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The ﬁeld of bioinorganic chemistry has emerged after a
serendipitous discovery of cisplatin by Rosenberg in 1962.
Cisplatin is called “penicillin of cancer” because of its wide
application and was a ﬁrst chemotherapeutic drug. After
this, a new ﬁeld of drug formulation with metal center/core
was sparked and investigated. Interestingly, it became the
promising alternative for the treatment of various diseases
like cancer, microbial, quorum sensing, and bioﬁlm-associated infectious disease. The ﬁeld of metallodrugs has also
evolved with the emergence of nanomaterials as therapeutic
anticancer and antibacterial agents. These molecules have
also shown signiﬁcant potential to act as potential drug
candidates in diﬀerent prospects from chemotherapy to
diagnostics to drug delivery in various diseases. Nanomaterials possess unique physical and chemical properties.
The fabrication of nanomaterials gives rise to controlled size,
shape, compositions, charge, aggregation, and solubility.
This special issue includes a collection of original papers
covering aspects related to the synthesis and characterization
of various metal-based compounds and nanomaterials with
anticancer and antimicrobial properties.
The critical review by N. Hlapisi et al. explores the
utilization of gold nanorods, as delivery and photothermal
agents, and porphyrins, as photosensitizers, in the treatment
of cancer and bacterial diseases, delving into ways of incorporating both photothermal and photodynamic therapies
with the scope of producing less toxic, more eﬃcient, and
speciﬁc compounds for the treatment. The excellent imaging

and sensing properties shown by gold nanorods qualify them
as excellent for photothermal therapy. On the other hand,
porphyrin and nanorod conjugates show excellent properties as photosensitizers due to the fact that they have more
than one absorption band on the near infrared region; hence,
they can be manipulated and are used to penetrate deeper
into tissue for photodynamic therapy.
The new inorganic-organic hybrid compound,
[{Cu(phen)2}2(H4W12O40)], was synthesized and structurally characterized by D. Li et al. The Keggin anion
H4W12O404− from the constitution of this compound was
grafted with two coordination units {Cu(phen)2}, forming
an electrically neutral molecule. The antibacterial activity of
several polyoxometalate compounds with diﬀerent anionic
structures, also including the new compound, was studied.
The results showed that the new polyoxometalate-based
compound (POM) could inhibit the growth of Enterococcus faecalis FA2 strains and that the antibacterial activity of
the polyoxometalate compounds is dependent on the
component elements of POM but is less relative with the
anion structures.
In the study of N. N. Farshori et al., silver nanoparticles
(ND-AgNPs) were synthesized using an aqueous extract of
Nepeta deﬂersiana plant, and their morpho-structural features were revealed by ultraviolet-visible spectroscopy,
Fourier transforms infrared spectroscopy, X-ray diﬀraction,
transmission electron microscopy, scanning electron microscopy, and energy dispersive spectroscopy. The results
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obtained from these various characterization tools showed
that the average size of synthesized AgNPs was 33 nm and in
face-centered-cubic structure. The anticancer potential of
ND-AgNPs was investigated against human cervical cancer
cells (HeLa). The cytotoxic response was assessed by 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MTT), neutral red uptake (NRU) assays, and morphological
changes. The inﬂuence of cytotoxic concentrations of NDAgNPs on oxidative stress markers, reactive oxygen species
(ROS) generation, mitochondrial membrane potential
(MMP), cell cycle arrest, and apoptosis/necrosis was also
studied. The cytotoxic response observed was in a
concentration-dependent manner. Furthermore, the results
also showed a signiﬁcant increase in ROS and lipid peroxidation (LPO), along with a decrease in MMP and glutathione (GSH) levels. The cell cycle analysis and apoptosis/
necrosis assay data exhibited ND-AgNPs-induced SubG1
arrest and apoptotic/necrotic cell death. The biosynthesized
AgNPs-induced cell death in HeLa cells suggested the anticancer potential of ND-AgNPs, thus suggesting their potential use in the treatment of cervical cancer cells.
Another green method to obtain silver nanoparticles,
with cytotoxic and bactericidal properties, was reported by F.
Ruiz et al., who used the Annona muricata aqueous extract,
along with the functionalization with 5-ﬂuorouracil (5-FU).
The processes of reduction, nucleation, and functionalization of the obtained AgNPs were analyzed by UV-Vis absorption spectroscopy, and it was found that they are a
function of the contact time of the metal ions with
the extract. The morpho-structural characterization of
AgNPs carried out by transmission electron microscopy
revealed their quasispherical shape with an average particle
size of 10.87 nm. The recorded Z-potential had a value of
−27.3 ± 1.22 mV, demonstrating repulsion between the
particles and good colloidal stability of the nanomaterials.
The antibacterial properties of the synthesized nanomaterials showed signiﬁcant inhibition against Enterococcus
faecalis, Staphylococcus aureus, and Escherichia coli. The
cytotoxicity of the AgNPs at 24 and 48 hrs displayed an
increment in cell viability associated with the particle
functionalization by 5-FU, and only a few dead cells at 24 hrs
were observed in the ﬂuorescence microscopy images.
The research article of T. Perera et al. focuses on the
synthesis, characterization, and antimicrobial activity of
four novel water-soluble copper-triazine derivatives in
search of potent antibacterial and antifungal drug leads. As
such, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4,4′-disulfonic acid monosodium salt (L1, ferrozine) and 3-(2-pyridyl)5,6-di(2-furyl)-1,2,4-triazine-5,5′-disulfonic acid disodium
salt (L2, ferene) have been used as ligands to study the
complexation towards copper(II). The synthesized complexes,
[CuCl2(ferrozine)]·7H2O·MeOH (1), [CuCl2(ferrozine)2]·
5H2O·MeOH (2), [CuCl2(ferene)]·H2O·MeOH (3), and
[CuCl2(ferene)2]·H2O·MeOH (4), have been characterized
spectroscopically, and preliminary bioassays have been
carried out. Complexes (1) and (2) have shown antibacterial
activity for both Staphylococcus aureus and Escherichia coli
at 1 mg/disc concentration, and ferrozine has shown a larger
inhibition zone against the clinical sample of Candida
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albicans at 1 mg/disc concentration in comparison with the
positive control, ﬂuconazole.
This study of Q. Li et al. analyzed the interaction between
the novel patent diorganotin(IV) compound bis-[2,6-diﬂuoroN-(hydroxyl-<κ>O)benzamidato-<κ>O] (DBDF2,6T) and the
hPPARγ protein under physiological condition with
the methods of ﬂuorescence quenching, 3D ﬂuorescence,
DARTS, ultraﬁltration-LC, and computer molecular docking.
According to the experimental spectroscopic data, DBDF2,6T
could interact with the hPPARc protein and formed a
nonradiative ground-state complex of hPPARc-DBDF2,6T,
mainly through hydrophobic force. The experiments of DARTS
and ultraﬁltration-LC preliminarily proved the possibility of
DBDF2,6T to be an agonist compound to hPPARc protein.
Considering the anticancer activity of DBDF2,6T and various
physiological functions performed by agonists of PPARc
protein, the authors concluded that DBDF2,6T had a possibility
to interact with the hPPARc protein as an agonist and ﬁnally
inducing physiological eﬀects such as anticancer activity.
The novel imidazole salts 1,3-bis(2-hydroxyethyl) imidazolidinium bromide (LA), 3-(2-ethoxy-2-oxoethly)-1-(3aminopropyl)-1H-imidazol-3-ium bromide (LB), 1,3-bis(2carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide (LC),
and 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3ium bromide (LD), along with their synthesis and characterization, were reported by G. Uluçam and M. Turkyilmaz.
The antimicrobial and cytotoxic activities of the synthesized
salts on some speciﬁc bacteria and cancer cell lines were
measured using spectrophotometric methods, showing that
LA exhibited better inhibition than the selected antibiotic on
Bacillus cereus, while it is active on the selected bacteria and
the yeast together with LB. On the cytotoxicity evaluation, LC
showed considerable inhibition eﬀect on HeLa, as LD
manifested on Hep G2. Although their IC50 doses are quite
high in comparison with the similar chemicals in the literature, the cytotoxicity of LC and LD is aﬃrmed by not
causing harmful eﬀect on the healthy MEF cells as much as
they do on the cancel cell lines.
We hope that this special issue would shed light on the
use of metal-based compounds and nanomaterials as potential candidates for anticancer and antimicrobial properties and attract the attention of the scientiﬁc community to
further challenges and investigations in this ﬁeld.
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Cancer and bacterial diseases have been the most incidental diseases to date. According to the World Health Report 2018, at least
every family is aﬀected by cancer around the world. In 2012, 14.1 million people were aﬀected by cancer, and that ﬁgure is bound to
increase to 21.6 million in 2030. Medicine therefore sorts out ways of treatment using conventional methods which have been
proven to have many side eﬀects. Researchers developed photothermal and photodynamic methods to treat both cancer and
bacterial diseases. These methods pose fewer eﬀects on the biological systems but still no perfect method has been synthesized. The
review serves to explore porphyrin and gold nanorods to be used in the treatment of cancer and bacterial diseases: porphyrins as
photosensitizers and gold nanorods as delivery agents. In addition, the review delves into ways of incorporating photothermal and
photodynamic therapy aimed at producing a less toxic, more eﬃcacious, and speciﬁc compound for the treatment.

1. Introduction
Drugs based on metals have since been used during ancient
times; however, modern metal-based medicine dates to
about 50 years ago through the use of cisplatin; since then,
the antitumor activity of these metals has been studied [1–5].
Gold salts and arsenic compounds have been used for the
treatment of arthritis and syphilis, respectively. Heavy
metals, rhodium, indium, palladium, and noble metals have
the ability to be used as therapeutic agents. The noble metal
nanoparticles work better when ligands are attached to them
as opposed to when they operate singularly as free ligands; in
addition, antibiotic compounds can also be bound to the
metals, thereby increasing their eﬃcacy or to avoid the
resistance by drugs [6, 7]. In their elemental and coordinated
states, metals act as various agents: antibiotic, antimalarial,
antibacterial, antiviral, antitubercular, antimycotic, antiarthritis, and anti-inﬂammatory. In their elemental states,

nanoparticle formulations are used as carrier agents for
drugs and to toxify bacteria but this toxicity of bacteria in
humans is still a subject of research [8]. The speciﬁcity and
selectivity of target drugs that only hit the aﬀected cells and
tissue have been a challenge in the therapeutic ﬁeld, but the
use of receptor nanoparticles has been implemented to
overcome this challenge. Other challenges as highlighted by
Akhtar et al. [9] are primarily on the basis of the design of a
nanocarrier, the drug loading eﬃciency, how stable the ligands are on the nanoconjugates, maximum receptor-ligand
interactions, and the time the targeted receptor would be
expressed, the toxicity of the nanoparticle, and immunity to
the blood system [10]. Gold nanorods (AuNRs) are used in
photodynamic and photothermal therapy for clinical purposes on the basis of their optical and chemical properties.
Porphyrin is one of the common photosensitizers used for
the treatment of tumors and antibacterial infections.
Nanoparticles have been introduced to the clinical ﬁeld as to
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prevent or assist in the traditional methods of treating
cancer.
Nobel metal nanoparticles have strong electric ﬁelds at
the surface; hence, the absorption and scattering of electromagnetic radiation by those nanoparticles are enhanced,
making them ideal choices in the photothermal cancer
therapy. The best option is to use agents that are active at the
near-infrared region for minimal light extinction by the
intrinsic chromophores in the tumor tissues. AuNRs with
suitable aspect ratios have the ability to absorb and scatter
light in the NIR (650–900 nm), hence used in molecular
imaging and photothermal cancer therapy. Solid tumors
have leaky blood vessels with cell junction gaps from 100 nm
to 780 nm, and this permeable vasculature allows for the
extravasation of gold nanoparticles into the tumor matrix.
The optimal aspect ratio as experimentally obtained by Singh
et al. for ex vivo experiments was determined as 4.0 ± 0.06 as
per TEM results. The aspect ratio resulted in the SPR peak of
the AuNR to be around 808 nm which is in the NIR and
allows for deep optical tissue penetration [11].
Some scientists however argue for the use of nanoparticles as tumor-targeted delivery systems in the clinical
environment. An example is seen where Van de Meel et al.
[12] state that the “unappreciation” of nanomedicine is due
to clinical trials practised on mice as opposed to humans and
that only 0.7% of the researched nanomedication even
reaches clinical trials. He however concluded that researchers should focus not only on the understanding of the
biology and chemistry behind nanocarriers but also on the
idealistic “disease-driven” approach on their potential.
The use of gold nanoparticles has been of interest lately
due to their impeccable properties as carrier agents of drugs;
the properties include the fact that a wide range of organic
molecules can adhere and be bonded to the nanoparticles,
they have low levels of toxicity, their absorption is very
tunable, and they have small sizes and high surface area to
the volume ratio. These properties however ideally work
when the surface of the gold particles is modiﬁed and tuned
to suit the use [13]. Gold nanoparticles are biologically inert,
have high dispersity, are noncytotoxic, are biocompatible,
and are optically tunable [14]. The treatment of cancer has
traditionally made use of the systematic delivery of an anticancer agent which unfortunately leads to the accumulation of the agent to the tumor cell; a new method has
however been developed which ensures that the anticancer
agent is delivered through the lymphatic network. Oladipo
et al. used the polymeric AuNRs (PAuNRs) to deliver drugs
from an accessory lymph node to a proper auxiliary lymph
node containing a tumor in order to treat lymph node
metastases [15]. Coating of nanoparticles with alkane thiols
monolayer has become of great attraction as resulting
nanoconjugates have unique optical and electronic properties that depend and can be controlled by the particle size
and the nature of the protecting molecules [16].
Gold nanoparticles possess unique optical properties.
AuNRs particularly have two distinctive absorption bands:
one is caused by light absorbed on the short axis (transverse)
and another due to light absorbed on the long axis
(longitudinal). The ability of the AuNRs to be optically
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controlled and the fact that they are very sensitive to changes
in the local environment makes them excellent materials for
sensing, photothermal therapy, and imaging [17]. AuNRs
applications are vast; they can be used in biomedical
technologies, plasmon-enhanced spectroscopies, and optical
and optoelectronic devices. AuNRs exhibit special optical
properties in cancer diagnostics and treatment. Their advantages however still bring a few questions: their toxicity in
the blood system, their biodistribution, and their fate in vivo.
Still to be explored is a further optical control of gene delivery and use of nanorods for in vivo spectroscopic tumor
detection combined with organic dye molecules [18].
Photodynamic therapy is one of the most eﬀective
regimens in the treatment of cancer, precancerous inductions, actinic keratosis, infections, dermatology, cardiovascular illness, and wound healing. For photodynamic
therapy to successfully proceed, three elements have to be
present: oxygen, a photosensitizer, and light [19]. Porphyrins
are photosensitizers which selectively accumulate in tumor
cells, releasing cytotoxic substances and hence destroy the
cancerous cells with minimal harm to the surrounding
healthy cells. Exposure of a photosensitizer to photoactivating light enhances the destruction of malignant tissues. Clinically, common photosensitizers used are the
haematoporphyrin derivative (HPD) and the Photofrin II,
which is a puriﬁed form of HPD [20]. Porphyrin is a naturally occurring heterocyclic compound shown in Figure 1
[21].
Heterocyclic compounds occur widely in nature in
compounds such as hemes and chlorophylls. These compounds are used in medicines, pharmaceutical, agrochemical, and energy materials. Polyheteroatomic heterocycles
are used in clinical therapy as they allow for direct interactions with the biological targets which are often not
possible with single heterocyclic compounds [22]. Porphyrins are heterocyclic compounds with semiconducting
properties; these compounds can be used for a number of
applications: artiﬁcial photosynthesis, catalysis, molecular
electronics, sensors, nonlinear optics, and solar cells. The
functionality of porphyrins depends on their crystallography, which depends on the plane of the macrocycle and the
conjunction of the pi-bonding to the adjacent macrocycle or
how the macrocycles are interconnected with the ligands by
covalent bonds. The modiﬁcation of the basic porphyrin
structure enhances its semiconductivity property and hence
its ability to be used as a photosensitizer. Porphyrins also
have the tumor-localizing ability [23].
Encapsulation of gold nanorods with porphyrin has been
achieved before to obtain novel multifunctional nanoparticles. The porphyrin structures were, for example, doped
with silica shells to protect them from the external bioenvironment [24]. The resulting multifunctional nanoparticles are good candidates for both photosensitization
and two-photon imaging and also image-guided therapy.
The use of imaging therapy has many advantages over
conventional therapy. The merits of two imaging therapy
include the bioimaging that provides for deeper penetration
(light) and has a 3D imaging capability. Metal nanoparticles
especially gold nanorods have shown an excitingly good
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Figure 1: Structure of porphyrin.

promise in two-photon imaging. They have high two-photon
luminescence which is approximately 58 times greater than
that of a single rhodamine molecule [25]. The biological
transparency window is around 6000–10000 nm which coincides with the longitudinal plasmon band of the gold
nanorods. The nanorods alone however lack the targeting
ability, hence with combination with porphyrins will create a
more speciﬁc selective multifunctional compound.
The purpose of this study is to revise the coating performed on nanorods with porphyrin for further modiﬁcation for the treatment of cancer and bacteria using
photodynamic and photothermal therapy [26–29].

2. Literature Review
2.1. Gold Nanoparticles. Generally, metal nanoparticles have
been used for cancer diagnosis and treatment for the past
decades [30–34]. Multifunctional nanoparticles have speciﬁcally been used for a number of aspects such as targeting,
imaging, and therapy as a way to overcome challenges
imposed by conventional treatment (radiotherapy, chemotherapy, and surgery). Amongst all, the use of iron oxide
nanoparticles received overwhelming attention primarily
due to super magnetic properties for magnetic resonance
imaging (MRI). In fact, magnetic nanoparticles other than
gold and carbon nanoparticles could be degraded to the
respective metal cations in the body especially in acidic
media, increasing the toxicity of the long-term nanoparticles
residing in the body [35]. Certain metal nanoparticles interact with light, and that proved to be an opportunity for
biophonic nanomedicine [36, 37]. One of the main ﬁelds
that use nanoparticles (NPs) is the image-guided therapy; it
uses multifunctional nanoparticles based on surface plasmon resonance absorption property which is tunable in the
near-infrared region [38, 39]. Typical examples are gold
nanorods, for which optical properties could be explained
better by the Mie–Gans theory [40]. The sensitivity of the
plasmon resonance frequency of the nanorods towards the
refractive index of its surroundings makes them suitable for
use in biological sensing. They are also proven to be very
sensitive to thermal environments and possess nonlinear
optical response properties [41, 42]. Synthesis of the
nanorods is one of the main parameters that are controlled
for optimization of properties [43]. An important technology investigated in this review as a promising factor for
the image-guided therapy and diagnosis is the passivation of
gold nanorods [44, 45].
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Gold nanoparticles have diﬀerent shapes ranging from
spherical, suboctahedral, octahedral, decahedral, icosahedral
multiple twinned, irregular shaped, tetrahedral, nanotriangles, nanoprisms, hexagonal platelets, and nanorods
[46–48]. Fluorescent nanoparticles have good biocompatibility for molecular imaging and metabolites used
for cellular functions in cancer. On the other hand, nanorods
show special optical and chemical properties for biological
applications. They also have unique anisotropic geometry for
tuneable absorption in the visible and near-infrared region.
These phenomena make them useful for biosensing, photothermal therapy, and gene delivery [49–52]. Generally,
nanoparticles are used for their light scattering and absorbing abilities, and scattering is more important for microscopy and optical coherence tomography (OCT) [53].
The eﬀects of the nanoparticles can be detected using
various imaging apparatus: magnetic resonance imaging,
nuclear imaging, and photoacoustic imaging. After the
administration of the nanoparticle to the tumor cell, they
land on a solid target tissue, and their activity can be changed
by an external stimulus. An example is photothermal
therapy, in which the light energy is converted to heat energy
for damaging the cancer cells [54, 55]. The dependence of the
excitation of the noble metal nanorod energy lies in the
dimensions of the nanorods and its environment. This
enhances tunable optical properties which can be demonstrated by the Mie–Gans theory. It states that there is a direct
dependence of the geometry end cap of the nanoparticles
and the particles’ size, which aﬀects the peak position in the
absorption spectra. For AuNRs, this gives rise to the two
absorption bands by the longitudinal band and the transverse band [56–58].
2.1.1. Properties of Gold Nanorods. The optical properties of
AuNRs are of great importance and make them excellent to
use in therapy. In the past, the use of gold nanoparticles was
limited to additives for aesthetic purposes, but emerging
studies indicated that the peculiar optical properties at
nanoscale of the particles brought other dimensions. For
instance, the increase in rod length of the gold nanorod
increases the longitudinal band red shift and the extinction
coeﬃcient [59, 60], as shown in Figure 2 [60, 62–66]. As a
result, the nanostructures are used in sensing, imaging, and
photothermal therapy. One property which qualiﬁes the
nanorods to be used in as biological sensors is that their
absorption band changes with the refractive index of the
local material. This phenomenon allows for very accurate
sensing. They are often identiﬁed by their aspect ratio and
are cylindrical rods with a width less than 10 nm to over
40 nm and length to several nanometers; an example is seen
in Figure 3. For one to fully comprehend the unique features
of nanorods, the robust extinction coeﬃcient for predicting
the concentration at an absorbance has to be known. The
AuNRs are eﬀective for the detection of sequences of infectious agents for diseases like HIV-1 [68].
AuNRs absorb at the near-infrared region where the
maximum radiation through the tissue occurs, hence used
for in vivo imaging and photothermal therapy. Nanorods
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Figure 2: UV-Vis spectrum of AuNRs at diﬀerent preparation temperatures [61].
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Figure 3: Illustration of gold nanorods of diﬀerent aspect ratios in AgNO3 growth solution with concentration (a) 0.03, (b) 0.05, (c) 0.075,
(d) 0.1, (e) 0.125, and (f ) 0.15 mmol−1 [67].

exhibit two bands of surface plasmon resonance (SPR),
which are a product of the conduction band along their long
and short axes. On the visible region, the transverse band
and the longitudinal band occur on the near-infrared region
(NIR) [69–72]. Tailoring of the nanorods during synthesis enables the absorption bands to be of desired wavelength
in the near-infrared region, and this can be attributed to
the fact that the longitudinal length of the nanorods can
be tuned via its aspect ratio. Their luminous energy can
be converted into heat energy which is inﬂuenced by the

maximum penetration of light in tissues favorable for
photothermal therapy [73–76]. AuNRs have a higher distinct
local ﬁeld enhancement resulting in a signiﬁcant surfaceenhanced Raman spectroscopy (SERS) activity. Their
modiﬁable surface area enables the incorporation of drugs
for use as drug delivery agents [77–79].
The distinctive optical and electrical properties of AuNRs
depend on size and aspect ratio. For the nanorods to eﬃciently
work, several aspects need to be addressed: improvement of
the synthesis of AuNRs in terms of reproducibility and
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2.1.2. Synthesis of Gold Nanorods. The nanorods are mainly
synthesized using the wet chemical method and the hard
template directed (an example in Figure 5) method [84, 85].
The wet chemical techniques involve the reduction of metal
ions at gold surfaces in the presence of various surfactants;
the technique however produces hybrids of nanospheres
and other shapes clearly dominated by rods and that aﬀects
the ideal optical response of the gold nanorods. For high
purity nanorods, the hard template directed methods are
utilized by making use of the polycarbonate membrane and
the anionic aluminum oxide (AAO) as templates [86, 87]. A
typical example of the wet chemical method is the synthesis
of AuNRs by seeding. In this method, a spherical seed of
nanoparticles is added to a gold salt solution containing
ascorbic acid, silver nitrate, and cetyltrimethylammonium
bromide (CTAB) which then produces nanoparticles with a
rod-like shape, as shown in Figures 5 and 6 [88]. CTAB
enhances the rod-like shape of nanoparticles by preferably
binding to the sides of the nanoparticles, and the concentration of gold nanoparticles is reduced slowly by the
growth of the nanorods particles. Variation of silver nitrate
concentration is used for the alteration of the rod length.
The synthesis is followed by the centrifugation with distilled water to purify the nanoparticles by removing excess
CTAB which is cytotoxic, unreacted metal ions, and the
ascorbic acid.
The hard template directed method includes photochemical and electrochemistry methods, from which
nanorods are grown in an electrolyte solution under regulated current between two electrolytes [89–92]. A gold
metal plate acts as an anode and a platinum plate as a
cathode. Both electrodes are immersed into an electrolytic
solution containing a cationic surfactant.
The solution normally is placed in an ultrasonic bath
to avoid aggregation of the gold nanoparticles before the
addition of acetone and cyclohexane to the electrolyte

150
(1 1 1)

Intensity (cps)

eﬃciency, full understanding of the direct characterization of
nanorod geometry functionalization, and lastly, to ﬁnd a costeﬀective and sensitive method that would be used for nanorod
sensing. Another important aspect is coating which also depends on synthesis that may lead to covalent or noncovalent
bonds at the interface [80–82].
X-ray diﬀraction (XRD) shows a face-centred cubic
close packing arrangement of gold nanorods in speciﬁc
areas. The XRD peaks are very consistent with ones of
metallic gold. Sharp peaks resembling ones of gold are
observed in Figure 4, hence conﬁrming the crystalline
nature of the gold nanorods. Figure 4 shows an XRD
pattern of gold nanorods [83].
Various diﬀraction patterns are presented at 2ð with
values 38.4°, 44.4°, and 64.6° which correspond to the following diﬀraction planes: (9111), (200), and (220), respectively. The peaks perfectly index to a cubic face-centred
structure of a gold metal. The XRD showed a lattice constant
of α � 4.082 Ă which is in agreement with 4.079 Ă, which is
the standard diﬀraction pattern of a cubic gold metal (CAS:
7440-57-5) by Pallares [83].
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Figure 4: XRD pattern of gold nanorods as prepared by the
sonoelectrochemical method [83].

Figure 5: AuNRs prepared in the presence of a direction agent
CTAB. Scale: 100 nm (TEM micrograph).

solution. Another electrochemical method can be used
where the metal (gold) can be electrochemically deposited inside a nanoporous polycarbonate template of
alumina membranes, as shown in Figure 7 [94]. In
photochemical methods, gold salt is irradiated with UV
light in the presence of CTAB and tetradodecylammonium bromide.
2.1.3. The Seed-Mediated Method/Green Method Synthesis.
Although the synthesis of AuNRs using the template method
has been perfected and produces the AuNRs, other methods
are also used as greener methods to give comparable results as
the template method. Gole and Murphy [95] used the seedmediated method as the alternative route to the template
method. In this method as summarized in Figure 8, gold seeds
of size 3-4 cm are initially synthesized by chemical reduction
using a strong reduction agent (sodium borohydrite) in the
presence of a capping agent (citrate). Following the step, the
seeds are added to the solution of more metal salt, a weak
reducing agent, and a surfactant directing agent (CTAB). The
method generally results in monodisperse, stable gold
nanorods with diﬀerent aspect ratios.
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Figure 6: (A) Growth solution: CTAB, HAuCl4, AgNO3, H2SO4, and AA. (B) Seed solution: CTAB, HAuCl4, and NaBH4. (C) Gold
nanorods dispersed in pure water. (D) Redispensation of gold nanorods in pure water. (E) Gold nanorods dispersing in water. (F) mPEG-SH
solution. (G) Gold nanorods wrapped in mPEG-SH, in pure water. (H) Gold nanorods wrapped in mPEG-SH, dispersing in ethanol. (I)
Gold nanorods dispersing in ethanol. (J) Gold nanorods dispersing in MMA. (K) Photopolymerisation resin. (L) Gold nanorods dispersing
in photoresin.
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Figure 7: Illustration of the template method to synthesize gold
nanorods and reduction of Au(I). S, forming Au seeds; G, growth of
the Au seeds [93].

