring
extract obtained from turmeric has been used as a ligand
source for indium complexes. Typically, indium complexes
are obtained by reacting curcumin or its derivatives with the
nitrate or chloride salts of indium in alcohol. This is usually
followed by refluxing, cooling, filtration and drying to obtain
solid products [46]. Examples of curcumin complexes of
indium are bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadi-
ene-3,5-dione (curcumin) indium (III) complexes, indium
diacetylcurcumin complex [2, 46]. Apart from indium
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curcumin, other complexes of indium made from different
ligands are shown in Table 3.

3 Pharmacological Applications
of Indium(lll) Complexes

See Scheme 1.

3.1 Antimicrobial Applications of Indium (lll)
complexes

The escalating prevalence of antimicrobial resistance among
pathogenic microorganisms has prompted the exploration
of new and effective antimicrobial agents. In this pursuit,
metal complexes have emerged as a promising avenue for
developing novel antimicrobial agents due to their distinc-
tive chemical and biological properties. Among the metal
complexes, indium(II) complexes have garnered attention
for their potent antimicrobial activities. While the pharma-
cokinetics and pharmacodynamics of indium(IIl) complexes
influence their properties, their applications in antifungal,
antibacterial, antiviral, therapies have been well-documented
and warrant further exploration. Indium(IIl) complexes have
been extensively studied for their antimicrobial activities
against various microorganisms, including bacteria, fungi,
viruses, and parasites. The specific mechanism of action of
indium(IIT) complexes in antimicrobial therapy can vary
depending on the type of microorganism being targeted.
Bacterial infections are a major cause of morbidity and
mortality worldwide. Indium(III) complexes have shown
antibacterial activity against both Gram-negative and Gram-
positive bacteria. For instance, indium(III) complexes with
ligands containing, oxygen, nitrogen and sulfur donor atoms
have shown potent antibacterial activity against methicil-
lin-resistant Staphylococcus aureus (MRSA), a common
multidrug-resistant bacterial pathogen [55]. Rodgers and
his colleagues also showed that indium(III) complexes with
the iron chelator enterochelin exhibited antibacterial activity
against Klebsiella pneumoniae [56]. Specifically, from this
study, indium(III) complex increased K. pneumonia genera-
tion time, suggesting a growth inhibitory effect on the bac-
teria. Another study also showed that indium iii complex
inhibited growth of Mycobacterium tuberculosis [57]. They
observed that free indium(IIl) and indium(IIl) complexes
with the macrocyclic chelator displayed significant radio-
metric inhibition, with inhibition levels above 80% [57]. In
addition, indium(III) complexes with Schiff base ligands
have also exhibited antibacterial activity by disrupting the
bacterial cell membrane, altering central dogma, and inhibit-
ing the DNA replication process [58]. The attachments to the
indium complexes may influence their antibacterial activi-
ties. For instance, indium diacetylcurcumin displayed better

@ Springer

antibacterial performance than indium curcumin. When both
were tested against P. aeruginosa, S. epidermidis, S. aureus
and E. coli, it was observed that indium diacetylcurcumin
was active against all the tested microbes while indium cur-
cumin was active against S. epidermidis and P. aeruginosa
only. Even the MIC obtained against these two bacteria
strains were lower than what was obtained against indium
diacetylcurcumin [59].

In one of our investigations, several Gram-positive and
Gram-negative bacteria strain were tested against selected
dithiocarbamate complexes. We observed that indium(III)-
N-methyl-N-phenyl dithiocarbamate displayed better anti-
microbial performance than copper(Il)-N-methyl-N-phenyl
dithiocarbamate and antimony(III)-N-methyl-N-phenyl dithi-
ocarbamate complexes. In addition, it is active against all
the tested bacteria except L. monocytogenes [60]. In a dif-
ferent investigation, trans-[In(III)Cl,(4-Me-pzH),]Cl-(4-Me-
pzH),-(H,0) and mer-[In(III)Cl;(4-Me-pzH);] were found to
possess good antibacterial activities. The complexes were
also found to be a potential antituberculosis and antipseu-
domonal drugs [61].

Viral infections are a significant public health concern,
especially in the absence of effective antiviral therapies.
Indium(IIT) complexes have shown antiviral activity against
a variety of viruses, including herpes simplex virus (HSV),
human immunodeficiency virus (HIV), and influenza virus,
[62, 63]. For instance, indium(IIT) complexes containing
pyridine ligands have shown potent anti-HIV activity by
inhibiting the reverse transcriptase enzyme [62]. In addi-
tion, indium(III) complexes with Schiff base ligands have
also exhibited antiviral activity by inhibiting the entry and
replication of the virus within the host cell [64].

Fungal infections pose a significant public health con-
cern, particularly for individuals with compromised immune
systems. In antifungal therapy, indium(III) complexes play
a crucial role by targeting the biosynthesis of ergosterol, an
essential component of the fungal cell membrane [65]. They
achieve this by binding to the active site of the lanosterol
14a-demethylase enzyme, which is involved in ergosterol
biosynthesis, thereby inhibiting its function [65]. In addi-
tion to azole ligands, indium(III) complexes with Schiff
base ligands have also shown promising antifungal activity
[66]. These complexes disrupt the integrity of the fungal
cell membrane, contributing to their efficacy against fungal
pathogens. Notably, indium(III) complexes exhibit broad-
spectrum antifungal activity against various fungi, including
Aspergillus niger, and Cryptococcus neoformans [67, 68].
Moreover, they have been investigated for their effectiveness
against drug-resistant fungal strains, such as Candida krusei
and Candida albicans [69]. These strains are known for bio-
film formation and are challenging to treat with conventional
antifungal agents. indium(III) complexes have demonstrated
potent antifungal activity against these drug-resistant strains,
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Scheme 1 Medical and biologi-
cal applications of indium(III)
complexes

Photodynamic
Chemotherapy

Optical limiting

positioning them as potential candidates for the develop-
ment of novel antifungal agents. Indium(III) complexes
have also been discovered to be active against Leishmania
major promastigotes better than their ligands [2, 70]. Over-
all, indium(IIT) complexes show promise as potential anti-
microbial agents. Their diverse mechanisms of action and
effectiveness against multidrug-resistant strains make them
attractive candidates for the development of novel therapies
against bacterial, viral, and fungal infections.

3.2 Pharmacology Actions of Indium Ill ("""In)
Complexes

Research work on the pharmacological values of indium
complexes have been growing over the years. Apart from
the therapeutic effects of indium, it has been extensively
used as a diagnostic tool in nuclear medicine in the labelling
of various cellular components and detection of pathological
sites [71, 72]. Indium(IIT) emits Auger electrons, therefore, it
complexes have both imaging and pharmacological actions
[36,73, 74].
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Various synthesized non-radioactive indium compounds
have been extensively researched on to unravel their specific
therapeutic advantage. Asides the anti-tumourigenic effects
of indium compounds, they have also been observed to have
significant antimicrobicidal [59] and antiproliferative [75]
actions. The probable toxic or synergistic effects of indium
maltolate (InMal) with mitoxantrone (MTX) was reported
in a study, which focuses on breast cancer (MDA-MB-231)
and fibroblast (NIH-T?3) cell lines [76]. It was asserted that
the indium compound decreased the viability of both cell
lines in a dose and time-dependent measure. The combined
administration of InMal and MTX was noted to be more
effective than the sole administration of MTX. Interestingly,
the toxicity of the indium compound was reversed by the
inclusion of iron citrate on the fibroblast and not the can-
cer cell lines. These findings most likely suggest that the
mechanism of action of indium may be inclusive of iron
metabolism [76]. Pathogenic enterobacteria produce entero-
chelin, which is an iron chelator that has been shown to be an
essential metabolite for the replication of bacteria within the
host cell [56]. Enterochelin chelates iron from complexes in
association with transferrin and lactoferrin that binds with
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iron within the host. The resulting ferric compound from the
above interaction is then endocytosed by bacteria. This could
be related to the observed antibacterial effects of enteroche-
lin complex with indium against K. pneumoniae [56].

In an in-vitro study, indium-1,4,8,11-tetraazacyclotetra-
decane-1,4,8,11-tetraacetic acid complex was indicated to
exhibit antimicrobial action against M. tuberculosis [57].
The antioxidant and antibacterial effects of indium(III) com-
plex against E. coli, B. cereus, B. subtili, and P. aeruginosa
have also been reported [77]. The antibacterial effects of
indium curcumin, diacetylcurcumin and indium diacetylcur-
cumin relative to curcumin was extensively demonstrated
against different bacteria species of clinical relevance, viz;
P. aeruginosa, S. aureus, E. coli, and S. epidermidis [59].
Indium curcumin showed antibacterial action against all the
bacterial strain. Surprisingly, it was observed that the mini-
mum inhibitory concentration of indium curcumin was lower
for S. epidermidis and S.aureus, compared to that recorded
after curcumin treatment. Hence, the authors satisfactorily
concluded that the antibacterial effect of indium curcumin
exceed that of curcumin [59].

