
Utilizing the metal coordination and supramolecular chemistry of
macrocycles to tackle medicinal issues

Carl Redshaw *

Chemistry, School of Natural Sciences, The University of Hull, Cottingham Rd, Hull HU6 7RX, UK

A R T I C L E I N F O

Keywords:
Macrocycle
Metal
Health
Calixarene
Cucurbituril
Pillarene
Cyclodextrin
Schiff-base

A B S T R A C T

In this review, recent (post-2018) prominent examples of metal coordination and/or supramolecular chemistry of
macrocycles, which have been employed against a variety of diseases are highlighted. The broad range of
macrocycles available as well as their facile modification and, in some cases, the ability to act as hosts is leading
to a growth in the use of macrocyclic metal-based agents against a number of common health issues as well as
some of the lesser-known ailments. The focus here is mostly on the use of systems comprised of either calixarenes
or cucurbiturils, but we also note some of the highlights that have emerged from the use of other metal-
containing macrocyclic systems such as those based on pillarenes, cyclodextrins, crown ethers, and Schiff-base
macrocycles. Much of the work is centered around improving the delivery and effectiveness of metal-
containing anti-cancer drugs, particularly those based on platinum, however, there have also been advances
in a number of other areas such as their use as agents against bacteria, TB or HIV. A significant body of work has
also been conducted in conjunction with nanoparticles, where the surface of the nanoparticles has been modified
with a view to subsequent use in medicine.

1. Introduction

Over recent decades, much use has been made of macrocycles and
organic derivatives thereof in the medicinal arena. For some areas such
as medical imaging, macrocyclic research has made great strides in
developing new metal agents capable of impressive medical interven-
tion, and such work has been reviewed elsewhere [1–4]. Indeed, the use
of metal agents, both macrocyclic and acyclic, against a range of specific
diseases has been reviewed, including cancer [5–8], tuberculosis [9,10],
HIV [11], Parkinson's Disease [12], as well as their use as antibiotics
[13], and as antibacterial and antimicrobial agents [14–16]. A number
of recent reviews covering the use of particular macrocycles for medical
applications have also appeared and these include ‘Applications of
Cucurbiturils in Medicinal Chemistry’, ‘Role of Calixarene in Chemo-
therapy Delivery Strategies’, ‘Challenges and Opportunities of Func-
tionalized Cucurbiturils for Biomedical Applications’, ‘Functionalized
Calixarenes as Promising Antibacterial Drugs to Face Antimicrobial
Resistance’, ‘Cucurbituril-Based Supramolecular Assemblies: Prospec-
tive on Drug Delivery, Sensing, Separation, and Catalytic Applications’
and ‘Pharmaceutical properties of macrocyclic Schiff base transition
metal complexes: Urgent need in Today's World’ [17–40]. The use of

supramolecular chemistry has also been reviewed by a number of groups
for a variety of applications related to medical issues [41–62]. However,
with the exception of radionuclide work, and breakthroughs such as
cisplatin [63], far less attention has been given to utilizing the ability of
macrocycles to either capture metals or to use bound metal species in
medicine. Only in recent times has the host-guest chemistry and the
coordination chemistry of macrocycles began to capture the imagination
of researchers.

The ability to tune the properties of a metal center by modifying its
coordination sphere has proved to be of crucial importance across a
range of applications including battling diseases [64], where the steric
and electronic properties of the ligands present can help dictate not only
the degree of nuclearity of the system, but can also help to improve
stability under various environments as well as enhance the ability of the
metal agent to target specific species/regions. Moreover, properties such
as solubility and thermal stability can readily be modified by judicious
choice of ligand set. The same is true in supramolecular chemistry,
where the formation of host-guest complexes has proved to be useful and
has led to enhanced stability, lower toxicity and a lowering of drug
resistance. Issues relating to drug resistance have been highlighted in a
number of recent reviews [65–69]. The desirable features outlined
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above have led to a growth in interest in the design and use of metal-
based agents that utilize macrocyclic ligation and/or host-guest chem-
istry, with the overall aim being to improve the performance of metal-
based drugs.

Herein, we discuss some of the metal-based macrocyclic systems that
have been reported over the last 5 years and have been utilized against a
range of diseases (Chart 1). This includes systems where the metal can be
used as part of a drug, or embedded in the macrocycle, employed as an
imaging system or as a support in functionalized metal nanoparticles. It
is hoped that this review will stimulate other researchers by highlighting

how the use of coordination and/or supramolecular chemistry of mac-
rocycles has the potential to open-up new opportunities to contribute to
our understanding of, and ultimately the defeat of, many diseases. The
structure of the review is such that macrocyclic metal agents are dis-
cussed in terms of application, starting with drug performance
enhancement, and then where possible each section is sub-divided into
macrocyclic type.

2. Supramolecular enhancement of platinum-based drug
performance

The use of macrocyclic host-guest chemistry to enhance the perfor-
mance of drug molecules via, for example, extending their lifetime was
reviewed back in 2017 [70]. Since that time, a number of other exciting
supramolecular systems have been reported that can improve the
properties of metal-based drugs and e.g. Fig. 2.

2.1. Calixarenes

Calixarenes are phenolic macrocycles with between 4 and 20 phenol
groups typically linked with methylene bridges, and possess hydro-
phobic cavities, Fig. 1. Although dating back to the mid-19th century
and the work of von Baeyer, modern calixarene chemistry stems for the
work of Gutsche in the 1970s [71]. Most reports involve the use of the
more common and readily accessible (and hence cheaper) calix[4]arene
system.

Chart 1. Breakdown of the medical issues tackled by the macrocyclic/metal systems described in this review. Others include Alzheimer's, anti-epidemic, pain killer,
eye lens protection.

Fig. 2. The range of Pt-based drug complexes discussed herein.

Fig. 1. Depiction of the structure of calix[4]arene. In this review, methylene
bridged calix[4, 5 and 6]arenes (i.e. n = 1–3 above) and sulfonyl-bridged calix
[4]arenes are discussed. A variety of upper rim groups are employed including
H, tBu, SO3H, SO3Na, CH2PO3H2, NHC(NH)NH3

+, CH2 –– CHC5H4NMe+,
vinylpyridinium and lower rim substituents including hexyl, dodecyl,
acetoymethyl.
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2.1.1. Calix[4]arenes
Much work utilizing calixarenes and platinum-containing complexes

was conducted prior to 2019 [72–78]. In more recent studies, Mo et al.
showed that the phosphonated calixarene scaffold 1, shown in Fig. 3,
was capable of simultaneously capturing carboplatin (within the cavity)
and paclitaxel (within the lower rim hexyl groups). The assembly was
found to exhibit better cytotoxicity than either carboplatin (Fig. 2,
bottom center) or paclitaxel alone against two colon cancer cell lines,
and in mice exhibited HT-29 inhibition in tumors [79].

El-Said Azzazy et al. combined p-sulfocalix[4]arene (SC4) with
asplatin (Fig. 2, top right) to form a 1:1 complex, and studied its drug
release properties at pH 5.5. High cytotoxic activity was observed
against MCF-7, HeLa (cervical) and A-549 (lung cancer cells) in vitro,
with IC50 values of 0.75, 2.15 and 3.60 μg/mL, respectively; note that for
free asplatin the corresponding values are 1.54, 5.05 and 3.91 μg/mL.
The potential of the p-sulfocalix[4]arene@asplatin was further demon-
strated by comparison with p-sulfocalix[4]arene@oxaliplatin and p-
sulfocalix[4]arene@carboplatin, with stronger anticancer activity
against MCF-7 cells exhibited by the asplatin host-guest complex
(Table 1) [80].

Zhao, Gao et al. have investigated the use of nitrobenzooxadiazole
glycocalix[4]arenes 2 as bio-probes and drug carriers (Fig. 4). Three
derivatives were prepared utilizing glucose, galactose and mannose; the

anomeric stereochemistry of the sugar was that of a single isomer
(β-anomers for the glycose and galactose derivatives and an α-anomer
for the mannose derivative). The scaffold acted as a targeting agent for
the GLUT1 protein and was capable of delivering drugs such as cisplatin
for selective tumor targeting. Excitation (375 nm) resulted in an emis-
sion peak at 510 nm allowing for the use of such systems as probes in
diagnostic tumor imaging studies. In vitro studies (using HEK-293FT
cells and GLUT1 transfected GLUT1-293FT cell lines) indicated that
cellular uptake followed a concentration-dependent pathway, and best
results were observed when using the mannose derivative. Using this
mannose derivative, confocal microscopy studies revealed that inter-
nalization of 2 was based on a tumor specific Warburg effect/GLUT1-
dependent recognition. The mannose derivative was then utilized for
in vivo fluorescence imaging of tumor bearing mice (Fig. 5). The results
revealed image contrast tumor-to-background ratios as high as 6.96:1,
with fluorescent signals lasting up to 48 h in tumor tissues [81].