Moreover, another alternative green method is to
synthesize gold nanorods without the use of CTAB but
using gelatin as a capping agent. The method was reported
to have resulted in higher media stability and enhance
photostability [96].
2.1.4. Characterization of Gold Nanorods. Recent developments are done to develop nanotechnologies for speciﬁc
drug delivery and multimodal activities [96–98]. Due to their
distinctive chemical, physical, and photonic properties, AuNRs

have been used for cancer therapy, diagnostic, and therapeutic
applications. Ali et al. stated that the low resolution from some
equipment limits crucial information about the nanorods [99].
Many researchers characterised the nanoparticles by using
electron microscopy (EM), atomic force microscopy (AFM),
dynamic light scattering (DLS) and static light scattering (SLS),
X-ray diﬀraction (XRD), and the Fourier-transform infrared
spectroscopy (FTIR), as indicated in Table 1 [112–114].
Table 1 shows the properties, synthesis, characterization,
and applications of AuNRs.
2.1.5. Application of the Gold Nanorods. A lot of studies
indicated that the nanoparticles have the potential to be
consumed as drug carriers, used in the detection and
treatment of tumors, monitoring of treatment response, and
to guide the therapeutic regimens [115, 116]. In addition,
plasmon resonant gold nanorods are used as multifunctional
agents for image-guided therapies. As the carriers, they
promote the circulation time of drugs to take longer and
improve and ensure that drugs do not degrade until they
reach their targets. In the event of a tumor, the drug would
land on the target still eﬀective for an uptake through
permeability, retention eﬀect, and the receptor-mediated
endocytosis. The large surface to volume ratio of nanocarriers helps them carry agents for chemotherapy, antiangiogenic, or gene therapy delivered to tumor sites for
enhanced treatment [117, 118].
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Figure 8: The general scheme used for the three step seed-mediated method [95].
Table 1: Summary of properties, synthesis, characterization, and applications of AuNRs
Synthesis
Characterization
Limitation
Application
Wet chemical synthesis [100–102],
SEM, TEM
Limited yield due to the CTAB bilayer Sensing, photothermal therapy, imaging
template method [103–105]
Electrochemical route [106–108]
TEM
N/A
Sensing, photothermal therapy, imaging
Seed-mediated method [109–111]
TEM, ETEM
N/A
Sensing, photothermal therapy, imaging

The versatility of nanoparticles enables them to be used
in various ways. For example, in therapy, one way is for the
treatment of ovarian cancer. This required a coat with thioglucose, sensitizers to produce ROS to damage the cancer
cells [119–122]. The use of the nanorods over nanospheres or
any other nanoshapes is also due to narrower line widths at
more or less the same resonance frequencies because of
reduced radiation-damping eﬀects. In fact, nanorods have
the ability to emit two-photon luminescence (TPL) signals
that are used for single photon detection, which is suitable
for biological imaging purposes [123–125].
The use of AuNRs however has a few challenges. For
example, under intense illumination, the shape of the rod
changes to a nanosphere and longitudinal NIR resonance
loss. This normally happens in the photothermal therapy. A
coating with thermally stable material was eﬀective to
overcome the shape change [100, 101, 126]. The modiﬁcations of gold nanoparticles for clinical value are of great
importance, taking note of uptake and cell targeting.
Theranostic systems have been founded from many building
blocks, including hybrid, organic and or inorganic nanoparticles, superparamagnetic iron oxide, and plasmonic gold
nanoparticles, which have been extensively studied due to
their unique physical properties. The hybrid of these particles can be used for in vitro or in vivo imaging, magnetic
targeting, and photothermal therapy. The coating/
passivation or functionalization of the gold nanoparticles
has currently received enormous attention due to more
multifunctional competitive applications [102, 103].
2.1.6. Passivation of Gold Nanorods. The signiﬁcance of
magnetic nanoparticles has been growing due to use in more
important and exciting applications like use in biomedical
diagnosis, catalysis, and photoluminescent materials. Due to
their unstable nature to the surrounding environment, their
applications are inhibited as they readily oxidise on exposure
to air due to their large surface areas. Methods have been
developed to increase oxygen resistance on metal nanoparticles such as plasma spraying, phosphating, and electrolyte deposition [104–107]. Consideration has to be made

when encapsulating metal nanoparticles so as not to increase
the thickness of the metal and hence interfering with the
bulk metallic properties of the metal. One of the most ideal
methods of passivation is the atomic layer deposition (ADL)
method, which provides an ultrathin layer on the metal
nanoparticle [108–111]. This method however does not
guarantee the conformation of the geometry of the nanoparticles, hence only excellent for application in which
precise morphology is not required [127, 128]. One of the
methods used for the stabilization of metal nanoparticles is
the attachment to dendrimers, ensuring and controlling the
stability, size, and solubility of nanoparticles in a range of
less than 1–5 mm diameter [129–131]. Examples of dendrimers include PAMAM and PPI as shown in Figure 9
[132]. Ligands and polymers have been used for the past
years for the stabilization of metal nanoparticles and their
application in catalysis and biocatalysis; in particular, their
use with gold nanoparticles has been reported to yield excellent results.
The optical properties of AuNRs can be changed by slight
changes in the shape or size of the nanorod; hence, it is
important to ensure a stable environment for them. Sensing,
imaging, and biomedical applications of AuNRs all come as
a consequence of the ability of the AuNRs to be tunable,
which is attributed to their optical properties contributed by
their rod-like shape. Murphy et al. elaborates on the interfacial chemistry of nanorods [133]; three interfaces occur
on the surface of nanorods, the gold-surfactant interface,
hydrophobic surfactant bilayer, and a surfactant interface.
These interfaces help in altering the nanorod properties in
terms of stability, against aggregation and toxicity and how
easily they can be assembled. Lastly, the solvent accessible
interface provides a platform or directs how the nanorod can
interact with other particles, macromoles, and living cells
[134–136].
A common method of the synthesis of AuNRs uses
CTAB, which makes the functionalization of AuNRs using
ligands a challenge. During the synthesis using this method,
a double layer of CTAB is formed for the passivation; this
layer is a problem in terms of bioconjugation, adsorption of
DNA nonspeciﬁcally, cytotoxicity, and the stability of the
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Figure 9: (a) A G1 PAMAM dendrimer and (b) G1 PPI dendrimer.
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nanorod and hence limits the use of these AuNRs for biological applications [137–140]. Absorption associated with
AuNRs enables them to be used for dark-ﬁeld light scattering observation or biological media. Even though CTAB
is very toxic to the biological environment, complete removal from the AuNRs would yield unstable AuNRs in
colloidal dispersion forming aggregates. To obtain functional AuNRs, CTAB has to be replaced by amphiphilic
molecules. Cationic cerasone-forming lipids and cationic
nonsililyated lipids are used to passivate AuNRs [141].
Moreover, the amphiphilic molecules were added as to
overcome the shortcomings brought by CTAB especially the
fact that it has high cytotoxicity preparation of phosphatidylcholine passivated AuNRs (PC-AuNRs) which have low
cytotoxicity and eﬃciently used as photosensitizers using
pulsed light [142]. The pulsed light however reshapes the
nanorods into nanospheres, hence no absorption spectra at
the near-IR region. This helps in the damage of only tumor
cells not healthy cells even with successive irradiation. The
combination of photosensitizers and light induces the selectivity for tumors from healthy cells and also use of light
produces heat just around the photosensitizer, hence the
destruction of cells. Figure 10 [119] shows the absorption
spectra of a PC-AuNRs in solution. It shows a normal NR
spectrum with two SP peaks: ∼900 nm for the LSPR and
∼520 for the TSPR.
Ferric acid at room temperature as an etching agent for
AuNRs is also used to passivate gold nanorods. The method
used decreased the length of the AuNRs but not their diameter
due to the oxidation of AuNRs by ferric ions, the shortening of
only the length helps in the provision of the nanorod’s desired
aspect ratios and selective optical and also selectively removes
other nanostructures. The shortening in length of the nanorods was monitored by TEM and the UV-vis absorption
spectroscopy, and the results showed the reduction of electron
potential of the gold species by halide ions and acceleration in
oxidation of the AuNRs by ferric ions [121].
Other ways to encapsulate the particles include polyelectrolyte coatings such as poly(diallyldimethylammonium
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Figure 10: PC-AuNRs absorption spectrum, 0.5 nM Au nanorods
(TEM image of PC-NRs).

chloride) (PDADMAC), poly(4-styrenesulfonic acid) (PSS),
poly(acrylic acid) (PAA), or poly(allyamic) hydrochloride
(PAH); these molecules reduce the interaction of CTAB with
cells. PEGyated AuNRs are also used, which to some extent
replace the CTAB in the molecule hence reducing toxicity
[122]. Figure 11 illustrates the encapsulation with polymerbased molecules.
The treatment of particles with PEG-SH replaces the
CTAB in the molecules which is toxic, replaces it with PEG
(polyethylene glycol), and it also enhances the particles to be
more stable under diﬀerent conditions. Takahashi et al.
stated that the PEG as a linker to attach antibodies is still a
ﬁeld to be explored further [91]. Lastly, a hydrophobic
polymeric precursor, polyvinyl acetate (PVA) which changes
into polyvinyl alcohol which is hydrophilic, is used to replace
the nonbiocompatible and toxic CTAB [143].
AuNRs perform adequately in their retained shape;
hence, a suitable coat has to be used for such. CTAB is the
main inhibitor in AuNRs application due to instability;
hence, thiol monolayers are used which provide for better
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Figure 11: Surface modiﬁcation of AuNRs. (a) PSS, encapsulation occurs on the CTAB bilayer through electrostatic adsorption. (b) mPEGSH, replacement of the CTAB by PEG by the gold sulphur binding [123].

stability and organic media for compatibility [144]. Polymer
(including porphyrin) coated nanorods are used as either
ionic or cationic molecules with diﬀerent charge densities,
and these also give a promising future as biological delivery
agents [145, 146].
2.1.7. The Replacement of Quantum Dots over Gold Nanorods.
Quantum dots (QDs) are nanocrystals with semiconducting properties. These materials comprise elements

from Group II to VI or III to V, and their sizes range from
2 nm to 19 nm. QDs such as AuNRs have unique optical
and chemical properties [147]. These materials have an
excellent future in biomedical imaging and detection;
however, due to the heavy metals and colloidal instability,
these pose limitation in terms of their use in diagnosis and
therapy for both cancer and other diseases. Moreover, QDs
still have questions pertaining to their cytotoxicity and
their size increase after coating. The materials also show
impressive results in imaging tumor neovasculature which

10
is done late after clinical diagnosis of the development of
the cancer. Gold nanorods have very high absorption
spectra in the NIR; this is where light penetration into the
tissue is very high, around 10 cm deep. Gold nanorods
relative to quantum dots are easy to synthesize, they have
tunable optical properties, and they can also be multifunctional [11].
2.2. Porphyrins. Porphyrins and metalloporphyrins are
tetraazamacrocyclic compounds found in nature, and the
compounds participate in important biological processes
such as photosynthesis. Importantly, the ability of a porphyrin photosensitizer to be located in a biological medium
depends strongly on their peripheral substituent groups as
well as their axial ligand; the two factors determine solubility, chemical aﬃnity, redox potential, and other properties
[148–150].
2.2.1. Synthesis of Porphyrin and Characterization.
Porphyrins exist as two types, β-substituted and mesosubstituted porphyrins, as illustrated in Figure 12 [151], where
the β-substituted porphyrins mirror naturally occurring
porphyrins while mesosubstituted are synthesized. Mesosubstituted porphyrins are widely used in biomedical and
material chemistry [152].
The synthesis of the mesosubstituted porphyrins from
nonporphyrins follows basic steps which are seen in the
methods described here. The ﬁrst synthesis was performed
by Rothermund in 1936, and the method starts with the
reaction of an aldehyde and pyrrole with both reactants at
high temperature and concentration in a bomb reactor with
no added oxidant. The addition of zinc acetate to the reaction only increases the yield of tetraphenylporphyrins twofold, but this is not observed with any other porphyrins
[153–157].
Another method was developed by Adler and Longo so
as to modify the Rothermund method by increasing the
yields. The method was developed around the 60s and uses
high temperature and concentration, but unlike the Rothermund method, it takes place in the presence of air under
reﬂux in propionic acid. The method allows for synthesis of
various porphyrins at relatively higher yields but polymerized pyrrole yield also increases, hence reduced porphyrin yields because it contaminates the product. The
porphyrin can be isolated in two ways: treating with DDQ
(2,3-dichloro-5,6-dicyano-1-4-benzoquinone) and reﬂuxing
with toluene or by using column chromatography. Scheme 1
illustrates the synthesis by the Adler–Longo method [158].
Figures 13 and 14 show a reported method scheme as
performed by Linsdey in 1987.
The Adler–Longo reaction is used to react substituted
benzaldehydes with pyrroles to produce the corresponding
porphyrins in yields of about 20%. The method provides
crystalline and pure product relative to the Rothermund
reaction product, and it can also be used with diﬀerent aldehydes to produce porphyrins but it poses certain problems; the high temperatures and concentrations
hinder the synthesis of porphyrins with sensitive functional
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groups [144, 160, 161]. The reaction method as established
by Alder, Longo, and Shergalis shows that before the porphyrin is cyclised, it goes through a carbinol step as shown in
Figure 15 [162].
Due to the drawbacks brought by the Adler–Longo
method, the Linsdey method was developed. The method
synthesizes porphyrins under milder conditions and is a
two-step one-ﬂask reaction. The method enhances the
Adler–Longo method, in that porphyrins that cannot be
synthesized by the latter can be synthesized by the Lindsey
method; this method can yield porphyrins from some
sensitive aldehydes. In this method, pyrrole, benzaldehyde,
triethylorthoacetate, and a water quencher are stirred at
room temperature at equimolar concentrations with boron
triﬂate in dichloromethane (DCM). After an interval of
30–40 minutes, formation of porphyrinogen occurs. DDQ is
added to oxidise the porphinogen to produce the porphyrin
in a yield of 30–40%. Figure 16 [163] shows the reaction path
from an aldehyde to a porphyrin. Figure 14 illustrates a
reaction scheme for the formation of porphinogen
[164–171].
2.2.2. Modiﬁcations in the Structure
(1) First-, Second-, and Third-Generation Photosensitizers.
Photofrin has intrigued synthesis of a lot of other photosensitizers such as photoheme which is used to treat lung,
skin, and breast cancer, and these are the ﬁrst-generation
photosensitizers [172–184]. Second-generation photosensitizers were developed so as to improve on ﬁrst-generation
photosensitizers. These photosensitizers are chemically
pure and absorb light at around 650 nm, and they have
relatively less skin photosensitivity. A lot of research has
been conducted and shows that the sensitising eﬃciency of
a compound increases with decreasing polarity [185]. The
use of Photofrin has triggered the synthesis of more
porphyrin-based photosensitizers mainly to produce the
ideal photosensitizer. Numerous new porphyrin-based
photosensitizers have been produced: ﬁrst- and secondgeneration photosensitizers including hematoporphyrin
monomethyl ether (HMME), photocarcinogen (PsD-007),
second-generation hematoporphyrin derivatives (HiPorphyrin), and 5-ALA (aminolevulinic acid hydrochloride)
[186]. The activation of a porphyrin and its derivatives by
light triggers its relaxation to the ground state in three
ways: nonradiative decay, emitting a photon, or by the
transfer of energy [187–189]. Photofrin, which is the puriﬁed form of hematoporphyrin, was the ﬁrst accepted
photosensitizer for PDT, for the treatment of various
cancers. Photofrin has certain properties required for an
ideal photosensitizer but it has a few challenges; it has a
weak long wavelength at 630 nm which is below the
wavelength for maximum tissue penetration of deep tumors; secondly, it has a long photosensitivity to the skin.
The surface of porphyrins can also be modiﬁed by diﬀerent
methods including surfactant-resistant, ionic, mixed porphyrin, sonic cation-assisted, and metal coordination selfassembly [190–192].
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2.2.3. Modiﬁcation of Porphyrins. Porphyrins can be
modiﬁed by expanding their pi-electron conjunction. This is
achieved by increasing the heterocyclic rings or bridging
carbons around the porphyrin framework. The resulting
chromophores absorb strongly in the red region, 650–
800 nm as opposed to the 18 pi-electrons in normal porphyrins [193–195]. Modiﬁcation to the porphyrin structure
enhances the absorbing ability of the porphyrin; for example,
the reduction of the ring produces a ring of chlorine which
absorbs around 660 nm in the red spectra. This allows for the
modulation of the light-activated analysis [196].
2.2.4. Porphyrin in Photosensitization. The use of twophoton imaging over conventional imaging has many advantages including the deeper light penetration, 3D image
capability, low background ﬂuorescence, and reduced
damage to the surrounding tissue. The use of gold nanorods

as contrast agents of two-photon imaging is very essential
due to the fact that they exhibit high two-photon luminescence which is 58x more than that of a rhodamic molecule [197, 198]. In the two-photon imaging, mesoporous
silica nanoparticles have been used, so as to evade the
shortcomings of photosensitizer delivery systems; they are
used as carriers in chemical catalysis, drug delivery, and cell
labelling. Mesoporous silica nanoparticles have high pore
volume and surface area, hence ease for the production of
singlet oxygen which is easily released from the matrix. The
structures also show high biocompatibility and tolerance to
most organic solvents; these compounds are also easily
functionalized for targeting tumor cells in vivo [199–206].
2.2.5. Application of Porphyrins. The application of porphyrins is based on their peculiar characteristics including
that they have rigid and planar geometries, photothermal,
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and spectroscopic properties that can be tailored readily;
they are multifunctional, biocompatible, and serve as electron donors [207, 208].

Photodynamic therapy is used for the treatment of
tumor and malignant diseases. Its basis is on the administration of the photosensitizer which is followed by
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irradiation of light at a speciﬁc wavelength, and this results
in reactive species like radicals or singlet oxygen which
ultimately destroy the tumor cells; this phenomenon is
illustrated in Figure 17 [209]. The selectivity of PDT depends on the concentration of the photosensitizer, on the
normal and tumor cells, and on the exposure to light of the
side being treated [210].
New antibacterial approaches include the use of photosensitizers activated with visible light; as in PDT, the
photosensitizers accumulate in microbial cells to induce
phototoxic reactions. The excited PS in the triplet state in the
presence of oxygen induces the production of reactive oxygen species (ROS), which then continually induces further
reactions in the bacterial cell wall and the lipid membranes.
Maich [211] reports that a speciﬁc photosensitizer with the
ability to only target the bacteria without causing harm to the
surrounding environment is still a challenge [212].
The low-dark toxicities of porphyrin macrocycles and
the fact that porphyrins selectively localize on a wide range
of tumors have led to them being one of the best photosensitizers relative to other macrocycles. Porphyrins and
compounds based on porphyrins strongly absorb in the
visible part of the optical spectrum; they are noncytotoxic in
the dark, have high chemical stability, have high aﬃnity for
serum proteins, can be modiﬁed to have favorable pharmacokinetic properties, and are stable when complexed with
diﬀerent metals but still maintain their in vivo tumor localization properties [213, 214].
Most photosensitizers used in PDT and ﬂuorescence
diagnosis (FD) are based on the porphyrin structure because
generally porphyrin accumulates on cancer cells as opposed
to the surrounding nearby healthy cells and because their
ﬂuorescensing properties are used for the detection of the
cancer cells. Therapy resulting from the photosensitizers is
based on the production of singlet oxygen when the photosensitizer is exposed to light. A major setback however for
PDT is that it does not work best on distal metastasis [215].
Porphyrins and their analogs are adopted in many
nanotechnologies due to their supramolecular design,
ﬂexibility, robustness, and unique photophysical and
chemical properties and are used in technologies such as
catalysts, sensors, molecular electronics and solar energy
upconversion [216]. Porphyrins also have a visible light
absorption and synthetic versatility, thus can be applied to
the optoelectronics and act as photosensitizers [217].
Engelmanm et al. [218] demonstrates the use of two cationic
porphyrins to understand factors inﬂuencing the binding of
the porphyrins to liposomes and mitochondria and how
eﬃcient their photodynamic reaction is in enthrocytes. The
results showed that binding and photodynamic eﬃciency
were inversely proportional to the number of positively
charged groups but directly proportional to n-octanol/water
partition coeﬃcients [219, 220].
2.2.6. Encapsulation of Gold Nanorods with Porphyrins.
The use of nanoparticles has been very impressive, but
when used by themselves, they pose certain shortcomings;
for example, when entering the blood system, macrophages
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and phagocytes readily passivate them leading to accumulation in the liver, spleen, and lymphatic system; this
leads to toxicity, causes oxidative stress, and draws out an
immune response [220]. Theranostic agents to be developed have to be the ones that contain both therapeutic
and imaging properties. A lot of chemotherapeutic agents
cannot be used as theranostic agents because they comprise
less drug than the imaging doses; moreover, they are not
tumor speciﬁc; antibodies on the other hand have the
ability to be used as theranostic agents but they are relatively expensive. Porphyrins and derivatives however have
the ability to ﬂuorescence when excited by light, hence
allowing for imaging before or after therapy; these molecules also allow for the attachment of tumor-targeting
moieties at peripheral positions for the development of
tumor-speciﬁc agents [221].
Porphyrins have a very rigid highly stable macrocyclic
structure; hence, they are used as ligands in chemistry and
biology; moreover when coordinated to metals, they give
new characteristics. Metal-porphyrin chemistry is very
important in biomimetic and chemical applications
[222, 223]. The removal of the internal protons from the
“free base” porphyrin gives a tetradentate chelating dianion
molecule with an ability to coordinate a metal at the central
cavity, as demonstrated in Figure 18 Research reports show
that porphyrins can coordinate with lanthanides, some
actinates, and a few main group metals [224].
Metals bounded to porphyrins can be in a range of
oxidation states; −2, −6, (d 0 − d10) spin; S � 0 to S � 5/2; and a
coordination ranging from 4 to 8. Restriction on the metal
coordinated with the porphyrin conﬁnes them to only have
two mutually trans-coordination sites as shown in Figure 18
[225]. Peripheral substitution or enhancement of porphyrin
is an approach for modifying the steric and electronic factors
of metals but rearranging the meridonal or facial types is not
possible.
The versatility of the porphyrin ligand has led to a very
large number of designed porphyrin complexes. Paths followed for the insertion or M − Ln fragment have been explored and depend on the nature of the metal source.
Reactions of porphyrins and metals can be of diﬀerent paths
which basically depend on the previous oxidation state of the
metal and coordination, reduction, or oxidation of the metal.
The noncovalent interaction of porphyrins and their
derivatives are very important in biological systems. Derivatives that possess a positive charge on the mesoposition
interact well with DNA, nucleotides, and a lot of aromatic
substrates [226]. Neutral porphyrins are reactive but the
dications are inert. Metalloporphyrin reactions depend on a
number of factors which inﬂuence the nature of the reaction,
the rate at which the metal incorporates is decreased by the
electron withdrawing group in the β-substituent and the
solvent in use also inﬂuences the reactions [227].
Two photon-imaging systems have attracted a lot of
research due to a number of advantages including the fact
that there is enhanced penetration of light in the tissue or
cells. The systems also have low ﬂuorescence, and the
photodamage on the living cells is reduced with their use.
Using photodynamic therapy to treat cutaneous maligneous
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and intraperitoneal tumors has been researched to be one of
the excellent pathways to use. The method however uses
photosensitizers which currently have a lot of pitfalls,
problems that can be solved by development of a new
improved photosensitizer or enhancing the already existing
ones. The aim will be to increase the cytotoxicity, selectivity,
and protection against degradation.
The encapsulation of porphyrin with silica or an additional entity protects it from biological degradation. Multifunctional nanoparticles have been shown to produce more
singlet oxygen than the porphyrin on its own. An example is
illustrated by Zhao et al. [228] by using a two-photon imaging system with high photosensitisation and varying
diﬀerent image contrast agents, photosensitizers, and carriers. Here, a multifunctional nanocomposite (AuNRs/
mSiO2HP) was designed and used. The nanoparticles
comprise a gold nanorod core with a porphyrin-doped
mesoporous silica shell. Results included the fact that the
triplet oxygen production was enhanced with the addition of
the silica coating as opposed to pure porphyrins. These were