Indium-phthalocyanines complex have been used as pho-
tosensitisers and antimicrobial agent in photodynamic and
chemotherapy of neuroblastoma cells [78, 79] and E. coli
[80] respectively. The anti-carcinogenic effects of another
indium compound — indium tin oxide is of interest. The com-
pound alters DNA integrity in adenocarcinoma cells in the
pulmonary tissue [81]. In like manner, indium thiosemicar-
bazones complex expresses cytotoxicity against white blood
cell cancer and solid tumor cells [82]. Thiosemicarbazone,
in particular, is known to have cytotoxic property, apart
from mediating the intracellular transport of indium ions.
Therefore, complexation of thiosemicarbazones to indium
might cause an improvement of the cytotoxicity of the for-
mer. Indium(III) complexes of thiosemicarbazones also have
anti-tumorigenic property [34]. The cell toxicity of indium-
porphyrin complex has been demonstrated against breast,
prostate, and lung tumor cell lines [50].

3.3 Anticancer Application of Indium(lll) Complexes

Cancer is the general name used for a large group of diseases
characterised by rapid and uncontrolled growth of abnor-
mal cells beyond their usual limit and leading to invasion
of adjoining cells and organs [83, 84]. According to World
Health Organisation, cancer is the leading cause of death in
the world [84]. Studies have shown that Gallium and Indium
(including Aluminium salts in some cases) have antican-
cer properties [3]. They can prevent the growth of various
experimental solid tumours. There are many investigations
that have shown the cytotoxic nature of many indium(III)
complexes against leukaemia cells and solid tumours [2].
Anticancer activities have also been observed with indium

curcumin complex, diacetyl curcumin, and indium diacetyl
curcumin [85]. Li et al. [86] reported anticancer properties
of four novel indium(III) complexes of 2,6-diacetylpyridine
thiosemicarbazide, The performance of these indium(III)
complexes were found to depend on their structures. One of
the novel indium(III) complexes (C4) displayed a better per-
formance against T24 cells. Apart from inhibiting the T24
cells, it also prevented the metastasis and invasion of the cell
via a multi-targeted mechanism. As revealed by the Western
Plot analysis, telomerase activity and densitometry analysis
(Fig. 4), the performance of the novel indium(III) complex
depends on the concentration introduced into the cell.

Here are some other ways indium(III) complexes have
been used as an anticancer agent;

3.3.1 The Use of Indium-Ill Labelled Monoclonal Antibodies
(MoAb) in the Imaging of Cancers

Goldenberg et al. [87] made a novel attempt at using radi-
olabelled antibodies in tumour imaging and it gained wide-
spread acceptance from medical experts. Radiolabelled
antibodies such as monoclonal antibodies have been shown
to be effective in the treatment of cancers, especially lym-
phoma [88]. They have been used in cancer diagnosis for
more than four decades and as early as 1985, Fawwaz et al.
[89], already reported that about 412 patients have been
investigated for a variety of gastrointestinal malignancies
since 1984 through the IV administration of a variety of
monoclonal antibodies [89]. Monoclonal antibodies are a
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Fig.4 a Western blot analysis of 24 h treatment of hTERT and c-myc
in T24 cells with novel indium(IIl) complexes (C4); b hTERT and
c-myc proteins’ densitometric analysis after the treatment with In(III)
complex (c¢) telomerase activity in the T24 cells after the treatment
with the novel indium(III) complex [86]
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group of antibodies produced from a cell lineage or a single
clone of cells by cloning a unique white blood cell against a
particular antigen [90]. For a while, there has been advocacy
for the use of Todine-131 (**'1) labelled monoclonal antibod-
ies against tumour-associated antigens in tumour detection
and therapy [89]. However, shortcomings in the use of the
Iodine-131 labelled monoclonal antibodies have reduced the
prospect and potential of these agents in tumour detection
and therapy. This led to the quest for alternative strategies in
the use of radio-labelling antibodies. One of such is the use
of Indium III labelled monoclonal antibodies. The tumour
imaging of several tumour-associated antigens has been
conducted successfully using Indium III labelled monoclo-
nal antibodies. The first clinical use of Indium III labelled
monoclonal antibody was reported in 1987 in which Indium
III labelled murine MoAb ZCE 025 was used to investigate
colorectal carcinoma in patients [91]. After the IV adminis-
tration of the In-labelled ZCE 025 antibody in addition to the
unlabelled antibody doses, 18 tumour sites were successfully
discovered out of the 20 documented sites [91].

Also, Pandit-Taskar et al. [92], did a lesion-detectability
study in which the imaging capacity of Indium III J591 was
compared with conventional imaging in patients with dif-
ferent types of solid tumours. J591 is a type of monoclonal
antibody that is used against prostate-specific membrane
antigen (PSMA) but it can also be used to target non-prostate
metastases. Of the 170 lesions detected in 20 patients, 108
were attributed to the Indium III J591 antibody scan and
these lesions cut across skeletal lesions, lesions of nodes
and of soft tissues and organs. It was concluded based on
the result that radiolabeled J591 antibody may be used as
a targeting agent for a wide array of solid tumors and also
lesion detection. This potential for lesion is perhaps in part
due to the presence of indium(III).

3.3.2 The Use of Neutron Activation of Indium(llI)
Complexes on Cancer Cells

Oliveira et al. [93], investigated the cytotoxicity activities
of four neutron-activated indium(III) complexes on MCF-7
breast cancer cells and against non-malignant MRC-5 fibro-
blast cells. In the work, four samples of indium(IIT) com-
plexes (1-4) were subjected to neutron activation using
gamma spectrometry and their level of radioactivity was
evaluated. The four indium(IIl) complexes contain naturally
abundant amounts of '"*In (4.3%) and ''°In (95.7%). The
process of neutron activation led to the formation of new
indium(IIT) analogues (*1-*4), M4mIn/Smin. Complexa-
tion of In(III) resulted in a noteworthy enhancement in cyto-
toxicity against MCF-7 cells in complexes (1-4), indicating
that the strategy of forming complexes proved beneficial in
enhancing the cytotoxic effect of indium(III). In contrast,
both non-radioactive and radioactive In(III) salts exhibited
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no activity against MCF-7 cells, whereas the radioactive
complexes (*1-*4) demonstrated significantly increased
potency, ranging from 102 to 104 times more effective than
their non-radioactive counterparts (1-4). The observed
cytotoxic effects, evaluated after 48 h of treatment and 72 h
following neutron activation, were primarily attributed to
14myy, while the contribution of the shorter-lived isomer,
5[0 (with a half-life of 4.5 h), was deemed insignificant. In
comparison to the original compounds, complexes (*1-*4)
demonstrated higher levels of intracellular ROS in MCF-7
cells. These findings indicate that thiosemicarbazone com-
plexes with '%In have the potential as radiopharmaceuticals
for the treatment of breast cancer. This is evidence of the
anticancer potential of Indium in indium(III) complexes.

3.4 Cytotoxicity Related Applications of Indium(lil)
Complexes

Researchers have looked into how many different indium(III)
combinations kill solid tumor and leukemia cells. Orvig and
colleagues tested InL; clusters with curcumin (CUR) and
diacetylcurcumin (DAC) on mouse lymphoma cells. When
indium(III) was added to [In(CUR);], the cytotoxic activity
went up, while [In(DAC);] had the same cytotoxicity as the
curcumin ligand. [In(CUR);] was a stronger antioxidant than
curcumin, while [In(DAC);] was almost as active as DAC
that had not been complexed, but had less antioxidant power
than [In(CUR);]. Curcumin is thought to have these benefits
because it has free aromatic OH groups [46]. Indium(III)
binds to 1,4,7,10-tetraazacyclododecane-1-[4-[(3-chloro-
4-fluorophenyl)amino]quinazoline-6-yl] [2]-propiona-
mide-4,7,10-triacetic acid (InL1) and 1,4,7,10-tetraaza-
cyclododecane-1-[4-[(3-chloro-4-fluorophenyl)amino]
quinazoline-6yl] They made hexanamide- 4,7,10-triacetic
acid (InL2). Also, "''InL2, which is radioactive, was made.
H;L2 and InL2 did not stop the growth of A431 epidermoid
carcinoma cells that had EGFR-TK, the epidermal growth
factor receptor tyrosine kinase, which is linked to tolerance
to chemotherapy. A431 cells did not take up much '''InL2,
which shows that these chelating ligands aren't good enough
for making indium(III) complexes that target EGFR-TK [94].
In another research, chloro(5,10,15,20-tetraphenylporhyri-
nato) indium(III) and its phenolato derivatives (X = phenol
or substituted phenol) were prepared. They were tested for
lethal effects on MCF-7 (mammary tumor), PC-3 (prostate
cancer), and A549 and NCI 4322 (lung cancer) cells. They
were more effective against the lung and prostate cancer
cell lines [95].

In the dark, SH-SYS5Y neuroblastoma cells were put up
against a chloro-indium-phthalocyanine photosensitizer.
When SH-SYSY cells were exposed to this same photosen-
sitizer for 5 days, it did not stop cell growth much. When
cells treated with the photosensitizers were exposed to
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radiation, 50% of the cells went through death. The results
show that In-Pc is a photosensitizer that has the features of
photodynamic therapy and could be used to treat neuroblas-
toma [79]. Also, an indium complex with tetrasubstituted
cinnamic acid phthalocyanine was made and then attached
to magnetic nanoparticles with amino groups. The chemical
killed MCF-7 breast cancer cells when light was shined on
them [96].