2.1.2. Calix[4]resorcinol
Calix[4]resorcinol consists of four resorcinol units arranged in cyclic

form linked by a methylene bridge, Fig. 6 [82]. Kashapov et al. reported
a metallosurfactant, which was comprised of two 4-aza-1-hexadecylazo-
niabicyclo[2.2.2]octane bromides and lanthanum nitrate, combined
with a sulfonated calix[4]resorcinol (ratio 3:2). The resulting aggregate
was capable of encapsulating cisplatin, and subsequent cells studies
revealed increased cytotoxicity against M-HeLa tumor cells, but less
cytotoxicity toward Chang liver cells [83].

2.1.3. Calix[5]arenes
Guo et al. utilized a pegylated guanidinium-modified calix[5]arene

pentadodecyl ether 3 (Fig. 7) to form a nanosystem that is capable of
tightly binding a variety of drug molecules via host-guest chemistry
including the likes of oxaliplatin (Fig. 2, top, middle-left). Encapsulation
and drug loading efficiency was better than that of liposomes, and better
anticancer efficacy, versus the free drugs, was noted [84].

Other macrocycles have also been utilized to bring about improve-
ment in cisplatin-type drug performance. Of these, cucurbituril-based
systems are showing real potential and these are discussed in the next
section.

2.2. Cucurbit[n]urils

Cucurbit[n]urils, abbreviated here as Q[n]s (some literature prefers
the use of CB), being relatively new, are described as 4th generation
macrocyclic hosts. They are comprised of glyoxal units linked via
methylene bridges; n represents the number of glyoxylate units present,
Fig. 8 [85]. The cytotoxicity of the Q[n]s (for n = 5, 6 and 7) has been
evaluated against HaCat cells, and over 24 h, good biocompatibility was
noted for the n = 5 and 6 systems (Table 2) [86].

Much work has been done recently on the use of Q[n]s as hosts for
platinum-based drugs, and such systems tend to be based on either the Q
[7] macrocycle or, to a lesser extent, the Q[8] system.

2.2.1. Cucurbit[7]urils
It has recently been shown using mononuclear cells obtained from

donated blood that the host-guest complex formed between Q[7] and
carboplatin (Fig. 2, bottom, middle) can decrease both the number of
FoxP3+ regulatory T cells present and the expression of CTLA-4
(compared to controls, e.g. Q[7] alone) [87].

The same cucurbituril was shown to form a host-guest complex with
lobaplatin and was found to reduce the toxicity of lobaplatin (Fig. 2, top,
middle-right) toward normal human intestinal cells at concentrations as
high as 100.0 μM. Given the binding constant of lobaplatin with Q[7] is
lower than that of spermine, it proved possible to displace the guest
lobaplatin in the Q[7]@lobaplatin complex when in spermine solution.
The host-guest system thus enabled the spermine to act as an in vitro
biomarker tumor [88].

Fig. 3. Phosphonated calix[4]arene scaffold 1.

Table 1
In vitro anti-cancer activity of p-sulfocalix[4]arene (SC4) in combination with a
variety of Pt-based drugs.

Agent IC50 (μg/mL)
MCF-7

IC50 (μg/mL)
A549

Oxaliplatin/SC4 1.56 ± 0.07 –
Carboplatin/SC4 4.3 ± 0.2 5. ± 0.4
Asplatin/SC4 0.75 ± 0.05 3.60 ± 0.32

Fig. 4. Nitrobenzooxadiazole glycocalix[4]arenes 2 as bio-probes and
drug carriers.
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Similarly, when the inclusion complex Q[7]@heptaplatin is exposed
to a tumor environment (pH 6.0) where spermine is over expressed, the
heptaplatin (Fig. 2, bottom right) is released from the Q[7] cavity.
Indeed, use of the host-guest complex led to better results in terms of
anti-tumor activity and cytotoxicity on colorectal normal cells than
observed when using the heptaplatin on its own. Investigation of the
modus operandi of the host-guest complex suggested that it exerted an
inhibitory response during the cell cycle (at the G1 phase) [89].

Earlier work by Sun, Zhang et al. showed how it was possible to
employ a polymeric Q[7]-containing system 5 (see Fig. 9), whereby Q
[7]s were linked via Click chemistry using an α,ω-diazide-PEG. It then
proved possible to encapsulate oxaliplatin within the Q[7] cavities, and
utilize the resulting polymeric complex for cell studies [90]. In the
presence of cancer cells possessing excess spermine, for example colo-
rectal cancer cells, the typical cytotoxicity of oxaliplatin was evident,
whereas for normal cells, the polymeric system displayed lower cyto-
toxicity. By contrast, for cancer cells, the polymeric system 4 was more
cytotoxic than oxaliplatin, which was thought to arise from reduced
spermine local to the cancer cell combined with the presence of the
released platinum drug. Furthermore, the polymeric species exhibited
enhanced circulation in vivo versus the host-guest complex Q[7]
@oxaliplatin.

Wang et al. reported the use of the Q[7] derived fluorescent AIE
photosensitizer 5 (Fig. 10). This AIE photosensitizer was synthesized via
the CuAAC-catalyzed Click coupling of the alkyne appended Q[7] and

the particular azide shown in the figure. The combination of hydrophilic
and hydrophobic properties of this system led to its ability to form a
transparent colloidal aqueous solution, i.e. it could spontaneously self-
assemble in aqueous solution. This system was stable at ambient tem-
perature for 3 days or more. The inherent fluorescence of the system
allowed its cellular internalization to be monitored in A549 cells; effi-
cient take up was evident (37 ◦C over 8 h) with localization predomi-
nantly in the lysosome. Under slightly acidic conditions, singlet oxygen
generation could be enhanced, and this demonstrates the Photodynamic
Therapy (PDT) potential of the system. Of more relevance to this review,

Fig. 5. In vivo fluorescent imaging using the mannose derivative of 2 on MDA-MB-468 tumor bearing BALB/c mice. Reproduced from reference 81 with permission
from the Royal Society of Chemistry.

Fig. 6. Representation of the structure of calix[4]resorcinol.

Fig. 7. Pegylated guanidinium-modified calix[5]arene pentadodecyl ether 3.
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the presence of the Q[7] cavity again allowed for the encapsulation of
oxaliplatin; the loading efficiency was >96% (by ICP-MS). When
employing cells with excess spermine present, the oxaliplatin could be
efficiently displaced from the Q[7] cavity, and as evidenced for A549
cells, could then kill the majority of the cells. The anti-tumor efficacy of
the system was as good as, if not better than, that of stand-alone oxali-
platin. Synergic PDT and chemotherapy effects (increased anti-cancer
activity) were evident when the system was exposed to light irradia-
tion [91].

Gao et al. have reported the 1:1 host-guest complex formed between
Q[7] and nedaplatin, and found that it affords superior (up to 3-fold)
cytotoxicity toward both A549 and HCT116 cells versus free nedapla-
tin (Fig. 2, top, left) (see Table 3) [92].

By appending a hexanoate group, Chen et al. not only were able to
greatly increase the solubility of Q[7] (>600 mg/mL), but found that
this Q[7]-(CH2)5CO2Na (6, Fig. 11) was capable of efficient and
controlled drug release [93]. Guests used in the study included Loba-
platin and Oxaplatin for which the binding affinities were (1.8 ± 0.3) ×
104 and (9.3 ± 0.4) × 106, respectively in 10 mM phosphate buffer at
pH 7.4.

The in-vitro cytotoxicity and anti-tumor activity of systems involving
Q[7] and oxaliplatin and carboplatin have been investigated using the
tumor cell lines B16 and K562, as well as T cells and B cells as animal
melanoma models. In the case of the cell lines B16 and K562, the
presence of the Q[7]@oxaliplatin inclusion complex led to increased

cytotoxicity versus free oxaliplatin, whereas little difference was noted
between the two species in vivo; the acute toxicity of oxaliplatin
improved upon complexation in vivo. For carboplatin, when mixed with
Q[7], some beneficial effects such as more pronounced anti-tumor ef-
fects (versus free carboplatin) were noted on the murine B16 melanoma
cell line, and the acute toxicity of the carboplatin was increased in vivo
[94].