monitored by the incorporation of ADBA (anthracenediylbis(methylene)dimalonic acid, which readily reacts with
newly produced singlet oxygen to produce endoperoxide.
Endoperoxide on the other hand decreases the ADBA absorption which is around 350 nm. The absorption spectra of
the composite material embedded with ADBA can be seen in
Figure 19 [228].
Research has shown that enhancing the surface of gold
nanorods enables them to be versatile, hence can tune their
properties to desired use. Using alkyl thiol to encapsulate the
gold not only anchors the nanorod but also enhances the
stability of the nanorod and ﬁlls the space potentially between the gold nanorod and bulky porphyrin molecule so as
to provide space to insert C60 fullness molecules which
increase stability to the porphyrin-gold nanorod hybrid
structure. Work done by Xue and colleagues [229] showed
that protection of nanorods with a monolayer of thiols and
porphyrins has very interesting result.
Modiﬁcation of gold nanorods can also be done by
incorporation of a porphyrin with an antitumor drug, for
example, doxorubicin (DOX) used usually for the treatment
of a number of cancers. The goal is to increase and improve
on the multidrug resistance, nanotargeted delivery, and the
toxicity of the drugs. Multifunctional nanocomposites of
meso-tetrakis-(4-sulfonatophenyl) porphyrin (TPPS), gold
nanorods, and DOX (DOX@TPPS-AuNRs) were synthesized by Bera and his colleagues [230]. The resulting composite material showed improved cellular uptake by the cells
and showed no cell toxicity. Figure 20 [231] shows UV-Vis
spectrum of the composite which signiﬁcantly shows the
SPR (surface plasmon resonance) of TPPS-AuNRs at
523 nm, and one of the pure AuNRs is at 525 nm in aqueous
solution. The noticeable peak broadening was observed due
to the presence of porphyrin which meant that there was a
strong association of the gold surface to the porphyrin.
The excellent imaging and sensing properties shown by
AuNRs qualify them as excellent for photothermal therapy;
on the other hand, porphyrin and derivatives show excellent
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on both areas with a view to ﬁnding a more speciﬁc and less
invasive combination technology.
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2.3.1. Applications of Photodynamic Therapy. Photodynamic
therapy (PDT) is the use of a photosensitive agent on tissues
to treat cancer or bacterial infections followed by photoirradiation. This is a clinical treatment used in diﬀerent
diseases [12, 232–234]. It takes place by the administration of
a photosensitizer in the body of a patient to accumulate on
the tumor. The tumor is irradiated with biothermal light
(500–650 nm), leading to an excited photosensitizer
[149, 235]. Combination of the excited triplet photosensitizer and molecular oxygen results in a singlet oxygen [1O2]
which is the main mediator of the destruction of the cell
induced by PDT. The generation of the [1O2] has a very short
life span and a limited diﬀusion rate, resulting in photooxidation of the tumor [236, 237]. A lot of photosensitizing
agents have been formed but they have not been tested
clinically due to factors such as (a) poor selectivity in terms
of the target tissue and the healthy tissue, (b) the absorption
spectra at short wavelengths, and (c) high accumulation
rates in skin [236].
The use of photodynamic therapy extends to research of
quantum dots, porphyrin, and micelles as photosensitizers.
The discovery of PDT in the 1900s erupted as a cancer, HIV
coronary heart, and psoriasis treatment agent [237–239].
PDT is a modal system which provides binary selectivity,
which is accomplished by the increase in accumulation in
the target tissue and limiting irradiation. The photosensitizer
used in PDT has to be cytotoxic to damage only the aﬀected
tissue. An enhancement can be made by attachment to the
part which has high aﬃnity to the target tissue [240–243].
The tendency of a photosensitizer used in PDT to accumulate only in cancerous cells or tissue and not on the
normal tissue is apparently explained by two reasons. It is
taken up mostly by hyperproliferative cells than by normal
resting cells, and their uptake by neovascular endothelial
cells are accelerated, both of which characteristics can be
seen in solid tumors [244, 245].
Photodynamic therapy is used to deactivate microorganisms by not leading to the selection of mutant-resistant
chains compared to traditional antibiotics [246, 247]. The
use of PDT has been improved by the incorporation of
nanoparticles which have been used as delivery agents of the
photosensitizer or to improve the inactivation kinetics.
Inorganic nanoparticles such as TiO2 can also be used
and have the capability of inactivating microorganisms
[248]. Various developments of tumor target photodynamic
therapy have been made; but until now, there is no universal
approach due to spontaneous properties of tumors. For the
ideal PDT development, the PDT has to be tailored, have an
appropriate target strategy, and carefully select the tumor
type and the stage of the disease [249].
Photodynamic therapy fundamentally relies on the accumulation of a photosensitizer of a tumor cell or tissue after
administration [250, 251]. This phenomenon involves the
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Figure 19: Graph showing a decrease in absorption of a composite
AuNRs/mSiO2HP with ADBA with increased illumination time.
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properties as photosensitizers due to the fact that they have
more than one absorption band in the near-infrared region;
hence, they can be manipulated to be used to penetrate
deeper into the tissue for photodynamic therapy. Photodynamic therapy shows minimal invasion to tissues while
photothermal therapy is speciﬁc to tumor cells or aﬀected
area. Photodynamic therapy limitations are still major issues
up to date especially based on singlet oxygen production,
selectivity to the target tissue, and the concentration so as
not to damage the normal cells [231].
The agglomeration of AuNRs with porphyrins is to
increase the speciﬁcity and targeting. The system incorporates two modalities: the photothermal and photodynamic stability which will hence increase the chance of
tumor and bacterial diseases to be treated. Incorporation of
PTT and PDT as a dual technology for cancer and bacterial
infections is likely to ensure selectivity and improved eﬃcacy
to the system. This study researches and further experiments
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production of reactive oxygen and free radicals which are
cytotoxic, and the main source of the photobiological activity is however the [1O2] which causes damage of cells
either by apoptosis or recrosis [252, 253].
The use of supraparamagnetic iron oxide nanoparticles
as MRI contrast agents for brain tissue has been proven very
eﬀective. Nanomaterials are used as delivery agents across
the blood-brain barrier and to speciﬁcally transport drugs to
cellular compartments such as the nucleus [254, 255].
Antimicrobial photodynamic therapy (aPDT) has been
an eﬀective treatment to damage bacteria. Enhancing antimicrobial photodynamic therapy (aPDT) with nanoparticles is a growing ﬁeld to minimize the use of antibiotics
to treat infectious diseases. The technology has many advantages including the increment of [1O2] yield of the
photosensitizer [256]. A model was made by Hashimoto
et al. [257] based on a burned wound and blood stream
infection for the veriﬁcation of aPDT. Two wavelengths were
tested in vitro, blue and LEDs on a pathogen with resistance
to antibiotics and using HB: La3+ as a photosensitizer. Experiments were also done in vivo on mice; both experiments
proved that aPDT can be used in the treatment of bacteria in
burned patients using PDT [258].
2.3.2. Mechanism of PDT Cytotoxicity. Singlet oxygen has a
relatively short lifetime (see Figure 15), i.e., 810–320
nanoseconds, thereby making its diﬀusion to be limited to
10–55 nm in cells, the implication being that cells only near
the photosensitizer will be damaged [259, 260].
2.3.3.
Photodynamic
Therapy
Using
Porphyrin.
Photodynamic therapy is the recommended method to treat
cancer in the developing countries due to its relative inexpensiveness and user-friendliness [260]. In addition, Chen
and Zhang [261] proposed an innovation in which luminescent nanoparticles in vivo were used instead of supporting the PDT with external light. The use of these
nanoparticles apparently reduces potential damage to the
surrounding healthy cells with reasonable costs. The method
normally combines both radiotherapy and photodynamic
therapy through the attachment of luminescent nanoparticles with photosensitizers such as porphyrin [262]. No
external light source is required for this treatment but rather
exposure of the photosensitizer to ionizing radiation. The
combination enhances the eﬃciency to damage cancer cells
and reduce radiation. Nonetheless, the radiation has to be
suﬃcient enough to produce enough light for PDT, and the
prediction of level radiation is usually diﬃcult [263, 264].
2.3.4. Applications of Photothermal Therapy. Photothermal
therapy (PTT) is a treatment minimally invasive which
occurs by conversion of photon energy to heat energy [265].
The selectivity of the therapy is obtained by the control of
incident radiation used and accompanied by the conduct of
some proactive molecules or nanoparticles. The photoexcitation relaxation of the particles induces heat transfer to
the surrounding aﬀected environment [266, 267].
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Nanomaterials with photothermal eﬀects are of great
interest to researchers especially in the biological imaging
and therapeutics. Nanorods and nanocages possess photothermal properties, hence their use in MRI imaging, infrared
thermal imaging, and photothermal ablation of cancer tissues [19, 268–274].
2.3.5. Photothermal Therapy Using Gold Nanorods. Gold
nanorods (AuNRs) attracted researchers due to their easy
and quick synthesis and simpliﬁed bioconjugation, high and
strong absorption through their cross-section, and the fact
that their optical extinction is tuneable [275–279]. Varying
the aspect ratios of the AuNRs inﬂuences longitudinal
plasmon absorbance shift throughout the visible region [95,
280–285]. AuNRs scatter light through paths of extensive
elastic scattering and intensive light scattering of molecular
vibrations near the metal surface. The eﬀect is called surfaceenhanced Raman scattering (SERS) which is a result of
oscillations around the nanoparticle upon radiation [286–
289]. These phenomena qualiﬁed gold nanorods as chemical
sensors as indicated in Figure 21.
In addition, many researchers used gold nanorods as
photothermal agents to damage Pseudomonas aeruginosa, a
Gram-negative pathogen [291–295]. Their work represented
gold nanorods which absorbed light at 785 nm and were
conjugated to antibodies speciﬁc to bacteria. The results
positively indicated 75% destruction of infected cells.
2.3.6. Photothermal and Photodynamic Therapy. Recent
research has been on nanocomposites based on plasmonic
nanoparticles and ﬂuorescent or photodynamic dyes. These
are then used for simultaneous therapy and diagnosis
[95, 282, 283]. Metal nanoparticles used in the methods are
combined with photodynamic drugs using cross-linking
procedures or by the use of electrostatic interactions
[296–300].
The combination for simultaneous therapeutic purposes was fairly researched. Teretyvk et al. [301] incorporated PDT and PTT by the use of fabricated AuNRs/
SiO2-HP composite nanoparticles which successfully decreased large tumor volumes and to damaged solid tumor
cells, using the steps (see Figure 22) to fabricate the gold
nanorod. On the other hand, Liu et al. [303] synthesized
MoS2 nanosheets which are water-soluble and functionalized them with lipoic acid terminated polyethylene glycol
(LA-PEG) to obtain MoS2-PEG. These are apparently
stable in physiological solutions and also have the ability to
be loaded with photosensitizers. Results of the nanocomposites formed using Ce6 as a photosensitizer in PTT
and PDT in vivo showed an enhanced tumor necrosis. Jang
et al. [304, 305] proposed that for PTT and PDT to work
eﬀectively, the distance between the gold nanorod and the
photosensitizer must be manipulated. They used an
AuNRs-AlPcS4 composite, and his results proved that the
nanocomposite was eﬀective for NIR ﬂuorescence imaging
for aﬀected cancer sites and to improve in vivo therapeutic
eﬃcacy [298, 306–310].
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Figure 22: Scheme of the fabrication of AuNRs/SiO2-HP. IPA,
isopropyl alcohol; TEOS, tetraethyl orthosilicate; APTES, 3-aminopropyltriethoxysilane; HP, hematoporphyrin; DCC, dicyclocarbodiimide; CTAB, cetyltrimethylammonium bromide [302].

under physiological conditions; moreover for clinical applications, the target tissue is still not recognised.
Incorporation of PTT and PDT as a dual technology for
cancer and bacterial infections ensures selectivity and improved eﬃcacy to the system. Previous attempts have been
made using and varying diﬀerent porphyrin or derivatives
for photodynamic therapy or using diﬀerent noble metals or
carbon nanotubes for photothermal therapy or incorporating the two therapies but no ideal photosensitizer or
an ideal speciﬁc drug which damages only the cancer cells
has been discovered. This review is aimed at giving and
overviewing of the studies made on the application of
photothermal and photodynamic therapy by encapsulating
gold nanorods with porphyrin for better cancer and bacterial
therapy. A thorough research and further experimentation
will be made on both so as to ﬁnd a more speciﬁc and less
invasive technology.

Conflicts of Interest
3. Conclusions and Future Developments
The excellent imaging and sensing properties shown by gold
nanorods qualify them as excellent for photothermal therapy. On the other hand, porphyrin and derivatives show
excellent properties as photosensitizers due to the fact that
they have more than one absorption band on the nearinfrared region; the phenomena allow for the penetration
deeper into the tissue, and hence, they have excellent use in
photodynamic therapy. Photodynamic therapy shows
minimal invasion to tissues while photothermal therapy is
speciﬁc to tumor cells or aﬀected area.
Photodynamic therapy limitation is still an issue up to
date especially based on singlet oxygen production, selectivity to the target tissue, and the concentration so as not to
damage the normal cells. Despite eﬀorts of several researchers, an ideal photosensitizer is still not discovered, one
that is safe and selective and the other that does not cause
skin photosensitivity and pain. Many photosensitizers used
recently have very low water solubility and tend to aggregate
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F. Würthner, C. C. You, and C. R. Saha-Möller, “Metallosupramolecular squares: from structure to function,”
Chemical Society Reviews, vol. 33, no. 3, pp. 133–146,
2004.
F. M. Engelmann, I. Mayer, D. S. Gabrielli et al., “Interaction
of cationic meso-porphyrins with liposomes, mitochondria
and erythrocytes,” Journal of Bioenergetics and Biomembranes, vol. 39, no. 2, pp. 175–185, 2007.
D. K. Cabbiness and D. W. Margerum, “Eﬀect of macrocyclic
structures on the rate of formation and dissociation of
copper(II) complexes,” Journal of the American Chemical
Society, vol. 92, no. 7, pp. 2151–2153, 1970.
R. West and A. Hill, Advances in Organometallic Chemistry,
vol. 58, pp. 289–342, 1st edition, 2001.
S. H. van Rijt and P. J. Sadler, “Current applications and
future potential for bioinorganic chemistry in the development of anticancer drugs,” Drug Discovery Today, vol. 14,
no. 23-24, pp. 1089–1097, 2009.
P. Comba, H. Rudolf, and H. Wadepohl, “Synthesis and
transition metal coordination chemistry of a novel hexadentate bispidine ligand,” Dalton Transactions, vol. 44,
no. 6, pp. 2724–2736, 2015.
M. Scirish and H. J. Scheureder, “Porphyrin derivatives as
water soluble receptors for peptides,” Chemical Communications, vol. 10, pp. 907-908, 1999.
F. R. Longo, E. M. Brown, D. J. Quimby, A. D. Adler, and
M. Meot-Ner, “Kinetic studies on metal chelation by Porphyrins,” Annals of the New York Academy of Sciences,
vol. 206, no. 1, pp. 420–442, 1973.
X. Gong, T. Milic, C. Xu, J. D. Batteas, and C. M. Drain,
“Preparation and characterization of porphyrin nanoparticles,” Journal of the American Chemical Society, vol. 124,
no. 48, pp. 14290-14291, 2002.
O. Penon, T. Patiño, L. Barrios et al., “A new pophyrin for the
preparation of functionalized water-soluble gold nanoparticle with intrinsic toxicity,” ChemistryOpen, vol. 4, no. 2,
pp. 127–136, 2015.
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A new inorganic-organic hybrid compound, [{Cu(phen)2}2(H4W12O40)], was synthesized, and its crystal structure was determined. The Keggin anion H4W12O404− was grafted with two coordination units {Cu(phen)2}, forming an electrically neutral
molecule. The antibacterial activity of several polyoxometalate compounds with diﬀerent anionic structures including the new
compound was studied. The results show that the compound 1 can inhibit the growth of Enterococcus faecalis FA2 strains and that
antibacterial activity of the polyoxometalate compounds is dependent with component elements of POM but is less relative with
the anion structures.

1. Instruction
Polyoxometalates (POMs) have been shown to exhibit biological activities in vitro as well as in vivo, including anticancer and antiviral [1], antibacterial [2, 3], antiprotozoal
[4, 5], and antidiabetic activities [6]. In the antibacterial
activity study of POMs, Tajima found the enhancement
of several beta-lactams antibiotics in antibacterial activity
to methicillin-resistant Staphylococcus aureus under the
synergistic action of polyoxometalates, substituted-type
POMs K7[PTi2W10O40] 6H2O, K7[BVW11O40]7H2O,
[SiFeW11O40]6/5− and [SiCoW11O40]6− and lacunary-type
POMs [XW11O39]n− (X � Si, P) and [XW9O34]n−, and proposed the resistant mechanism [7–12]. Inoue et al. reported
the enhancement of antibacterial activity of beta-lactam antibiotics, oxacillin, by polyoxometalates (K6[P2W1818O62]·
14H2O, K4[SiMo12O40]·3H2O, and K7[PTi2W10O40]·6H2O)
against methicillin-resistant Staphylococcus aureus (MRSA)

and vancomycin-resistant S. aureus (VRSA) and also proposed a reaction mechanism [13]. Daima et al. studied synergistic antibacterial action of Ag nanoparticles and POMs
which were achieved by the physical damage to the bacterial
cells [14]. Li and his colleagues showed the short
peptides/HSiW nanoﬁbers had antimicrobial activity to the
ubiquitous and clinically relevant bacterium Escherichia coli
[15]. In recent years, there are also many reports about the
antibacterial activity of known and new polyoxometalate
derivatives to several bacteria including Escherichia coli,
Staphylococcus aureus, Paenibacillus sp., Bacillus subtilis,
Clavibacter michiganensis, Vibrio sp., Pseudomonas putida,
Helicobacter pylori, S. typhimurium, Streptocoque B (S. agalactiae), L. acidophilus, and amebas [3,16–34]. In these reports, the polyoxometalate derivatives are in the form of
simple inorganic salts, inorganic-organic hybrids with various
organic groups, ﬁlms, nanoﬁbers, etc. However, the antibacterial activity of these compounds is not satisfactory
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according to the reported data. Nevertheless, the emergence
of multidrug-resistant bacterial strains which was partially
due to the abuse of conventional antibiotics proved that there
is an urgent need for novel therapeutic agents. Therefore,
synthesizing and exploring new compounds with high antibacterial activity are still a challenging task of chemists and
pharmacologist. To achieve this, the study on inﬂuence of the
composition and structure of compounds on antibacterial
activity is very important, which will play an instructional role
in synthesizing and exploring new compounds.
This work is about the synthesis of a new polyoxometalate derivative, [Cu2(phen)4(H4W12O40)], and study
on the antibacterial activity of several polyoxometalate
compounds with diﬀerent anionic structures including the
new compound.

2. Materials and Methods
2.1. Materials and General Methods. All reagents were
purchased commercially and used without further puriﬁcation. Elemental analyses (C, H, and N) were performed on
a Perkin–Elmer 2400 CHN elemental analyzer and that of W
and Cu on an ICP–AES analyzer. The IR spectrum was
obtained on an Magna-560 FT/IR spectrometer with KBr
pellets in the 400–4000 cm−1 region. TG analysis was carried
out on a DTG-60H thermal analyzer in ﬂowing N2 with
a heating rate of 10°C·min−1. SEM images were recorded on
Hitachi S-3400N (Hitachi High-Technologies Europe
GmbH, Krefeld, Germany).
2.2. Synthesis. Synthesis of [Cu2(phen)4(H4W12O40)] was
modiﬁed from our previous report [35]: compound 1 was
prepared from reaction of (NH4)6(H2W12O40)·3H2O
(0.1 mmol, 0.30 g), CuCl2 2H2O (2.0 mmol, 0.34 g), phenanthroline (0.5 mmol, 0.099 g), succinic acid (0.5 mmol,
0.06 g), and 12 mL water. The starting mixture was adjusted
to pH � 2.0 by the addition of hydrochloric acid, and the
mixture was stirred for 1 h under air. The ﬁnal solution was
transferred to a 25 mL Teﬂon-lined autoclave and crystallized at 160°C for 96 h. Then, the autoclave was cooled at the
rate of 10°C·h−1 to room temperature. The resulting green
stripe crystals were ﬁltered oﬀ, washed with distilled water,
and air-dried. Good-quality crystals were sealed for structural determination and further characterization. Elemental
analysis calcd for C48H32Cu2N2O41W12 (Mr � 3710) C 1.00,
H 12.7619, N 2.48, O 20.68, Cu 3.38, P 1.10, W 58.60 (%);
found: C 1.10, H 12.39, N 2.41, O 20.56, Cu 3.39, P 1.09, W
59.05 (%). IR(KBr pellet, cm−1): 3500, 3082, 2370, 2298,
2109, 1994, 1628, 1597, 1524, 1335, 1231, 1085, 948, 781, 750,
708, 667, 593, 530 cm−1.
Compounds 2–6 were prepared in accordance with the
methods in Refs. [36–39] and characterized by the IR
spectrograph and TGA.
2.3. X-Ray Crystallography. The X-ray diﬀraction data of
compound 1 were collected on a Bruker Smart Apex II
diﬀractometer with graphite monochromatic Mo Kα radiation (λ � 0.710 73 Å) at 293 K with ω scans (Table 1).
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Table 1: Crystal data and structure reﬁnements for compound 1.
Formula
Fw
Crystal system
Space group
a/Ǻ
b/Ǻ
c/Ǻ
α/˚
β/˚
c/˚
V/Ǻ3
Z
Dc/g·cm−3
F(000)
μ/mm−1
Rint
Reﬁne number of
reﬂns/parameters/restraints
R_factor_all/[I > 2sigma(I)]
wR_factor_ref/[I > 2sigma(I)]
Goodness of ﬁt

C48H32Cu2N8O40W12
3710
Monoclinic
P21/c
26.1828(15)
11.84219(7)
23.3996(13)
90.00
113.74(2)
90.00
6641.2(7)
4
3.711
6600
21.419
0.0932
13661/991/54
0.0871/0.0456
0.0857/0.0745
0.954

Multiscan absorption corrections were applied. The
structures were solved by direct methods and reﬁned by full
matrix least-squares on F2 using the SHELXTL crystallographic software package [40]. The positions of hydrogen
atoms on the carbon atoms were calculated theoretically.
Crystal data and structure reﬁnements for compound 1 are
presented in Table 1. Cu-O and Cu-N bond lengths are
listed in Table 2. CCDC-1487664 for 1 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic
Data
Centre
via
http:
//www.ccdc.cam.ac.uk/data_request/cif.
2.4. Antibacterial Experiments. All the isolated bacterial
strains were achieved by colony formation on selective salt
agar plates containing 6 mg/mL oxacillin. All bacterial
strains were stored at −80°C and routinely grown at 37°C.
Staphylococcus aureus (YB57), Enterococcus faecalis (FA2
and FA3), and Enterococcus faecium (SA2 and SA3) strains
were cultured in brain heart infusion (BHI) broth, while
Staphylococcus aureus (USA300), Acinetobacter baumannii
(ABC3), and Streptococcus pneumoniae (SP) were cultured
in the Luria-Bertani (LB) medium. The polyoxometalates
were tested for their antibacterial activities against eight
diﬀerent bacterial strains by the observation of the OD
value of culture media. Brieﬂy, bacterial cells were washed
and resuspended in sterile PBS, and the colony count was
determined. The diﬀerent polyoxometalates were added to
the bacterial suspension (ﬁnal concentration, 1 mg/mL),
and the mixture was incubated overnight at 37°C. The
colony count was determined again. Enzyme activity in
vitro was expressed as the CFU reduction. As a negative
control, the bacterial strains were treated with the elution
buﬀer under the same conditions. The results are listed in
Table 3.
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Table 2: Cu-O and Cu-N bond lengths (Å) in 1.
Bond
Cu1 N1
Cu1 N2
Cu1 N3
Cu1 N4
Cu1 O7

Length
2.214(11)
1.990(10)
1.996(13)
1.991(11)
2.045(10)

Bond
Cu2 N5
Cu2 N9
Cu2 N7
Cu2 N8
Cu2 O38

Length
1.960(12)
2.038(12)
1.965(12)
2.168(12)
2.217(8)

2.5. Scanning Electron Microscopy. Scanning electron microscopy (SEM) was performed to assess the activity of
diﬀerent polyoxometalates on the bacterial strains in vitro.
The Staphylococcus aureus strains USA300 were grown to
the exponential growth phase (an OD 600 nm value of 0.6) in
the BHI broth at 37°C with shaking at 200 rpm. The bacteria
were collected and washed three times (5,000 × g for 1 min at
4°C) with PBS. Diﬀerent formulations were separately added
to S. aureus suspensions. Bacterial lysates were harvested by
centrifugation (1,100 × g for 1 min) at diﬀerent time points.
Then, the bacterial lysates were ﬁxed with glutaraldehyde
and were dehydrated and freeze-dried for SEM.

3. Results and Discussion
3.1. Crystal Structure of 1. The asymmetric unit of compound
1 consists of one Keggin anion [H4W12O40]6−, two Cu2+
ions, and four phen molecules. The [H4W12O40]6− anion
(Figure 1) contains four edge-shared W3O13 units which
combine together through corner-shared linkage. W–O
bonds can be classiﬁed into three sets: W–Ot (terminal
oxygen atoms) with distances of 1.683(12)–1.740(12) Å,
W–Ob (bridging oxygen atoms) with distances of
1.847(12)–2.010(14) Å and W–Oc (central oxygen atoms)
with distances of 2.174(12)–2.396(13) Å. That is, the WO6
octahedra are all distorted. The Keggin anion acts as
a bidentate ligand bonding two Cu2+ ions (Cu1 and Cu2)
with one terminal oxygen atom and one bridge oxygen atom.
One W-Ot bond was elongated (1.740(12) Å) due to the
coordination of the terminal oxygen atom to Cu ion. Such
a POM anion is also called as decorated Keggin anion
(Figure 1), very similar to the decoration we reported
previously [35].
Two Cu2+ ions are all ﬁve-coordinated. Cu1 ion displays
in a square prism geometry, and the geometry of Cu2 ion is
better to be described as triangle bipyramid. The donor
atoms bonding to Cu ions come from two phen molecules
with chelating coordination mode and the Keggin anion,
forming a complex fragment {Cu(phen)2}2+ (Figure 1). CuO and Cu-N bond lengths are listed in Table 2. As shown in
Table 2, the long bonds belong to the atoms at axial site for
Cu1 and triangle plane for Cu2 (Figure S1), resulting from
their environment in the crystal. Devi et al. [41] had reported
a similar cluster [{Cu(phen)2}2(H2W12O40)]2 ̶· in
[{Cu(phen)2}4{H2W12O40}] [{Cu(phen)2}2{H2W12O40}]·
3H2O, in which one Cu ion is six-coordinated, diﬀerent
from that of this new compound. The neutral molecules are
assembled into three dimensional architecture through
CH · · · O hydrogen bonds (Table S2) and intermolecular
interaction force (Figure S2).

Table 3: Antibacterial activities of compounds 1–6.
Type Code

Compound

Concentration

1

[{Cu(phen)2}2(H4W12O40)]

1 mg/mL

2

[Cu(phen)(H2O)(Mo3O10)]

1 mg/mL

II

3

K5PW11TiO40·14H2O

1 mg/mL

III

4

Na7CeW10O35·26H2O

1 mg/mL

5

K13[La(SiW11O39)2]·26H2O

1 mg/mL

6

K13[Ce(SiW11O39)2]·
26H2O

1 mg/mL

I

IV

Bacterial
strains
FA2
ABC3,
FA2,
FA3,
YB57,
USA300
YB57,
USA300
SA5,
SA1, SP,
USA300
YB57,
USA300
SA5,
SA1, SP,
USA300

3.2. Characterization of 1. The IR spectrum (Figure S3) of 1
shows the vibration absorption bands of CH bond in
3080 cm−1 and of C-C and N-C bonds of phen ring in
1614–1137 cm−1. The vibration absorption bands of compound 1 at 952, 877, 846, and 740 cm−1 should be ascribed to
the asymmetric stretching vibrations of W-Od, W-Ob-W,
and W-Oc-W bonds, respectively, consistent with that in
Ref. [42]. The TG curve of 1 is shown in Figure S4. Compound 1 is stable below 400°C and then decomposes until
600°C. The lost weight of 20.17% is consistent with the
calculated one (20.38% for 2H2O and 4phen), conﬁrming the
chemical formula obtained from elemental analysis and
structure analysis.
3.3. Antibacterial Activity of 1–6. The compounds 1–6 used in
antibacterial experiments can be divided into four kinds. 1 and
2 are inorganic-organic hybrids with phenanthroline, and 3 is
a mono-substituted Keggin-type compound in which Ti atom
occupies one of twelve sites. 4 is a complex of mono-lacunaria
Lindquist anion and lanthanides. 5 and 6 are complexes of
mono-lacunaria Keggin anions and lanthanides. From Table 3,
it can be seen that (1) the new compound 1 is active only to
bacterial strains FA2. (2) The compound of molybdenum, 2,
has a wider antibacterial spectrum than that of tungsten (1, 3,
4, 5, 6). (3) The anionic structure has less inﬂuence on antibacterial activity. (4) The compounds with cerium element
(4, 6) show better antibacterial activity than others.
SEM technique was used to explore the interaction of
polyoxometalates with the bacterial strains. SEM images
(Figure 2) show the surface morphology of Staphylococcus
aureus strains USA300 untreated (Figure 2(a)) and treated
with 3, 4, 5, and 6 (Figures 2(b)–2(e)). From Figure 2, it can
be seen that the surface morphology of Staphylococcus aureus strains USA300 treated with polyoxometalates
(Figures 2(b)–2(e)) has changed obviously compared with
that of untreated one (Figure 2(a)) from smooth globular
form to chapping oblate spheroid. The degree of changes in
the surface morphology indicates the antibacterial activity of
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Figure 1: Ball-stick representation of the decorated Keggin anion in 1.

Figure 2: SEM images of Staphylococcus aureus strains USA300 untreated (a) and treated with 3 (b), 4 (c), 5 (d), and 6 (e).

polyoxometalates. So, a sequence of the activity of polyoxometalates was given according to Figure 2, 4 ≈ 6 > 5 > 3.
That is, the compounds with cerium element (4, 6) have
better antibacterial activity than others.
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In this study, silver nanoparticles (AgNPs) were synthesized using aqueous extract of Nepeta deﬂersiana plant. The prepared
AgNPs (ND-AgNPs) were examined by ultraviolet-visible spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray
diﬀraction (XRD), transmission electron microscopy (TEM), scanning electron microscope (SEM), and energy dispersive
spectroscopy (EDX). The results obtained from various characterizations revealed that average size of synthesized AgNPs was
33 nm and in face-centered-cubic structure. The anticancer potential of ND-AgNPs was investigated against human cervical
cancer cells (HeLa). The cytotoxic response was assessed by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT), neutral red uptake (NRU) assays, and morphological changes. Further, the inﬂuence of cytotoxic concentrations of NDAgNPs on oxidative stress markers, reactive oxygen species (ROS) generation, mitochondrial membrane potential (MMP), cell
cycle arrest and apoptosis/necrosis was studied. The cytotoxic response observed was in a concentration-dependent manner.
Furthermore, the results also showed a signiﬁcant increase in ROS and lipid peroxidation (LPO), along with a decrease in MMP
and glutathione (GSH) levels. The cell cycle analysis and apoptosis/necrosis assay data exhibited ND-AgNPs-induced SubG1
arrest and apoptotic/necrotic cell death. The biosynthesized AgNPs-induced cell death in HeLA cells suggested the anticancer
potential of ND-AgNPs. Therefore, they may be used to treat the cervical cancer cells.

1. Introduction
Nobel metal nanoparticles have attracted the interest of
scientiﬁc community due to their fascinating applications in
the ﬁeld of biology, material science, medicine, etc [1]. Silver
nanoparticles speciﬁcally have gained attention due to their
unusual physiochemical [2] (chemical stability and electrical
conductivity) and biological activities such as antibacterial,
antifungal, anti-inﬂammatory, antiviral, antiangiogenesis,
anticancer, and antiplatelet activities [3–5]. In addition,

silver nanoparticles have been used in clothing [6], room
spray, laundry detergent, wall paint formulation [7, 8],
sunscreens, and cosmetics [9]. Silver nanoparticles also
inhibit HIV-1 virus from binding to the host cells in vitro
[10]. Although a wide variety of metal nanoparticle preparation methods such as UV radiation, laser ablation, lithography, aerosol technologies, and photochemical
reduction are available [11–13], the focus is shifting towards
green synthesis of nanoparticles, using bacteria [14], yeast
[15], fungi [16], and plants [17]. Green synthesis of
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nanoparticles reports to be clean, nontoxic, cost eﬀective,
and environmentally benign. Among the various biological
methods available, the use of microbe-mediated synthesis
has limited industrial use, as they require antiseptic conditions. On the contrary, the use of plant extract for the
nanoparticles synthesis is valuable due to the ease of scaleup, less biohazardous nature, and avoiding the hideous
procedure of maintaining the cell lines [18].
Cancer is a life threatening disease and leads the cases
of deaths around the world [19]. According to the WHO,
the annual cancer cases are to rise from 14 million in 2012
to 22 million in the next two decades [20]. Thus, the
development of potent and eﬀective antineoplastic drugs
is one of the most persuaded goals. Among the various
approaches, the exploitation of natural products is one of
the most successful methods to identify novel hits and
leads [21]. Nepeta deﬂersiana Schweinf. (Labiatae) is
a medicinal plant growing in Saudi Arabia [22]. Traditionally N. deﬂersiana was used as a sedative; the leaf
decoction was drunk with tea to release stomach and burn
problems [23, 24]. The antimicrobial, anticancer, and
antioxidant activities of N. deﬂersiana are documented
[25]. Recently, we have reported the positive eﬀects of N.
deﬂersiana on human breast and lung cancer cell lines
[26]. However, until the present, no published data are
available on synthesis of nanoparticles using N. deﬂersiana plant. Herein, we report for the ﬁrst time (i) the silver
nanoparticles (ND-AgNPs) synthesis through a singlestep silver ions reduction by N. deﬂersiana plant extract
(Figure 1) and (ii) studied the anticancer activity of the
biosynthesized silver nanoparticles against human cervical cancer (HeLa) cells.