The indium(III) and zinc(II) complexes of a biotinylated
chlorin photosensitizer were made so that it could be used
in PDT to treat cancer. Biotin (Vit B7) receptors that are
overexpressed in CT26 colorectal cancer cells were used
to test the phototoxicity of the biotin-chlorin (CBTN) con-
jugate and its complexes. Cell growth was stopped more
by biotin-chlorin and its indium(III) complex than by the
zinc(II) product and the chlorin precursor. It was proven
that cells treated with the indium(III) complex went through
apoptosis after being exposed to light [97]. In both triple-
negative and triple-positive mammary tumor cells, the PDT
effects of chlorin-bexarotene (CBX) and its zinc(II) and
indium(IIl) complexes were compared to those of chlorin-
biotin derivatives. CBX and CBTN were made to target the
overexpressed parts of cancer cells, which are the nuclei
and vitamin receptors, respectively. At nanomolar concen-
trations, biotinylated chlorin was photoactive against triple-
negative mammary tumor cells, but at higher doses, it was
toxic in the dark. CBX, on the other hand, was photoactive
at nanomolar concentrations, but at the highest concentration
tested, it was not toxic in the dark [98].

Also, pantothenic acid (Vitamin Bs) and lipoic acid were
made to work with zinc(II) and indium(III) by adding the
chlorophyll compound methyl pheophorbide to them. At
nanomolar amounts, the photodynamic effects of the vita-
min—chlorin derivatives were stronger than those of the
methyl pheophorbide precursor on PC-3 prostate cancer
cells. This led to apoptosis and the formation of cytoplasmic
vacuoles in the light-sensitive tumor cells. Complexation to
indium(IIT) made PDT work better than when the vitamin
Bs—chlorine ligand or zinc(II) complexes were used [99].
Researchers have also looked at how indium(III) complexes
with thiosemicarbazones kill cancer cells and healthy cells.
So, it has been shown that [In(IITI)(L),]NO;, HL =2-ben-
zoylpyridine N(4)-cyclohexylthiosemicarbazone has strong
cytotoxic effects on HepG2 hepatocellular cancer cells, with
ICs, values seven times lower than the uncoordinated thio-
semicarbazone. Also, the complex was much less dangerous
to healthy QSG7701 hepatocyte cells. The molecule also
fluoresces, which suggests that it could be used in photo-
chemistry [26].

It has been observed that the [In(III)(L),]NO; com-
plex, HL = 2-acetylpyridine N(4)-phenyl thiosemicarba-
zone is more cytotoxic than the free thiosemicarbazone
and mitoxantrone employed as positive controls, resulting

in low-concentration antiproliferative action on HepG2
cells (IC5,=3.33 0.21 mM). This fluorescence-display-
ing compound may find use as a fluorescent probe [34].
N(4)-Meta-chlorophenyl-, N(4)-para-chlorophenyl-, and
N(4)-para-iodophenyl-[In(III)(L),]NO; complexes with
HL = N(4)-phenyl-2-acetylpyridine thiosemicarbazone
were produced. THP-1, Jurkat, and HL-60 leukemia cells,
HCT-116, MCF-7, and MDA-MB-231 solid neoplasia,
and mammalian non-malignant Vero cells were used to
test the cytotoxic effects of the thiosemicarbazone ligands
and indium(III) complexes. The indium(III) complexes,
in contrast to In(NO;);, proved to have more potent cyto-
toxic effects than the free thiosemicarbazones in a number
of tests. Selectivity indexes, SI=ICs, Vero/ICs, neoplastic
cell, for one of the complexes ranged from 3 to 144 [82].
This compound was effective against all tested cell lines at
low concentrations.

An indium(III) complex of the [In(L);] type, where
HL = 5-hydroxyflavone (primuletin), has been reported
to exhibit modest cytotoxic activity [100], while its
aluminum(III) analogue has been shown to have cytotoxic
effects on HeLLa, LoVo, MCF-7, and Sk-Ov-3 human can-
cer cell lines. In more recent times, 2-acetylpyridine-N(4)-
orthofluorophenyl thiosemicarbazone, H2Ac4oFPh, and
in(IIT)(2Ac40FPh)Cl,(MeOH) and indium(IIT)(2Ac40FPh)
Cl, have been produced. The H4mpy jsotopologues of the
complexes were produced through neutronic activation.
Despite the inactivity of both the radioactive and non-radio-
active InCl, precursors, the cytotoxic effects of the non-radi-
oactive complexes and their !"*™In counterparts were found
to be equivalent and both were shown to be as powerful as
the uncoordinated thiosemicarbazone against U87 glioma
cells. However, if synthesized with high specific activity,
4myy complexes could constitute a potential platform for
the development of radiotracer medication candidates to
treat glioma tumors, as they preserved the deadly effects of
the thiosemicarbazone ligand [37].

3.5 Bioimaging Applications of Indium(lil)
Complexes

Labeling of platelets and white blood cells with the neu-
tral [mln(oxine)3] (oxine = 8-hydroxyquinoline) complex
has been a standard practice for many years [101]. SPECT
pictures of infection sites were obtained by drawing blood,
sorting the white blood cells, and then injecting them back
into the patient after being labeled with [1 ! lIn(oxine)‘;]. The
"11n is trans-chelated within the cells, most likely to biologi-
cal iron chelators, resulting in irreversible entrapment of the
isotope [102, 103]. There has been no research into the pos-
sible radiopharmaceutical applications of the similar ’Ga
oxine derivative. Using X-ray crystallography, the structure
of [In(oxine);] was solved [104]. As predicted, the indium
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takes on a pseudo-octahedral shape, and the 3N donors adopt
a mer arrangement. No other structural isomers could be
substantiated.

The use of '!'In-labeled DTPA complexes for Auger elec-
tron therapy is described, as is its application in imaging
epidermal growth factor receptor (EGFR) for breast cancer
[105]. For the purpose of visualizing brain tumors, !!'In-
labeled DTPA has also been used to radiolabel peptidic
nucleic acids that are antisense to messenger RNA (m-RNA)
[106]. For many years, !!'In-DTPA conjugated to octreo-
tide (trademarked as OctreoscanTM) was routinely used in
clinical practice for imaging somastatin-expressing tumors
[107]. Although this compound was once widely used, it
has now been replaced by various radiolabelled analogues
of octreotide (for examples of DOTA ligands, see below).
A glycoprotein that is overexpressed in ovarian and colo-
rectal cancers is the target of the Fab satumomab known as
OncoscintTM, it was one of the first antibody-based imaging
agents to receive FDA approval in the mid-1990s, thanks
to its conjugation to ' 'In-DTPA. However, because similar
PET agents were available, this was taken off the market in
2002 [108].

The cyclohexyl backbone of the DTPA 10 analogue
(CHX-A"-DTPA) was chosen for its stereochemical rigid-
ity to increase the ligand’s binding properties and to offer
an isothiocyanato group for conjugation to biomolecules.
Although this ligand system, like DTPA, may be best suited
for tetravalent metal ions, it has been used to label trastu-
muzab (Herceptin) with ''!In, and the resulting conjugate
binds to tumor cells at a similar affinity to natural Herceptin
[109]. Additionally, In-DTPA conjugated to a tiny phenylar-
sonous acid that binds to heat shock protein Hsp90, one of
the most ubiquitous in the cytoplasm of cells, has proven to
be an intriguing method to '''In SPECT imaging of apop-
tosis. This combination allowed for high-quality imaging
of apoptosis in vivo, which may be relevant for tracking the
efficacy of different chemotherapy protocols [110]. In recent
years, PET-emitting ®*Ga has essentially supplanted '!'In;
studies have shown that GaDOTA TOC [111, 112] and
%Ga DOTA NOC [113-115] are both highly successful for
imaging neuroendocrine tumors. Although *Ga DOTA TOC
has had the most application among all three PET imag-
ing agents, there are notable distinctions between them in
terms of receptor binding and selectivity. cases of sst imag-
ing with octreatide receptors employing DOTA derivatives
and other peptidic targeting drugs are discussed in a recent
review [116] including some recent cases that demonstrated
improved melanoma uptake and reduced renal uptake [117].

Good clinical results have been documented with the use
of DOTA conjugates with octreotide analogues for the treat-
ment of neuroendocrine tumors [116]. The proto-oncogene
C-kit is a target molecule for cancer diagnostics and thera-
pies due to its overexpression in gastrointestinal stromal

@ Springer

tumors (GIST) and small cell lung cancer (SCLC). Recently,
in vitro binding and cellular internalization studies were per-
formed on a 'In-labeled C-kit (including the ligands DTPA
and DOTA for radiometal chelation). In vivo PET evalua-
tion of a similar **Cu system showed that tumors could be
well visualized in a mouse model, suggesting that it may be
used as a decision-making aid before targeted therapy [118].
DOTA mono-N-hydroxysuccinimide ester (DOTA-NHS
ester) and the bifunctional cross-linker sulfosuccinimidyl
4-[N-maleimidomethyl]cyclohexane-1-carboxylate (Sulfo-
SMCC) have recently been used to modify human serum
albumin (HSA). Subsequently, the cross-linked compound
was covalently coupled with the HER2 affibody analogue
Ac-Cys-Z(HER2:342) with HSA, the resultant bioconjugate
DOTA-HSA-Z(HER2:342) was radiolabeled with '''In, and
assessed it in vitro and in vivo using SPECT. In this case,
the data were matched to %Cu PET scans. SKOV3 cell cul-
tures showed strong and selective absorption of radiolabeled
DOTA-HSA-Z (HER2:342) conjugates. In vivo imaging
using SPECT and PET in mouse models revealed strong
absorption in both tumors and livers [119].