Xu et al. have also employed a Q[7]-based nanocarrier which in-
corporates a redox-responsive disulfide linkage, which, on reduction to
thiol, triggered drug release via a self-inclusion process [95]. The sys-
tem, 7 (Fig. 12. top) involved alkyl ammonium motifs bridged by a
central disulfide. The ability of the system to self-include was demon-
strated by use of the model compound 8 (Fig. 12, bottom). On addition
of p-xylylenediamine, the released viologen proton signals could readily
be seen, indicating that it had been displaced from the Q[7] cavity. It
was found that the system was capable of binding oxaliplatin (1:2) with
a binding constant of 9.46 × 106 M− 1 (by ITC experiments), however
this was not as high as the binding constant for the self-inclusion species.
The self-inclusion could be triggered by reduction, for example, on
addition of tris(2-carboxyethyl)phosphine, which led to the release of
>80% of oxaliplatin over 2 min. (and 95% over 5 min.).

2.2.2. Cucurbit[8]urils
Stang et al. employed a water soluble system comprised of Q[8],

curcumin (an anti-cancer drug) and a hexagonal platinum(II)-based
metallocycle, which was capable of improved in vitro anticancer activ-
ity for human melanoma (C32) and breast cancer cells (MDA-MB231)
versus free curcumin [96]. The combination of the self-assembled (via
metal–pyridyl bonding) Pt(II) metallacycle bearing tri(ethylene glycol)
groups and the encapsulation ability of the Q[8] allowed for the effec-
tive delivery of curcumin to cancerous cells. In this system, the Q[8]
formed a water soluble heteroternary host-guest complex with methyl
viologen and curcumin (1:1:1), which exhibited much improved IC50
values. This host-guest complex exhibited concentration dependent
features such as vesicles, fibers and honeycomb networks as evidenced
by TEM experiments.

Fuentealba et al. noted cytotoxicity/phototoxicity cooperative

Fig. 8. Structures of cucurbit[n]urils Q[n]s (n = 5, 6, 7, 8, 10).

Table 2
Cytotoxicity of Q[n]s measured by flow cytometry.

Compound Concentration
mg/mL

Healthy cells
(/%)

Apoptopic cells
(%)

Dead
cells
(%)

Q[5] 15 85.7 4.8 9.5
Q[6] 30 89.5 4.4 6.1
Q[7] 7.5 67.9 24.3 7.8
(− )ve
control

93.5 3.4 3.1

(+) control 56.8 32.9 10.3

Fig. 9. Preparation of polymeric Q[7] system 4.
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effects when investigating the behaviour of the inclusion complexes Q
[8]@acridine orange and Q[8]@oxaliplatin on HeLa cells [97]. Given
the binding constant for acridine orange was, as determined by ITC, six
times greater than that for oxaliplatin, little displacement was observed
at low concentrations of oxaliplatin. Cells studies revealed that the Q[8]
@acridine orange inclusion complex was phototoxic whilst Q[8]@oxa-
liplatin, following a 24 h incubation period, was cytotoxic. Interestingly,
if cells were pre-treated (over 24 h) with Q[8]@oxaliplatin, then
following subsequent treatment with Q[8]@acridine orange, photody-
namic behavior was not observed. More promising results were obtained
when both species were co-incubated over 90 min., as this led to a 30%
increase in the cytotoxicity/phototoxicity effects, i.e. cooperativity.

Other Q[8]-based studies include work by Yu, Lui et al. who

employed a polymer derived from modified (with a mitochondrion-
targeting peptide and 4-bromophenylpyridium) hyaluronic acid [98].
For this system, the Q[8] formed a homoternary complex with the 4-bro-
mophenylpyridium (2:1) with a binding constant of 6.24 × 1012 M− 2. It
proved possible to employ this system for both imaging of mitochondrial
behavior in living cells and to improve the in vitro and in vivo antitumor
efficiency of cisplatin (using MCF-7 cells) versus cisplatin alone.

In a recent review by Shukla et al., the working mechanisms for Q[n]
complexation of biologically relevant guests is discussed, including the
use of Q[7] with a number of platinum-based agents such as cisplatin
[99]. The behavior of Q[7] toward a number of platinum drugs has also
been reviewed by Pashking et al. [100].

2.3. Pillar[n]arenes

Pillar[n]arenes are a relatively new class of macrocycles that were
first reported by Ogoshi et al in 2008 and are composed of between 5 and
10 dialkoxybenzene or hydroquinone units linked by methylene bridges
[101].

Sessler, Meng, Li et al. have utilized a carboxylatopillar[6]arene to
encapsulate and deliver both oxaliplatin and doxorubicin, the former in
the form of a Pt(IV) analogue, namely 9 as shown in Fig. 13. In this
system, drug release can be achieved simply by pH change; release oc-
curs under acidic conditions (pH 5.0). In vitro studies using CCK-8 as-
says, together with positive controls, on the HepG-2 and LO2 cell lines
revealed a synergic effect in terms of cytotoxicity resulting from use of
the host-guest supramolecular complex DOX@9 ⊂ CP6A versus the
parent drugs alone. It was concluded from confocal laser scanning mi-
croscopy and flow cytometry that internalization was an energy-
dependent endocytosis mechanism. The anti-tumor efficacy of the sys-
tem was investigated in vivo using HepG-2 derived subcutaneous tumor
xenograft mousemodels. Results revealed that the systemwas capable of
not only efficiently retarding tumor growth, but also reducing side ef-
fects in BALB/c nude mice [102].

Fig. 10. Preparation of the fluorescent AIE photosensitizer 5.

Table 3
Nedaplatin and nedaplatin@Q[7] cytotoxicity in three human cancer cell lines.

IC50 (μM) IC50 (μM) IC50 (μM)

Compound A549 HCT116 MCF-7

Nedaplatin 28.8 ± 0.5 5.2 ± 0.7 >50
Nedaplatin@Q[7] 9.9 ± 0.4 3.0 ± 0.2 39.1 ± 0.8

Fig. 11. Structure of Q[7]C5CO2Na 6.
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2.4. Cyclodextrins

Cyclodextrins date back to the time of Villiers in the late 19th century
and are comprised of glucose units (6 to 8) linked by α-1,4-glycosidic
bonds, i.e. cyclic oligosaccharides [103].

Tian, Stang et al. employed orthogonal coordination-driven [2 + 2]
self-assembly combined with the host-guest chemistry of β-cyclodextrin
(Fig. 14) to access a Pt(II) macrocyclic assembly 10 comprising spherical
nanoparticles that was capable of responding to both nitric oxide (via
amide cleavage) and redox stimulation (via H2O2 addition). The spher-
ical nanoparticles were constructed in a way that allowed for doxoru-
bicin loading and given the presence of the platinum-containing motif,
the system was able to co-deliver both drugs in synergic fashion in vitro
to liver tumor (HepG2) sites [104].

Zhang et al. constructed the β-CD-containing nanodrug
GOx&Pt@FcNV (GOx = glucose oxidase, Pt = cisplatin, FcNV = ferro-
cene-containing nanovesicle), which utilized cascade reactions
involving H2O2 and •OH generation to overcome multi-drug resistance
in various tumors as demonstrated by both in vitro and in vivo studies.
Indeed, it was noted that the system exhibited tumor inhibitory rates
(TIRs) of up to 79.1% and 72.8% against A549/DDP and MCF-7/ADR
double-tumor-bearing nude mice, respectively; note for free cisplatin
(TIRA549/DDP: 9.7%; TIRMCF-7/ADR: 8.4%) and Pt@FcNV (TIRA549/
DDP: 23.7%; TIRMCF-7/ADR: 17.1%) [105].

2.5. Crown ethers

Crown ethers are macrocyclic polyethers possessing 4 or more oxy-
gen atoms each separated by 2 or 3 carbon atoms, and their synthesis
dates to the work of Pedersen in the 1960s [106,107].

Fig. 12. Structure of 7 and model compound 8.

Fig. 13. Structure of 9.

Fig. 14. Pt(II) macrocyclic assembly 10 via orthogonal coordination-driven
self-assembly.

Fig. 15. Structures of Oxa-aza crown ethers 11–14.

Table 4
Cytotoxicity of 11–14 in human ovarian cancer (A2780) and cisplatin-resistant
A2780cisR.

IC50 (μM) IC50 (μM)

Complex A2780 A2780cisR

11 66 >100
12 21 >100
13 >100 >100
14 >100 >100
Cisplatin 0.37 2.4
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2.5.1. Oxa-aza crown ethers
Reedijk et al. have investigated the cisplatin-type coordination

chemistry of a series of oxa-aza crown ethers, see 11–14 in Fig. 15.
Cytotoxicity studies against A2780 human ovarian cancer revealed that
cis-[PtCl2(NH3)(1,4,7,10-tetraoxa-13-azacyclopentadecane-N)] (11)
possessed the highest cytotoxicity, albeit lower than that of cisplatin
(Table 4). For both neutral and cationic species, the 15-membered ring
systems exhibited the greater binding to intracellular DNA. The results
suggested that the shape of the linker played a part in the ability of such
systems to enter cells [108].