2. Materials and Methods
2.1. Plant Material, Reagents, and Consumables. Nepeta
deﬂersiana (Lamiaceae) plants were collected from Shaza
Mountains, Saudi Arabia. The identity of the plant was
conﬁrmed by Dr. Jakob Thomas, KSU, and a voucher
specimen (#15797) was deposited in the herbarium. Cell
culture medium, antibiotics-antimycotic solution, trypsin,
and FBS were procured from Invitrogen, USA. Plastic wares
and other consumables were obtained from Nunc, Denmark.
Other chemicals/reagents used in this study were purchased
from Sigma, USA.
2.2. Preparation of Plant Extract. The aerial part of N.
deﬂersiana was collected and washed several times with
distilled water to remove dust and was dried under shade.
The air-dried plant was cut into small pieces, macerated in
distilled water, ﬁltered under gravity, and the solvent
evaporated under reduced pressure using a rotary evaporator. The dried extract was kept at 4°C (Figure 1).
2.3. Synthesis of Silver Nanoparticles. The aqueous extract of
N. deﬂersiana (500 mg) was dissolved in 100 ml distilled
water. Further 10 ml of the above extract was added to 90 ml
of 0.1 M AgNO3 solution. After 24 h incubation, the solution
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turned dark brown, which indicates the formation of AgNPs.
The solution was then transferred into a round bottom ﬂask
and was heated with continuous stirring at 90°C. After 15
min, the centrifugation was done at room temperature and
a speed of 9000 rpm. The black powder obtained after
washing thrice with distilled water was dried overnight in an
oven at 80°C.
2.4. Characterization of Synthesized Silver Nanoparticles.
The optical absorption of green synthesized silver nanoparticles was studied using FTIR (Shimadzu FT-IR
Prestige 21) and UV-VIS (Shimadzu UV-VIS 2550, Japan) spectral analysis, respectively. Fourier transmission
infrared (FTIR) spectra were recorded using KBr pellets in
the range of 4000 to 400 cm−1. The crystalline nature of
green synthesized AgNPs was conﬁrmed by XRD pattern.
The XRD data were recorded using PANalytical X’Pert
X-ray diﬀractometer using CuKα (λ � 1.54056 Å). Morphology, size, and electron diﬀraction pattern were examined by SEM (JSM-7600F, Japan) and TEM (JEM2100F, Japan) at a voltage 200 kV, respectively. EDX
analysis was used to conﬁrm the presence of elemental
silver in green synthesized AgNPs.
2.5. Cytotoxicity by MTT Assay. Cytotoxicity of ND-AgNPs
was examined by using MTT assay according to the method
in [27]. In brief, HeLA cells obtained from American Type
Culture Collection, USA, were plated in 96-well plates at
a density of 1 x 104 cells/well. Cells were exposed to
1–100 μg/ml ND-AgNPs for 24 h. Following this, MTT was
added in the wells, and plates were incubated for 4 h further.
The reaction mixture was taken out and 200 µl/well DMSO
was added and mixed several times by pipetting up and
down. The absorbance of plates was measured at 550 nm.
The results were expressed as percentage of control.
2.6. Cytotoxicity by Neutral Red Uptake (NRU) Assay.
Cytotoxicity by NRU assay was performed using the procedure [27]. Brieﬂy, HeLA cells were treated with
1–100 µg/ml ND-AgNPs for 24 h. Then, cells were washed
with PBS twice and incubated further in 50 µg/ml of neutral
red containing medium for 3 h. The cells were washed oﬀ
with a solution (1% CaCl2 and 0.5% formaldehyde). The dye
was extracted in a mixture of 1% acetic acid and 50% ethanol.
The plates were measured at 550 nm. The results were
expressed as percentage of control.
2.7. Morphological Analysis. The changes in the morphology
were observed under the microscope to determine the alterations induced by ND-AgNPs in HeLa cells treated with
1 µg/ml to 100 µg/ml of ND-AgNPs for 24 h. Images of the
cells were grabbed at 20x by using the phase contrast
inverted microscope (Olympus CKX 41, USA).
2.8. Glutathione (GSH) Level. The depletion in GSH level
was measured following the protocol [28]. In brief, HeLA
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Figure 1: Schematic illustration of the green synthesis of silver nanoparticles (ND-AgNPs) using aqueous extract of the Nepeta deﬂersiana
plant.

cells exposed to 5–25 µg/ml ND-AgNPs for 24 h were
centrifuged, and cellular protein was precipitated in 10%
TCA (1 ml). Following this, supernatant was taken by
centrifugation at 3000 rpm for 10 min. Then, 2 ml Tris buﬀer
(0.4 M) with EDTA (0.02 M) and 0.01 M 5, 5’-dithionitrobenzoic acid (DTNB) were added in the supernatant. The
absorbance was measured at 412 nm after incubating for
10 min at 37°C.

2.11. Mitochondrial Membrane Potential (MMP). The MMP
level in HeLA cells was measured using the method deﬁned
by Zhang et al. [29]. In brief, HeLA cells were treated with 10
to 50 μg/ml of ND-AgNPs for 24 h. Then, treated and untreated cells were incubated with rhodamine-123 (5 μg/ml)
for 1 h at 37°C in dark. Cells were washed twice, and ﬁnally,
cell pellets were resuspended in PBS (500 μl). MMP was
measured by using ﬂow cytometer.

2.9. Lipid Peroxidation (LPO). LPO in ND-AgNPs-exposed
HeLA cells were measured following the method [28]. After
respective treatment, cells were sonicated in chilled 1.15%
potassium chloride solution. Following centrifugation, 1 ml
of supernatant was added to 2 ml thiobarbituric acid solution (TCA (15%), TBA (0.7%), and 0.25 N HCl). The
resulting solution was then boiled at 100°C for 15 min, and
after the centrifugation for 10 min at 1000 × g, the absorbance was measured at 550 nm.

2.12. Cell Cycle Analysis. ND-AgNPs-induced changes in
cell cycle were measured using the protocol [30]. In brief,
HeLa cells were exposed for 24 h at 10–50 µg/ml ND-AgNPs.
After the treatment, cells were ﬁxed in chilled 70% ethanol
for 1 h. Then, cells were washed twice by centrifugation, and
cells were stained with propidium iodide for 60 min in dark.
The stained cells were acquired by ﬂow cytometer.

2.10. ROS Generation. The intracellular ROS generation was
measured using 2, 7-dichlorodihydroﬂuorescein diacetate
(DCFH-DA) dye [28]. In brief, HeLA cells were treated with
diﬀerent concentrations (10–50 µg/ml) of ND-AgNPs for
24 h. The cells were then with DCFH-DA (5 µM) at 37°C for
1 h. The cell pellet was collected in PBS (500 μl) by centrifugation at 3000 rpm for 5 min. Then, the cells were analysed
using ﬂow cytometer.

2.13. Apoptosis Assay. The apoptosis/necrosis induced by NDAgNPs in HeLA cells were analysed using Annexin-V and 7AAD Kit (Beckman Coulter) following the manufacturer’s
protocol. The amount of apoptosis/necrosis in the treated HeLa
cells was analysed by ﬂow cytometry following the protocol [31].
2.14. Statistical Analysis. Data were statistically analysed by
ANOVA using the post hoc Dunnett’s test. Value p < 0.05
was considered as a signiﬁcant level between the exposed
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and control sets. The results are presented as mean ±
standard deviation of three experiments.

3. Result and Discussion
3.1. Synthesis and Characterization of ND-AgNPs. Plant
extract of N. deﬂersiana was used for the synthesis of NDAgNPs under facile conditions. The colorless silver nitrate
solution (Figure 1) turned dark brown indicating the formation of silver nanoparticles (AgNPs). The occurrence of
brown color can be attributed to the surface plasmons [32],
arising from the collective oscillations of valance electrons in
the electromagnetic ﬁeld of incident radiation. Figure 2(a)
shows the UV-V is spectra of the synthesized AgNPs, giving
the plasmon resonance at 400 nm. The characteristic λ max
for AgNPs is in the range of 400–500 nm [33]. The position
and shape of the surface plasmon absorption is dependent on
the shape and size of particles formed, their interparticle
distance, and the dielectric constant of the surrounding
medium [34, 35]. Similar observations are reported earlier
[32, 36]. FTIR measurements were carried out to identify the
various functional groups in biomolecules responsible for the
reduction of silver ions to AgNPs and capping/stabilization of
AgNPs. The band intensities in diﬀerent region of spectra for
N. deﬂersiana extract (Figure 2(b)) and biosynthesized silver
nanoparticles (Figure 2(c)) were analysed. The similarities
between the two FTIR spectra, with some marginal shifts in
peaks clearly indicate the plant extract is also acting as
a capping agent. The N. deﬂersiana plant extract showed
a number of peaks reﬂecting a complex nature of the plant
extract. The shift in peaks at 3426 cm−1 corresponding to NH
stretching of amide (II) band or C-O stretching or O-H
stretching vibration implicated that their groups may be
directly involved in the process of synthesis of AgNPs.
Further, peak shifts from 1689 cm−1 to 1608 cm−1 indicated
the possible involvement of C�O stretching or C-N bending
in the amide group. Besides, the peak shifts from 1461 cm−1 to
1381 cm−1 suggest the involvement of C-H or O-H bending
vibration of methyl, methylene, or alcoholic group in the
reduction of Ag. Moreover, the observed peaks are more
characteristic of ﬂavonoids and terpenoids [37] that are
present in the Nepeta species [25, 26]. It could be speculated
that these secondary metabolites are responsible for the
synthesis/stabilization of ND-AgNPs.
The crystalline structure of the green synthesized AgNPs
was determined by XRD technique. Figure 2(d) displays the
XRD pattern of synthesized AgNPs. The Bragg reﬂection
with 2θ values of 37.89, 44.23, 64.26, and 77.24 corresponding to (111), (200), (220), and (311) sets of lattice
planes, respectively, is observed. These can be indexed to the
face centered cubic (fcc) structure of the synthesized AgNPs.
The crystalline size of the AgNPs was determined by using
Debye–Scherrer equation [38]:
0.9λ
D�
,
(1)
β cos θ
Where D is the grain size, λ is the wavelength of X-ray
(1.54056 Å), and β is the full width at half maxima of the
diﬀraction peak (in radians).
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The average grain size determined by broadening of
(111) reﬂection is estimated to be around 33 nm. Similar
results have been reported earlier [39]. The absence of any
reﬂection other than belonging to the silver lattice clearly
indicates that the synthesized AgNPs lattice was unaﬀected
by other molecules in the extract of plant. The scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) was employed to study the morphological and structural features of synthesized AgNPs. The
SEM image (Figure 3(a)) shows that relatively spherical
and uniform nanoparticles are formed. Some of the larger
particles seen may be due to aggregation of nanoparticles
induced by evaporation of solvent during sample preparation [40]. The TEM image (Figure 3(b)) revealed the
nanoparticles formed have a narrow size distribution. The
average size was about 33 nm, supporting the results of
XRD further. Further, the energy-dispersion X-ray (EDX)
spectroscopy study was employed to detect the existence
of elemental silver. Figure 3(c) shows the EDX image of N.
deﬂersiana synthesized AgNPs. The results clearly indicate
an intense signal at approximately 2.98 KeV corresponding to the presence of metallic silver nanocrystals,
occurring due to surface plasmon resonance (SPR) [41].
The other intense signal at around 0.0–0.5 Kev represents
the characteristic absorption for oxygen and carbon. This
indicates the presence of N. deﬂersiana plant extract as
a capping ligand on the surface of AgNPs.
3.2. Cytotoxicity Assessments of ND-AgNPs by MTTand NRU
Assays. The key results obtained by MTT and NRU assays
in HeLA cells exposed to 1 µg/ml to 100 µg/ml for 24 h are
summarized in Figures 4(a) and 4(b). The results exhibited
a concentration dependent decrease in the viability of
HeLA cells. The cell viability was recorded as 86% and 29%
in ND-AgNPs at 2 µg/ml and 5 µg/ml concentrations,
respectively; however, the maximum decrease in cell viability was measured as 9% each at 10, 25, 50, and
100 µg/ml of ND-AgNPs (Figure 4(a)). Like MTT assay,
a concentration-dependent decrease in cell viability of
HeLA cells exposed to ND-AgNPs was also observed by
NRU assay. The cell viability was recorded as 87% and 43%
in ND-AgNPs at 2 µg/ml and 5 µg/ml concentrations,
respectively; however, the maximum decrease in cell viability was measured as 23% at 100 µg/ml of ND-AgNPs
(Figure 4(b)). In this study, the cytotoxicity assessments
were performed using two independent end points (MTT
and NRU) assays [42]. The MTT, a colorimetric assay is
based on the mitochondrial dehydrogenase enzyme of
viable cells [43]; however, NRU assay is based on the
lysosomal integrity of viable cells [44]. The cytotoxic
responses of the ND-AgNPs, suggesting that biosynthesized AgNPs could contribute in search of alternative chemotherapeutic agent. Our results showed more
than 50% of cell death even at 5 µg/ml of ND-AgNPs. The
cytotoxic eﬀects induced by ND-AgNPs at lower concentrations could be due to the plant components attached to the AgNPs [45]. The results obtained from this
study are also very well supported with various evidences

Bioinorganic Chemistry and Applications

5
110

400 nm

100

0.5
0.0

70
60

300

375

450

525
600
Wavelength (nm)

675

50
4000

750

3500

3000

160

1050.95
820.82

1167.12

1250.41

1608.10

3415.38

27

2918.68
2848.35

30

1381.91

18
3500

3000

2500 2000 1500
Wavenumber (cm–1)

1000

Intensity (a.u.)

33
Transmittance

500

(111)

36

4000

1000

(b)

200

21

1461.96
1254.36
1187.90
1029.08
997.43

2500 2000 1500
Wavenumber (cm–1)

(a)

24

1689.85

80

2921.99
2850.06

1.0

90
3426.66

1.5

Transmittance

Absorbance

2.0

120
(311)
(220)

80

(200)

40
0

500

(c)

20

30

40
50
60
Bragg angle (2θ degrees)

70

80

(d)

Figure 2: Characterization of green synthesized silver nanoparticles (ND-AgNPs) prepared using aqueous extract of the Nepeta deﬂersiana
plant. (a) Ultraviolet-visible absorption spectra of synthesized silver nanoparticles (AgNPs). (b) Fourier-transform infrared spectra of N.
deﬂersiana extract. (c) Fourier-transform infrared spectra of synthesized silver nanoparticles (ND-AgNPs). (d) X-ray powder diﬀraction
pattern of synthesized silver nanoparticles (ND-AgNPs).

for the cytotoxic eﬀect of biosynthesized AgNPs using
Annona squamosa leaf extract against the breast cancer
MCF-7 cell line [46], Piper longum leaf extracts against
Hep-2 cancer cell line [47], and Morinda citrifolia against
HeLa cell lines [48] in vitro.
3.3. Morphological Analysis under the Microscope. The
alterations observed in the morphology of HeLA cells treated
with ND-AgNPs at 1–100 µg/ml for 24 h are presented in
Figure 4(c). There was no signiﬁcant change observed in the
morphology of control HeLA cells. The control cells
appeared in normal shape and were attached to the surface.
However, the HeLA cells exposed to ND-AgNPs lost their
typical shape and cell adhesion capacity, shrinked, and
decreased the cell density. These kind of changes have also
been reported using plant synthesized AgNPs in diﬀerent
cancer cell lines [46], suggesting that the cytotoxic eﬀect of
synthesized AgNPs may be due to the antineoplastic nature
and their capability via numerous molecular mechanism to
induce cell death [45].

3.4. Glutathione Depletion and Lipid Peroxidation Level.
Figures 5(a) and 5(b) summarize the decrease in glutathione
level and increase in the lipid peroxidation in HeLA cells
exposed to ND-AgNPs at 5–25 μg/ml concentrations for
24 h. The results indicate a concentration-dependent decrease in glutathione level. The depletion in the GSH was
found to be 40%, 55%, and 69% at 5, 10, and 25 μg/ml,
respectively, as compared to control (Figure 5(a)). The eﬀect
of ND-AgNPs-induced lipid peroxidation in HeLA cells
exposed for 24 h is shown in Figure 5(b). A concentrationdependent statistically signiﬁcant increase in the LPO level
was also observed in HeLA cells. The increase in LPO level
was observed as 25%, 56%, and 65% at 5, 10, and 25 μg/ml
concentrations of ND-AgNPs, respectively (Figure 5(b)).
Oxidative stress is known to be involved in the
nanoparticles-induced cell death [49]. As observed in this
study, the decrease in glutathione level and an increase in the
level of lipid peroxidation suggest the role of oxidative stress
in cell death in HeLA cell line exposed to ND-AgNPs. Our
results are very well supported by previous report where
a decrease in glutathione level and an increase in lipid
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Figure 3: (a) SEM image of the green synthesized silver nanoparticles (AgNPs); (b) TEM image of green synthesized silver nanoparticles
(ND-AgNPs) at 50 nm; (c) energy-dispersive X-ray spectrum of green synthesized silver nanoparticles (ND-AgNPs).

peroxidation level have been observed due to the exposure of
nanoparticles in various cell lines [49, 50].
3.5. Determination of Intracellular Reactive Oxygen Species
(ROS). The result obtained from ROS generation in
HeLA cells exposed to ND-AgNPs for 24 h is shown in
Figures 6(a) and 6(b). A statistically signiﬁcant induction in
ROS generation was measured in HeLA cells exposed to
ND-AgNPs at 10, 25, and 50 µg/ml concentrations. As
shown in Figures 6(a) and 6(b), an increase of 207%, 167%,
and 160% was observed in ROS generation at 5, 10, and
25 μg/ml, respectively, as compared to untreated control.
Nanoparticles are suggested to induce their toxicity

through oxidative stress by generating reactive oxygen
species (ROS) involved in a variety of diﬀerent cellular
processes ranging from apoptosis and necrosis to cell
proliferation and carcinogenesis [51]. It have been reported
that nanoparticles increase the ROS generation at cellular
level. To investigate the potential role of ND-AgNPs in
HeLA cell line, intracellular ROS generation was assessed
by HDCF-DA dye using ﬂow cytometer. An increase in the
ROS level observed in this study established that AgNPs
induced ROS generation, which leads to oxidative stress
and cell death. Furthermore, consistent with previous reports that plant-synthesized AgNPs have capacity to induce
ROS generation that can result in apoptotic cell death [52].
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Figure 5: ND-AgNPs-induced oxidative stress in HeLA cells exposed for 24 h: (a) glutathione depletion; (b) lipid peroxidation. Results are
expressed as the mean ± S.D. of three independent experiments. ∗ p < 0.01,∗∗ p < 0.001 vs control.

3.6. Mitochondrial Membrane Potential (MMP).
Figures 6(c) and 6(d) illustrate the change in the MMP level.
HeLA cells were treated for 24 h at 10–25 µg/ml of synthesized ND-AgNPs. A signiﬁcant induction in MMP level
was found in HeLA cells. The induction in MMP level was
found to be 109%, 121%, and 114% at 5, 10, and 25 μg/ml,
respectively, compared to control set (Figures 6(c) and 6(d)).

The results of this study suggested that the integrity of
mitochondrial membrane might be involved in AgNPsinduced HeLa cell death. It is well documented that the
ROS generation at high level can lead to cellular damage by
resulting mitochondrial membrane damage, which can then
induce toxicity [53, 54]. Based on cationic ﬂuorescent probe
Rh123 dye, the induction in MMP level indicated the role of
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Figure 6: Flow cytometric analysis of intracellular ROS generation and mitochondrial membrane potential in HeLA cells exposed to NDAgNPs for 24 h (a) Representative spectra of ﬂuorescent DCF as a function of ND-AgNPs concentration. (b) Comparative analysis of the
ﬂuorescence enhancement of DCF with increasing concentrations of ND-AgNPs. (c) Representative spectra of ﬂuorescence of Rh123 as
a function of ND-AgNPs concentrations measured using a ﬂow cytometer. (d) Comparative analysis of the ﬂuorescence enhancement of
Rh123 with increasing concentrations of ND-AgNPs. Each histogram represents mean ± S.D. values of DCF and Rh123 ﬂuorescence
obtained from three independent experiments. ∗∗ p < 0.01 versus control.

reactive oxygen species generation and oxidative stress in the
AgNPs-induced HeLA cell death due to free radicals generation [55].
3.7. Cell Cycle Analysis. The results of cell cycle analysis in
HeLA cell lines exposed to ND-AgNPs at 10–50 µg/ml for
24 h are represented in Figure 7. The ﬂow cytometric
measurement of propidium iodide-stained control and NDAgNPs-treated HeLA cells showed an increase in apoptotic
SubG1 peak. A signiﬁcant increase in SubG1 arrest was
observed at 50 μg/ml concentrations of ND-AgNPs-treated
HeLA cells (Figure 7). The increase in the SubG1 (apoptotic)
population found in this study suggests that ND-AgNPstreated HeLA cells were not able to go through G2 checkpoint; therefore, G2/M transition was found to be aﬀected.
The apoptosis induction due to the presence of SubG1 peak
in the process of cell cycle suggests the role of early and late
apoptotic/necrotic pathway [56, 57].
3.8. Apoptosis/Necrosis Assessment Using Annexin V-PE and
7-AAD. The results obtained from the induction of

apoptosis/necrosis using ﬂow cytometry are summarized in
Figure 8. The ﬂow cytometry data clearly showed that NDAgNPs induced cell death in HeLA cells. Based on the
Annexin V-PE/7-ADD staining, 94.2% of HeLA control cells
were found alive with values of 0.56%, 3.31%, and 1.9% of
cells, which are normal process for cells growing in cultures.
The HeLA cells exposed to ND-AgNPs signiﬁcantly increased the late apoptotic and necrotic cells as compared
with untreated control cells. An increase in the percentage of
apoptotic and necrotic cells was found with the values of
30.3–69.8% and 18.8–25.3% between 10 µg/ml and 50 µg/ml
ND-AgNPs concentrations, respectively (Figure 8). Even at
lower concentration, i.e., 10 µg/ml, ND-AgNPs were found
to induce apoptotic and necrotic cell death. It is well known
that high amount of ROS generation could lead to apoptotic
and necrotic cell death [58]. The excessive ROS generation
has been linked with the substantial DNA damage and
apoptosis/necrosis [59]. Our results are in well accordance
with the recent reports that have shown apoptosis cell death
due to the exposure of nanoparticles [60], including the
exposure of plant-synthesized silver nanoparticles [52].

Bioinorganic Chemistry and Applications
592

9

92

444

140

Ag NPs 10 μg/ml

Control

120

69

∗∗

298

46

148
E
Counts

Counts

100

SubG1
1.6%

80
60

FG

40

SubG1
93.9%

I

20

0
1

∗∗

23

0
–1

∗∗

10

100

1000

–1

1

10

100

1000

0

88

100
Ag NPs 25 μg/ml

Ag NPs 50 μg/ml

75

66

50

44

Control

∗∗ ∗∗
∗∗
10
25
Ag NPs (μg/ml)

SubG1
G1

50

S
G2M

22

25

SubG1
100%

SubG1
Q 100%
0
–1

1

10

100

0
1000
–1
FL 3 Log PI

1

10

100

1000

(a)

(b)

Figure 7: Cell cycle analysis in HeLA cells exposed to 10–50 μg/ml concentrations of ND-AgNPs for 24 h. (a) Representative ﬂow cytometric
image exhibiting changes in the progression of cell cycle. SubG1 in each micrograph represents the percentage of cells in the SubG1 phase.
(b) Each histogram represents the percentage of cells arrested in diﬀerent phases of cell cycle. Results are expressed as the mean ± S.D. of
three independent experiments. ∗∗ p < 0.001 vs control.
1000

1

2 1000

Control

100
1.9%

3.31%

18.8%

FL 4 log 7-AAD

4
0.56%

94.2%
–1

1
1

10

100

1000

1

Ag NPs 25 μg/ml

4

3
–1

2 1000

100

50.7%

0.22%

–1

1
1

10

100

1000
2

Ag NPs 50 μg/ml

100
53.0%

25.4%

25.3%

10

69.8%

10

1
3
–1

30.3%

10

1

1000

2

Ag NPs 10 μg/ml

100

10

–1

1

1

0

4

21.4%
–1

0.15%
1

10

100

1000

3
–1

0

4
0.00%

4.9%
–1

1

10

100

1000

FL 2 log PE

Figure 8: Annexin V-PE (phycoerythrin) and 7-AAD (7-amino actinomycin D assay. Bivariate ﬂow cytometry analysis of HeLA cells treated
with diﬀerent concentrations of ND-Ag NPs. The scatter plots show early apoptotic, late apoptotic, and necrotic cells following 24 h treatment.

10

Bioinorganic Chemistry and Applications

4. Conclusions
This investigation demonstrated the biosynthesis of silver
nanoparticles (AgNPs) for the ﬁrst time, via a single-step
reduction of silver ions using Nepeta deﬂersiana plant and its
anticancer potential against human cervical cancer (HeLa)
cells. Our results showed that biosynthesized AgNPs (NDAgNPs) induced a concentration-dependent cytotoxicity in
HeLA cells. ND-AgNPs were also found to induce oxidative
stress as observed by the increase in ROS and LPO level and
the decrease in GSH level. The increase in the intracellular
ROS generation was found eventually to trigger the development of mitochondrial membrane damage and cell cycle
alterations. This study also showed that ND-AgNPs have the
capacity of inducing apoptosis and necrosis cell death of
HeLA cells through SubG1 cell cycle arrest. Thus, our
ﬁndings suggest the anticancer potential of biosynthesized
ND-AgNPs against human cervical cancer cells and could
play an important role in the development of new therapeutic agent for the treatment of cancer.
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Nanomaterials obtained by green synthesis technologies have been widely studied in recent years owing to constitute cost-eﬀective
and environmental-friendly methods. In addition, there are several works that report the simultaneous performance of the reducer
agent as a functionalizing agent, modifying the properties of the nanomaterial. As a simple and economical synthesis methodology,
this work presents a method to synthesize silver nanoparticles (AgNPs) using Annona muricata aqueous extract and functionalized
with 5-ﬂuorouracil (5-FU). The processes of reduction, nucleation, and functionalization of the nanoparticles were analyzed by UVVis absorption spectroscopy, and it was found that they are the function of the contact time of the metal ions with the extract. The
structural characterization was carried out by transmission electron microscopy (TEM) and X-ray diﬀraction patterns (XRD). The
antibacterial properties of the synthetized nanomaterials were tested using minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) against Enterococcus faecalis, Staphylococcus aureus, and Escherichia coli growth.