3.6 Radiopharmaceutical Applications of Indium(lll)
Complexes

Indium-111 is a single-photon emission computerized
tomography (SPECT) isotope having low gamma-emission
energy of 171 keV, 245 keV [120]. Indium (as well as gal-
lium) radionuclides are usually used to radiolabel blood cells
and platelets and investigations involving the use of com-
plexes of indium has been reported [121, 122]. For instance,
8-hydroxyquinoline of radio-labelled indium(III) complex
has been used as radiopharmaceutical agents. The use of
this complex involved mixing of the suspension of the cells
with that of the radio-labelled complex using plasma or acid
citrate dextrose solution to form 8-hydroxyquinolate. The
8-hydroxyquinolate is lipophilic in nature and it can dif-
fuse into the cells. However, the use of acid citrate dextrose
solution is preferred to the use of plasma because some of
the radiolabelled indium in the complex exchanges with
label transferrin instead of the cells. This can then reduce
the overall radiolabelling efficiency of the complex [123].
Pentetreotide is a bifunctional compound that has been used
to form chelate with indium-111 and used for radiophar-
maceutical applications. The peptide part of the chelate is
important because it helps in directing the indium complex
in-vivo to the receptors. Due to this, one of the indium-111
complex called OctroScan has been approved by FDA for
diagnostic imaging [51]. The success attained in the use of
the indium(IIl) complexes as radiopharmaceutical agents
has led to the synthesis of other complexes of indium(III).
Examples of those complexes are lipophilic tris(tropolonato)
indium(III) complexes [124], lipophilic indium complexes
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of 1-aryl-3-hydroxy-2-methyl-4-pyridinones[125] and sev-
eral indium (III) 3-hydroxy-2-methyl-4-pyridinones [126].
Pruller et al. [127], obtained the image of the lung, liver and
heart of a male mice in vivo by using 5T33 cells labelled
with [!!'In]In-DTPA-CTP (a cytotopic peptide) which
bound to the extracellular membrane of the cells. This was
compared with the image obtained when the same cell was
labelled with [l“In]In-(oxine)3 and the cell-free ['!'In]
In-DTPA-CTP. The image obtained at varied time are shown
in Fig. 5.

3.7 Antioxidant Applications of Indium(lll)
Complexes

Antioxidants are a group of man-made or naturally occur-
ring substances that can prevent or delay cell damage [128].
Antioxidants are found in many food items such as fruits
and vegetables and they help in preventing oxidative stress
of the physiological system [129]. For effective function of
the body system, there is a need for constant supply and
use of oxygen. Consequently, free radicals are produced as
by-products of the oxidation process in the body. Free radi-
cals cause harm to the cells and are contributors to health

Fig.5 SPECT/CT images

obtained from mice by using
indium-111 labelled cells.Image ﬂ
obtained by using: A ['''In] .
In-DTPA-CTP-labelled 5T33

A 0-30 min 30 - 60 min

problems such as cancer, coronary heart disease, macular
degeneration and diabetes [128, 129]. Antioxidants are
therefore produced to eliminate or reduce the impact of these
free radicals on the body system. A good example that shows
the antioxidant activity of Indium III complex/compound is
the work of Kostova et al. [85]. They demonstrated how the
antioxidant potentials of Indium (III) complexes or com-
pounds are expressed with their inorganic salts. Since the
clinical investigation of the antioxidant potential of Indium
(IIT) compounds that have better bioavailability with their
inorganic salts have been demonstrated. This group of
researchers explored the antioxidant activities of Indium
(IIT) compound using orotic acid (HOA) salt.

To uncover the potential antioxidant activity of oronic
acids in a model of non-enzyme-induced lipid peroxi-
dation on isolated rat microsomes, three compounds of
oronic acids, HOA, NaOA and InOA were investigated.
Since metabolism of most pharmaceutical drugs occurs
in the liver targeting hepatocytes and subcellular fractions
such as cytosols and microsomes, the use isolated liver
microsomes seems to be one of the most reliable in vitro
models for studying drug metabolism [130]. Liver micro-
somes collected from Wistar rats were incubated with
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standard concentrations of the compounds that were being
investigated. The level of lipid peroxidation in the liver
microsomes was determined using the Malondialdehyde
(MDA) levels. MDA is a common bioindicator used to
determine the oxidative stress and antioxidant status espe-
cially in cancerous patients [131].The results revealed that
when the oronic compounds, HOA, NaOA and InOA, were
administered alone, there was no statistically significant
pro-oxidant effects seen on isolated rat microsomes. In
other words, there was no statistically significant increase
in the level of the biomarker for lipid peroxidation, malon-
dialdehyde (MDA) from the three compounds when com-
pared to the control, the non-treated microsome (Fig. 6).
On the other hand, statistically significant antioxidant
activity was only observed in InOA complex in conditions
of non-enzyme-induced lipid peroxidation in comparison
to toxic agent — Fe*/AA (iron/ascorbate). There was about
64% significant reduction in the level of lipid damage com-
pared to toxic agent, Fe**’AA. The two other compounds,
HOA and NaOA, revealed no antioxidant activity (Fig. 7).

Fig.6 MDA levels in response
to 100 uM each of HOA, NaOA
and InOA administered alone
on isolated liver microsomes of
rates [85]

MDA, nmol/mg protein

From the results of the investigation, it is safe to attribute
the antioxidant activity of the complex InOA, to the presence
of Indium (III) in the structure of InOA which confirms the
antioxidant potential of Indium (III) as seen in many similar
investigations.

3.8 Optical Limiting Applications of Indium(lll)
Complexes

The interaction of matter with light causes nonlinearity
and this property is desirable for shielding sensitive part
of the body such as eyes. To achieve this, several materi-
als have been investigated. These materials usually work by
either reverse saturable absorption or saturable absorption.
Though, the materials working via reverse saturable absorp-
tion are preferred for shielding sensitive part of the body
[132]. Indium complexes are among numerous materials
that have been investigated for this application. For instance,
indium 5,10,15,20-tetrakis(4-aminophenyl) porphyrin
(InTAPP) showed better nonlinear optical behaviour than the
metal free derivative. This was shown by the investigation

control

Fig.7 MDA levels in response 3
to 100 pM each of HOA,
NaOA and InOA administered
in non-enzyme-induced lipid
peroxidation on isolated liver
microsomes of rates (**P<0.01
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carried out via the Z-scan technique at 532 nm and 10 ns
pulse in dimethyl sulfoxide [133]. Phthalocyanine com-
plexes containing paramagnetic groups or atoms have been
observed to possess good limiting properties because they
boost triplet state absorption [134]. Several indium phthalo-
cyanines have been investigated for optical limiting prop-
erties. Some of these are chloro-indium phthalocyanines,
p-(trifluoromethyl)phenyl-indium(III) tetra-ferz-butyl-phth-
alocyanine and axially substituted alkyl- and arylphthalocya-
ninato indium compounds [42, 134-136]. Layers of anionic
lithium tetracarboxyl indium phthalocyanine chloride has
also proven to be a good optical limiter. It showed reverse
saturable absorption properties of p ~ 5.19x 1071 m/W
and excellent self-focusing effect of n, ~ 8.86x 1077 m%W
[137]. Sanusi and Nyokong [138] observed that embedding
the indium complexes inside transparent polymer sup-
port led to enhanced performance in the optical limiting.
Their investigation was carried out by embedding different
derivatives of indium phthalocyanine inside poly(methyl
methacrylate) and poly(acrylic acid) polymers. There was
high dynamic range and high damage threshold compared
to the values obtained without polymers. Indium phthalo-
cyanines are good optimal limiters in the frequency range of
480-580 nm. Also, the scotopic and photopic transmission
of indium phthalocyanines are high [135]. Just like phthalo-
cyanine complexes, naphthalocyaninato-indium complexes
have also been employed for optical limiting applications.
Examples of naphthalocyaninato-indium complexes that
have been used include chloroindium(III) phthalocyanine
[139], 2, 3-octa-[(2-hexyl)-ethyloxy]-phthalocyaninato
indium trifluoroacetate, 2,(3)-tetra-[(3, 5-di-tert-butyl)-
phenyloxy]- phthalocyaninato indium iodide, 2,(3)-tetra-[(3,
5-di-tert-butyl)-

Fig.8 Mechanisms of photodynamic therapy [143]
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phenyloxy]-phthalocyaninato indium bromide and
2,(3)-tetra-tert-butyl-phthalocyaninato indium chloride [41].
Apart from these, other indium complexes that have been
investigated for optical delimiting applications are (octaar-
yltetraazaporphyrinato)indium(III) complexes [140], fer-
rocene-functionalized indium-based metal-organic frame-
works[141] and indium nickel oxo-cluster (In;,Nig-oxo
cluster)[142], All these have shown good optical limiting
properties.

3.9 Photodynamic Antimicrobial Chemotherapy
Applications of Indium(lll) Complexes

As shown in Fig. 8, the mechanism of antimicrobial chemo-
therapy involves seven stages (1-7). It starts with the absorp-
tion of photon leading to the excitation of one of the elec-
trons to higher energy orbital. Therefore, it is activated to
short-lived excited singlet state (1PS*®). This singlet state dis-
sipates heat energy by releasing fluorescence. On the other
hand, the singlet state is converted to the triplet state (3 PS*®)
via intersystem crossing. The reconversion of the triplet state
to the singlet state leads to the emission of phosphorescence.
Instead of the conversion, it can also react with the sub-
strates such as unsaturated fatty acids in the cell membrane
and form organic radicals. Reaction of these radicals to the
cellular oxygen leads to the formation of reactive oxygen
species [143, 144].