Oxa-aza crown ethers have also shown potential for targeted α-par-
ticle therapy. Wilson, Thorek et al. showed that it was possible to label
the macrocycle 15 (Fig. 16, top) with [223Ra] Ra2+ at ambient temper-
ature over 5 min., with efficiency >95% and stability in vitro (under
physiological conditions) and in vivo (in murine models) [109]. More-
over, when conjugated to the amino acid β-alanine or the peptide 2-[3-
(1,3-dicarboxypropyl)ureido]pentanedioic acid (DUPA), i.e. compounds

16 and 17 (Fig. 16, middle and bottom), the resultant radium [223Ra]
complexes exhibited rapid clearance in mice with low bone absorption.
The results of this work suggest this type of macrocycle has potential to
expand the possibilities for radium around targeted α-particle therapy.

In a meeting report, the synthesis of an oxa-aza crown-6, namely
crown-1paMe, was mentioned, which was labelled with 155Tb under
mild conditions (ambient temperature) with ≥10− 6 M chelator con-
centrations. It was proposed that such a system will be of use in dual
modality probes [110].

2.5.2. Calix[4]arene-1,3-crown[6]ether
Mamat et al. have investigated the coordination chemistry of the

calix[4]arene 1,3-crown[6]ether 18 (Fig. 17) with a view to its use as a
chelator in radiopharmaceutical chemistry. Complexation studies (ti-
trations, NMR and UV/Vis spectroscopic experiments) revealed a high
selectivity for lead(II) ions as well as heavy alkaline earth metal ions
[111].

2.6. Aza macrocycles

We note that heterometallic platinum-containing complexes are also
attracting interest [112]. Adams and Meade reported heterometallic
platinum(IV)-containing gadolinium complexes 19 and 20, which were
based on cisplatin or carboplatin ligation, see Fig. 18 [113]. Both
complexes proved to be magnetic resonance imaging (MRI) contrast
agents as well as being capable of chemotherapy. The cisplatin-like
complex exhibited superior cellular toxicity (see Table 5) and per-
formed better as an MR contrast agent in vitro.

Finally, in terms of platinum-based drugs, we note that a useful guide
from a chemist's perspective regarding side effects has been published by
Wheate et al. [114].

Fig. 16. Top: labelling of macrocycle 15 with [223Ra]Ra2+; Middle: conjugation of 15 to β-alanine to afford 16; Bottom: conjugation of 15 to DUPA to afford 17.

Fig. 17. Calix[4]arene 1,3-crown[6]ether 18.
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2.7. Schiff-base macrocycles

Schiff-bases date back to the mid-19th century and to the work of
Hugo Schiff on primary amines and carbonyls [115]. Work has been
extended to include many types of Schiff-base macrocycles derived from
dicarbonyls and a variety of diamines/dianilines [116].

Biologically relevant Schiff base macrocyclic complexes reported
between 2005 and 2021 have been highlighted in a review by Sikha
et al. [117].

In more recent times, Keypour et al. have prepared two new Schiff-
base macrocycles using the dialdehyde N,N′-bis(5-formylpyrrol-2-
ylmethyl) homopiperazine and the diamines 1,3-diaminopropane or
1,4-diaminobutane in methanol (Fig. 19). Complexes of Co(II) (21,22),
Ni(II) (23, 24) and Pt(II) (25, 26) were prepared, and the crystal
structure of the complex [Ni2L2(CH3O)]ClO4 determined, where L2 is the
macrocycle derived from 1,4-diaminobutane; the methoxide ligand
bridges the two nickel centers. Cytotoxicity studies (Table 6) of both
macrocycles and complexes against A549, HeLa cells, and HT29 cells
afforded mixed results. Whilst the cobalt complexes performed poorly,
the platinum complex of L2 afforded the best results with an IC50 of 6 μM
for A549 cells [118].

2.8. Other macrocyclic systems

Dey et al. reported the macrocyclic complexes 27–30, shown in
Fig. 20, that were isolated from the reaction of [M(P∩P)(X)2] (M = Pt, X
=NO3, OTf; M= Pd, X=OTf) and 4,4΄-dipyridyldiselenide or via the use
of the phosphine PEt3 (31) Interestingly from MTT and clonogenic as-
says using breast (MCF7), lung (A549), bone (U2OS) and ovarian
(SKOV3) cancer cell lines, it was found that a key factor was the
diphosphine (P∩P) ligand bite angle, with complexes bearing a wide bite
angle exhibiting cisplatin-like cytotoxicity, i.e. similar IC50 values (see
Table 7) [119].

Texaphyrins are extended porphyrins and contain two Schiff-base
motifs. A recent example of their use is a Pt(IV) texaphyrin system,
which involves the addition of oxaliplatin to a gadolinium metal-
lotexaphyrin core bearing oxalate and diaminocyclohexyl motifs [120].
The diaminocyclohexyl grouping was incorporated to provide an
oxaliplatin-like environment. The system was capable of not only
delivering Pt(II) to solid tumors, but could also overcome some of the
platinum resistance associated with the tumor suppressor p53. Indeed,
in vivo studies revealed that this Pt(IV) texaphyrin system could be
added at three times the dose of oxaliplatin without any observable side
effects.

3. Non‑platinum based anti-cancer activity

3.1. β-cyclodextrin

Huang, Gao et al. have prepared the Ir(III) complex 32 by the route
shown in Fig. 21, and then encapsulated it within β-cyclodextrin. The
cyclodextrin was modified with Cyanine7 and this resulted in a ratio-
metric oxygen fluorescence probe. In vitro studies revealed a rapid
response to O2, whilst in vivo work revealed the mapping potential of the

Fig. 18. Heterometallic platinum(IV)-containing gadolinium(III) complexes 19 and 20.

Table 5
Anti-cancer activity of 19 and 20 versus carboplatin and cisplatin.

Complex IC50
(μg/mL)

IC50
(μg/mL)

IC50
(μg/mL)

A2780 HeLa MCF-7

19 29.8 ± 2.5 49.3 ± 1.3 113 ± 4
20 55.0 ± 2.9 258 ± 5.0 382 ± 6
Carboplatin 15.3 ± 5.8 71.2 ± 4.9 124 ± 4
Cisplatin 7.6 ± 2.3 14.7 ± 1.2 22.4 ± 2.0

Fig. 19. Ni(II), Co(II) and Pt(II) complexes 21 to 26.

Table 6
Cytotoxicity studies on macrocycles with n = 1, 2 and complexes 21–26.

IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM)

Compound HT29 cells HeLa cells A549 cells Fibroblast

Macrocycle n = 1 >100 12 10 >100
Macrocycle n = 2 >100 15 10 >100
21 >100 >100 9 >100
22 >100 >100 8 >100
23 >100 >100 >100 >100
24 >100 >100 >100 >100
25 >100 11 7 >100
26 >100 11 6 >100
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probe for hypoxia microenvironment when deployed on solid tumors
For example, see Fig. 22 for the photoluminescent images of mice
bearing with tumors grown from the colorectal cancer cell line LS180
[121].

3.2. Schiff-base macrocycles

Keypour et al. reacted 2-((4-(2-aminobenzyl)-1,4-diazepan-1-yl)
methyl)benzenamine with either 2,6-diacetylpyridine or 2,6-pyridinedi-
carbaldehyde to afford macrocycles of type 33, see Fig. 23. Metal
complexes were prepared by further reaction with perchlorate salts (R=

H, M = Cd, 34, Mn 35, Zn 36; R = Me, M = Cd, 37, Mn 38, Zn 39). The
cytotoxicity of the complexes against the cell lines A2780, U37 MG, and
H1299 was evaluated versus that of doxorubicin (Table 8). Best results
were achieved using the manganese species 35, e.g. for U37 MG cells,
IC50 = 20.73 ± 1.5 μM vs 23.3 ± 1.7 μM for doxorubicin) [122].

3.3. Tetra-aza macrocycles

Kothari and Agrawal reported three copper(II) complexes 40–42
bearing tetra-aza macrocycles (Fig. 24). The anticancer activity against
7 breast cancer cell lines versus that of cisplatin was investigated. Under
the conditions employed, the copper complexes were found to have IC50

Fig. 20. Macrocyclic complexes 27–31.

Table 7
IC50 values for complexes 27–31 and Cisplatin.

IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM)

Compound MCF7 cells U2OS cells A549 cells SKOV3 Vero

27 10 ± 1.7 2.8 ± 0.1 6 ± 0.8 4 ± 0.8 19 ± 1
28 – 2.8 ± 0.4 3.5 ± 0.9 4 ± 0.3 8 ± 0.9
29 9 ± 0.7 2.5 ± 0.1 8 ± 1 6 ± 0.9 20.5 ± 1.2
30 6 ± 1.0 16 ± 0.6 >25 >25 >25
31 4 ± 0.3 4.8 ± 0.3 13 ± 1 12 ± 1.5 19 ± 0.3
Cisplatin 6.5 ± 1.0 8 ± 0.9 13 ± 1.2 14 ± 1.8 15 ± 1.3

Fig. 21. Preparation of the Ir(III) complex 32.
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values between 7.21 ± 0.1 μM to 13.10 ± 0.3 μM compared with 1.9 μM
for cisplatin (see Table 9) [123].

4. MOF and SOF delivery systems

4.1. Calix[4]arenes

Pellois, Zhou et al. have synthesized a number of coordination cages
derived from combinations of sulfonylcalix[4]arenes, tricarboxylic
acids, pyridyls and metal nodes based on zinc, cobalt or palladium, see
43–45, Fig. 25. The hydrophobic internal cavities of these cages,
together with the presence of, in some cases, net charges, have been

employed to load a drug cargo, such as the anticancer drug (+)-Camp-
tothecin. The subcellular distributions of these cages were measured
using living mammalian cells, and it was found that charge and affinity
were important factors in dictating the cell targeting. Moreover, the use
of these cage vectors led to increased anticancer efficacy of the agent
been transported, as was evidenced in this work for a DNA topoisom-
erase inhibitor [124].

In subsequent work, Pellois et al. expanded their studies on the Zn
(II)/sulfonylcalix[4]arene/tricarboxylic acid cage system and investi-
gated its cell entry, disassembly and toxicity properties. Results revealed
that cell entry rates could be correlated with extracellular concentration,
which suggests that despite the size of the cage, it is able to passively
diffuse through the membrane. Inside the cells, the cage system de-
composes into its constituent parts within hours, and over a period of 1
day, the various parts are cleared from the cells [125].

4.2. Calix[6]arenes

Zhu et al. have post-modified a terbium-based MOF with calix[6]
arene, and obtained a composite that maintained its photoluminescent
properties for up to 15 days in aqueous solution. In terms of applications,
the composite, by making use of the calixarene cavity, was capable of
the monitoring of 11β,17,21-trihydroxypregna-1,4-diene-3,20-dione
(Prednis), the latter is an anti-epidemic drug. Based on the emission
studies, the limit of detection was found to be 2.6 ng mL− 1 [126].

Fig. 22. a) Photoluminescence images of the tumor for tumor-bearing mice at different times post-injection of the probe; b) photoluminescence images of a
comparable site for mice with no tumor after injection of the same probe; c) oxygen level mapping for the tumor versus control site. Reproduced from reference 121
under the terms of the Creative Commons CC BY license.

Fig. 23. Macrocycle 33 and complexes 34–39 thereof (R = H, M = Cd, Mn, Zn; R = Me, M = Cd, Mn, Zn).

Table 8
Cytotoxicity of complexes 34–39 against human carcinoma cell lines.

IC50 (μM) IC50 (μM) IC50 (μM)

Compound A2780 cells H1299 cells U37 MG cells

34 150.3 ± 2.36 272 ± 13.6 80.23 ± 14.4
35 58.2 ± 3.7 110 ± 15.3 31.03 ± 2.4
36 81.3 ± 2.9 69.76 ± 1.3 25.9 ± 3.8
37 25.41 ± 1.3 25.41 ± 1.3 20.73 ± 1.5
38 89.6 ± 6.1 119 ± 3.6 39.32 ± 3.2
39 38.6 ± 5.9 78 ± 3.5 28.23 ± 1.2
Doxorubicin 4.2 ± 0.89 27.3 ± 3.9 23.3 ± 1.7
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4.3. Cucurbit[6]uril-based SOFs

Ni et al. have constructed supramolecular organic frameworks
(SOFs) by utilizing the host-guest interactions available to cucurbit[6]
uril, and studied their potential as drug delivery platforms. For example,
the SOF formed in the presence of 2-(cyclohexylamino)ethanol, and
using [ZnCl4]2− anions as the structure inducer, was loaded with
ibuprofen. It was found that the system could respond to external stimuli
such as temperature or pH to trigger drug release [127].

5. Bioimaging in-vivo

5.1. Calixarenes

Zhao, Zeng, Jin et al. synthesized a calix[4]arene system 46 bearing
two acetoymethyl groups on the lower rim and two (on the opposite
phenyl groups) vinylpyridinium-containing substituents on the upper
rim, see Fig. 26. This calixarene system proved to be an excellent che-
mosensor for Ca(II), Sr(II) and Ba(II), and could even distinguish be-
tween these alkaline earth metals via their color to the naked eye.
Moreover, this calixarene could be employed in vivo for the imaging of
Zebrafish [128].

5.2. Cucurbiturils

Chen et al. have made used of the self-assembly of tetramethyl
cucurbit[6]uril conducted in the presence of 4,4′-biphenyldisulfonic acid
and the alkaline earth metal nitrate salts of Ca(II), Sr(II) and Ba(II). The
resulting fluorescent coordination polymers were capable of the detection
of the antibiotic norfloxacin with detection limits of 9.52 × 10− 4 (for the
Sr derivative) and 2.55 × 10− 4 (for the Ba derivative) [129].

5.3. Schiff-bases

Saha et al. has employed the Robson-type aza-phenol macrocycles of
type 47 as multi analyte sensors for a variety of metals including
trivalent Cr, Fe and Al (Fig. 27), where the fluorescent enhancement is
chelation induced and the LODs are of the order of 10− 7–10− 8 M. Of
more relevance to this review is the deployment of such systems for
bioimaging, for example against HepG2 cells, where uptake was marked
by increased green fluorescence. MTT assays using WI38 cell lines
revealed that the macrocycles exhibited little toxicity at a concentration
of 100 μg/mL over 24 h [130].

6. PET imaging

As well as delivering conventional drugs to specific sites, macrocyclic
systems are also useful scaffolds for radiotracers (radioactive drugs),
which allows for detailed 3D images of tissues and organs and can lead
to early detection/location of disease. Some recent examples using
either cucurbiturils or crown ethers are discussed below.

6.1. Cucurbiturils

Houghton et al. utilized the strong host-guest binding between Q[7]
and an amine appended adamantine-containing guest (association
constant ca. 1014 M− 1), a typical synthesis of the latter is shown in
Fig. 28 (top). Three different guest molecules were prepared which
possessed the linkers R1 to R3, and these were labelled with 64Cu to
afford 48–50 (Fig. 28, bottom). The in vitro stability of the resulting host-
guest complexes was studied, and high stability was noted over 24 h.
Moreover, high tumor uptake was demonstrated for in vivo PET imaging
(using BxPC3 tumor-bearing nude mice) with retention of complex
integrity over 24 h [131].

6.2. Oxa-aza crown ethers

The use of somatosatin (SSTR) type receptors for PET has recently
been reviewed [132]. A notable scaffold was formed from the combi-
nation of DOTA and Tyr3-octreotate, which was named DOTATATE
[133]. The system 177Lu-DOTATATE (51), called Lutathera, received
FDA approval early in 2018 for SSTR-positive gastroenteropancreatic
neuroendocrine tumor treatment, and was developed/marketed by
Advanced Accelerator Applications (they had also previously (in 2016)
had the Ga 68 version 52 (Netspot) FDA approved) [134,135]. In 2020,
the copper 64 analogue 53, named Detectnet, also received FDA
approval as an imaging agent and was developed/marketed by Curium
US LLC [136]. The structures of these FDA-approved radiopharmaceu-
ticals are shown in Fig. 29.

Another scaffold that is showing potential is the 18-membered
macrocycle MACROPA 16 (Fig. 17), which was utilized for targeted
alpha therapy (225Ac) by Radchenko, Wilson et al. [137].

Building on the successes of DOTATATE and MACROPA, King,
Gutsche et al. coupled MACROPA with Tyr3-octreotate to afford the
scaffold 54 (Fig. 30) which was named MACROPATATE. Investigations
revealed that MACROPATATE, when complexed to 225Ac, exhibited
increased stability (x4-fold) versus DOTATATE (55). However, despite
the increased in vitro stability versus 225Ac-DOTATATE, the latter per-
formed better in vivo [138].