1. Introduction
The use of nanoparticles as nanodelivery vehicles has received quite great interest in the medical sector in recent
years owing to the fact that, by biochemical engineering, it
is possible to design multifunctional nanostructured biomaterials to deliver speciﬁc drugs to target tumor or cancer
cells [1]. The best performance of nanobiomaterials with
respect to other types of biomaterials is due to quite
high compatibility and adaptability to biological systems,
which additionally represents nonviral systems, constituting

promising tools in biomedicine research. A clear example of
this fact is silver nanoparticles; due to the application of
these types of materials to biological systems, there has been
development of numerous nanodelivery vehicles, in view of
their intrinsic properties, biocompatibility, and antimicrobial capacity [2]. It is necessary to improve material properties and biocompatibility for a more eﬃcient yield in drug
delivery to a speciﬁc target, avoiding a wide distribution of
the medicine. In light of this, the material functionalization
and organometallic science by the development of covalent
nets or polymeric functionalization have modiﬁed the
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interaction of inorganic surface on metallic NPs with the
surrounding media, improving their performance in biomedicine [3, 4].
5-Fluorouracil (5-FU) is a potent broadly used antimetabolite for cancer treatments such as advanced oral
cancer [5]. Nevertheless, several limitations exist on its use
related to the short half-life, lack of control on selective
delivery, and ample diﬀusion on body, limiting its antitumor
applicability. Therefore, through the functionalization of
nanostructured materials with 5-FU, it has remarkably
improved the utility of the drug and produced novel and
proﬁcient tools for oncologic research [6].
Currently, ample spectrum of diﬀerent methodologies
for silver nanobiomaterials obtained and functionalization
for biomedical purposes exists [7]. However, in the previous
years, a remarkable interest in the green synthesis methods
of nanobiomaterials has been rising in response which
represents environmental-friendly methods, low-toxic
methodologies, cost-eﬀective alternatives, and one-step
NP synthesis-functionalization method [8]. In general,
nanomaterial synthesis by “green methods” considers three
main characteristics according to Raveendran et al. [9] as
follows: (1) solvent friendly as a reaction medium; (2) environmentally beneﬁcial reducing agents; and (3) use of
nontoxic material as capping agents [9]. In addition, diﬀerent
reports had reported not only the achievement of obtaining
nanoparticles by green synthesis but also discussed the medicinal properties of the materials associated with the active
ingredients present in the natural extracts used, which has
promoted a scientiﬁc focus on the biological activities of these
kinds of substances [10, 11]. Furthermore, in relation to the
information described above, the synthesis of silver nanomaterials through an eﬃcient, economically cheap, and environmentally safe method has become an important research
area in nanobiotechnology. Therefore, currently, diverse plant
extracts have been used as excellent bioreducing agents in the
synthesis of silver nanoparticles (AgNPs) [12, 13].
The extract Annona muricata, generally known as
guanabana, is largely distributed in tropical areas of South
America and North America; all fractions of the A. muricata
tree are widely used as traditional medicines against human
diseases, including cancer and infections. The antiinﬂammatory, hypoglycemic, sedative, smooth muscle relaxant, hypotensive, and antispasmodic eﬀects are attributed
to the leaves, barks, and roots of Annona muricata. The
leaves of this plant are also employed against tumors and
cancer in South America and tropical Africa [14]. Phytochemical evaluations of the Annona muricata plant have
shown the presence of alkaloids, megastigmanes, ﬂavonol
triglycosides, phenolics, cyclopeptides, essential oils, and
some minerals such as K, Ca, Na, Cu, Fe, and Mg [14].
In the present work, the synthesis of silver nanoparticles
using Annona muricata aqueous extracts as a bioreducing
agent is reported. The materials were characterized in terms
of their optical properties, crystallinity, morphology, hydrodynamic radius, and surface charge. The antibacterial
capacities of the materials were evaluated by their bactericidal eﬀect against oral microorganisms such as E. Faecalis,
S. Mutans, S. Oralis, S. Aureus, and E. Coli by minimum
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inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC). Moreover, the evaluation of the cytotoxicity of the samples was done by the cellular viability of
ﬁbroblast cells using MTT assay and ﬂuorescent microscopy.

2. Materials and Methods
2.1. Reagents. A. muricata leaves were purchased from
a local supermarket; silver nitrate (AgNO3) and 5-FU were
obtained from Sigma-Aldrich; serological pipettes (5, 10,
and 25 mL) and 50 mL centrifuge tubes were purchased from
Santa Cruz Biotechnology, Inc.; 25 cm3 cell-culture ﬂask
were purchased from Corning ; and 48-well cell-culture
cluster were purchased from Costar .”
Dulbecco’s Modiﬁed Eagle Medium (DMEM),
phosphate-buﬀered saline (PBS) of pH 7.4, fetal bovine
serum (FBS), penicillin/streptomycin, and doxorubicin were
purchased from Gibco . The following bacteria were used:
Enterococcus faecalis (ATCC 29212), Staphylococcus aureus
(ATCC 29213), and Escherichia coli (ATCC 25922). Human
ﬁbroblasts were donated by Dr. Roberto Sánchez-Sánchez,
biotechnology laboratory of Instituto Nacional de Rehabilitación LGII, CENIAQ (Ciudad de México).

®

®

®

2.2. AgNP Synthesis. The synthesis of the materials was
carried out by the use of Annona muricata extract as a bioreducing agent based on the previously reported method by
Santhosh et al. [15]. Initially, the leaves were washed with
deionized water to remove impurities. After being crushed in
a blender, 5 g of the powder was previously ground in 125 mL
of deionized water and was boiled to the boiling point. After
obtaining the infusion of the extract, in a separate vessel, Ag
salt was added and the process of reduction and formation of
the nanoparticles began, which was evidenced by the immediate color change, indicating the formation of the same ones.
The color of the mixture changed from pale brown to dark
brown for AgNPs, and no synthetic reagents were required for
this synthesis. Finally, the NP sedimentation was induced by
centrifugation and washed with ethanol three times.
2.3. Silver NP Functionalization with 5-Fluorouracil. Prior to
Ag nanoparticle synthesis and washing, 50 ml of NP solution
was taken in a vessel; subsequently, 0.5 g of 5-ﬂuorouracil
was added, and the solution was sonicated for 20 min.
2.4. Physical Characterization Methods. UV-Vis absorption
spectra were obtained using the S2000 UV-Vis spectrometer
(OceanOptics, Inc.). Transmission electron microscopy (TEM)
images were obtained at 100 kV using a JEOL-1230. The
hydrodynamic radius and Z-potential of the samples were
measured with a Nanosizer DLS. Furthermore, the X-ray
diﬀraction (XRD) patterns were obtained using a GBC-Diﬀtech
MMA diﬀractometer with ﬁltered CuKα (λ �1.54 Å) radiation.
2.5. Antibacterial Activity of AgNPs. The antimicrobial
activities of the AgNPs were conﬁrmed via minimum inhibitory concentration (MIC) and minimum bactericidal
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concentration (MBC) against strains of E. faecalis (ATCC
29212), S. aureus (ATCC 29213), and E. coli (ATCC 25922);
they were studied at 0.5 of the McFarland Scale determined
with a colorimeter (LaMotte Smart3) according to the
standard microdilution method (CLSI M100-S25, January
2015) [16].
2.6. Cytotoxicity Assay. With respect to cytotoxicity assays,
human ﬁbroblasts isolated from the dermis were cultured
and stored in liquid nitrogen at −196°C, in order to retain the
viability of the cells. A cell culture was carried out in 25 cm3
plates (Costar ), until the surface of the culture vessel was
covered, waiting for the formation of a monolayer (layer
thickness of one cell). Previously, subcultures were carried
out for three weeks using the DMEM culture medium
(Gibco ), which contains speciﬁc proteins essential for cell
survival, development, and proliferation. Subsequently, the
incubation was performed at 37°C under a CO2 atmosphere
using a NUAIRE Autoﬂow Ir Water-Jacketed CO2 incubator; medium changes were made and observed on an
inverted microscope (Axio-Zeiss). Once the desired cell
conﬂuence was obtained, the cultures were treated with
trypsin (a proteolytic enzyme that degrades the extracellular
matrix and sequesters the calcium ion, which is essential for
cell adhesion). In addition, by gentle agitation after 5–7 min,
the cells detached, and the cell suspension required to
calculate the number of cells present in a certain volume
were obtained and analyzed in a Neubauer chamber. Furthermore, 20,000 cells per cm2 were seeded in 48-well plates
and cultured for 24 hrs. With the purpose of material cytotoxicity assays performed with calcein and ethidium
homodimer (Thermo ), diﬀerent dilutions of silver nanoparticles synthesized by a green method were made using an
extract of Annona muricata. The treatment groups used to
perform the cytotoxicity test are shown in Table 1:
The viability of human ﬁbroblasts after exposure to
AgNPs was evaluated by the amount of viable cells stained by
MTT assay. The human ﬁbroblasts were plated in 96-well
plates and exposed to AgNPs, AgNPs + 5-FU, 5-FU, and
Annona muricata. Cells were added into the medium at
concentrations of 30 μg/ml (ppm) maintained in a humidiﬁed atmosphere at 37°C and 5% CO2. After 24 and 48 h, the
medium was removed from each well, replaced with a new
medium with MTT solution in an amount of 10% of culture
volume, and incubated for 4 h at 37°C until a blue-colored
formazan product developed. The resulting formazan
product was dissolved in DMSO, and the absorbance was
measured at 570–690 nm by using a Synergy HTX MultiMode Microplate reader (BioTek Instrument, Inc.).

®

®

®

3. Results and Discussion
3.1. Structural Characterization of AgNPs
3.1.1. Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy.
The UV-Vis spectra of the materials were made in order to
follow the nucleation process of the particles as a function of
the contact time with the extract. In Figure 1, a band at
425 nm can be observed, which is associated with the surface
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Table 1: Treatments and diﬀerent concentrations used in the
cytotoxicity tests carried out in ﬁbroblasts.
Concentrations
C1
Annona muricata 100 μg/mL
5-FU
20 μg/mL
AgNPs
32 μg/mL
AgNPs + 5-FU
23 μg/mL

C2
75 μg/mL
15 μg/mL
24 μg/mL
18 μg/mL

C3
C4
50 μg/mL 25 μg/mL
10 μg/mL 5 μg/mL
16 μg/mL 8 μg/mL
13 μg/mL 8 μg/mL

plasmon of silver nanoparticles. The intensity of the band
increases as the contact time of the metal ions with the
extract is increased, having its maximum intensity at 60 min.
Additionally, it is possible to observe a thinning of the band
of the ﬁnal solution with respect to the initial solution. This
thinning can be associated to two phenomena; ﬁrstly, the
inﬂuence of the symmetry of the particles and their size
distribution on their optical properties has been previously
reported, where irregular particles (nonspherical) will show
two or more surface plasmon bands, which will result in the
widening of the band; this is due to the fact that as the
reduction process begins, the nucleation and the generation
of the primary particles will take place, which will have
irregular shapes and smaller diameters, explaining the blue
shift of the band in the initial solutions and a red shift in the
ﬁnal solutions where the process of nucleation and generation of the particles is concluded [17, 18].
On the other hand, due to the fact that the nanoparticle
formation process is interrupted, there will possibly be
several particle sizes inﬂuencing the excitation surface
plasmon peak. Finally, another phenomenon involved to this
fact is the band of absorption of the extract, which is at
435 nm, aﬀecting the band position and possibly inﬂuencing
the red shift. In relation to this, the preservation of the
organic agent on the surface of silver nanoparticles evidenced its role as a functionalizing agent.
3.1.2. Morphological Characterization: TEM. Figure 2(a)
presents the TEM images and histograms of the synthetized materials. AgNPs present a quasi-spherical morphology
arranged in isolated clusters. The diﬀerential distribution
corresponding to this sample displays a particle size range
between 4.54 and 16.48 nm with an asymmetrical geometry
and a bimodal distribution (Figure 2(b)). The average particle
size and coeﬃcient of variation (CV%) calculated for this
sample were 10.87 nm and 22.94%, respectively. The statistical
parameters obtained are shown in Table 2.
3.1.3. Dynamic Light Scattering (DLS) and Zeta Potential.
Table 3 displays the values of particle size and Z-potential
obtained for the particles. The acquired value for particle size
was 16.46 ± 0.46, slightly diﬀering from the obtained diameter mean of 10.87 from TEM images analysis, indicating
the association of the value corresponding to DLS analysis to
the hydrodynamic radius of the particles and corroborating
the results shown in size statistical analysis. The measured
Z-potential of the sample displays a value of −27.3 ± 1.22 mV,
which represent an electrostatic repulsion between the
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Figure 1: UV-Vis absorption spectra of silver nanoparticles at diﬀerent time periods and their reaction with A. muricata extract at 1000 μL.
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Figure 2: (a) TEM photomicrography and (b) diﬀerential size distribution of silver nanoparticles biosynthesized using A. muricata extract.

Table 2: Size distribution statistical parameters of ZVI materials in
nm.

Table 3: Dynamic light scattering (DLS) and zeta potential of Ag
sample.

Sample
AgNPs

Sample
AgNPs

Mean
10.87

CV (%)
22.94

D10
7.12

D50
10.54

D90
13.72

D50-D10
3.42

particles as shown in the TEM image corresponding to this
sample, where most of the NPs are well dispersed (Table 3).
3.1.4. X-Ray Diﬀraction. The X-ray diﬀractogram corresponding to AgNPs presents the peaks associated with the

Particle size (nm)
16.46 ± 0.46

Z-potential (mV)
−27.3 ± 1.22

Ag cubic phase at 38.23, 44.18, 64.74, 75.51, and 81.74°,
which can be indexed as the (111), (200), (220), (311), and
(222) planes (JCPDS File No.: 04–0783), respectively, illustrating with this information the presence of crystalline
silver nanoparticles (Figure 3).
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Figure 3: X-ray diﬀraction patterns of the Ag sample.

Table 4: Minimum inhibitory concentrations of Ag nanomaterials.
MIC of silver nanoparticles (mg/ml)
Bacterial strains
E. coli (ATCC
E. faecalis
Sample
S. aureus
25922)
(ATCC 29212)
(ATCC 29213)
AgNPs
6.68 ± 0.0
13.36 ± 0.0
26.72 ± 0.0
57.8 ± 0.0
7.8 ± 0.0
15.62 ± 0.0
Fluorouracil
AgNPs
1.95 ± 0.0
0.97 ± 0.0
0.97 ± 0.0
+ 5-FU
Annona
muricata
−a
−a
−a
extract
Amikacin
1 ± 0.0
2 ± 0.0
128 ± 0.0

150

100

50

Cell control

Annona muricata

0
5-fluorouracil

3.3.2. Fluorescence Microscopy. Corresponding to the
ﬂuorescence microscopy analysis, it was observed that, at
a lower concentration of treatments, there was more conﬂuence and cell density compared to the control group
(Figures 5 and 6). On the other hand, as concentrations
increased, alterations in cells morphology and few cell extensions were observed. Moreover, an important characteristic observed at 24 is the presence of few dead cells for
AgNPs exposition, indicating the role of the bioextract as
a possible cytoprotective agent since it encapsulates the
nanoparticles and 5-FU, preventing direct contact with cells,
and additionally, the cell cultures remained viable with only

30

AgNPs

3.3.1. MTT Assay. The cell viability was evaluated by the
cytotoxicity test and ﬂuorescent microscopy in order to
compare the eﬀects produced on oral ﬁbroblasts by green
AgNPs and the presence and absence of 5-FU as the
functionalization agent on the nanomaterials.
The results corresponding to the cytotoxicity test show
slight diﬀerences in cell viability between 24 and 48 hrs of
cell exposition to AgNPs. It is possible to observe toxicity for
silver nanoparticles at the highest concentrations used
(Figure 4). AshaRani et al. [21] report similar results for lung
ﬁbroblasts in response to silver NPs exposition, arguing
a cytotoxicity dependence on NPs concentration as well as
cell-cycle detection [21]. Additionally, Ahmad et al. [22]
evaluated the eﬀect of silver and gold nanoparticles obtained
by the green synthesis method in murine macrophages using
concentrations in the range of 10–1000 μg/mL, obtaining less
cytotoxicity at a concentration lower than 80 μg/mL [22].
Furthermore, the information presented illustrates a cytotoxicity-eﬀect reduction of the nanomaterials by 5-FU
functionalization, evidencing the biocompatibility improvement of the nanobiomaterials.

(200)

AgNPs+5-FU

3.3. Cytotoxicity Assay

(111)

Viability, (% control)

3.2. Antimicrobial Activity of AgNPs. In this study, MIC
values were obtained for the AgNPs tested against E. coli
(ATCC 25922), S. aureus (ATCC 29213), and E. faecalis
(ATCC 292129). The results are presented in Table 4, where
the MIC of the AgNPs synthesized by Annona muricata
presents a lower antibacterial activity in comparison with 5ﬂuoracil, but the functionalization/combination of the silver
nanoparticles with 5-ﬂuoracil showed a synergism because
all the strains were inhibited at a concentration of
1.95 Dg/ml or less. With respect to the tree strains tested
with AgNPs and 5-ﬂuoracil, Enterococcus faecalis, which is
a facultative anaerobic Gram-positive coccus, shows the
lowest sensitivity in comparison with E. coli and S. aureus
[19]; A. Manten and J. I. Terra were the ﬁrst to report the
antibacterial activity of antineoplastic drugs as well as the
combination eﬀects between the antibacterial and antineoplastic agents [19]. The results corresponding to 5-ﬂuoracil alone displayed similar results compared to the data
reported by Gieringer et al. [20], who found that concentrations of 0.8 μg/ml or less inhibit all strains of Staphylococcus aureus [20].

5

24 hrs
48 hrs

Figure 4: Graph of cytotoxicity of ﬁbroblasts exposed to diﬀerent
concentrations of Ag nanoparticles for 24 and 48 hours.
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Figure 5: Fluorescent microscopy image of the control group of ﬁbroblasts at 24 hrs.

(a)

(b)

(c)

Figure 6: Continued.
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(d)

Figure 6: Fluorescent microscopy images of cytotoxicity assays in ﬁbroblasts at 24 hrs and with respective concentrations at which it was
evaluated (lowest and highest). (a) A. muricata. (b) 5-FU group. (c) AgNPs group. (d) Group of AgNPs and 5-FU.

the presence of the extract (Figures 6(b)–6(d)). Similarly,
AshaRani et al. [21] previously reported diﬀerent morphological changes, indicating unhealthy cells, few cell extensions, and restricted propagation patterns with respect to
control [21].

4. Conclusions
In this work, it was demonstrated that, in the green synthesis
of silver nanoparticles using Annona muricata as a bioreducer, the obtained NPs were characterized in terms of
their optical properties, crystallinity, morphology, hydrodynamic radius, and surface charge. The UV-Vis monitoring
of the AgNPs formation displayed the nucleation process of
the particles and the increasing intensity of the silver
characteristic band at 435 nm depending on time reaction.
The nanoparticles presented a quasi-spherical shape with an
average particle size of 10.87 nm and a hydrodynamic radius
of 16.46 ± 0.46 nm. The Z-potential obtained had a value of
−27.3 ± 1.22 mV, demonstrating repulsion between the
particles and good colloidal stability of the material. The
antimicrobial properties of the materials showed a great
inhibition against Gram-positive and Gram-negative bacteria. The cytotoxicity of the NPs at 24 and 48 hrs displayed
an increment in cell viability associated with the particles
functionalization by 5-FU, and only a few dead cells at 24 hrs
were observed in the ﬂuorescence microscopy images.
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Metallotriazine complexes possess interesting biological and medicinal properties, and the present study focuses on the
synthesis, characterization, and antimicrobial activity of four novel copper-triazine derivatives in search of potent antibacterial
and antifungal drug leads. In this study, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4,4′-disulfonic acid monosodium salt (L1,
ferrozine) and 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5,5′-disulfonic acid disodium salt (L2, ferene) have been used as
ligands to study the complexation towards copper(II). The synthesized complexes, [CuCl2(ferrozine)]·7H2O·MeOH (1),
[CuCl2(ferrozine)2]·5H2O·MeOH (2), [CuCl2(ferene)]·H2O·MeOH (3), and [CuCl2(ferene)2]·H2O·MeOH (4), have been
characterized spectroscopically, and preliminary bioassays have been carried out. FTIR spectroscopic data have shown that
N�N and C�N stretching frequencies of complexes have been shifted towards lower frequencies in comparison with that of the ligands,
conﬁrming new bond formation between Cu and N, which in turn lowers the strength of N�N and C�N bonds. In addition,
a bathochromic shift has been observed for UV-visible spectra of complexes (1), (2), (3), and (4). Furthermore, elemental analysis data
have been useful to obtain empirical formulas of these complexes and to establish the purity of each complex. Complexes (1) and (2) have
shown antibacterial activity for both S. aureus (ATCC® 25923) and E. coli (ATCC® 25922) at 1 mg/disc concentration, and ferrozine has
shown a larger inhibition zone against the clinical sample of C. albicans at 1 mg/disc concentration in comparison with the positive
control, ﬂuconazole.

1. Introduction
Transition metals have numerous and unique biological,
chemical, and physical properties due to the availability
of d electrons in valance shells. Much attention has been
focused on copper complexes due to their various potential
biological activities [1–4] out of which antimicrobial [5] and
antiviral activities is paramount [6–15].
Since triazine is a well-known natural material which
possesses many biological properties [16–21], it is not surprising that organometallic complexes of triazine with ﬁrst
row transition metals (Mn [22, 23], Co [24, 25], Ni [24, 25],
Cu [22, 24–28], and Zn [25]), with second row transition
metals (Ru [29], Pd [30], Ag [31], and Cd [32]), and with
third row transition metals (Re [33] and Pt [34–36]) have

been synthesized, and their activities explored as catalysts
[37] and biological agents such as antibacterial [25], anticancer [29, 36], antifouling [24], antifungal [33], anti-HIV
[35], antimicrobial [25], antiproliferative [26, 34], antiviral
[28, 35], and DNA binding [26, 29, 30] agents.
Even though many reports exist of metal complexes of
triazine derivatives as detailed above, metal complexes containing the pyridyl-1,2,4-triazine core are relatively unexplored. Platinum(II) complexes of sulphonated 2-pyridyl1,2,4-triazine have been reported to possess anti-HIV activity
[35]. A copper(II) complex bearing 2,4,6-tris(2-pyridyl)-1,3,5triazine ligand has been reported to bind DNA in a moderately strong way exhibiting signiﬁcantly better anticancer
activity against breast cancer in comparison with cisplatin
[26]. An octahedral complex of rhenium(V), ML1L2L3L4
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Figure 1: Structure of 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt (L1) (a) and 3-(2-pyridyl)-5,6-di(2furyl)-1,2,4-triazine-5,5′-disulfonic acid disodium salt (L2) (b).

(where L1 � oxo, L2 � chloride, L3 � triphenylphosphine, and
L4 � 3-hydrazino-5,6-diphenyl-1,2,4-triazine), has shown
comparable antifungal activity against Alternaria alternata
and Aspergillus niger [33]. We ourselves have explored the
potential of using rhenium complexes of ferene and ferrozine
(Figure 1) as biological imaging agents [38]. In our most
recent work, we have commented on the possible use of the
scaﬀold of sulfonated pyridyl triazine complexes being utilized as serum albumin transporters [39]. As such, it seems
prudent to now explore its binding towards copper.
Thus, the current study explores the synthesis of four
novel water-soluble complexes of the type, MLnCl2
(Figure 2) (where M � Cu2+, L � 3-(2-pyridyl)-5,6-diphenyl1,2,4-triazine-4′,4″-disulfonic acid sodium salt/3-(2-pyridyl)5,6-di(2-furyl)-1,2,4-triazine-5′,5″-disulfonic acid disodium
salt, and n � 1/2), their chemical characterization, and preliminary tests to assess antimicrobial activity of above synthesized complexes as well as of the ligands.

mass spectra were recorded on an Agilent 6210 ESI TOF
LCMS mass spectrometer.
2.3. Synthesis
2.3.1. Preparation of [CuCl2(ferrozine)]·7H2O·MeOH (1).
A solution of ferrozine (0.25 mmol, 0.1269 g) in methanol
(8.0 cm3) was added to copper chloride dihydrate (0.25 mmol,
0.0435 g) in methanol (2.0 cm3). Then the resulting mixture
was stirred for 2 hours at room temperature and progression of reaction checked using TLC. A light green
colour crystalline precipitate was obtained after 2 days and
collected by ﬁltration (yield: 0.1264 g, 64%). IR (ATR;
]/cm−1): 1596.84(m) and 1498.22(s), ]C�N and ]N�N. UVVis (MeOH; λmax [nm]): 205, 242, 298, and 327. Anal. Calc.
for C20H13Cl2CuN4NaO6S2·7H2O·CH3OH: C, 32.12; H,
3.98; N, 7.14. Found: C: 31.68%, H: 3.80%, and N: 7.42%.
ESI-MS (m/z): [M − H]− calcd for C20H13ClCuN4O6S2,
565.9179; found, 565.9188.

2. Experimental
2.1. Materials Used. All chemicals and reagents used for the
synthesis were commercially available and used without
further puriﬁcation. 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4,4′-disulfonic acid monosodium salt (ferrozine), 3(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5,5′-disulfonic acid
disodium salt (ferene), and methanol ACS reagent (assay
≥99.8%) were purchased from Sigma-Aldrich, and copper
(II) chloride dihydrate was purchased from Research-Lab
Fine Chem Industries. Mueller-Hinton agar was purchased
from Hardy Diagnostics, USA. Sodium chloride, sodium
hydroxide, and dextrose were purchased from HiMedia
Laboratories. The bacteria were obtained by the Industrial
Technology Institute, Colombo.
2.2. Instrumentation. Elemental analysis was carried out on
PerkinElmer 2400 Series II CHNS/O Elemental Analyzer at
Atlantic Microlabs, USA. IR spectra were recorded using
Thermo Scientiﬁc NICOLET iS10 spectrophotometer in the
spectral range 4000–650 cm−1 for both ligands and complexes.
Thermo Spectronic Helios alpha UV-Vis double-beam
spectrophotometer was used to measure the absorbance
in the range of 190–1100 nm, and baseline correction was
performed using matched quartz cuvettes. High-resolution

2.3.2. Preparation of [CuCl2(ferrozine)2]·5H2O·MeOH (2).
A procedure similar to that given above was followed using
copper chloride dihydrate (0.25 mmol, 0.0435 g) and ferrozine
(0.50 mmol, 0.2538 g). The resulting mixture was stirred for 5
hours. A dark green colour crystalline precipitate was obtained after 2 days and collected by ﬁltration (yield: 0.1937 g,
62%). IR (ATR; ]/cm−1): 1595.69(m) and 1498.50(s), ]C�N and
]N�N. UV-Vis (MeOH; λmax [nm]): 213, 240, 301, and 334.
Anal. Calc. for C40H26Cl2CuN8Na2O12S4·5H2O·CH3OH: C,
39.66; H, 3.25; N, 9.03. Found: C: 39.29%, H: 3.76%, N: 9.23%.
ESI-MS (m/z): [M − H]− calcd for C40H26CuN8O12S4,
999.9833; found, 999.9776.
2.3.3. Preparation of [CuCl2(ferene)]·H2O·MeOH (3). A
solution of ferene (0.25 mmol, 0.1236 g) in methanol (8.0 cm3)
was added to copper chloride dihydrate (0.25 mmol, 0.0435 g)
in methanol (2.0 cm3). Then the resulting mixture was stirred
for 6 hours at room temperature and progression of reaction
checked using TLC technique initially and at the end. A
yellow colour crystalline precipitate was obtained after 1 day
and collected by ﬁltration (yield: 0.1183 g, 75%). IR (ATR;
]/cm−1): 1567.49(m) and 1499.15(s), ]C�N and ]N�N. UV-Vis
(MeOH; λmax [nm]): 202, 239, 338, and 371. Anal. Calc. for
C16H8Cl2CuN4O8S2·H2O·CH3OH: C, 32.16; H, 2.54; N, 8.82.
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Figure 2: Synthetic routes for ML1Cl2 (complex (1)) (i), M(L1)2Cl2 (complex (2)) (ii), ML2Cl2 (complex (3)) (iii), and M(L2)2Cl2 (complex
(4)) (iv) complexes. NB: L1 � 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt; L2 � 3-(2-pyridyl)-5,6-di(2furyl)-1,2,4-triazine-5,5′-disulfonic acid disodium salt. Solvent molecules in complexes (1)–(4) have been omitted for clarity. Molar ratios of
reactants: (i) CuCl2 : L1 � 1 : 1, (ii) CuCl2 : L1 � 1 : 2, (iii) CuCl2 : L2 � 1 : 1, and (iv) CuCl2 : L2 � 1 : 2.