Indium, being a heavy atom, has been used as a central
metal for the complexes utilized for the photodynamic anti-
microbial chemotherapy because it allows intersystem cross-
ing to the triplet state [145]. The performance of the indium
complexes for this application is related to the presence of
bridging atoms and the overall charge of the complexes
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[146]. As demonstrated by the investigation carried out
using octa-pyridylsulfanyl substituted indium (III) phthalo-
cyanines having different overall charges, the highly positive
complex showed better log reductions against C. albicans,
S. aureus and E. coli. Among the positively charged com-
plexes, the reduction values were found to be influenced by
the bridging atoms linking the ligands [146].The quantum
yield of the indium complexes has also been reported to
be influenced by the solvent used for the photodynamic
investigations. Osifeko et al., reported that the mono- and
tetra-pyridyloxy substituted indium(III) phthalocyanines
exhibited high singlet oxygen quantum yields (&,) from
0.44 to 0.69 in DMSO while in DMF, it exhibited between
0.44 and 0.66 [147]. It clearly showed that indium com-
plexes are active for photodynamic application even in dif-
ferent solvents. Apart from using indium complexes alone,
incorporation of indium complexes into nanoparticles has
also proven to be effective for photodynamic antimicrobial
chemotherapy [148]. For instance, indium porphyrin com-
plex was linked to silver-core shell magnetic nanoparticles.
There was reduction of E.coli with a value ranging from 7.19
to 9.58 [149]. Indium tetramorpholine has also displayed
good photodynamic performance against Candida albican,
Escherichia coli and Staphylococcus aureus [150].

4 Toxicity of Indium(lll) Complexes

In the early 1960, Leach and colleagues in their study admin-
istered a dose range of 24-97 mg/m? of indium oxide to
rats for a period of 4 h/day for a total duration of 12 weeks.
Although they observed varying symptoms, edema of the
alveolar and the manifestation of alveolar protein through-
out the 3 months of the study were notable findings. Based
on this report, the American Conference of Governmental
Industrial Hygienists decided on the acceptable level of
exposure to indium in 1969 [151, 152]. It should however
be noted that over the years the interest of various regulating
bodies grew regarding the need to control the level of expo-
sure and associated toxicity of indium and its complexes
following reports of indium-related severe pulmonary injury
among Japanese workers. Regulatory guidelines on the han-
dling of indium and its complexes become necessary after
the recorded death following occupational exposure among
these workers. Consequently, the Ministry of Health, Labour
and Welfare in Japan realised the need for a safety data sheet
for the compound, therefore, they mandated the monitoring
of work environment every 6 months and approved a perme-
able level of 0.1 mg/m3 for indium complexes [153].

The toxicity of indium complexes is not well reported
because the few studies done on the compounds focused
on their therapeutic and industrial values. Present findings
seem to indicate that indium has a more toxic action than

@ Springer

gallium, however, the toxicity and carcinogenic effects of
indium compound in humans seems to happen at extreme
doses of exposure [76]. There is dearth of information on
the pharmacokinetics of indium compounds, which plays
arole in the levels of toxicity observed following exposure
to these chemicals. It has been observed that indium com-
plexes mostly get into the systemic circulation after inha-
lation through the lungs. Absorption of these compounds
through the gastrointestinal tract appears not to be signifi-
cant, hence, removal from the body following exposure is
basically through faeces. Nevertheless, the kidney plays a
little role in clearing the compounds from the circulation
through urine [154].

The lethal effects and distribution of indium compounds
in the body is secondary to their polarity, chemical nature,
dose and route of exposure to the body. Occupational expo-
sure to indium compounds occurs primarily through breath-
ing, hence, the lungs and pulmonary function is directly
compromised. Clearance of indium compounds from the
body is slow following long-term exposure. Early studies
showed the toxicology profile of indium compounds fol-
lowing tracheal exposure in animal experiments [155, 156].
Nevertheless, observations on the pulmonary toxicity of
these compounds were not reported among workers until
year 2003.

Extreme interstitial pneumonia was found out among
workers following 3 years of occupational exposure to
indium tin oxide [157]. The main clinical presentations of
indium toxicity following exposure include granulomas,
emphysema, pneumonia, pulmonary fibrosis and eleva-
tion in serum bioindicators of interstitial pneumonia e.g.
SP-D, SP-6 and KL-6 [158]. Cross-sectional studies among
those who work with indium revealed that the level of the
compound in the systemic circulation is closely associated
with the duration of exposure and the degree of pathologi-
cal changes in the lung tissue. Surprisingly, the observed
emphysematous lesions among heavily exposed personnel
continue to increase post-exposure. Hence, irreversible
changes to the lungs tissues could only be prevented by
early detection [158]. Now, there is no specific treatment
for lung toxicity due to indium exposure. The disease has
a poor prognosis and patients’ mortality has been basically
ascribed to respiratory collapse or pneumothorax.

Large number of studies focused on the effects of indium
complexes on the respiratory system. This could not be far
from the fact that the major route of occupational exposure
to indium complexes is via the pulmonary tract. However,
there are reports on the effects of indium compound on the
integumentary system. The activation of the immune sys-
tem and subsequent hypersensitivity reaction, secondary to
dose-dependent elevation in lymphocytes count have been
observed following exposure of indium tin oxide to the skin
[159].



Chemistry Africa (2024) 7:1729-1748

1745

Yang et al. [160] reported significant correlation between
the serum level of inflammatory indices like GM-CSF, TNF-
a, IL-4 and 5, and f levels and the amount of indium com-
pound. The increase in the levels of inflammatory markers
in the serum explain the inflammation of the lungs tissue
that has been reported in several studies. The inflamma-
tory reaction could be due to the attempt of the tissues to
get rid of the insult. However, chronic pulmonary disease
may ensue owing to prolonged presence of the foreign agent
and the incoordination of the reparative process. Alongside
inflammatory events, Liu et al., reported on the oxidative
stress manifested, secondary to excessive production of free
radicals and hence imbalance between pro-oxidative and
anti-oxidative species. Significant elevations in the total
antioxidant capacity, catalase and alkaline phosphatase
were realised after indium exposure. This explains part of
the mechanisms by which indium compounds instigate tis-
sue destruction and consequently overall poor health status
[161].

Intravenous and oral administration of indium chloride to
gravid rats and mice has been noted to cause embryo toxicity
and malformation of fetus. This suggests that indium could
possibly cross the placenta barrier. However, the carcino-
genic effects of the compound have not been documented
in mice [162]. Indium compounds accumulate in the renal
tissue, especially in the cytoplasm and the mitochondria of
the kidney cells. The complexes attenuate the enzymes of
heme biosynthesis in the kidney, causing the excretion of the
compound alongside urine [163].

In a cross-sectional study conducted by Chonan and col-
leagues [158], it was observed that those workers with high
level of exposure to indium concentrations experience con-
siderably longer duration of exposure, more alterations in
high-resolution computed tomography, reduced diffusing
ability of the pulmonary tissue for carbon monoxide and
elevated serum level of KL-6 levels, relative to those with
lower exposure to the chemical. Hamaguchi and associates
[164] presented a data on more than five hundred subjects
who were presently or previously exposed to indium com-
pounds. They documented a dose-related elevation in the
serum level of KL.-6 and surfactant proteins, which was sig-
nificantly associated with an elevation in the endogenous
level of indium. No doubt their observations further con-
firmed and established the association between exposure to
indium compound and pathology of the pulmonary tissue. It
is noteworthy to state that Nakano et al. had speculated a cut-
off value of 3 ng/ml with respect to indium exposure in order
to curb the manifestation of early pulmonary defects [165].

Exposure of pregnant animal to indium complexes is
known to cause varied manifestations at different doses,
especially at higher doses in different species of ani-
mals. Notable findings include inhibition of fetal growth,
teratogenicity, death of embryos, caudal hypoplasia,

malformations especially at the digit and tail regions,
among others [162]. Toxicokinetic findings have affirmed
that the concentration of exposure of embryo to indium
complexes is a more important index than the duration of
exposure. In humans the manifestation of developmental
toxicity is low following indium exposure during preg-
nancy unless there is accidental exposure to extreme doses
[162].

Previous studies have explained the possible pathogen-
esis and mechanism of developmental toxicity mediated by
indium complexes. At various concentrations, the compound
enhances apoptotic process in rats thymocytes and attenuates
intercellular communication among liver cells via the gap
junction [166, 167]. Caudal hypoplasia, as a result of tail
malformation during developmental processes is secondary
massive cellular apoptosis in the tail region of the embryo
[162]. The skeletal system also presents pathological mani-
festation because of indium exposure. The chondrocytes in
rat embryo showed inhibited activity of chondrocytes [168],
which evolve to skeletal deformities.