Fig. 24. Tetraaza macrocyclic copper complexes 40–42 (X = H, R = H 40, Me
41; X = Cl, R = Me 42).

Table 9
Anti-cancer activity of complexes 40–42 against
MCF-7 breast cancer cell lines.

Complex IC50
(μg/mL)

40 7.21 ± 0.1
41 9.29 ± 0.1
42 1.01 ± 0.2
Cisplatin 1.9
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6.3. DOTA-type chelators for targeted therapy

The use of DOTA-type chelators (DOTA = 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid) and their use in targeted α-therapy
has recently been reviewed with particular emphasis on 149Tb, 211At,
212/213Bi, 212Pb (for 212Bi), 223Ra, 225Ac, 226/227Th, and 230U species
[139]. The use of macrocyclic chelators for PET has also been recently
reviewed [140].

Chi et al. reported a family of potential PSMA target compounds, four
of which were labelled with 68Ga which were then employed in PET/CT
tumor targeting. One of these compounds, namely that bearing a p-
iodophenyl moiety, was also subject to 177Lu labelling studies (56,
Fig. 31). Cold studies revealed that this compound possessed the best
PSMA binding ability, whilst its 68Ga derivative exhibited high tumor
uptake together with kidney clearance. Use of the 177Lu derivative
resulted in effective inhibition of tumors with no adverse effects [141].

From studies on the biodistribution (using p-iodophenyl group as an
albumin binder), the 177Lu complex 56 revealed blood circulation values
of 1 h = 10.32 ± 0.31, 6 h = 2.68 ± 1.07 %ID/g, and was found to be
renally excreted. Mice treated with the same complex (4 and 6 MBq) had
a survival rate of >61 days, whilst the human effective dose was esti-
mated to be 0.03 mSv/MQq for kidney and 0.07 ± 0.01 mSv/MQq for
the body.

Wurzer, Kunert et al. have also employed PSMA ligation to tackle
prostate cancer. In their work, the complex 57 (Fig. 32) was highlighted
as having potential as a competitive agent for endoradiotherapy based
on its favorable pharmacokinetics (low kidney uptake; fast excretion;
high tumor accumulation) in mice studies [142].

Hasserodt et al. have reported the pH responsive low spin Fe(III)-
based MRI agents 58 and 59 (Fig. 33) in which the pyrrolidene-
containing arms can, in aqueous solution, reversibly coordinate with
the metal center; the binding being pH dependent. Of note here is that
the inactivated forms are essentially MRI silent, whereas on addition of
HCl and subsequent de-coordination of the arm, there is a huge increase
in the ability of the systems to speed up the rate of longitudinal relax-
ation of water/hydrogen nuclei. The signal gap compares very favorably
with other types of MRI probe, e.g. probes of the 19F or CEST type [143].

It is also noteworthy that enzyme responsive peptides can be
employed to create a more specific distribution of a contrast agent. Such
a methodology was employed by Oh, Shim et al. whereby a macro-
cyclam system decorated with PEGylated matrix metalloproteinases
(MMP)-cleavable peptides was able to form polymeric nanoparticles.
When in the presence of tumor tissue, the polymeric system degraded
thereby unmasking the metal complex present as well as the cyclam
core. The study investigated the use of 64Cu and Gd as contrast agents
[144].

7. Antibacterial agents

The search for new metal-based antibacterial agents has recently
been reviewed [145].

Of the systems reported in recent years, the majority utilize tetra-aza
type macrocyclic ligation and these are covered first below.

Fig. 25. Nodes and linkers employed to construct the coordination cages 43–45.

Fig. 26. Calix[4]arene system 46 as a chemosensor for Ca(II), Sr(II) and Ba(II).
Reproduced from reference 128 with permission from the American Chemi-
cal Society.
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Fig. 27. Robson-type aza-phenol macrocycles 47 as multi analyte sensors. Reproduced from reference 130 with permission of the American Chemical Society under
CC-BY-NC-ND 4.0 (Copyright 2024).

Fig. 28. Synthesis of adamantine-containing guest and structures of 48–50.

Fig. 29. FDA approved radiopharmaceuticals Netspot, Detectnet and Lutathera.
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7.1. Tetraaza macrocycles

Kumar et al. reported a family of octahedral complexes based on the
6,12,5,11-tetraphenyl-di(2-pyridyl)[b,h][1,4,7,10]-N4[12]annulene
60, Fig. 34, left. The macrocycle adopted a saddled-shaped conforma-
tion. The complexes were screened for their antimicrobial activities
against E. coli, P. aeruginosa, B. cereus, S. aureus and antifungal against
C. albicans; the iron(II) complex out-performed the nickel(II) complex,
showing best performance against E. coli [146].

The same group then reported the Fe(III) and Co(II) complexes 61
and 62 bearing a related tetraaza macrocycle, Fig. 34, right. Both
complexes displayed promising antimicrobial activity as measured by
the diameter of the inhibition zone, whilst in terms of antifungal activity

(against the likes of C. albicans), the Fe(III) complex 61 proved to be
superior [147].

A related type of type of macrocycle, namely a 14-membered tetra-
azamacrocycle, was coordinated with Fe(III) and Cr(III) to afford 63
and 64, Fig. 35, and then Sangwan and Singh evaluated the antimicro-
bial activity of these complexes against the likes of B. cereus and E. coli.
Results indicated good biocidal activity against bacteria and fungus,
whilst antimicrobial activity was found to be related to the lipophilicity
of the complex [148].

Chopra reported the Cr(III) (65, 66), Fe(III) (67, 68) and Co(III) (69,
70) complexes of the macrocycles derived from the condensation of o-,
m-diaminobenzene and ninhydrin, see Fig. 36; anti-fungal activity was
noted for the Fe(III) complexes against Fusarium oxysporium [149].

Singh et al. prepared the macrocycle 5,6-bis-(4-fluorophenyl)-
3,4,7,8-tetraazabicyclo[8.3.1]-tetradeca-1(13),4,6,10(14),11-pentaene-
2,9-dione via the condensation reaction of 1,3-dicarbonyl-phenyl-dihy-
drazide with 4,4′-difluorobenzil. The macrocycle and the Co(II), Ni(II)
and Cu(II) complexes thereof were screened in vitro for their potential
antibacterial and antioxidant activity. The best antibacterial activity
was displayed by the nickel system (as the acetate derivative) with
minimum inhibitory concentrations (MICs) in the range 8–16 mg/L
against S. aureus, B. subtilis, E. coli, P. aeruginosa and S. typhi. Against the
cancer cell line SCC4, the cobalt complex (nitrate derivative) exhibited
significant activity with a low IC50 at 31.1 μM over 72 h [150].

Krstić et al. reported the dinuclear complexes [Zn2(tpmc)(μ-NO3)]
(NO3)3⋅CH3OH 71 and [Ni2(tpmc)(NO3)2](NO3)2⋅3H2O 72, where tpmc
= 1,4,8,11-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane
73, and proposed the structures shown in Fig. 37. The report studied the
biological activity of the two complexes against several bacterial strains
and cancer cell lines. The zinc complex displaced better anti-bacterial
activity than the nickel complex, whilst little activity was shown
against the cancer cells MCF-7 and MDA-MB-231 [151].

Sakthivel et al. prepared 3-(2-hydroxy-3-methoxybenzylidene)
pentane-2,4-dione via the Knoevenagel condensation of 2-hydroxy-3-
methoxybenzaldehyde and acetylacetone. Further reaction with 1,2-
phenyldiamine afforded the new macrocycle 74 (Fig. 38, left). Subse-
quent reaction with ethanolic solutions of the chlorides of cobalt(II),
copper(II), nickel(II), manganese(II) and zinc(II) afforded metal com-
plexes of the type [M(74)]Cl M = Co (75), Cu (76), Ni (77), Mn (78), Zn
(79), whilst use of VOSO4 led to [VO(74)]SO4 (80).

The interaction of 74–80 with DNA was studied. From the data, it
was proposed that such complexes intercalate with DNA via the aryl
rings, and further studies (gel electrophoresis) indicated superoxide
dismutase (SOD)-mimetic activity. The antibacterial and anticancer
properties (against human breast and colon carcinoma cells) were
evaluated. Results indicated that the copper, zinc and vanadium species
with IC50 values of 22.4, 26.2 and 28.4 μg/mL (versus the human breast
MCF7 cell line), respectively, exhibited the best antitumor activity. For
the antibacterial studies (against Salmonella typhi, Staphylococcus aureus,
Escherichia coli, Bacillus subtilis and fungi Aspergillus niger, Aspergillus

Fig. 30. Structures of 54 and 55.