Found: C: 32.12%, H: 2.76%, N: 9.29%. ESI-MS (m/z): [M]−
calcd for C16H8CuN4O8S2, 510.9085; found, 510.9084.
2.3.4. Preparation of [CuCl2(ferene)2]·H2O·MeOH (4). A
procedure similar to above was followed using copper
chloride dihydrate (0.25 mmol, 0.0435 g) and ferene
(0.50 mmol, 0.2472 g). The resulting mixture was stirred for
5 hours. A brown-yellow colour crystalline precipitate was
obtained after 1 day and collected by ﬁltration (yield: 0.1912 g,
65%). IR (ATR; ]/cm−1): 1569.82(m) and 1494.40(s), ]C�N

and ]N�N. UV-Vis (MeOH; λmax [nm]): 208, 246, 338 and 371.
Anal. Calc. for C32H16Cl2CuN8Na4O16S4·H2O·CH3OH: C,
33.78; H, 1.89; N, 9.56. Found: C: 33.76%, H: 2.42%, N: 9.58%.
2.4. Antimicrobial Assay. Compounds were tested against
Gram-positive Staphylococcus aureus ATCC® 25923 and
Gram-negative Escherichia coli ATCC® 25922 bacterial
species and a clinical isolate of Candida albicans as a fungal
species. Antimicrobial assay was performed by a standard
disk diﬀusion assay [40] where the inhibition zones were

4

3.1. Synthesis. Copper chloride and the relevant ligands were
used in 1 : 1 and 1 : 2 ratios to synthesize the desired metal
complexes (Figure 2). Thin-layer chromatography (TLC)
was initially used to monitor the progress of reaction, and
visualization of spots was done using an iodine bath.
3.2. FTIR Analysis. FTIR data were recorded for dried
crystals of ligands and complexes (1)–(4), and literature
values were utilized where relevant [41]. The stretching
frequency of the pyridine ring (]C�N) and stretching frequency of the triazine ring (]N�N) are considered mostly,
because their values change upon formation of new bonds
serving as good indicators of complex formation.
Stretching frequencies of N�N and C�N in complexes (1)
and (2) have shifted to lower frequencies as expected, compared
to those values of the free ferrozine ligand, due to σ donation of
N lone pair which lowers strength of N�N and C�N bonds
(Table 1). Furthermore, a broad band around 3400–3300 cm−1
was observed due to OH groups from methanol or water.
Similarly, stretching frequencies of N�N and C�N in
complexes (3) and (4) were observed at lower frequencies in
comparison with those of the free ferrozine ligand (Table 1),
and a broad band was observed around 3400–3300 cm−1 due
to OH groups of solvent.
3.3. UV-Visible Spectroscopy. UV-Vis spectra of reactants
and complexes (1, 2, 3, and 4) were recorded in methanol at
room temperature (Figure 3, Table S1, Supplementary
Materials). The absorption wavelengths of complexes (1)–(4)
have shifted towards longer wavelengths (bathochromic
shift) compared to the wavelengths of the reactants (copper,
ferrozine, and ferene). Both ferrozine and ferene have aromatic ring systems, and π–π∗ transitions are thus possible
[42]. These results are in agreement with those previously
reported for zinc complexes of ferene and ferrozine [39]
where a bathochromic shift was observed for both mono and
bis complexes in comparison with that of the free ligand.
3.4. Elemental Analysis. Empirical formulas related to experimental values aided in obtaining the exact molecular
formulas of all four complexes (Table 2). It can be seen that
experimental values are within ±0.4% of expected values
indicating purity of the synthesized complexes.
3.5. Antimicrobial Activity. All four complexes and ligands
were studied in vitro for their antimicrobial activity against
Gram-positive Staphylococcus aureus ATCC® 25923 and
negative bacteria Escherichia coli ATCC® 25922 as well as the
unicellular fungal species, Candida albicans. Inhibition
zones were obtained by adding a concentration of 1 mg/disc,
and the diameters of the zones are given in Table 3 for
bacteria and Table 4 for fungi.

]C�N (cm−1)
1608
1596
1595
1589
1567
1570

Ferrozine
Complex (1)
Complex (2)
Ferene
Complex (3)
Complex (4)

]N�N (cm−1)
1503
1498
1498
1507
1499
1494

1
Absorbance

3. Results and Discussion

Table 1: FTIR data comparison chart of complexes (1)–(4) in
comparison with those of free ligands.

0
200

400
Cu
Ferrozine

600
λ (nm)

800

Complex 1
Complex 2

1
Absorbance

measured and expressed as a mean of three replicates.
Gentamycin and ﬂucanazole were used as positive controls,
and methanol was used as the negative control.
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Figure 3: UV-visible spectra recorded in methanol of ferrozine,
complexes (1) and (2) (a) and ferene, complexes (3) and (4) (b).

Table 2: Elemental analysis data of complexes.
Complex
(1)
(2)
(3)
(4)

Value
Calculated
Experimental
Calculated
Experimental
Calculated
Experimental
Calculated
Experimental

C (%)
32.12
31.68
39.66
39.29
32.16
32.12
33.78
33.76

H (%)
3.98
3.80
3.25
3.76
2.54
2.76
1.89
2.42

N (%)
7.14
7.42
9.03
9.23
8.82
9.29
9.55
9.58
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Table 3: Mean inhibition zone diameter at 1 mg/disc of complexes
(1) and (2) and at 20 μg/disc of gentamicin.
Mean inhibition zone diameter ± SEM (mm)
S. aureus
E. coli
ATCC® 25923
ATCC® 25922
8.75 ± 0.75
7.50 ± 1.00
7.00 ± 0.00
7.75 ± 0.25

Complex (1)
Complex (2)
Positive control
(gentamicin)
Negative control

26.00 ± 1.50

30.75 ± 0.75

ND

ND

ND, not detected.

Table 4: Mean inhibition zone diameter for Candida albicans at
1 mg/disc of ferrozine and at 1 mg/disc of ﬂuconazole.
Ferrozine
Fluconazole

Mean inhibition zone diameter ± SEM (mm)
13.00 ± 2.00
29.75 ± 0.25

Analysis of the inhibition zone diameter revealed that
only complex (1) and complex (2) show moderate antibacterial activity when compared to the positive control. It is
interesting to see that ferrozine ligand demonstrates antifungal activity.
Antimicrobial activity reported here is of moderate
value. Further studies are warranted to optimize this system
for greater activity.

4. Conclusions
We have described the synthesis of four novel water-soluble
copper complexes bearing sulfonated pyridyl triazine ligands. FTIR spectroscopic data have conﬁrmed the existence
of Cu-N bonds in all four complexes because stretching
frequencies of N�N and C�N complexes have been shifted
towards lower frequencies in comparison with that of the
ligands. In UV-Vis spectra, a bathochromic shift has been
observed for complexes (1)–(4). Furthermore, elemental
analysis data have been useful to obtain empirical formulas
of these complexes and to establish the purity of each
complex.
Preliminary bioassays in antimicrobial activity showed
moderate antibacterial activity with complexes (1) and (2)
whereas ferrozine showed antifungal activity against Candida albicans. To the best of our knowledge, we are the ﬁrst
to report on the antifungal activity of ferrozine. These
ﬁndings provide a potential lead for antimicrobial drug
development.
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[41] V. Béreau and J. Marrot, “Coordination studies of 5,6diphenyl-3-(2-pyridyl)-1,2,4-triazine towards Zn2+ cation.
Synthesis and characterization by X-ray diﬀraction and
spectroscopic methods,” Comptes Rendus Chimie, vol. 8,
no. 6-7, pp. 1087–1092, 2005.
[42] D. Eastwood, R. L. Lidberg, and M. S. Dresselhaus,
“Ultraviolet-visible ﬂuorescence spectroscopy of selected
polyaromatic hydrocarbons and organometallics on hexagonal graphite and boron nitride,” Chemistry of Materials,
vol. 6, no. 2, pp. 211–215, 1994.

7

Hindawi
Bioinorganic Chemistry and Applications
Volume 2018, Article ID 3063271, 10 pages
https://doi.org/10.1155/2018/3063271

Research Article
Exploration on the Interaction Ability of Antitumor Compound
Bis-[2,6-difluoro-N-(hydroxyl-<κ>O)benzamidato-<κ>O]
dibutylitin(IV) with Human Peroxisome Proliferator-Activated
Receptor hPPARγ
Jiaqi Mai ,1 Yunlan Li ,1,2 Xiaozhi Qiao,1 Xiaoqing Ji,1 and Qingshan Li
1
2

1,2

School of Pharmaceutical Science, Shanxi Medical University, Taiyuan 030001, China
Shanxi University of Traditional Chinese Medicine, Jinzhong 030619, China

Correspondence should be addressed to Yunlan Li; liyunlanrr@163.com and Qingshan Li; sxlqs2012@163.com
Received 27 February 2018; Accepted 29 April 2018; Published 10 June 2018
Academic Editor: Rais A. Khan
Copyright © 2018 Jiaqi Mai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Diorganotin(IV) antitumor compound bis-[2,6-diﬂuoro-N-(hydroxyl-<κ>O)benzamidato-<κ>O] (DBDF2,6T) was one of the
novel patent organotin compounds with high antitumor activity and relatively low toxicity. In this study, several methods were
used to study the interaction between DBDF2,6Tand hPPARc protein, including ﬂuorescence quenching, three-dimensional (3D)
ﬂuorescence, drug aﬃnity responsive target stability (DARTS), ultraﬁltration-LC, and molecular docking. According to the
experimental results, the quenching process of the hPPARc protein was induced by static quenching mode to form a nonradiative
ground-state complex with DBDF2,6T spontaneously, mainly through the hydrophobic force. DBDF2,6T could bind to the
hPPARc protein directly and give the protein the ability of antienzymatic hydrolysis. And the binding mode of DBDF2,6T into
hPPARc protein appeared to have an orientation towards residues of SER342 and GLY284. In conclusion, these methods could
comprehensively reveal the interaction details of DBDF2,6T and the hPPARc protein and established a feasible way to preliminarily identify the agonist compounds for the hPPARc protein.

1. Introduction
Organotin compounds have many uses in our life, which
could act as stabilizers in plastics, fungicides, industrial catalysts, and so on. [1]. Our research group had synthesized
a series of organotin patent compounds which possessed high
anticancer activity with low toxicity and devoted to clarify its
mechanism of action [2]. From the results of proteomics data,
these compounds might play the physiological role through
the PPAR (peroxisome proliferator-activated receptor) signaling pathway, which was consistent with the reports that
organotin compounds may function as endocrine-disrupting
chemicals by aﬀecting the function of the protein PPARc [3].
Consequently, a reasonable hypothesis was made to assume
that these biologically active compounds might function
through the PPAR signaling pathway as an agonist to the

protein PPARc and further inﬂuence the expressions of the
target genes.
PPARs proteins belong to the most important members
of the nuclear receptor superfamily and can act as the ligandactivated transcription factors [4]. When the PPARs proteins
bind to a speciﬁc ligand, the ligand-binding domains of
PPARs will encounter the conformational change followed
by promoting the recruitment of nuclear receptor coregulators such as steroid rector coactivator-1 (SRC-1) and
eventually inﬂuence the transcription of downstream target
genes [5]. The PPARs proteins have three isotypes which had
been identiﬁed as PPARα, PPARβ/δ, and PPARc. These
three subtypes exhibit distinct tissue distributions and have
unique biological functions [6, 7]. In particular, PPARc has
received much focus these years for the important physiological functions played by its ligands. For example,
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Figure 1: Structures of DBDF2,6T and hPPARc protein: (a) 2D structure of DBDF2,6T and (b) 3D structure of PPARc (4a4w.pdb).

thiazolidinediones (TZDs), a class of PPARc agonist compounds, had been used as a therapeutic compound for
metabolic disorders such as type 2 diabetes and obesity [8],
and it was also reported that the agonists to PPARc protein
had a potential to be used as a new therapeutic approach to
cancers, immune disorders, and so on. [9, 10]. Therefore, the
experiments established to ﬁnd ligands which could interact
with the PPARc protein are promising works nowadays.
In this study, a patent organotin compound DBDF2,6T
(bis-[2,6-diﬂuoro-N-(hydroxyl-<κ>O)benzamidato-<κ>O]
dibutylitin) (patent number: CN200910074795.X and
ZL01135148.9 (P)) which showed a high antitumor activity
was assumed as a potential agonist. Several diﬀerent
methods were adopted to test and verify the interaction
between DBDF2,6T and the hPPARc protein. Spectroscopic
study, one of the most widely used methods for analyzing
the interaction between small molecule and protein, was
applied to provide parameters such as binding constants
and types of interaction forces. DARTS and ultraﬁltrationLC were used to verify such interaction while molecular
docking was used to evaluate aﬃnity between receptors and
ligands in a theoretical way. These methods meet the requirements of low cost and high feasibility and perfectly
supplement and verify each other, which could be used to
ﬁnd the new agonists of the hPPARc protein preliminarily
and oﬀered references for the interaction analysis between
synthesized compounds and proteins. The structures of
DBDF2,6T and the hPPARc protein are shown in Figure 1.

2. Materials and Methods
2.1. Reagent. DBDF2,6T was synthesized by Shanxi Medical
University with purity over 99%. The protein human PPARc
(hPPARc) was purchased from Flarebio Company (Flarebio
Biotech LLC, Wu Han, China) and stored at −20°C. Pronase
was purchased from Roche Diagnostic GmbH (Mannheim,
Germany) and stored at 4°C. The Coomassie Blue R-250 was
purchased from Sigma Company (Shanghai, China), and the
PageRuler Prestained Protein Ladder was made by Thermo

Fisher Scientiﬁc (Massachusetts, America). The solvent of
organotin(IV) was conﬁgured by propanediol (Tianjin
Fengchuan Chemical Reagent Science and Technology Co.,
Tianjin, China), ethylenediamine, and normal saline
(Shijiazhuang Pharmaceutical, Shijiazhuang, China) (90 : 9 : 1,
v/v/v). The disodium hydrogen phosphate dodecahydrate
was purchased from Tianjin Fengchuan Chemical Reagent
Company (Tianjin, China). The potassium phosphate monobasic was purchased from Tianjin Beichen Fangzheng Company (Tianjin, China).
All the other reagents used in this study were of analytical grade and were obtained commercially.
2.2. Fluorescence Quenching Spectrum. Amino acid residues
such as tryptophan, tyrosine, and phenylalanine could
empower the proteins with the ability to generate endogenous ﬂuorescence. The ﬂuorescence peaks of those three
amino acids were located at 348 nm, 303 nm, and 282 nm,
respectively. Actually, 95% of protein ﬂuorescence was
contributed to the tryptophan residue [11, 12]. Compared
with other methods, ﬂuorescence spectroscopy had many
superior advantages including high sensitivity, selectivity,
and easy operation [13]. Therefore, in this paper, the ﬂuorescence quenching method was used to analyze the interaction between DBDF2,6T and the hPPARc protein.
The experiments were performed at 293 K and 310 K on
a U-3900 spectroﬂuorophotometer (BaHens Instrument Co.
Ltd., China). Protein hPPARc (10 μg) was dissolved in
a 2 mL PBS buﬀer. Several concentrations of DBDF2,6T
(0.5 × 10−6, 1.0 × 10−6, 1.5 × 10−6, 2.5 × 10−6, 3.0 × 10−6, and
3.5 × 10−6 mol/L) were, respectively, incubated with the
certain concentration of the hPPARc protein. Samples of
protein hPPARc and hPPARc-DBDF2,6T complexes were
measured in a 1 cm2 quartz cuvette. And the excitation and
emission spectral slit widths were set as 10 nm. The emission
spectra were recorded for light-scattering eﬀects from
300 nm to 450 nm while the exciting wavelength was set as
280 nm.
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2.3. Three-Dimensional Fluorescence Spectrum. The coordinate axes of the three-dimensional (3D) ﬂuorescence
spectrum were excitation wavelength, emission wavelength,
and ﬂuorescence intensity. It had been proved that the 3D
ﬂuorescence spectrum was an eﬀective analytical technique
to analyze the conformation changes of a protein in its
solution state [14]. And this method could not only test the
molecular structure change with much selectivity and sensitivity but also display ﬂuorescent information of the
sample solution comprehensively [15].
Experiments were performed at the temperature of
293 K. Protein hPPARc (10 μg) was dissolved in a 2 mL PBS
buﬀer and incubated with 2.0 × 10−6 mol/L DBDF2,6T for
two minutes. Samples were tested on a U-3900 spectroﬂuorophotometer (BaHens Instrument Co. Ltd., China)
with the parameters set as follows: excitation wavelength was
from 200 nm to 300 nm; emission wavelength was from
320 nm to 450 nm; spectral slit width was 10 nm; and the
gain value was 2.
2.4. DARTS with Pure hPPARc Protein. DARTS had been
proved to be an eﬃcient approach to eﬃciently verify drugprotein interactions when the protein was available in relatively pure form [16]. The basic principle of DARTS was that
compounds were proposed to stabilize the combined protein
globally or locally by reducing protease sensitivity of the target
protein. This phenomenon was attributed to a speciﬁc conformational change caused by such a binding process, which
would further induce protease recognition sites of the protein
to be masked [17]. In this study, protein hPPARc regarded as
target protein and pure hPPARc protein generated from
recombinant plasmid were used in this experiment. Whether
the presence of DBDF2,6T could reduce the proteolysis of the
protein to validate the interaction between protein hPPARc
and DBDF2,6T should be observed after incubating the
hPPARc protein with DBDF2,6T.
Eight sample groups were set and divided into blank
group, negative control group, and test group; each sample
contained 0.5 μg hPPARc protein. Except for the blank
group, other samples were incubated with 2 μL DMSO or
2 μL DBDF2,6T with the concentration ranging from
1.0 × 10−2 mol/L to 1.0 × 10−4 mol/L for 60 min at 4°C and
then digested with pronase (1 : 100) at room temperature for
30 min. The digestion was stopped by adding 5× SDS-PAGE
sample loading buﬀer and boiling at 100°C for 10 min immediately. Samples were then subjected to electrophoresis
on 8% SDS-PAGE. After electrophoresis, the gel was stained
with Coomassie Brilliant Blue for 1 h and was observed after
eluted overnight.
2.5. Ultraﬁltration-Liquid Chromatography Experiment.
Ultraﬁltration-liquid chromatography (ultraﬁltration-LC)
was developed to verify the agonists of protein hPPARc.
The main principle of ultraﬁltration-LC was that the agonists
of hPPARc had the ability to bind to the protein and would
not be ﬁltered out through the membrane of the ultraﬁltration centrifuge tube, while after the protein denatured
by dissolving in organic solvents, the compounds would be
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unbound to the protein and could be washed out through the
membrane of the ultraﬁltration centrifuge tube. Based on the
ultraviolet absorption of the compound, the DBDF2,6T which
were bound to hPPARc could be detected through analyzing
the washed solution by liquid chromatography. This method
was ﬁrst used in such conﬁrmatory experiment and marked
by its simplicity, generality, and applicability [18].
The recombination protein hPPARc (20 μg) was incubated
with compound DBDF2,6T (2 μL·10−3 mol/L) for 24 h at 4°C.
After being ﬁltered through a 10000 Da molecular weight cutoﬀ
ultraﬁltration membrane (Millipore, UFC500396) by centrifugation at 13000 r/min for 8 min at 4°C, the sample was
washed three times with 150 μL PBS buﬀer (pH 7.4) and
centrifuged at 13000 r/min for 12 min at 4°C to remove the
unbond compounds. The washed solution was transferred to
a new 10000 Da molecular weight cutoﬀ ultraﬁltration centrifuge tube and dissolved it in 400 μL methanol. Centrifugation at 13000 r/min for 12 min was performed to wash out the
compounds which were combined with the protein, and the
washed solution was collected. Following reconstitution in
100 μL of 50% aqueous methanol, the compound was analyzed
using HPLC (Agilent Technologies). Denatured protein was
used as a negative control, and in this experiment, the protein
was heated at 98°C for 15 min to make it denatured.
The HPLC analysis was carried out using mobile phase
methanol/0.5% phosphoric acid (28 : 72, v/v, pH 3.0) on a C18
column (Agilent TC-C18, 4.6 × 250 mm i.d., 5 μm) at a ﬂow
rate of 0.8 mL/min and at 25°C. The detection wavelength was
set at 264 nm.
2.6. Molecular Docking. Surﬂex-Dock, docking module in
SYBYL software (UCSF), was performed to determine the
binding model of protein hPPARc (4a4w.pdb) and
DBDF2,6T. It used prototype molecule (protomal) to represent protein binding pocket, utilizing probe to test the
qualities of protein pocket such as surface hydrophobicity
and could generate the invert transform of an active protein
pocket. This method had high docking accuracy and could
be used to research on the interaction between biomacromolecules and small molecular ligands [19].
Sybly × 2.0 was used to draw two-dimensional structure
of DBDF2,6T with standard bonds and angles. In the process
of optimizing the compound structure, minimize details and
parameters of modify were set as follows. Minimize details:
the iterations were set as 10000, and the color option was set
as force. Parameters of modify: the force ﬁeld was set as
Tripos and the charges were set as Gasteiger–Marsili. In the
docking process, A/YFB99 was chosen as extracted ligand
structure and hydrogen molecules were added to the protein,
and the modify details were set as follows: the force ﬁeld was
AMBER7 FF99 and the charge was AMBER. All other parameters were used the default value of SYBYL during the
protein pocket generation and the molecular docking.

3. Results and Discussions
3.1. Fluorescence Spectrum of Protein hPPARc and hPPARcDBDF2,6T Complexes. Fluorescence curves of the protein

4

Bioinorganic Chemistry and Applications
1200

1200
1

1

1000

1000
800

7
Intensity

Intensity

800
600

600

400

400

200

200

0
300 320 340 360 380 400 420 440
Wavelength (nm)

7

0
300 320 340 360 380 400 420 440
Wavelength (nm)

(a)

(b)

Figure 2: Fluorescence quenching spectra of protein hPPARc with series concentrations of DBDF2,6T at diﬀerent temperatures: (a) 293 K
and (b) 310 K. DBDF2,6T(a→j): 0, 0.5 × 10−6, 1.0 × 10−6, 1.5 × 10−6, 2.5 × 10−6, 3.0 × 10−6, and 3.5 × 10−6 mol/L; hPPARc protein: 5 μg/mL.

hPPARc and hPPARc-DBDF2,6T complexes are shown in
Figure 2. The experiments were carried out in two temperatures with other experimental conditions unchanged. It
can be observed from Figure 2 that, in both the experimental
system of 273 K and 310 K, the intensity of ﬂuorescence of
the hPPARc protein was decreased while increasing the
concentration of DBDF2,6T which was incubated with the
hPPARc protein. And the highest ﬂuorescent intensity
values of hPPARc were recorded for next step of theoretical
calculation.
3.2. Mechanism of Fluorescence Quenching. While the pH,
temperature, and ionic strength were kept as constants, the
types of ﬂuorescence quenching could be classiﬁed into two
categories: dynamic quenching and static quenching [20].
Dynamic quenching was caused by the ﬂuorescent chromophore interacted with a quencher in excitation state, while
the causes of static quenching were of three types: the ﬁrst
one, the ﬂuorescent chromophore interacted with a quencher
in ground state and came into being a nonﬂuorescent
compound; the second one, the medium near the ﬂuorescent
chromophore had a polarity change, which caused by the
conformational change of the protein attributing to the
combination with the quencher; and the third one, a radiationless energy transfer between the ﬂuorescent chromophore
and the quencher [21].
The dynamic quenching obeyed the Stern–Volmer
equation, and the formulas are shown as follows:
F0
� 1 + Kq τ 0 c[Q] � 1 + KSV c[Q],
F
K
Kq � SV ,
τ0

(1)

where KSV is the Stern–Volmer quenching constant, Kq is the
bimolecular quenching constant, and τ 0 is the average lifetime
of the molecule which always be considered as 1.0 × 10−8 s
[22, 23]. c[Q] is the concentration of the quencher. F and F0

correspondingly represent the intensity of the ﬂuorescence of
the protein added with the quencher or not.
The Stern–Volmer quenching curves were drawn
according to the data obtained from ﬂuorescence quenching
spectra, and the corresponding linear regression equations
and correlation coeﬃcients are shown in Table 1.
When a quencher interacted with a biomacromolecule,
the maximum value of diﬀusion collision rate constant was
considered as 2.0 × 1010 L/mol/s. According to the computing results shown in Table 1, the dynamic quenching
constant (Kq ) between DBDF2,6T and the hPPARc protein
was of the order of magnitude of 1012, which was much
bigger than the maximum value of diﬀusion collision rate
constant. Consequently, the type of ﬂuorescence quenching
of the hPPARc protein induced by DBDF2,6T was preliminary deﬁned as a kind of static quenching [24]. In
dynamic quenching, which was associated with diﬀusion,
quenching constant of ﬂuorescent material was increasing as
the temperature increased. But from the Figure 3, the slope
of the Stern–Volmer lines was decreased while increasing the
temperature of the experimental system, which further
conﬁrmed the quenching mechanism of DBDF2,6T with the
hPPARc protein was static quenching.
3.3. Binding Constants and Binding Site Numbers.
Equation (2) is the Lineweaver–Burk double-reciprocal
equation, and (3) was deduced by (2) [25]:
1
1
1
� +
,
(2)
F0 − F F0 KA F0 c[Q]
lg

F0 − F
 � lg KA + nlgc[Q],
F

(3)

where KA is the binding constant and n is the number of
independent binding sites. When −lg[F0 − F/F] were plotted
against lgc(Q), a straight line could be drawn and is shown
in Figure 4. The corresponding computing results are shown
in Table 2.
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Table 1: Linear regression equations and Stern–Volmer quenching rate constants at diﬀerent temperatures.
Temperature T (K)
293
310

Linear regression equation
F0 /F � 0.0697 × 106 c[Q] + 1.0201
F0 /F � 0.0535 × 106 c[Q] + 1.0288

Correlation coeﬃcient (r)
0.9926
0.9679

Dynamic quenching constant (Kq/L·mol−1·s−1)
6.97 × 1012
5.35 × 1012

1.30

be considered as a constant when the temperature changed
in small range. And the Ross law indicated that, if ΔH > 0
and ΔS > 0, the main acting force between small molecules
and biomacromolecules would be hydrophobic force; if
ΔH < 0 and ΔS < 0, it would be hydrogen bond and van der
Waals force; and if ΔH ≈ 0 and ΔS > 0, it would be electrostatic force [28].
According to the computing results shown in Table 3, ΔH
was 19.03 kJ/mol, ΔS was 3.92 J/mol·K and 3.90 J/mol·K correspondingly at 293 K and 310 K, and ΔG was −20.18 kJ/mol
and −20.24 kJ/mol correspondingly at 293 K and 310 K. Based
on the Ross law, the main acting force between hPPARc
protein and DBDF2,6T was hydrophobic force. In addition,
the regulator eﬀect of several kinds of interaction forces
and relevant microenvironments were both responsible for
the macroscopic consequence [29].
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Figure 3: Stern–Volmer plots of hPPARc interacted with
DBDF2,6T at diﬀerent temperatures.