5 Conclusion and Future Perspectives

Indium(III) complexes have proven to be the solution to sev-
eral medical and biological challenges based on the investi-
gation carried out till date. The performance of the indium
complexes generally depends on the ligands that was used
for the preparation of the complexes among other factors.
Despite the success recorded so far, there are still a lot of
research vacuums that still need to be filled for full utiliza-
tion of these complexes. For instance, the use of indium(III)
complexes for the treatment of various viral infections has
not been fully studied. Therefore, further research should
be conducted on the potential of the indium(III) complexes
in the treatment of viral diseases such as human immuno-
deficiency virus (HIV) and coronavirus disease. Interac-
tion of these inorganic complexes with biomolecules such
as human serum albumin should be further investigated by
using density functional theory (DFT) calculations and Hir-
shfeld surface analysis (HSA). Furthermore, the discovery of
new ligands that will be the basis for the synthesis of novel
indium(IIT) complexes should be pursued.

Acknowledgements Timothy Oladiran Ajiboye gratefully acknowledge
the Postdoctoral funding received from Nelson Mandela University,

South Africa.

Funding Open access funding provided by Nelson Mandela University.

@ Springer



1746

Chemistry Africa (2024) 7:1729-1748

Declarations

Conflict of Interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Habashi F (2013) Indium, physical and chemical properties.
In: Kretsinger RH, Uversky VN, Permyakov EA (eds) Ency-
clopedia of Metalloproteins. Springer, New York, pp 981-982

2. Beraldo H (2020) Coord Chem Rev 419:213375

3. Collery P, Keppler B, Madoulet C, Desoize B (2002) Crit Rev
Oncol Hematol 42:283-296

4. Kostova I, Atanasova V, Kondeva-Burdina M, Tzankova V
(2016) Peertechz J Med Chem Res 2:001-008

5. Pardoe JAJ, Downs AJ (2007) Chem Rev 107:2-45

6. Salsi F, Roca Jungfer M, Hagenbach A, Abram U (2020) Eur
J Inorg Chem 2020:1222-1229

7. Vultos F, Fernandes C, Mendes F, Marques F, Correia JD, San-
tos I, Gano L (2017) ChemMedChem 12:1103-1107

8. Gharibkandi NA, Gierattowska J, Wawrowicz K, Bilewicz A
(2022) Materials 15:1143

9. Masikane SC, McNaughter PD, Lewis DJ, Vitorica-Yrezabal I,
Doyle BP, Carleschi E, O’Brien P, Revaprasadu N (2019) Eur
J Inorg Chem 2019:1421-1432

10. Alharbi YT, Alam F, Salhi A, Missous M, Lewis DJ (2021) Sci
Rep 11:3053

11. Casey AT, Vecchio AM (1987) Inorg Chim Acta 131:191-194

12. Dutta DP, Sharma G, Ghoshal S, Kushwah NP, Jain VK (2006)
J Nanosci Nanotechnol 6:235-240

13. Masikane SC, Revaprasadu N (2018) Mater Sci Semicond Pro-
cess 76:73-79

14. Buchmaier C, Rath T, Pirolt F, Knall A-C, Kaschnitz P, Glatter
O, Wewerka K, Hofer F, Kunert B, Krenn K, Trimmel G (2016)
RSC Adv 6:106120-106129

15. Bessergenev V, Ivanova E, Kovalevskaya YA, Gromilov S,
Kirichenko V, Larionov S (1996) Inorg Mater 32:592-596

16. Bessergenev V, Bessergenev A, Ivanova E, Kovalevskaya YA
(1998) J Solid State Chem 137:6-11

17. Hoskins BF, Tiekink ER, Vecchiet R, Winter G (1984) Inorg
Chim Acta 90:197-200

18. Ghoshal S, Kushwah NP, Dutta DP, Jain VK (2005) Appl Orga-
nomet Chem 19:1257-1262

19. Ajiboye TO, Ajiboye TT, Marzouki R, Onwudiwe DC (2022)
Int J Mol Sci 23:1317

20. Halimehjani AZ, Marjani K, Ashouri A (2010) Green Chem
12:1306-1310

21. Azizi N, Khajeh M, Hasani M, Dezfooli S (2013) Tetrahedron
Lett 54:5407-5410

22. Lee HJ, Cha J-H, Jung DY (2023) J Mol Struct 1275:134666

@ Springer

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.
4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Cunha S, Silva TL (2009) Tetrahedron Lett 50:2090-2093
Carradori S, Secci D, D’Ascenzio M, Chimenti P, Bolasco A
(2014) J Heterocycl Chem 51:1856-1861

Cun-De W, Jun L, Xin-zhong S, Yun-hua F (1999) Synth Com-
mun 29:3057-3061

Tai Y-X, Ji Y-M, Lu Y-L, Li M-X, Wu Y-Y, Han Q-X (2016)
Synth Met 219:109-114

Venkatachalam TK, Bernhardt PV, Pierens GK, Stimson DHR,
Bhalla R, Reutens DC (2019) Aust J Chem 72:383-391
Abram S, Maichle-Mossmer C, Abram U (1998) Polyhedron
17:131-143

Chan J, Thompson AL, Jones MW, Peach JM (2010) Inorg
Chim Acta 363:1140-1149

Oliveira AA, Perdigdo GMC, Rodrigues LE, da Silva JG,
Souza-Fagundes EM, Takahashi JA, Rocha WR, Beraldo H
(2017) Dalton Trans 46:918-932

Prado VS, Leitao RCF, Silva F, Gano L, Santos IC, Marques
FLN, Paulo A, Deflon VM (2021) Dalton Trans 50:1631-1640
Arrowsmith RL, Waghorn PA, Jones MW, Bauman A, Brayshaw
SK, Hu Z, Kociok-Kohn G, Mindt TL, Tyrrell RM, Botchway
SW, Dilworth JR, Pascu SI (2011) Dalton Trans 40:6238-6252
Herrador MA, Jimé AM, Asuero AG (1988) Anal Lett
21:621-632

Wang Y-T, Fang Y, Zhao M, Li M-X, Ji Y-M, Han Q-X (2017)
MedChemComm 8:2125-2132

Saini M, Singh D, Fahmi N, Singh R (2009) Main Group Met
Chem 32:203-216

Zhang Z, Yang T, Zhang J, Li W, Li S, Sun H, Liang H, Yang F
(2022) J Med Chem 65:5392-5406

Aguirre AR, Parrilha GL, Diniz R, Ribeiro BC, Santos RGD,
Beraldo H (2019) Polyhedron 164:219-227

Hanack M, Heckmann H (1998) Eur J Inorg Chem 1998:367-373
Durmus M, Nyokong T (2007) Photochem Photobiol Sci
6:659-668

Durmus M, Erdogmus A, Ogunsipe A, Nyokong T (2009) Dyes
Pigm 82:244-250

Dini D, Calvete MJF, Hanack M, Meneghetti M (2008) J Phys
Chem A 112:8515-8522

Schneider T, Heckmann H, Barthel M, Hanack M (2001) Eur J
Org Chem 2001:3055-3065

Vagin S, Hanack M (2003) Eur J Org Chem 2003:2661-2669
Kusaka S, Sakamoto R, Nishihara H (2014) Inorg Chem
53:3275-3277

Husain A, Makhseed S (2023) J Porphyrins Phthalocyanines
27:576-582

Mohammadi K, Thompson KH, Patrick BO, Storr T, Martins
C, Polishchuk E, Yuen VG, McNeill JH, Orvig C (2005) J Inorg
Biochem 99:2217-2225

Bajju GD, Deepmala VK, Kundan S, Ahmed A (2014) Bioinorg
Chem Appl 2014:1-13

Aguirre AR, Diniz R, Brandao TAS, Beraldo H (2022) Polyhe-
dron 228:116159

Herrera S, Rivero KI, Guzman A, Cedefio J, Miksovska J, Raptis
RG (2022) Dalton Trans 51:14277-14286

Bajju GD, Ahmed A, Gupta D, Kapahi A, Devi G (2014)
Bioinorg Chem Appl 2014:865407

Green DE, Ferreira CL, Stick RV, Patrick BO, Adam MJ, Orvig
C (2005) Bioconjug Chem 16:1597-1609

Firdoos T, Kumar P, Gomila RM, Frontera A, Kamal, Pandey SK
(2022) Polyhedron 226:116094

Piskunov AV, Mescheryakova IN, Bogomyakov AS, Romanenko
GV, Cherkasov VK, Abakumov GA (2009) Inorg Chem Commun
12:1067-1070

Saini MK, Garg R, Fahmi N (2007) Main Group Met Chem
30:1-10


http://creativecommons.org/licenses/by/4.0/

Chemistry Africa (2024) 7:1729-1748

1747

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Aragén-Muriel A, Reyes-Marquez V, Cafnavera-Buelvas F, Parra-
Unda JR, Cuent-Cabezas F, Polo-Cerén D, Colorado-Peralta R,
Suérez-Moreno GV, Aguilar-Castillo BA, Morales-Morales D
(2022) Inorganics 10:134

Rogers HJ, Synge C, Woods VE (1980) Antimicrob Agents
Chemother 18:63-68

David S, Barros V, Cruz C, Delgado R (2005) FEMS Microbiol
Lett 251:119-124

Sharma B, Shukla S, Rattan R, Fatima M, Goel M, Bhat M, Dutta
S, Ranjan RK, Sharma M (2022) Int J Biomater 2022:6819080
Tajbakhsh S, Mohammadi K, Deilami I, Zandi K, Fouladvand M,
Ramedani E, Asayesh G (2008) Antibacterial activity of indium
curcumin and indium diacetylcurcumin. Afr J Biotechnol 7:21
Ajiboye TO, Oluwarinde BO, Montso PK, Ateba CN, Onwudiwe
DC (2021) Results Chem 3:100241