Fig. 31. p-Iodophenyl derivative 56.
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flavus, Candida Albicans and Rhizoctonia bataicola), results (Tables 10
and 11) revealed that the metal complexes were only slightly better than
the free macrocycle (e.g. for E Coli MIC values are 10–25 mg/mL for the
metal complexes versus 45 mg/mL for the macrocycle) [152].

Thangavelu et al. have prepared the macrocycle 81 by the conden-
sation of 3-(cinnamyl)-pentane-2,4-dione with two equivalents of 4-ami-
noantipyrine (Ampyrone) and subsequent treatment with 1,2-
diaminobenzene, Fig. 39. Macrocycle 81 and its Cu(II) 82, Co(II) 83,
Ni(II) 84 and Zn(II) 85 complexes were screened for their antimicrobial
behavior and cytotoxicity. Against the bacteria Staphylococcus aureus,
Bacillus subtilis, Escherichia coli, Klebsiella pneumoniae and Salmonella
typhi and fungi Aspergillus niger, Fusarium solani, Aspergillus flavus,
Rhizoctonia bataticola and Candida albicans, the metal complexes proved
to be more active than the parent macrocycle. Cytotoxicity studies on
human breast (MCF-7), cervical (HeLa), epithelioma (Hep-2) and
normal human dermal fibroblast (NHDF) cell lines were also conducted,
and the copper complex 82was found to bemore active than cisplatin (e.
g. for Hep-2, IC50 = 12 ± 0.8 μM versus 14 ± 1.0 μM for cisplatin) [153].

Sangwan and Singh reported the aza-macrocycle (12Z,52Z,54E)-

11,12,13,14,15,16,51,52,53,54,55,56-dodecahydro-2,4,6,8-tetraaza-1-
(2,4),5(4,2)-pyrimidine-3,7(1,2)-dibenzenacyclooctaphane-16,56-dione
and the Co(II) 86, Ni(II) 87 and Cu(II) 88 complexes thereof (Fig. 40).
The resulting MX2 type complexes (X = OAc) were screened for their
antimicrobial efficacy. Both the cobalt and copper complexes exhibited
good activity against Gram-positive bacterial and fungal cells respec-
tively [154].

The complexes [ML]Cl2 (Fig. 41), where M = Ni 89, Cu 90 and L =

dichloro-[2,4,9,13,15,20-hexamethyldibenzo-1,4,8,11-tetraazacyclote-
tradecatetraene]) have been reported by Vashistha and Kumar. Studies
revealed that both complexes possessed antibacterial activity though to
differing degrees against different pathogens. For example, 89 per-
formed best against P. aeruginosa and S. aureus, and 90 against B. cereus
[155].

More recently, Maurya et al. reported the use of cobalt complexes
bearing 10-membered tetraazamacrocycles decorated with organo-
tellurium. Studies revealed that such species could inhibit the bacterial
strains E. coli, P. aeruginosa, and fungal strains C. albicans, S. aureus, and

Fig. 32. Complex 57.

Fig. 33. Fe(III)-based MRI agents 58 and 59.

Fig. 34. Left: 6,12,5,11-Tetraphenyl-di(2-pyridyl)[b,h][1,4,7,10]-N4[12]annulene 60. Right: Fe(III) and Co(II) complexes 61 and 62.

Fig. 35. Complexes 63 and 64 (X = Cl− , NO3
− , CH3COO− ).
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K. pneumonia [156].

7.2. Other N4 macrocycles

El-Gammal et al. employed the [2 + 2] condensation of 1,4-phenyl-
enediamine and 5,5-dimethyl-1,3-cyclohexanedione to afford the mac-
rocycle 91. The Cr(III) 92, Fe(III) 93 and Mn(II) 94 complexes (Fig. 42)
were prepared and these were screened for their antibacterial proper-
ties. Results revealed that both the parent macrocycle and its Cr(III)
complex exhibited antibacterial activity on a par with the antibiotic
ampicillin [157].

Chaturvedi et al. employed a template synthesis involving carbohy-
drazide, isatin (1H-indole-2,3-dione) and metal salts of Cr(III) 95–97 or
Fe(III) 98–100 (each as the chloride, nitrate or acetate, see Fig. 43). The

Fig. 36. Complexes 65 to 70 (M = Cr(III), Fe(III), Co(III)).

Fig. 37. Left and Middle: 1,4,8,11-Tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane complexes 71 and 72 (M = Ni, Zn; L = NO3
− ); Right: tpmc 73.

Fig. 38. Macrocycle 74 and complexes 75–80.

Table 10
Evaluation of macrocycle 74 and complexes 75–80 (versus Nystatin) against
fungi (mg/mL).

MIC (mg/mL) MIC (mg/mL) MIC (mg/mL) MIC (mg/mL)

Compound A. Niger A. flavus C. albicans R. bataticola

74 55 70 65 55
75 10 15 10 15
76 15 25 15 25
77 20 35 15 20
78 15 15 20 25
79 20 30 25 35
80 10 20 25 40
Nystatin 10 8 12 14
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resulting complexes were screened against the bacteria Staphylococcus
aureus (MTCC 96), Bacillus subtilis (MTCC 121)], Escherichia coli (MTCC
1652) and Pseudomonas aeruginosa (MTCC 741). Results revealed that
against S. aureus and B. subtilis, the most active complex was the iron(III)
acetate salt with an MIC of 8 μg/mL (see Table 12 where results are
compared against the standard antibiotic Ciprofloxacin); the iron(III)

chloride complex also exhibited an MIC of 8 μg/mL against B. subtilis
[158].

7.3. N5 coordination

A macrocycle prepared from the condensation reaction of 2,2-
(piperazine1,4-diyl)dianiline and 2,6-diacetylpyridine was reacted with
MBr2 (M = Cd 101, Zn 102, Mn 103) in the presence of sodium

Table 11
Evaluation of macrocycle 74 and complexes 75–80 (versus streptomycin) against
bacteria (mg/mL).

MIC (mg/
mL)

MIC (mgM/
mL)

MIC (mg/mL) MIC (mg/
mL)

Compound Escherichia
coli

Salmonella
typhimurium

Staphylococcus
aureus

Bacillus
subtilis

74 45 60 55 55
75 10 20 20 15
76 15 30 35 20
77 20 25 25 25
78 20 15 15 20
79 25 20 30 25
80 15 25 20 35
Streptomycin 14 18 12 10

Fig. 39. Macrocycle 81 and complexes 82–85 thereof (M = Cu 82, Co 83, Ni
84, Zn 85).

Fig. 40. Complexes 86–88.

Fig. 41. Complexes 89 and 90 (M = Cu(II), Ni(II)).

Fig. 42. Macrocycle 91 and complexes 92–94 (L = H2O).

Fig. 43. Structure of complexes 95–100.

Table 12
Macro dilution method values for MICs of 95–100.

Compound MIC (μg/mL) MIC (μg/
mL)

MIC (μg/
mL)

MIC (μg/mL)

Staphylococcus
aureus

Bacillus
subtilis

Escherichia
coli

Pseudomonas
aeruginosa

95 32 32 Nil activity 128
96 64 32 128 >128
97 64 64 128 Nil activity
98 32 8 64 64
99 64 32 128 >128
100 8 8 64 32
Ciprofloxacin 5 5 5 5
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perchlorate, and the resulting complexes (Fig. 44) were examined for
their antibacterial behavior (against Staphylococcus aureus, Escherichia
coli, Klebsiella oxytoca, Salmonella typhimurium, Shigella dysenteriae Lis-
teria monocytogenes and Bacillus subtilis) and cytotoxicity (using human
lung (A549) and breast (MCF-7)). Results (Table 13) revealed that the
zinc complex exhibited best IC50 (e.g. for MCF-7, 6.43 ± 0.21 μM), and
also had most impact on Gram-negative and Gram-positive bacteria; the
most resistant bacteria were S. aureus (+) [159].

7.4. N2O2 coordination

Ali et al. investigated the coordination chemistry (Co(II), Ni(II), Cu

(II), Zn(II)) of the macrocycle 104 derived from the condensation re-
action of 5-chloroisatin and succinic acid dihydrazide (Fig. 45). The
resulting complexes 105–114 were screened for their antibacterial
(Table 14) and anticancer activity (Table 15), with the zinc and nickel
complexes exhibiting the best anti-cancer activity against the SCC4 cell
line with an IC50 of 41.4 μM and 45.4 μM (for the nickel acetate com-
plex) respectively over 72 h (the value was 5 μM for cisplatin under the
same conditions). The potential of the zinc complex was further illus-
trated from molecular docking studies where it was shown to exhibit a
strong binding affinity toward epidermal growth factor receptor (EGFR)
tyrosine tyrosine kinase. In terms of antibacterial performance, the
complexes were screened against B. subtilis, S. aureus, P. aeruginosa and
E. coli bacteria; the copper and zinc complexes performed best [160].