In both the experimental temperatures (273 K and
310 K), the computing binding site numbers were near to 1,
which meant that the hPPARc-DBDF2,6T complexes were
formed by protein hPPARc and DBDF2,6T at the ratio
approximately to 1 : 1. And the binding constants were of the
order of magnitude of 103, which meant that the binding
ability between them was pretty strong.
3.4. Thermodynamic Parameters and Interaction Forces.
The interaction forces between small molecules and biomacromolecules were belonged to noncovalent force including hydrogen bond, van der Waals force, electrostatic
attraction, and so on. The main acting force between hPPARc
protein and DBDF2,6T could be judged according to the
thermodynamic parameters which were calculated based on
the Van’t Hoﬀ equation [26]. From the previous researches on
interaction abilities, it was assumed that diﬀerent proteins and
compounds had diﬀerent main acting force [27]. The thermodynamic parameters were calculated according to following equations:
2.303RT1 T2 K2
ΔH �
lg ,
(4)
T2 − T1
K1
ΔG � −RT ln K,

(5)

ΔH − ΔG
,
T

(6)

ΔS �

where R is the gas constant, ΔG is the Gibbs free energy
change, ΔS is the entropy change, ΔH is the enthalpy change,
and K is the Stern–Volmer quenching constant. ΔH could

3.5. Conformational Change of hPPARc Protein. The 3D
ﬂuorescence spectrum is shown in Figure 5 in the form of
intensive contour map. The related data are shown in Table 4.
It can be observed from Figure 5 that two typical
ﬂuorescence peaks of proteins were located approximately at
λem � 340 nm. In order to observe the peaks of ﬂuorescent
groups more clearly, the excitation wavelength range was set
smaller than emission wavelength range, so the spectra of
Rayleigh scattering were not available on the picture [19].
After the hPPARc protein was incubated with DBDF2,6T,
the location of both ﬂuorescence peaks did not show a signiﬁcant change, but the intensity of each peak was reduced at
diﬀerent degrees. From the 3D ﬂuorescence spectra of the
hPPARc protein (Figure 5(a)), the intensity ratio of the big
peak to the small one was 7.97 : 1, while after the protein was
incubated with DBDF2,6T (Figure 5(b)), the value was
changed to 8.00 : 1, and the DBDF2,6T showed a strong
quenching eﬀect on the big peak which was located at about
290/340 (λex/λem). The 3D ﬂuorescence spectrum indicated a
conformational change of the speciﬁc structures of the
hPPARc protein, which could further validate the interaction between the hPPARc protein and DBDF2,6T [30].
3.6. Conﬁrmation of the Interaction Ability Using DARTS
Technique. To identify the binding targets for small molecules, the key advantage of DARTS method was no sample
pretreatments such as labeling the ligand [17]. And the
method was particularly useful when a compound had
a lower aﬃnity with the target, even the binding constant
was in micromolar range [31]. To conﬁrm the feasibility of
the DARTS applying to the hPPARc protein, a preliminary
experiment had been performed to research the digestion
eﬀects of the protease on the hPPARc protein. And the
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Figure 4: A plot of −lg[F0 − F/F] versus −lg[DBDF2, 6T] at diﬀerent temperatures: (a) 293 K and (b) 310 K.
Table 2: Binding constants and the numbers of binding sites of hPPARc protein with DBDF2,6T at diﬀerent temperatures.
Temperature T (K)
293
310

Numbers of binding sites
0.77
0.75

Table 3: Thermodynamic parameters of reaction system of
hPPARc protein and DBDF2,6T.
Temperature T (K)
293
310

ΔH (kJ/mol)
19.03

ΔS (J/mol·K)
3.92
3.90

ΔG (kJ/mol)
−20.18
−20.24

pronase was used for digestion because it had been proved to
be more useful for DARTS than any other protease [16]. In
preliminary experiment, the digestion eﬀects of time of
enzymolysis and the concentration of pronase had been
investigated.
After electrophoresis and staining, the protein bands of
each sample are shown in Figure 6. Compared with the
DMSO control, under certain conditions, the antienzymatic
hydrolysis ability of hPPARc protein did exist and was
closely related to the concentration of DBDF2,6T incubated
with the protein. In 0.5 × 10−4 mol/L DBDF2,6T, the strongest
antienzymatic hydrolysis ability of the hPPARc protein would
appear, and such ability could be weakened with the change in
the concentration. Although DBDF2,6T had shown hydrolysis ability to the hPPARc protein at relatively high
concentration, the protective functions of DBDF2,6T to
the hPPARc protein still could be observed and existed
concentration-eﬀect relationships in some extent. Consequently, the interaction between hPPARc protein and
DBDF2,6T could be indirectly veriﬁed [32].
3.7. Conﬁrmation of the Binding Ability Using UltraﬁltrationLC Technique. The results of ultraﬁltration-LC experiment
are shown in Figure 7. It can be observed from the chromatograms that both the sample and the negative control

Binding constant, KA (L/mol)
3.96 × 103
2.58 × 103

Correlation coeﬃcient (r2)
0.9841
0.9856

had an obvious peak at location about 8.75 min which belongs to compound DBDF2,6T. Signiﬁcant signal enhancement of the peak of compound DBDF2,6T between the
sample and the negative control indicated a speciﬁc binding
between DBDF2,6T and the recombinant protein hPPARc,
while the signal of DBDF2,6T in the negative control was
attributed to the nonspeciﬁc binding [33]. The big impurity
peak was located at about 7 min attributed to the solution of
recombination protein hPPARc. Therefore, the experiment
of ultraﬁltration-LC did verify that compound DBDF2,6T
could bind to pure protein hPPARc directly in physiological
environment [34].
3.8. Exploration of the Theoretical Binding Details Using
Molecular Docking. In order to further understand the interaction between DBDF2,6T and hPPARc protein, molecular docking was used to explore the theoretical binding
details of them [35]. Among the docking of 12 conformers of
DBDF2,6T to generate pocket of the hPPARc protein, the
highest total score was 7.14 and the corresponding crash
score and polar score were −1.86 and 0.00, respectively,
which meant that DBDF2,6T had a pretty strong aﬃnity to
hPPARc protein, and such docking process was under
a relatively comfortable level of molecules [36]. The generated pocket of hPPARc is shown in Figure 8(a), and the
hydrogen bond graph is shown in Figure 8(b). In conclusion,
DBDF2,6T could theoretically bind to hPPARc protein with
pretty strong binding strength, and it could directly interact
with SER342 and GLY284 of hPPARc protein by hydrogen
bond. The hydrogen bond lengths between DBDF2,6T and
SER342 were 2.50 Å and 2.42 Å, and that between DBDF2,6T
and GLY284 was 2.74 Å.
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Figure 5: The contour maps of two ﬂorescent systems: (a) hPPARc and (b) hPPARc-DBDF2,6T system (T � 293 K).

Table 4: Several characteristic parameters of 3D ﬂuorescence experiments.
PPARc

System and parameters
Fluorescence peak
Peak position (λex/λem nm/nm)
Relative intensity (I)
I1/I2
Stokes shift (Δλ/nm)

Peak 1
283/337
1275

PPARc + DBDF2,6T
Peak 1
Peak 2
290/340
231/332
1200
150
8.00 : 1
50
109

Peak 2
230/328
160
7.97 : 1

2

3

Proteolysis
DBDF2,6T

DMSO

DBDF2,6T
1.0 × 10–2 mol/L

107

DBDF2,6T
0.5 × 10–2 mol/L

48

100 kDa
70 kDa
55 kDa
Marker

1

4

5

6

7

8

Figure 6: DARTS detection via SDS-PAGE. Band 1 was pure hPPARc protein without incubation with DBDF2,6T or proteolysis; bands 2
and 3 were hPPARc protein incubated with 0.5 × 10−2 mol/L and 1.0 × 10−2 mol/L DBDF2,6T, respectively, and without proteolysis; bands 4
to 8 were hPPARc protein incubated with DMSO and diﬀerent concentrations of DBDF2,6T (5→8: 0.5 × 10−2 mol/L, 0.5 × 10−3 mol/L,
0.5 × 10−4 mol/L, and 0.5 × 10−5 mol/L), respectively, and with proteolysis.

4. Conclusions
This study analyzed the interaction between the novel patent
organotin compound DBDF2,6T and the hPPARc protein
under physiological condition with the methods of ﬂuorescence quenching, 3D ﬂuorescence, DARTS, ultraﬁltrationLC, and computer molecular docking. According to the
spectroscopic experimental data, DBDF2,6T could interact
with the hPPARc protein and formed a nonradiative

ground-state complex of hPPARc-DBDF2,6T, mainly
through hydrophobic force. Such a reaction was spontaneous and could cause a conformational change of the
hPPARc protein. And the experiments of DARTS and
ultraﬁltration-LC preliminarily proved the possibility of
DBDF2,6T to be an agonist compound to hPPARc protein.
Considering the anticancer activity of DBDF2,6T and
various physiological functions performed by agonists of
PPARc protein, the conclusion could be drawn that
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Figure 7: The results of ultraﬁltration-LC experiment: (a) compound DBDF2,6T dissolved in 50% aqueous methanol; (b) the sample which
was prepared using natural protein; (c) the negative control which was prepared using denatured protein. 1: the peak of impurities from
solvent of protein hPPAR; 2: the peak of compound DBDF2,6T.
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Figure 8: The docking results of DBDF2,6T to hPPARc protein: (a) the generated pocket of hPPARc protein; (b) hydrogen bond graph of
DBDF2,6T to the interacted residues of the hPPARc protein. The yellow lines in the picture represent the hydrogen bond.

DBDF2,6T had a possibility to interact with the hPPARc
protein as an agonist and ﬁnally inducing physiological eﬀects
such as anticancer activity. This work successfully revealed the
interaction of DBDF2,6T with hPPARc protein and established a feasible way to validate the agonist compounds for
hPPARc protein.
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Four newly synthesized imidazolium salts were characterized by nuclear magnetic resonance, vibrational spectra, and mass
spectra. Then, the density functional theory calculations were performed to obtain the molecular conﬁgurations on which the
theoretical nuclear magnetic resonance and infrared spectra were consequently obtained. The comparison of calculated spectra
with the experimental spectra for each molecule leads to the conclusion that the theoretical results can be assumed to be a good
approach to their molecular conﬁgurations. The in vitro biological activities of the salts on the selected bacteria and cancer cell
lines were determined by using the broth dilution method according to Clinical and Laboratory Standards Institute guidelines.
The 1,3-bis(2-hydroxyethyl) imidazolidinium bromide and 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide showed eﬃciency on Bacillus cereus ATCC 11778. The 3-bis(2-carboxyethyl)-4-methyl-1-H-imidazol-3-ium bromide was eﬀective on HeLa while a similar eﬀect was observed on Hep G2 with 3-(2-carboxyethyl)-1-(3-aminopropyl)-1Himidazol-3-ium bromide.

1. Introduction
Imidazole rings are building blocks in amino acids [1] together
with the fact that their membership in the development of new
antifungal drugs [2, 3] and antibiotics [4, 5] are crucial. Its
derivatives are widely used in other medicinal applications [6].
The pregnane derivatives with imidazole moiety and triazole
moiety, for example, were tested on the prostate, breast, and
lung cancer cell lines, and dose-eﬀective proliferation of the
cells was determined [7]. Similarly, the novel hybrid compounds of imidazole scaﬀold-based 2-benzylbenzoﬂoran have
been prepared and used in cytotoxic activity studies on
various cancer cell lines [8].
As a ﬁve-membered aromatic ring containing two
nonadjacent nitrogen atoms [9], imidazole is also subjected
to various computational chemistry research beyond its
biological applications. Its ability to capture CO2 was determined in the investigations of the greenhouse eﬀect
compensation in the framework of van der Waals bonded
host-guest relation [10]. The hydroxyl conductivity in

polymembranes based on imidazole salts was simulated using
radial distribution functions and found that the imidazole
groups provide better conductivity than that of water and
methanol [11]. Moreover, the speciﬁc imidazole derivatives
exhibited good cross section values for two-photon absorption [12]. The detoxiﬁcation of phosphotriesters by imidazole
rings was clariﬁed comparing the same eﬀects with methylimidazoles depending on the methyl positioning [13].
N-Heterocyclic carbenes (NHCs) are the imidazolebased carbene groups which are isolated and crystallized
by the deprotonation of imidazole salts [14]. Also, the imidazole salts naturally transform into NHCs over metal
complex building reactions, as exampled on the synthesis
and characterization of the silver-NHC complexes [15] and
the iron-imidazole salts [16].
The constitution and functions of imidazole ligands in
organometallic chemistry and inorganic chemistry have
been widely studied, and these particular researches have
been evaluated as a scientiﬁc competition ﬁeld due to its
importance in the related industry [17]. Also, they are set as
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alternative to usual ligands in the carbon-carbon coupling
reactions of the pharmaceutical reagents [18]. The synthesis
and spectroscopic characterizations of four new NHC ligands,
namely, 1,3-bis(2-hydroxyethyl) imidazolidinium bromide (LA),
3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide (LB), 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3ium bromide (LC), and 3-(2-carboxyethyl)-1-(3-aminopropyl)1H-imidazol-3-ium bromide (LD) were exhibited in this study.
Using their nuclear magnetic resonance (NMR) and infrared
(IR) spectra, the molecular properties of the ligands were
obtained. Also, the in vitro biological activities of the synthesized molecules were presented.

2. Materials and Methods
2.1. Instrumentation and Methods. The 1H and 13C NMR
spectra of the compounds in deuterium oxide (D2O) were
recorded on Varian 300 MHz and Varian 75.5 MHz, respectively. The IR spectra by KBr pellets were recorded in the
range 450–4000 cm−1 by a PerkinElmer BXII spectrometer.
The mass spectra were acquired by the electron impact
technique using a Thermo Finnegan Trace DSQ GC/MS.
Elemental analyses for C, H, and N were realized on the
dried samples using a PerkinElmer 2400 CHN analyzer. The
absorbance measurements in determining the biological
activities of the material were carried out in Thermo Scientiﬁc Multiskan Go multiplate spectrophotometer.
2.2. Synthesis
2.2.1. 1,3-Bis(2-hydroxyethyl) Imidazolidinium Bromide, LA.
Imidazole (10 mmol, 0.68 g) was dissolved in tetrahydrofuran (THF), and bromoethanol (22 mmol, 2.75 g) was
added as the mixture was stirred for 20 hours. The completion of the reaction was monitored by thin-layer chromatography (TLC) in ethyl acetate/hexane (1 : 5) analyses,
and the solid residue was ﬁltered out with a sintered glass
funnel. The solvent in the ﬁltrate was evaporated using
a rotary evaporator, and the product was dried in a vacuum
desiccator. After that, the product was puriﬁed by column
chromatography (ethyl acetate/hexane, 1 : 5). The best yield
was obtained when the reaction was carried out at room
temperature with a 1 : 2 mole ratio of the reagents. 1.54 g of
the ﬁnal product was obtained with 65% yield. It was in
yellowish liquid form. The elemental analyses result for LA
with the chemical formula C7H13BrN2O2 are C, 35.46%; H,
5.53%; and N, 11.82%; found: C, 35.35%; H, 5.43%; and N,
11.73%. The mass spectroscopy reads (m/z) 158.22 (M + H)+
which is consistent with the expected molecular weight.
2.2.2. 3-(2-Ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol3-ium Bromide, LB. 3-(1H-imidazol-1-yl)propan-1-amine
(10 mmol, 1.27 g) was dissolved in THF and stirred at
room temperature, and then, ethyl bromoacetate (11 mmol,
1.837 g) was added with a 1 : 1 mole ratio. The mixture was
stirred for 15 hr. The completion of the reaction was
monitored by thin layer chromatography (TLC) in ethyl
acetate/hexane (1 : 5) analyses. The solvent was evaporated in
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a rotary evaporator, and the substance was kept under vacuum in a desiccator. After that, the product was puriﬁed by
column chromatography (ethyl acetate/hexane, 1 : 5). It was
pale brown oily liquid. 0.94 g of the ﬁnal product was obtained
with 32% yield. The elemental analyses result for LB with the
chemical formula C10H18BrN3O2 are C, 41.11%; H, 6.21%; and
N, 14.38%; found: C, 39.93%; H, 6.35%; N, and 14.21%. The
mass spectroscopy result reads (m/z) 213.12 (M + H)+ which
is consistent with the expected molecular weight.
2.2.3. 1,3-Bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium
Bromide, LC. The procedure applied in the synthesis of
LA was also used for the synthesis of LC by replacing imidazole and bromoethanol with 4-methylimidazole
(10 mmol, 0.82 g) and 3-bromopropionic acid (22 mmol,
3.366 g), respectively. After that, the product was puriﬁed by
column chromatography (ethyl acetate/hexane, 1 : 5). It was
in white solid form. 1.48 g of the ﬁnal product was obtained
with 48% yield. The elemental analyses result for LC with the
chemical formula C10H15BrN2O4 are C, 39.10%; H, 4.92%;
and N, 9.12%; found: C, 38.97%; H, 4.77%; and N, 19.22%.
The mass spectroscopy result reads (m/z) 227.68 (M + H)+
which is consistent with the expected molecular weight.
2.2.4. 3-(2-Carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3ium Bromide, LD. The procedure applied in the synthesis of
LB was also used for the synthesis of LD by replacing ethyl
bromoacetate with 3-bromopropanoic acid (11 mmol,
1.683 g), respectively. The product was puriﬁed by column
chromatography (ethyl acetate/hexane, 1 : 5). It was pale
brown oily liquid. 1.22 g of the ﬁnal product was obtained
with 44% yield. The elemental analyses result for LD with the
chemical formula C9H16BrN3O3 are C, 38.86%; H.5.80%;
and N, 15.11%; found: C, 38.77%; H, 5.63%; and N, 15.23%.
The mass spectroscopy result reads (m/z) 198.25 (M + H)+
which is consistent with the expected molecular weight.
2.3. Biological Activities
2.3.1. Antibacterial Activity. Broth microdilution method as
in the guidelines of Clinical Laboratory Standards Institute
was applied to determine the antibacterial activities of the LA,
LB, LC, and LD on the Gram-negative bacteria (Escherichia coli
ATCC 25922, Escherichia coli 0157:H7, and Salmonella
typhimurium ATCC 14028), Gram-positive bacteria (Bacillus
cereus ATCC 11778, Staphylococcus aureus ATCC 25923, and
Listeria monocytogenes ATCC 19115), and standard yeast
Candida albicans ATCC 10231. The bacteria and yeast were
obtained from the American Type Culture Collection. The
incubations were done in Tryptic Soy Broth medium at 37°C
for 24 hr in the scale of McFarland 0.5. The antibiotic controls
were carried by gentamicin on Bacillus cereus ATCC 1177 and
amphotericin-b on Candida albicans ATCC 10231, while
ampicillin was used on the other bacteria samples. For
sterilization purposes, the antibiotic solutions and the stock
solution of the chemicals were ﬁltered through a 0.45 μm
sterile ﬁlter. The solvent in which the test compounds
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Scheme 1: Optimized conformers of the synthesized imidazole molecules with their labeled and numbered atoms: (a) 1,3-bis(2-hydroxyethyl)
imidazolidinium bromide, (b) 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide, (c) 1,3-bis(2-carboxyethyl)-4methyl-1H-imidazol-3-ium bromide, and (d) 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide.

Table 1: Some selected geometrical parameters of the common properties of the investigated molecules.
Selected bond lengths (Å)
C1-H1
C1-N1
C3-N1
C2-C3
C4-N2
N1-C5
C7B-O1B
N3B(D)-H3B(D)
Selected bond angles (°)
N1-C1-N2
C1-N1-C3
C1-N1-C5
C4-N2-C1
H2-C2-N2
C3-C2-H2
Selected dihedral angles (°)
C4-N2-C1-N1
N2-C2-C3-N1
C5-N1-C1-N2
C5-N1-C3-C2

LA

LB

LC

LD

L

1.102
1.295
1.403
1.297
1.464
1.464
—
—

1.043
1.301
1.398
1.332
1.437
1.474
1.204
1.015

1.061
—
1.335
1.366
1.418
1.429
—
—

1.095
—
1.396
1.314
1.523
1.505
—
1.013

0.976
1.312 (7)
1.374 (8)
1.312 (10)
1.444 (8)
1.444 (8)
1.241 (8)
1.010

108.7
108.9
125.1
125.1
122.6
130.6

112.6
105.7
127.6
126.5
121.8
129.4

111.7
108.9
126.0
126.9
121.8
129.9

108.9
108.6
126.0
125.2
122.3
130.5

109.2 (6)
107.9 (5)
126.2 (5)
126.2 (5)
123.4
128.2

177.5
0.2
177.5
177.7

179.2
0.4
175.1
175.2

179.6
0.3
179.1
179.8

178.6
0.1
179.6
179.7

178.4 (5)
0.9 (8)
178.4 (5)
177.9 (6)

The data of the molecule showed by L in the last column reﬂect the X-ray diﬀraction measurements and calculated values on 1,3-bis(acetamide)imidazol-3ium bromide as given in [22]. The numbers in the paranthesis indicates the experimental error margins on the speciﬁc measurements. The labeled and
numbered atoms in the ﬁrst column are presented for each molecule in Scheme 1.

dissolved was dimethyl sulfoxide (DMSO) which did not
show any inhibition eﬀect on the bacteria. The pure LA, LB, LC,
and LD solutions and the pure microorganism planted mediums were used as the sterility and the growth controls,

respectively. The six diﬀerent concentrations of the each
compound were applied to the cells starting from 32 μm and
diluting to half each time. Each of the 96 microplates was
planted in 150 μl of Tryptic Soy Broth medium, 30 μl of the
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Table 2: Proton and carbon nuclear magnetic resonance spectral data of the molecules.

Proton chemical shift
(ppm)
Assignment
Experimental
Theory
1,3-Bis(2-hydroxyethyl) imidazolidinium bromide (LA)
s, 1H, NCHN
9.06
9.06
NCHN
d, 2H, HC�CH
7.70
7.32
HC�CH
t, 4H, N-CH2
3.93
4.01
O-CH2
3.82
3.87
N-CH2
t, 4H, O-CH2
s. 2H, OH
—
1.73
—
3-(2-Ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide (LB)
s, 1H, NCHN
7.79
7.73
CO
d, 1H, HC�CH
7.25
7.23
NCHN
d, 1H, HC�CH
7.02
7.00
HC�CH
s, 2H, N-CH2 CO
4.23
4.22 (2)
HC�CH
q, 2H, CH2-CH3
3.23
3.21 (3)
O-CH2-CH3
2.95
2.96 (3)
N-CH2
t, 2H, N-CH2-C
t, 2H, NH2-CH2
2.55
2.54 (2)
N-CH2-CH22.20
2.18 (2)
NH2-CH2m, 2H, C-CH2-C
t, 3H, CH3
2.02
2.04 (3)
C-CH2-C
—
0.5 (3)
CH3
NH2
1,3-Bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide (LC)
s, 1H, NCHN
8.84
8.83
COOH
s, 1H, HC�C-CH3
7.33
7.34
NCHN
s, OH
—
5.95 (2)
C-CH3
C�C-CH3
t, 4H, N-CH2
3.64
3.62 (5)
N-CH2
2.91
3.10 (2)
CH2-COOH
t, 4H, CH2-COOH
s, 3H, -CH3
2.38
2.37
CH3
3-(2-Carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide (LD)
s, 1H, NCHN
9.11
9.11
COOH
d, 1H, HC�CH
7.72
7.71
NCHN
d, 1H, HC�CH
7.65
7.63
HC�CH
s, OH
—
6.39
HC�CH
t, 4H, N-CH2
4.45
4.47 (1)
N-CH2
t, 2H, COOH-C
3.33
3.34
N-CH2
t, 2H, NH2-CH2
3.05
3.03
NH2-CH2
2.33
2.31
C-CH2-C
m, 2H, C-CH2-C
NH2
—
0.7 (3)
COOH-CH2
Assignment

bacteria or the yeast culture, and 20 μl of the chemical
compound solution. All microplates were incubated at 37°C
for 24 hr. The absorbance was measured at 600 nm.
2.3.2. Cytotoxicity. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay was used to observe the
cytotoxicity of synthesized compounds on human cervical
cancer cell line (HeLa), human liver cancer cell line (Hep
G2), and healthy mouse embryonic ﬁbroblast cell line
(MEF). All cell lines were provided with American Type
Culture Collection (ATCC, Manassas, VA, USA). A certain
population of the cells were incubated in Dulbecco’s
modiﬁed Eagle’s Medium (DMEM) provided with Life
Technologies GIBCO, Grand Island, NY, USA involving 1%
penicillin streptomycin and 1% L-glutamine and HAMS F12
(1 : 1) broth medium at 37°C under 5% CO2. The cells were
planted in 96-multiwell plates with approximately equal
numbers of 105, and they were allowed further incubation
for 24 hr. The seven diﬀerent doses of each compound were
applied to the cancer cell lines and the MEF cells. The applied

Carbon chemical shift
(ppm)
Experimental
Theory
136.33
122.60
59.75
51.98
—

137.66
123.06
61.68
52.59
—

171.85
136.78
125.13
120.73
60.78
54.97
44.97
36.84
28.72
13.64

172.23
137.10
124.74
121.34
57.36
54.10
38.64
36.61
31.52
17.70

173.03
133.30
129.94
116.01
37.53
26.79
9.01

170.3 (1)
132.96
130.93
119.67
39.7 (9)
33.8 (5)
10.26

170.21
137.16
123.94
121.50
60.01
52.02
45.42
36.18
27.76

177.74
137.47
124.97
124.69
60.29
53.30
45.41
40.05
34.43

doses were 400 μm, 200 μm, 100 μm, 50 μm, 25 μm, 12.5 μm,
and 6.25 μm, and the dose application time was 24 hr. The
surviving control for each cell was carried out against the
cells not exposed to any dose. Then, 20 μl/plate of 5 mg/ml
MTTsolution was added into the each well and left to further
incubation between 2 and 4 hr. The excess MTT solutions
were removed from the wells, and 200 μl of ultra-pure DMSO
was added. The set was left in dark for 5 min before measuring
the color intensities on a 492 nm spectrophotometer.
2.4. Computational Modeling. All calculations were carried
out in the framework of Gaussian 09 package. The molecules
were optimized in their ground state using Becke3-LeeYang-Parr (B3LYP) exchange correlation functional
method and 6-311G + (2d, p) basis set within density
functional theory (DFT). Then, the NMR spectra and the IR
spectra were calculated on the optimized geometries using
the same method and the same basis set. The gaugeindependent atomic orbital (GIAO) method was adopted
to acquire theoretical 1H and 13C NMR shifts, which were
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Figure 1: Calculated (bold lines) and experimental (pale lines)
infrared spectra of the synthesized imidazole molecules: (a) 1,3bis(2-hydroxyethyl) imidazolidinium bromide, (b) 3-(2-ethoxy2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide, (c)
1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide, and
(d) 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide.

converted to that of tetramethylsilane scale. The IR spectra
were scaled by the factor 0.9613 due to the theoretical
miscalculations [19–21]. The vibrational modes were
assigned by observing the animation property of the frequency calculations provided with Gaussian 09 package.