Herrera S, Yoshinaga M, Raptis RG (2024) J Inorg Biochem
250:112402

Mufthandu HT, Obisesan OS, Ajiboye TO, Mhlanga SD,
Onwudiwe DC (2023) Microbiol Res 14:355-370

Chen D-Y, Shien J-H, Tiley L, Chiou S-S, Wang S-Y, Chang T-J,
Lee Y-J, Chan K-W, Hsu W-L (2010) Food Chem 119:1346-1351
Jin X-D, Jin Y-H, Zou Z-Y, Cui Z-G, Wang H-B, Kang P-L, Ge
C-H, Li K (2011) J Coord Chem 64:1533-1543
ZorofchianMoghadamtousi S, Abdul Kadir H, Hassandarvish
P, Tajik H, Abubakar S, Zandi K (2014) BioMed Res Int
2014:186864

Mirjana MR, Berta Barta H (2022) Some aromatic schiff bases
and their metal complexes. In: Takashiro A (ed) Schiff base in
organic, inorganic and physical chemistry. IntechOpen, Rijeka,
pCh.5

Sindelo A, Sen P, Nyokong T (2023) Photodiagn Photodyn Ther
42:103519

Frei A, Elliott AG, Kan A, Dinh H, Briise S, Bruce AE, Bruce
MR, Chen F, Humaidy D, Jung N, King AP, Lye PG, Malisze-
wska HK, Mansour AM, Matiadis D, Muiioz MP, Pai T-Y,
Pokhrel S, Sadler PJ, Sagnou M, Taylor M, Wilson JJ, Woods
D, Zuegg J, Meyer W, Cain AK, Cooper MA, Blaskovich MAT
(2022) JACS Au 2:2277-2294

Mantareva V, Angelov I, Wohrle D, Dogandjiska V, Dimitrov R,
Kussovski V (2011) In: 16th international school on quantum
electronics: laser physics and applications, SPIE, pp 319-327
Tahmasebi R, Barazesh A, Fouladvand M (2013) Eur Rev Med
Pharmacol Sci 17:3306-3308

Blower PJ (2015) Dalton Trans 44:4819-4844

Lahiri S, Maiti M, Ghosh K (2013) J Radioanal Nucl Chem
297:309-318

Welch MJ, Redvanly CS (2003) Handbook of radiopharmaceu-
ticals: radiochemistry and applications. John Wiley & Sons
Dilworth JR, Pascu SI (2014) The radiopharmaceutical chemis-
try of Gallium(III) and Indium(III) for SPECT imaging. In: The
Chemistry of molecular imaging, pp 165-178

Asadi M, Savaripoor N, Asadi Z, Ghatee MH, Moosavi F,
Yousefi R, Jamshidi M (2013) Spectrochim Acta Part A Mol
Biomol Spectrosc 101:394-399

Merli D, Profumo A, Bloise N, Risi G, Momente S, Cucca L,
Visai L (2018) ACS Omega 3:4631-4640

Giizel E, Saki N, Akin M, Nebioglu M, Sigsman i, Erdogmus A,
Kocak MB (2018) Synth Met 245:127-134

Kaya EN, Durmus M, Bulut M (2014) J Organomet Chem
774:94-100

Neagu M, Constantin C, Tampa M, Matei C, Lupu A, Manole E,
Ion R-M, Fenga C, Tsatsakis AM (2016) Oncotarget 7:69718
Osifeko OL, Uddin I, Mashazi PN, Nyokong T (2016) New J
Chem 40:2710-2721

Tabei Y, Sonoda A, Nakajima Y, Biju V, Makita Y, Yoshida Y,
Horie M (2015) Metallomics 7:816-827

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.
96.
97.
98.
99.

100.

101.

102.
103.

104.
105.

106.

107.

108.
109.
110.

111.

112.

Oliveira AA, Perdigdo GMC, da Silva JG, Souza-Fagundes EM,
Beraldo H (2017) Polyhedron 135:72-78

N.C. Institute, in, USA, 2023

de Martel C, Georges D, Bray F, Ferlay J, Clifford GM (2020)
Lancet Glob Health 8:¢180-e190

Kostova IAV, Todorov L, Kondeva-Burdina M, Tzankova V
(2018) Front Drug Chem Clin Res 1:1-7

Li S, Khan MH, Wang X, Cai M, Zhang J, Jiang M, Zhang Z,
Wen X-A, Liang H, Yang F (2020) Dalton Trans 49:17207-17220
Goldenberg DM, DeLand F, Kim E, Bennett S, Primus FJ, van
Nagell Jr JR, Estes N, DeSimone P, Rayburn P (1978) N Engl J
Med 298:1384-1388

Barbet J, Bardi¢s M, Bourgeois M, Chatal J-F, Chérel M, Davo-
deau F, Faivre-Chauvet A, Gestin J-F, Kraeber-Bodéré F (2012)
Radiolabeled antibodies for cancer imaging and therapy. In: Cha-
mes P (ed) Antibody engineering: methods and protocols, 2nd
edn. Humana Press, Totowa, pp 681-697

Fawwaz RA, Wang TS, Estabrook A, Rosen JM, Hardy MA,
Alderson PO, Srivastava SC, Richards P, Ferrone S (1985) J Nucl
Med 26:488-492

Sadeghalvad M, Rezaei N (2021) Introduction on monoclonal
antibodies. In: Monoclonal antibodies. IntechOpen

Abdel-Nabi H, Doerr RJ (1993) Semin Nucl Med 23:99-113
Pandit-Taskar N, O’Donoghue JA, Divgi CR, Wills EA, Schwartz
L, Gonen M, Smith-Jones P, Bander NH, Scher HI, Larson SM
(2015) EINMMI Res 5:1-13

Oliveira AA, Franco LL, dos Santos RG, Perdigdo GMC, da
Silva JG, Souza-Fagundes EM, Beraldo H (2017) New J Chem
41:9041-9050

Garcia R, Kubicek V, Draho§ B, Gano L, Santos IC, Campello
P, Paulo A, Té6th E, Santos I (2010) Metallomics 2:571-580
Bajju GD, Ahmed A, Gupta D, Kapahi A, Devi G (2014)
Bioinorg Chem Appl 2014:1-7

Matlou GG, Oluwole DO, Nyokong T (2019) J Lumin
205:385-392

Isaac-Lam MF, Hammonds DM (2017) Pharmaceuticals 10:41
Isaac-Lam MF, Mee AD (2019) ACS Omega 4:2907-2920
Isaac-Lam MF, Hammonds DM (2019) ACS Omega
4:21712-21723

Munteanu A-C, Badea M, Olar R, Silvestro L, Mihaila M, Bras-
oveanu LI, Musat MG, Andries A, Uivarosi V (2018) Appl Orga-
nomet Chem 32:e4579

Loken MK, Clay ME, Carpenter RT, Boudreau RIJ,
McCULLOUGH JJ (1985) Clin Nucl Med 10:902-911

Heaton W, Davis H (1979) Br J Haematol 42:613-622

Mathias CJ, Welch MJ (1984) In: Seminars in nuclear medicine,
Elsevier, pp 118-127

Green MA, Huffman JC (1988) J Nucl Med 29:417-420

Reilly RM, Kiarash R, Sandhu J, Lee YW, Cameron RG, Hendler
A, Vallis K, Gariépy J (2000) J Nucl Med 41:903-911

Suzuki T, Wu D, Schlachetzki F, LiJY, Boado RJ, Pardridge WM
(2004) J Nucl Med 45:1766-1775

De Jong M, Breeman WA, Kwekkeboom DJ, Valkema R, Kren-
ning EP (2009) Acc Chem Res 42:873-880

Bohdiewicz PJ (1998) J Nucl Med Technol 26:155-163

Xu H, Baidoo K, Gunn AJ, Boswell CA, Milenic DE, Choyke
PL, Brechbiel MW (2007) J Med Chem 50:4759-4765

Park D, Don AS, Massamiri T, Karwa A, Warner B, MacDonald
J, Hemenway C, Naik A, Kuan K-T, Dilda PJ (2011) J Am Chem
Soc 133:2832-2835

Hofmann M, Boerner A, Maecke H, Otto D, Kalbacher H, Knapp
W (2002) In: Journal of Nuclear Medicine, Soc Nuclear Medi-
cine INC 1850 Samuel Morse DR, RESTON, VA 20190-5316
USA, pp 311P-311P

Henze M, Schuhmacher J, Hipp P, Dimitrakopoulou-Strauss A,
Maecke H, Strauss L, Haberkorn U (2003) In: Journal of Nuclear

@ Springer



1748

Chemistry Africa (2024) 7:1729-1748

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Medicine, Soc Nuclear Medicine INC 1850 Samuel Morse DR,
RESTON, VA 20190-5316 USA, pp 117P-117P

Pettinato C, Sarnelli A, Di Donna M, Civollani S, Nanni C, Mon-
tini G, Di Pierro D, Ferrari M, Marengo M, Bergamini C (2008)
Eur J Nucl Med Mol Imaging 35:72-79

Ambrosini V, Tomassetti P, Castellucci P, Campana D, Montini
G, Rubello D, Nanni C, Rizzello A, Franchi R, Fanti S (2008)
Eur J Nucl Med Mol Imaging 35:1431-1438

Fanti S, Ambrosini V, Tomassetti P, Castellucci P, Montini G,
Allegri V, Grassetto G, Rubello D, Nanni C, Franchi R (2008)
Biomed Pharmacother 62:667-671

Ambrosini V, Fani M, Fanti S, Forrer F, Maecke HR (2011) J
Nucl Med 52:42S-55S

Guo H, Gallazzi F, Miao Y (2012) Bioconjug Chem
23:1341-1348

Yoshida C, Tsuji AB, Sudo H, Sugyo A, Sogawa C, Inubushi M,
Uehara T, Fukumura T, Koizumi M, Arano Y (2011) Nucl Med
Biol 38:331-337

Hoppmann S, Miao Z, Liu S, Liu H, Ren G, Bao A, Cheng Z
(2011) Bioconjug Chem 22:413-421

Sharma S, Pandey MK (2023) Pharmaceuticals 16:1460
Goodwin DA, Bushberg JT, Doherty PW, Lipton MJ, Conley FK,
Diamanti CI, Meares CF (1978) J Nucl Med 19:626-634
Blower JE, Cooper MS, Imberti C, Ma MT, Marshall C, Young
JD, Blower PJ (2019) The radiopharmaceutical chemistry of the
radionuclides of gallium and indium. In: Lewis JS, Windhorst
AD, Zeglis BM (eds) Radiopharmaceutical chemistry. Springer
International Publishing, Cham, pp 255-271

Heaton WA, Davis HH, Welch MJ, Mathias CJ, Joist JH, Sher-
man LA, Siegel BA (1979) Br J Haematol 42:613-622

Nepveu F, Jasanada F, Walz L (1993) Inorg Chim Acta
211:141-147

Zhang Z, Rettig SJ, Orvig C (1991) Inorg Chem 30:509-515
Clevette DJ, Lyster DM, Nelson WO, Rihela T, Webb GA, Orvig
C (1990) Inorg Chem 29:667-672

Pruller J, Pham TT, Blower JE, Charoenphun P, Volpe A, Sunas-
see K, Mullen GED, Blower PJ, Smith RAG, Ma MT (2023) RSC
Chem Biol 4:65-73

Yadav A, Kumari R, Yadav A, Mishra J, Srivatva S, Prabha S
(2016) Res Environ Life Sci 9:1328-1331

Pal M, Misra K, Dhillon G, Brar S, Verma M (2014) Biotransfor-
mation of waste biomass into high value biochemicals. Springer,
New York, pp 117-138

Gajula SNR, Vora SA, Dikundwar AG, & Sonti R (2022). In vitro
drug metabolism studies using human liver microsomes. In Dos-
age Forms. IntechOpen.

Gawet S, Wardas M, Niedworok E, Wardas P (2004) Wiadomosci
lekarskie (Warsaw, Poland: 1960) 57:453-455

Binish B, Durairaj M, Girisun TCS, Rahulan KM (2023) Engi-
neering the nonlinear optical properties of barium molybdate
by doping Sn4+ ions for optical limiting device applications.
Ceramics Inter 49:17629-17638

Managa M, Mgidlana S, Khene S, Nyokong T (2020) Inorg Chim
Acta511:119838

Perry JW, Mansour K, Lee I-YS, Wu X-L, Bedworth PV, Chen
C-T, Ng D, Marder SR, Miles P, Wada T, Tian M, Sasabe H
(1996) Science 273:1533-1536

Hanack M, Schneider T, Barthel M, Shirk JS, Flom SR, Pong
RGS (2001) Coord Chem Rev 219-221:235-258

Chen Y, Hanack M, Blau WJ, Dini D, Liu Y, Lin Y, Bai J (2006)
J Mater Sci 41:2169-2185

Zong J, Li Z, Zhou W, Song Y (2021) Thin Solid Films
735:138890

Sanusi K, Nyokong T (2015) J Photochem Photobiol A
303-304:44-52

@ Springer

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Darwish WM, Darwish AM, Al-Ashkar EA (2016) High Perform
Polym 28:651-659

Vagin S, Barthel M, Dini D, Hanack M (2003) Inorg Chem
42:2683-2694

Zhang R, Wang B, Wang F, Chen S-M, Zhang J (2023) Inorganic
Chemistry Frontiers 10:201-210

Sun X, Yi X, Zhang J, Zhang L (2023) Chem Mater
35:5845-5853

Alzeibak R, Sakharnova T, Shilyagina N, Balalaeva I, Vedunova
M, Krysko D (2021) J Immunother Cancer 9:1926

Sharma D, Singh S, Kumar P, Jain GK, Aggarwal G, Almalki
WH, Kesharwani P (2023) 2—Mechanisms of photodynamic
therapy. In: Kesharwani P (ed) Nanomaterials for photodynamic
therapy. Woodhead Publishing, pp 41-54

Wohrle D, Eskes M, Shigehara K, Yamada A (1993) Synthesis
1993:194-196

Sindelo A, Osifeko OL, Nyokong T (2018) Inorg Chim Acta
476:68-76

Osifeko OL, Durmus M, Nyokong T (2015) J Photochem Photo-
biol, A 301:47-54

Magadla A, Oluwole DO, Managa M, Nyokong T (2019) Poly-
hedron 162:30-38

Makola LC, Mgidlana S, Nyokong T (2021) Dyes Pigm
192:109262

Sindelo A, Kobayashi N, Kimura M, Nyokong T (2019) J Pho-
tochem Photobiol, A 374:58-67

Roach S, Rappaport S (1990) Am J Ind Med 17:727-753
Ahmed R, Duerbeck H, Stoeppler M (1997) Arch Environ Health
19:478-484

Furukawa M, Tateishi I, Katsumata H, Kaneco S (2021) Int J
Environ Anal Chem 101:719-733

Luz AL, Wu X, Tokar EJ (2018) Toxicology of inorganic car-
cinogens. In: Advances in Molecular Toxicology, Elsevier, pp
1-46

Uemura T, Oda K, Omae K, Takebayashi T, Nomiyama T, Ishi-
zuka C, Hosoda K, Sakurai H, Yamazaki K, Kabe I (1997) J
Occup Health 39:205-210

Tanaka A, Hirata M, Omura M, Inoue N, Ueno T, Homma T,
Sekizawa K (2002) J Occup Health 44:99-102

Homma S, Miyamoto A, Sakamoto S, Kishi K, Motoi N,
Yoshimura K (2005) Eur Respir J 25:200-204

Chonan T, Taguchi O, Omae K (2007) Eur Respir J 29:317-324
Brock K, Anderson SE, Lukomska E, Long C, Anderson K, Mar-
shall N, Jean Meade B (2014) J Immunotoxicol 11:268-272
Yang J, Zhang W, Feng J (2021) Int Arch Occup Environ Health
94:23-30

LiuN,Guan Y, Yu Y, Li G, Xue L, Li W, Qu X, Li N, Yao S
(2022) Part Fibre Toxicol 19:69

Nakajima M, Usami M, Nakazawa K, Arishima K, Yamamoto
M (2008) Congenit Anom 48:145-150

Fowler B (2010) Compr Toxicol (Second Edition) 7:495-505
Hamaguchi T, Omae K, Takebayashi T, Kikuchi Y, Yoshioka N,
Nishiwaki Y, Tanaka A, Hirata M, Taguchi O, Chonan T (2008)
Occup Environ Med 65:51-55

Nakano M, Omae K, Tanaka A, Hirata M, Michikawa T, Kikuchi
Y, Yoshioka N, Nishiwaki Y, Chonan T (2009) J Occup Health
51:513-521

Xinbiao G, Yasuo O, Toru K, Momoko S, Akira T (1992) Toxicol
Lett 60:99-106

Bustamante J, Dock L, Vahter M, Fowler B, Orrenius S (1997)
Toxicology 118:129-136

Ungvéry G, Tatrai E, Szakmary E, Ndray M (2001) J Toxicol
Environ Health A 62:387-396



	Overview of Medical and Biological Applications of Indium(III) Complexes
	Abstract
	1 Introduction
	2 Methods of Preparing Selected Indium(III) Complexes
	2.1 Preparation of Xanthate Ligands and Their Indium(III) Complexes
	2.2 Preparation of Dithiocarbamate Ligands and Their Indium(III) Complexes
	2.3 Preparation of Thiosemicarbazones Ligands and Their Indium(III) Complexes
	2.4 Preparation of Phthalocyanine, Naphthalocyanine Ligands and Their Indium(III) Complexes
	2.5 Preparation of Other Indium (III) complexes

	3 Pharmacological Applications of Indium(III) Complexes
	3.1 Antimicrobial Applications of Indium (III) complexes
	3.2 Pharmacology Actions of Indium III (111In) Complexes
	3.3 Anticancer Application of Indium(III) Complexes
	3.3.1 The Use of Indium-III Labelled Monoclonal Antibodies (MoAb) in the Imaging of Cancers
	3.3.2 The Use of Neutron Activation of Indium(III) Complexes on Cancer Cells

	3.4 Cytotoxicity Related Applications of Indium(III) Complexes
	3.5 Bioimaging Applications of Indium(III) Complexes
	3.6 Radiopharmaceutical Applications of Indium(III) Complexes
	3.7 Antioxidant Applications of Indium(III) Complexes
	3.8 Optical Limiting Applications of Indium(III) Complexes
	3.9 Photodynamic Antimicrobial Chemotherapy Applications of Indium(III) Complexes

	4 Toxicity of Indium(III) Complexes
	5 Conclusion and Future Perspectives
	Acknowledgements 
	References