3. Result and Discussion
NMR and IR spectra are reliable methods to elucidate an
organic material or some of metal complexes. They can also
be used to verify calculated molecular structure by comparing calculated spectra with corresponding experimental
spectra and thus determining structural parameters and
complete description of chemicals investigated.
3.1. Molecular Structures. The NMR measurements were
taken in dilute D2O solution, while the IR spectra were
recorded in the solid KBr pellet. Therefore, NMR and infrared spectra may reﬂect diﬀerent molecular structures as
the molecule surrounded by D2O molecules in NMR spectra
while the intermolecular interactions exist in the IR spectra,
especially on -CH and -OH bonds [22]. On the theoretical
calculation side, the crystalline phase calculations were
excluded due to the single crystal form of the molecules
obtained for X-ray analysis. The gas phase calculations were
adopted considering diﬀerences with other phases with 2%

maximum error margin which were especially on the -CH
and -OH bond lengths.
The process of the theoretical modeling of the molecules
has initially been realized by using the potential energy
surface scanning method for the selected dihedral angles of
each molecule, thus obtaining the lowest energy conformers
in the gas phase, and the resulting optimized conformers are
given in Scheme 1. The imidazole rings except that of LC with
its CH3 attachment and the CH2 groups directly bonded to
the nitrogen of the rings are common in the all molecules.
LA has the point group symmetry C2 as the other molecules were found to have C1 symmetry. The lower point group
symmetry of the LB, LC, and LD in comparison with the C2
symmetry of LA is because of the attachment of the diﬀerent
aliphatic chains to their imidazole rings. The calculated optimized energies and the dipole moments of LA, LD, LB, and LC
are, respectively, −534.4, −667.3, −706.6, and −800.5 in units of
a.u. and 2.11, 3.41, 4.54, and 7.78 in units of Debye.
The calculated parameters of the common properties of
the molecules are presented in Table 1. Although the
molecules diﬀer from each other by their moieties bonded to
the imidazole rings, the bond lengths, the bond angles, and
the dihedral angles belong to the ring, and its immediate
vicinity are in good agreement with each other and with the
corresponding X-ray diﬀractometer (XRD) results of previously investigated similar molecule 1,3-bis(acetamide)
imidazol-3-ium bromide which was crystallized successfully [22]. The dihedral angles chosen on the imidazole ring
are either about 0° or 180°, implying the aromatic structure as
expected. The C-N bond lengths which bind the rings and
the aliphatic moieties, that is, C4-N2 and N1-C5 are equal in
LA reﬂecting the symmetric structure of the molecule.
However, these are diﬀerent in LB, LC, and LD because of the
diﬀerent moieties on the both side of their aromatic rings.
Although the symmetry of LC was broken by the C-CH3
group instead of C-H in the ring, no drastic changes were
observed in the concerning ring parameters. It can be
inferred that the common geometrical parameters are
consistent with each other with a priori theoretical conﬁrmations before NMR and IR spectra clariﬁcations of the
calculated molecular structures.
3.2. Nuclear Magnetic Resonance Spectra. The experimental
and theoretical chemical shifts of 1H NMR and 13C NMR
spectra of LA, LB, LC, and LD molecules are given in Table 2.
The calculations were carried out in the gas phase considering their optimized geometries given in Scheme 1. The
proton signals for -NH2 and -OH in all were absent in the
experimental 1H NMR spectra because the solvent was D2O
concerning the solubility of the specimens which exchanged
NH2 and OH protons with deuterium. Although their detailed analysis left to the IR spectra in the following section,
the calculated shifts δ 1.73 ppm of OH in LA and δ 0.5 ppm
and δ 0.7 ppm of NH2 in LB and LD, respectively, are in the
typical chemical shift range of R-NH2 and R-OH groups.
The imidazole proton (NCHN, H1) shifts of LA, LC, and
LD with 9.06 ppm, 8.84 ppm, and 9.11 ppm, respectively, are
noticeably bigger than that of LB with 7.79 ppm. That can be
due to the intramolecular interactions of the NCHN
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Table 3: The experimental and theoretical vibrational wave numbers for the infrared spectra of 1,3-bis(2-hydroxyethyl) imidazolidinium
bromide (LA) with its symbolled and numbered atoms in Figure 1(a).
Vibrational assignments/vibrating atoms
]s(OH)/(O1A-H1A, H2A-O2A)
]as(OH)/(O1A-H1A, H2A-O2A)
]as(CH2)/(C4-H4, H′4-C4), (C5-H5,H′5-C5)
]as(CH2)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A)
](NCHN)/(C1-H1)
]s(CH)/(C2-H2, H3-C3)
]s(CH2)/(C4-H4, H′4-C4), (C5-H5, H′5-C5)
]as(CH)/(C2-H2, H3-C3)
]s(CH2)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A)
]as(CN)/(C1-N1,N2-C1)
]s(CN)/(C1-N1,N2-C1)
δsc(CH2)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A)
δsc(CH2)/(C4-H4, H′4-C4), (C5-H5, H′5-C5)
δ(OH)/(O1A-H1A), (O2A-H2A)
ct(CH2) + δr(CH) + δ(NCHN)/(C4-H4, H′4-C4), (C2-H2, C3-H3), (C1-H1)
cw(CH2) + ]s(CN)/(C5-H5, H′5-C5), (C7A-H7A, H′7A-C7A), (C4-N2, N1-C5)
δr(CH)/(C2-H2, H3-C3)
ct(CH2) + δ(NCHN) + δr(CH)/(C6A-H6A,H′6A-C6A), (C1-H1), (C2-H2, H3-C3)
ct(CH2) + δ(NCHN) + δr(CH)/(C4-H4, H′4-C4), (C1-H1), (C2-H2, H3-C3)
δ(NCHN) + cw(OH)/(C1-H1), (O1A-H1A, H2A-O2A)
ct(CH2) + δr(OH)/(C4-H4, H′4-C4), (C5-H5, H′5-C5), (O1A-H1A, O2A-H2A)
ct(CH2) + δr(OH)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A), (O1A-H1A, O2A-H2A)
δsc(CH)/(C2-H2, H3-C3)
]as(CN)/(C3-N1, N2-C2) + (C4-N2, N1-C5)
]as(CO) + ]as(CC)/(C6A-O2A, O1A-C7A), (C6A-C4, C5-C7A)
]s(CO) + ]s(CC)/(C6A-O2A, O1A-C7A), (C6A-C4, C5-C7A)
δr(CH2) + ]s(CO)/(C4-H4, H′4-C4), (C5-H5, H′5-C5), (C6A-O2A, C7A-O1A)
δr (CH2) + ]s (CN)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A), (C3-N1, N2-C2)
c(NCHN)/(C1-H1)
]s(CC)/(C6A-C4, C5-C7A)
δr(CH2) + ]as(CO)/(C4-H4, H′4-C4), (C5-H5, H′5-C5), (C6A-O2A, O1A-C7A)
δr(CH2)/(C4-H4, H′4-C4), (C6A-H6A, H′6A-C6A)
cw(CH) + c(NCHN)/(C2-H2, H3-C3), (C1-H1)
]as(CN) + δr(CH2)/(N2-C4, N1-C5), (C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A)
c(NCHN)/(C1-H1)

Theory
3477
3477
3093
3011
2949
2928
2914
2899
2880
1682
1543
1452
1428
1411
1375
1355
1345
1323
1313
1274
1212
1209
1149
1143
1077
1076
1047
997
946
930
867
861
853
677
617

Experiment
3358

3114–2822

2808
1630
1592
1463
1373
1330
1301
1265
1179
1080
956
917
875
840
673
639

], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.

hydrogen with the close oxygen atoms since the oxygen
reduces the electron density on the hydrogen depending on
the distance between them, thus causing higher NMR shifts.
Indeed, the H1-O1A in LA, the H1-O1C in LC, and the H1-O1D
in LD are 2.61 Å, 2.42 Å, and 2.41 Å, respectively. These
distances which were measured from the theoretical models
of the molecules are quite longer than that 2.85 Å distance of
the H1-O1B measured in LB which results in small shifts for
the H1 of LB. This is supported by the fact that the other
imidazole proton shifts of H2 and H3 are all in close values
about 7.7 ppm for all molecules as no distinct intermolecular
interactions possible on H2 and H3 in any of them. In addition, the NMR signals of CH2 protons in the aliphatic
chains of all molecules and the smallest proton shifts of CH3
protons in LB and LC molecules are theoretically and experimentally in agreement with the expected NMR results.
These NMR data are in accordance with the previous study
on a similar imidazole salt [23, 24] in which the protons
belong to the aliphatic chain found in 4.15 ppm–2.08 ppm,
the carbons belong to the imidazole ring, and the aliphatic

chain is found in 139.2 ppm–123 ppm and 62.5 ppm–
33.9 ppm as in this study.
The eight R-squared tests using the data in Table 2
provide least 99.8% agreement between the experimental
and the theoretical 1H and 13C NMR for LA, LB, LC, and LD.
The theoretical results for NMR are in very good agreement
with the experimental results as well as the observation of the
expected speciﬁc values. Thus, one can infer that the calculated atomic conﬁgurations of the all molecules are good
estimations except the exclusion of the interchangeable
hydrogens.
3.3. Infrared Spectra. In Figure 1, the experimental infrared
spectra of LA, LB, LC, and LD in the 450–4000 cm−1 region are
given against their IR spectra calculations. The detailed
account of the IR spectra including the in-plane vibrations of
the stretching, scissoring, and rocking and the out-of-plane
vibrations of the wagging and twisting for each molecule is
presented for LA, LB, LC, and LD in Tables 3–6, respectively.
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Table 4: The experimental and theoretical vibrational wave numbers for the infrared spectra of 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)1H-imidazol-3-ium bromide (LB) with its symbolled and numbered atoms in Figure 1(b).
Vibrational assignments/vibrating atoms
](NCHN)/(C1-H1)
]as(NH2)/(N3B-H3B, H′3B-N3B)
]s(NH2)/(N3B-H3B, H′3B-N3B)
]as(CH2)/(C9B-H9B, H′9B-C9B)
]s(CH2) + ]s(CH2)/(C1-H5, H′5-C1), (C9B-H9B, H′9B-C9B)
] (CH2)/(C4-H′4)
] (CH2)/(C8B-H8B)
]as(CH2)/(C5-H5, H′5-C5)
]s(CH2)/(C5-H5, H′5-C5)
](CH)/(C3-H3)
](CH)/(C2-H2)
]as(CH2)/(C6B-H6B, H′6B-C6B)
]s(CH2)/(C6B-H6B, H′6B-C6B)
]as(CH3)/(C10B-H10B, H′10B-C10B)
]as(CH3)/(C10B-H10B, H″10B-C10B)
]s(CH3)/(C10B-H10B, H′10B-C10B, H″10B-C10B)
](CH2)/(C8B-H′8B)
](CO)/(C7B-O1B)
](CN) + δ(CH) + ](C�C)/(C1-N2), (C2-H2), (C2-C3)
](CN) + ](C�C)/(C1-N1), (C2-C3)
δsc(NH2)/(C3B-H3B, H′3B-C3B)
]s(CN) + ](NC)/(N2-C1,C1-N1), (N2-C2)
δsc(CH3) + δ(CH3)/(C10B-H10B, C10B-H″10B), (C10B-H′10B)
δsc(CH2)/(C8B-H8B, H′8B-C8B)
δsc(CH3) + δ(CH3)/(C10B-H′10B, C10B-H″10B), (C10B-H10B)
δsc(CH2)/(C6B-H6B, H′6B-C6B)
δsc(CH2) + cw(CH3)/(C9B-H9B, H′9B-C9B), (C10B-H10B, C10B-H′10B)
δsc(CH2)/(C5-H5, H′5-C5)
cw(CH2) + δsc(CH2)/(C8B-H8B, H′8B-C8B), (C4-H4, H′4-C4)
cw(CH2) + δsc(CH2)/(C6B-H6B, H′6B-C6B), (C4-H4, H′4-C4)
]s(CN) + ct(CH2)/(C4-N2, N1-C5), (C6B-H6B, H′6B-C6B), (C5-H5, H′5-C5)
cw(CH2)/(C9B-H9B, H′9B-C9B)
ct(NH2) + ct(CH2)/(N3B-H3B, H′3B-N3B), (C6B-H6B, H′6B-C6B)
δ(NCHN) + δr(CH)/(C1-H1), (C2-H2, C3-H3)
]as(CO) + cw(CH2)/(C7B-O2B, O2B-C9B), (C5-H5, H′5-C5), (C9B-H9B, H′9B-C9B)
]as(CO) + cw(CH3)/(C7B-O2B, O2B-C9B), (C10B-H10B, C10B-H″10B)
]as(CC) + ](CO) + ]s(CN)/(C8B-C6B, C6B-C4), (C3B-O2B), (C4-N2, N1-C5)
]s(CO) + ](CC) + δ(NCHN)/(C7B-O2B, O2B-C9B), (C9B-C10B), (C7B-C5), (C1-H1)
cw(NH2) + δr(CH2)/(N3B-H3B, H′3B-N3B), (C8B-H8B, H′8B-C8B)
cw(NH2) + ](CC)/(N3B-H3B, H′3B-N3B) + (C6B-C4)
](CC) + cw(CH3) + ](CO)/(C5-C7B), (C10B-H10B, C10B-H′10B), (C7B-O2B)
cw(NH2) + ](CC)/(N3B-H3B, H′3B-N3B), (C4-C6B)
c(NCHN) + cw(CH)/(C1-H1), (C2-H2, C3-H3)
cw(CH) + ct(NH2) + ct(CN)/(C2-H2, C3-H3), (N3B-H3B, H′3B-N3B), (N1-C5)
ct(NH2) ct(CN) + c(NCHN)/(N3B-H3B, H′3B-N3B), (N2-C4), (C1-H1)
ct(CH2) + δ(CC)/(C8B-H8B, H′8B-C8B), (C6B-H6B, H′6B-C6B), (C5-C7B)
ct(CH2) + δ(CC)/(C6B-H6B, H′6B-C6B) + (C6B-C4) + (C5-C7B)
ct(C�C)/(N2-C2, C3-N1)
Γ(NCHN)/(C1-H1)

Theory
3460
3412
3345
3327
3270
3263
3226
3221
3157
3087
2946
2843
2795
2784
2783
2731
2606
1707
1652
1619
1606
1494
1464
1462
1451
1441
1415
1381
1372
1352
1319
1309
1296
1282
1248
1198
1123
1069
1011
869
860
824
797
759
722
665
626
603
534

Experiment
3400

3192–2720

2618
1753
1645
1561
1528
1473
1465
1458
1394
1300
1242
1214
1183
1118
1097
1039
931
852
787
765
700
652
636
592
534

], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.

The R-square test results exhibit 99.8%, 99.5%, 99.5%, and
99.7% agreement between the experimental and the theoretical IR spectra of LA, LB, LC, and LD, respectively.
The intermolecular interactions and the correlations of
close frequency IR signals cause the -OH, -CH, -CH2, -CH3,
and -NH2 stretching vibrations to appear under broad peaks
in the experimental spectra. These broad peaks are in very

well-deﬁned frequency region. The vibrations coming from the
other functional groups of the imidazole rings and the aliphatic
chains including the other vibrations of the hydrogenic groups
in all modes appeared in 1750–450 cm−1 region.
The ﬁrst vibration signals observed in the 1800–1700 cm−1
region of the experimental spectra of LB, LC, and LD are
distinct peaks arising from ν(C�O) stretching as their values
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Table 5: The experimental and theoretical vibrational wave numbers for the infrared spectra of 1,3-bis(2-carboxyethyl)-4-methyl-1Himidazol-3-ium bromide (LC) with its symbolled and numbered atoms in Figure 1(c).
Vibrational assignments/vibrating atoms
](OH)/(O3C-H3C)
](OH)/(O4C-H4C)
](CH2)/(C5-H5)
](CH2)/(C4-H4)
](NCHN)/(C1-H1)
](CH3)/(C10-H″10C)
](CH2)/(C5-H′5)
](CH2)/(C4-H′4)
]as(CH3)/(C10C-H10C, H′10C-C10C)
]as(CH2)/(C7C-H7C, H′7C-C7C)
]as(CH2)/(C6C-H6C, H′6C-C6C)
]s(CH2)/(C6C-H6C, H′6C-C6C)
]s(CH2)/(C7C-H7C, H′7C-C7C)
](CH)/(C2-H2)
]s(COOH) + ]s(OH)/(C9C-O1C, O2C-C8C), (O3C-H3C, H4C-O4C)
]as(COOH) + ]as(OH)/(C9C-O1C, O2C-C8C), (O3C-H3C, H4C-O4C)
]as(CN)/(C1-N1, N2-C1)
]as(CN) + ](CC) + ](CN)/(C1-N1, N2-C5), (C6C-C4), (N2-C4)
]s(CN) + ](C�C) + ](CC)/(C1-N1, N2-C1), (C2-C3), (C3-C10C), (C4-N2)
ct(CH2) + ](CN)/(C5-H5, H′5-C5), (N1-C3)
ct(CH2) + ](CN)/(C4-H4, H′4-C4), (N2-C2)
δsc(CH2) + δsc(CH3)/(C4-H4, H′4-C4), (C6C-H6C,H′6C-C6C), (C10C-H10C, C10C-H″10C)
c(CH3)/(C10C-H′10C)
δ(CH) + ct(CH2) + δ(NCHN)/(C2-H2) + (C4-H4, H′4-C4)+(C5-H5, H′5-C5) + (C1-H1)
δ(OH) + ](CO)/(O4C-H4C), (C8C-O4C)
δ(CH) + ](CC) + ](CN)/(C1-H1), (C2-H2), (C3-C10C), (N2-C4)
δ(CH) + ](CC) + ]s (CN)/(C1-H1), (C2-H2), (C3-C10C), (N2-C4,C5-N1)
ct(CH2)/(C4-H4, H′4-C4), (C6C-H6C, H′6C-C6C)
ct(CH2)/(C5-H5, H′5-C5), (C7C-H7C, H′7C-C7C)
cw(CH2) + δ(OH)/(C6C-H6C, H′6C-C6C), (O4C-H4C)
cw(CH2) + δ(OH)/(C7C-H7C, H′7C-C7C), (O3C-H3C)
](CC)/(C5-C7C)
](CC)/(C4-C6C)
δ(CH3)/(C10-H10C, C10-H′10C, C10-H″10C)
c(CH3) + c(NCHN) + c(CH)/(C10-H10C, C10-H’10C, C10-H″10C), (C1-H1), (C2-H2)
cw(CH2) + δr(CH2)/(C6C-H6C, H′6C-C6C), (C4-H4, H′4-C4)
](CC) + δr(CH2)/(C3-C10), (C7C-C9C), (C4-H4, H′4-C4), (C6C-H6C, H′6C-C6C)
c(NCHN)/(C1-H1)
ct(C�C) + δ(OH)/(N2-C2, C3-N1) + (O4C-H4C)
δ(OH)/(O4C-H4C)
δ(OH)/(O3C-H3C)

Theory
3685
3643
3328
3311
3292
3046
2983
2949
2904
2836
2828
2752
2739
2706
1785
1783
1756
1679
1642
1510
1476
1434
1398
1305
1259
1239
1221
1191
1181
1149
1139
1086
1074
1046
953
940
807
786
624
470
424

Experiment
3416

3268–2677

2663
1774
1662
1576
1561
1468
1393
1317
1282
1235
1199
1157
1099
1031
990
931
836
629
462

], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.

in agreement with the previously observed ν(C�O) stretching
[25] and theoretically calculated values as reﬂected in Table 3.
The imidazole ν(C�N) stretching of LA appears as individual
signals while they are coupled under broad peaks with LB, LC,
and LD molecules as seen about 1650 cm−1 while the frequencies for ν(C�N) stretching are in agreements with the
corresponding data as given in [26]. The aliphatic ν(C-N)
stretching in 1069–1235 cm−1 interval and the aliphatic ν(CC) stretching in 917–1099 cm−1 are consistent with the previous corresponding measurements [27].
Beyond the consistency of the common imidazole
properties of the molecules, we also give unique infrared
signals of molecules in Table 3. C-O stretching belong to
the H2C-OH group in LA, in-plane δ vibrations of CH3 at the
end of the aliphatic chain of LB, and at the attachment of the

imidazole ring of LC are such unique vibrations. The calculated and observed wave numbers of these vibrations are
consistent with the concerning previous studies [28, 29].
The molecules in consideration analyzed by infrared
spectrum because of the lack of exchangeable protons of
-OH and -NH2 in the NMR spectra of the chemicals and the
existence of these groups is proved in the molecules. Also,
the IR spectra of the molecules reveriﬁes the theoretically
obtained conﬁgurations of them as they were ﬁrst veriﬁed by
the comparison the theoretical NMR spectra with that of the
experimental NMR spectra.
3.4. Antibacterial and Cytotoxic Activities. The antibacterial
tests of the synthesized four molecules were run on the six
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Table 6: The experimental and theoretical vibrational wave numbers for the infrared spectra of 3-(2-carboxyethyl)-1-(3-aminopropyl)-1Himidazol-3-ium bromide (LD) with its symbolled and numbered atoms in Figure 1(d).
Vibrational assignments/vibrating atoms
](OH)/(O2D-H2D)
]as(NH2)/(N3D-H3D, H′3D-N3D)
](CH2)/(C4-H4)
]s(NH2)/(N3D-H3D, H′3D-N3D)
](CH2)/(C5-H5)
](CH2)/(C8D-H8D)
](NCHN)/(C1-H1)
](CH2)/(C6D-H6D)
]s(CH)/(C2-H2, H3-C3)
]as(CH2)/(C7D-H7D, H′7D-C7D)
]as(CH) + ]s(CH2)/(C2-H2, H3-C3), (C5-H5, H′5-C5)
]s(CH2)/(C7D-H7D, H′7D-C7D)
](CH2)/(C4-H′4)
](CH2)/(C8D-H′8D)
](COOH)/(C9D-O1D)
]s(CN) + ](C�C)/(C1-N1, N2-C1), (C2-C3)
]as(CN) + δr(CH)/(C1-N1, N2-C1), (C2-H2, H3-C3)
δsc(NH2)/(N3D-H3D, H′3D-N3D)
]s(CN)/(C1-N1, N2-C1)
δsc(CH2)/(C6D-H6D, H′6D-C6D)
δsc(CH2)/(C8D-H8D, H′8D-C8D)
δsc(CH2) + cw(CH2)/(C5-H5, H′5-C5), (C7D-H7D, H′7D-C7D)
δsc(CH2)/(C4-H4, H′4-C4)
cw(CH2) + ](CC) + ](CO)/(C7D-H7D, H′7D-C7D), (C7D-C9D) + (C9D-O2D)
δsc(CH2)/(C7D-H7D, H′7D-C7D)
δ(NCHN) + δr(CH)/(C1-H1), (C2-H2, H3-C3)
cw(CH2) + ](CC)/(C4-H4,H′4-C4), (C6D-H6D, H′6D-C6D), (C6D-C8D)
cw(CH2) + ct(NH2)/(C4-H4, H′4-C4), (C6D-H6D,H′6D-C6D), (N3D-H3D,H′3D-N3D)
cw(CH2)/(C5-H5, H′5-C5), (C7D-H7D, H′7D-C7D)
δr(CH) + ct(CH2) + cw(CH2)/(C2-H2, H3-C3), (C5-H5, H′5-C5), (C8D-H8D, H′8D-C8D)
δ(NCHN) + δr(CH) + δ(OH)/(C1-H1), (C2-H2, H3-C3), (O2D-H2D)
cw(CH2) + δ(OH)/(C7D-H7D, H′7D-C7D), (O2D-H2D)
ct(NH2) + ct(CH2)/(N3D-H3D, H′3D-N3D), (C6D-H6D, H′6D-C6D)
ct(NH2)/(N3D-H3D, H′3D-N3D)
δsc(CH) + δ(CH) + ct(CH2)/(C2-H2, H3-C3), (C1-H1), (C4-H4, H′4-C4)
δsc(CH)/(C2-H2, H3-C3)
δ(NCHN) + cw(CH2) + δ(OH)/(C1-H1), (C7D-H7D,H′7D-C7D), (O2D-H2D)
δ(NCHN) + ct(CH2) + ct(NH2)/(C1-H1), (C5-H5, H′5-C5), (N3D-H3D, H′3D-N3D)
ct(NH2) + δsc(CH) + ]as(CN)/(N3D-H3D, H′3D-N3D), (C2-H2,H3-C3), (C4-N2, N1-C5)
](CC)/(C5-C7D)
cw(NH2) + ](CC) + ](CN)/(N3D-H3D,H′3D-N3D), (C6D-C4), (C4-N2)
ct(CH)/(C2-H2,H3-C3)
cw(CH2) + δr(CH2) + δ(OH)/(C7D-H7D,H′7D-C7D), (C5-H5, H′5-C5), (O2D-H2D)
ct(NH2) + ](CC)/(N3D-H3D, H′3D-N3D), (C6D-C8D)
c(NCHN) + cw(CH)/(C1-H1), (C2-H2,H3-C3)
ct(NH2) + ](CN) + δr(CH2)/(N3D-H3D, H′3D-N3D), (N3D-C8D), (C6D-H6D, H′6D-C6D)
]s(CC) + ](CO) + δ(OH)/(C5-C7D,C7D-C9D), (C9D-O2D), (O2D-H2D)
ct(C�C) + δ(OH)/(C2-C3), (O2D-H2D)
δ(OH) + δr(CH2)/(O2D-H2D), (C7D-H7D, H′7D-C7D)

Theory
3590
3446
3381
3370
3154
3152
2995
2890
2857
2850
2828
2789
2752
2709
1728
1668
1601
1582
1468
1454
1443
1430
1423
1417
1404
1372
1369
1348
1344
1314
1298
1283
1266
1209
1178
1148
1139
1111
1070
1037
1034
973
960
948
918
818
801
663
530

Experiment
3423
3222–2666

—

1745
1642
1585
1470
1419

1354

1318
1297
1225
1174
1119
1098
1069
1033
976
954
846
767
637
—

], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.

diﬀerent bacteria and yeast, as mentioned in Section 2.3.1.
Figures 2(a) and 3(b) show the inhibitory eﬀects of the
various concentrations of the LA and LB on Candida albicans
ATCC 10231 and Bacillus cereus ATCC 11778 (Gram
positive) together with that of the antibiotic controls. Their
eﬀects on Escherichia coli O157:H7 (Gram negative),
Escherichia coli ATCC 25922, Salmonella typhimurium

ATCC 14028, Staphylococcus aureus ATCC 25923, and
Listeria monocytogenes ATCC 19115 are excluded because of
their very weak eﬃcacy in comparison with that of the
antibiotic control. Although the absorbance measurements
involve some statistical errors, LA showed better inhibition
than the antibiotic on Bacillus cereus ATCC 11778, while
both chemicals are eﬀective on the selected bacteria and
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Figure 2: (a) The antibacterial activity on Candida albicans. The ﬁrst bars on the left are for the commercial antibiotic inhibition for each
dose. The second bars are for 1,3-bis(2-hydroxyethyl) imidazolidinium bromide (LA), and the third bars are for 3-(2-ethoxy-2-oxoethly)-1(3-aminopropyl)-1H-imidazol-3-ium bromide (LB), (b) same as in Figure 2(a), but for the antibacterial activity on Bacillus cereus.
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Figure 3: (a) The cytotoxicity of 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide. The ﬁrst bars represent the eﬀect on healthy
mouse embryonic ﬁbroblast cell line for each dose, as do the second bars on human cervical cancer cell line, and the third bars on human
liver cancer cell line, (b) same as in Figure 3(a), but for the cytotoxicity of 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide.

Table 7: Half inhibition concentrations of the molecules on the selected bacteria and cancer cell lines.

LA
LB
LC
LD
Antibiotic

Escherichia coli
32
39
—
—
10

Antibacterial activity IC50 (µM)
O157:H7
Candida albicans
30
156
—
—
30

Bacillus cereus
17
29
—
—
56

Cytotoxic activity IC50 (µM)
HeLa
Hep G2
MEF
316
100
—
141
182
—
81
150
—
167
57
—
—
—
—

LA, 1,3-bis(2-hydroxyethyl) imidazolidinium bromide; LB, 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide; LC, 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide; LD 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide; IC50, half inhibitory concentrations; HeLa, human cervical cancer cell line; Hep G2, human liver cancer cell line; MEF, healthy mouse embryonic ﬁbroblast cell line.

yeast as much as the antibiotics. LC and LD show no noticeable inhibitory eﬀects on the target bacteria, and thus,
their absorbance values as function of their concentration
were not given for the sake of brevity.
Figure 3(a) shows the cytotoxic activity of LC on HeLa
and Hep G2 cell lines against healthy MEF cell lines, as does
Figure 3(b) for the cytotoxic activity of LD. The cytotoxic
activities of LA and LB are not exhibited as they showed lesser
cytotoxic activities in comparison with LC and LD. The
percentage cell viability of HeLa and Hep G2 cell lines was
signiﬁcantly reduced by LC and LD at the end of 24 hr application of the doses. In addition, LC did not harm the
healthy MEF cell lines for any dose so that its half inhibitory
concentrations (IC50) cannot be calculated. Meantime, LD

showed some activity on the MEF cells with the high doses
together with the fact that the activity was not as strong as it
did on the cancer cell lines.
The antibacterial and cytotoxic eﬀectiveness of the synthesized molecules are summarized in Table 7 by presenting
their IC50 concentrations in the units of µM on the bacteria
together with the IC50 values of the antibiotics and on the
cancer cell lines. The lack of the IC50 values of LC and LD for
antibacterial activity in Table 7 indicates that the IC50 values of
them cannot be calculated due to their very weak eﬀect on the
bacteria sample within the dose range considered. LA and LB
were, respectively, thrice and twice more eﬀective on Bacillus
cereus than the antibiotic (gentamicin) as the LA equals the
antibiotic (amphotericin-b) eﬀect on Candida albicans.
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The cell viability assay of the chemicals exhibits no
harmful eﬀect on the healthy MEF cell lines as their IC50
values cannot be calculated within the dose range considered.
The LC inhibition on HeLa and the LD inhibition on Hep G2
are distinctive when they are compared with the inhibition of
the other imidazole-based chemicals on diﬀerent cancer cell
lines in the concerning studies. The IC50 values of the LC on
HeLa and the LD on Hep G2 were 81 µM and 57 µM, respectively. The similar imidazole compounds which have alkyl
moieties were tested on the cancer cells diﬀerent from the cells
used in this study [8]. The IC50 values of 1-(benzofuran-2-yl
(phenyl)methyl)-3-allyl-2-ethyl-1H-imidazol-3-ium bromide
and 1-(benzofuran-2-yl(phenyl)methyl)-3-butyl-2-ethyl-1Himidazol-3-ium iodide on leukemia (HL-60), lung carcinoma (A549), colon carcinoma (SW480), breast carcinoma
(MCF-7), and myeloid liver carcinoma (SMMC-7721) cancer
lines have been detected over 40 µM. Additionally, the IC50
activity of 3β-hydroxy-21-(1H-imidazol-1-yl)pregna-5,16dien-20-one on prostate cancer (PC-3), breast cancer (MCF7),
and lung cancer (SK-LU- 1) were 20 µM, 19 µM, and 18 µM,
respectively [7]. These results are quantitatively better than
81 µM and 57 µM on Hep G2 and HeLa. However, this is
compensated by the fact that the LC and LD have not any
harmful eﬀect on the healthy MEF cell lines.

4. Conclusions
Novel imidazole salts, or N-heterocyclic carbene ligands,
namely, 1,3-bis(2-hydroxyethyl) imidazolidinium bromide LA,
3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide LB, 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3ium bromide LC, and 3-(2-carboxyethyl)-1-(3-aminopropyl)1H-imidazol-3-ium bromide LD were synthesized, and they
were preliminary conﬁrmed by GC-MS and elemental analysis
methods. Their molecular structures were theoretically determined, and they were conﬁrmed by comparing calculated 1H,
13
C NMR, and IR spectra with those of experimentally observed
data. Also, the calculated structures were veriﬁed by the XRD
results on a similar imidazole salt [22].
The antimicrobial and cytotoxic activities of the synthesized ligands on some speciﬁc bacteria and cancer cell
lines were measured using spectrophotometric methods. It is
seen that LA showed better inhibition than the selected
antibiotic on Bacillus cereus ATCC 11778 while it is eﬀective
on the selected bacteria and the yeast together with LB. On
the cytotoxicity evaluation, LC showed considerable inhibition eﬀect on HeLa, as does LD on Hep G2. Although
their IC50 doses are quite high in comparison with the
similar chemicals in the literature, the cytotoxicity of LC and
LD is aﬃrmed by not causing harmful eﬀect on the healthy
MEF cells as much as they do on the cancel cell lines.

Data Availability
The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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