7.5. Calix-salen-like macrocycles

Desai et al. employed silver ions as a template in the reaction of 5,5′-
methylene-bis-salicylaldehyde with ethylene diamine to afford calix-
salen-like molecules 115–119, for which the silver ion resides in the
cavity (Fig. 46) [161]. The anti-microbial/anti-cancer properties of the
system were studied for various derivatives in which the bis-
salicylaldehyde had been functionalized with either electron with-
drawing or electron donating groups. Results (Table 16) revealed that
the substituents greatly impacted on the behavior of the system, such
that those bearing Br, NO2 or tert-butyl substituents exhibited best anti-
bacterial activity, the Br derivative the best fungicidal activity, whilst
the Br derivative and the unsubstituted system were the best therapeutic
agents (for anti-cancer properties, see Table 17).

Fig. 44. Complexes 101–103. Note these structure are very similar to those
shown in Fig. 23

Table 13
Cytotoxicity of compounds 101–103.

Compound IC50 (μM) IC50 (μM)

MCF-7 A548

101 6.43 ± 0.2 7.21 ± 0.33
102 8.96 ± 0.81 9.24 ± 0.82
103 10.41 ± 0.92 10.85 ± 0.93

Fig. 45. Macrocyclic complexes derived from the condensation reaction of 5-
chloroisatin and succinic acid dihydrazide. M = Co, X = Cl (105), NO3
(106), OAc (107); M = Ni, X = Cl (108), NO3 (109), OAc (110); M = Cu, X = Cl
(111), NO3 (112), OAc (113); M = Zn X = Cl (114), and macrocycle 104.

Table 14
MIC results for complexes 105–114 versus ciprofloxacin.

Compound MIC (μg/
mL)

MIC (μg/mL) MIC (μg/mL) MIC (μg/
mL)

Bacillus
subtilis

Staphylococcus
aureus

Pseudomonas
aeruginosa

Escherichia
coli

105 >128 >128 >128 >128
106 32 16 64 128
107 32 >128 64 128
108 128 >128 128 64
109 >128 >128 >128 >128
110 >128 >128 >128 >128
111 >128 >128 >128 >128
112 8 8 8 128
113 16 16 128 32
114 8 8 32 64
Ciprofloxacin 5 5 5 5

Table 15
Anticancer activity of complexes 105–114 versus cisplatin.

Compound IC50 (μM) MIC (μgM/mL) MIC (μgM/mL)

24 h 48 h 72 h

105 >100 97.2 95.5
106 >100 99.8 96.0
107 >100 >100 >100
108 >100 98.0 94.4
109 64.9 60.8 58.6
110 50.5 47.5 45.4
111 88.1 85.3 82.9
112 >100 99.6 96.2
113 97.6 95.0 93.6
114 46.9 43.0 41.4
Cisplatin 8 6 5

Fig. 46. Calix-salen-like molecules R = H 115, OMe 116, Br 117, NO2 118, t-
Bu 119.
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7.6. Double layer Schiff bases

Our efforts in this area have centred around the use of Schiff-base
complexes bearing macrocyclic ligands. For example, we recently re-
ported the [2+ 2] 120, [2+ 3] 121 and [2+ 4] 122 double layer Schiff-
base macrocycles shown in Fig. 47. We employed 121 for the immobi-
lization of palladium, and showed that this composite, in the presence of
low concentrations of H2O2, exhibited excellent bactericidal activity
against both Escherichia coli (Gram-negative bacterium) and Staphylo-
coccus aureus (Gram-positive bacterium). Cytotoxicity tests carried out
against HaCaT and Hep-G2 cell lines using the MTS assay revealed that
the Pd composite is non-toxic even at high concentrations [162].

8. Anti-HIV activity

McKeating, Hannon et al. have employed a ‘shape-fit’ nucleic acid
targeting approach which makes use of metallo-supramolecular triple
stranded helicates (cylinders) based on Fe(II) 123, Ni(II) 124 or Ru(II)
125, Fig. 48. The potential of the cylinders to target the Trans Activation
Response (TAR) region associated with the retrovirus human immuno-
deficiency virus type 1 (HIV-1) was explored. Best results were obtained
using the Ni (120) and Ru (121)-based cylinders. These were able to
inhibit formation of the virus-encoded Transactivator protein and
thereby HIV infection. The cell viability values for these three complexes
are given in Table 18 [163].

Table 16
Antibacterial activity of compounds 115–119 versus ampicillin, chloramphen-
icol and ciprofoxacin.

MIC
(μM)

MIC
(μM)

MIC
(μM)

MIC
(μM)

MIC
(μM)

MIC
(μM)

Compound L132
cells

HepG2
cells

IMR32
cells

MTCC
96

MTCC
442

MTC
441

115 261 261 326 653 130 653
116 226 113 226 226 282 282
117 185 231 92 116 231 116
118 211 211 66 132 211 211
119 63 101 202 101 101 252
ampicillin 286 – 286 716 286 716
chloramphenicol 155 155 155 155 155 155
ciprofoxacin 75 75 75 151 151 151

Table 17
Cytotoxicity of compounds 115–119 versus cisplatin over 24 h.

IC50 (μM) IC50 (μM) IC50 (μM)

Compound L132 cells HepG2 cells IMR32 cells

115 7.92 ± 0.64 7.15 ± 0.88 5.87 ± 0.91
116 9.34 ± 0.82 11.28 ± 1.09 7.11 ± 0.86
117 8.91 ± 1.2 8.39 ± 0.98 5.10 ± 0.82
118 16.38 ± 1.7 22.73 ± 1.3 20.61 ± 1.68
119 9.59 ± 0.95 11.62 ± 1.26 9.09 ± 1.08
Cisplatin 26.66 ± 1.8 23.66 ± 1.97 12.9 ± 1.72

Fig. 47. Schiff base macrocycles 120 to 122.

Fig. 48. Triple stranded helicates [M2L3]4+ 123–125 (M = Fe, Ni, Ru).
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9. Mycobacterium tuberculosis

Rutledge, Todd et al. have reported a series of cyclam-derived

compounds that proved to be active against drug-resistant Mycobacte-
rium tuberculosis. More specifically, studies focused on the use of a
central cyclam core connected to two identical naphthalimide motifs via
triazole linkers (Fig. 49). The nature of the metal present was also
investigated, with variations including the use of Zn(II) 126, Cu(II) 127,
Fe(II) 128, Fe(III) 129, Sm(III) 130, Co(II) 131 and Mn(II) 132 salts.
However, the studies revealed little change in antitubercular activity on
changing the metal. Some antitubercular activity was maintained on
replacing the naphthalimide with naphthalene-based pendent groups (e.
g. in 133 and 134, Fig. 49 middle). Moreover, when the naphthyl-
containing system had the “reversed” triazole connectivity (Fig. 49,

Table 18
IC50 values for 123–125.

Complex IC50
1G5 TZM.bI cells

123 55 ± 7 59 ± 19
124 >160 >100
125 51 ± 16 52 ± 13

Fig. 49. Top, complexes 126–132; middle: complexes 133 and 134; bottom: variation of the linkers (M = Zn, Cu, Fe, Sm, Co, Mn) with activities for the free amines
and their complexes 135–145 (where M = Zn, Cu).
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bottom), the results indicated increased antitubercular activity for the
Zn(II) 126 and Cu(II) 127 complexes versus that of the parent com-
pound. Other end groups were also trialed, including the likes of phenyl
and benzyl, as well as 1–/2-naphthyl, and results revealed that the Cu(II)
species tended to exhibit best antitubercular activity. Other in vivo
studies revealed increased solubility for the ZnCl2 derived complex
which aided efficacy testing against M. marinum infection [164].

10. Other applications

10.1. Improvement of lens opacity

Wu, Green et al. have investigated the use of an OHPy2N2-type

macrocycle to tackle damage to the eye lens which occurs via oxidative
stress. Multiple biological pathways appear to be involved in the pro-
tection process, including activating Nrf2 (nuclear factor erythroid-2-
related factor 2) expression and Grx1 and 2 (Glutathione-dependent
glutaredoxins) pathways, and increased levels of adenosine triphos-
phate. The ligand set also readily binds to Fe(II) 146 and Fe(III) 147
(Fig. 50). Interestingly, H2O2-induced lens opacity was reduced in the
presence of OHPy2N2 [165].

10.2. Alzheimer's disease

Gagey-Eilstein, Agasti et al. conjugated a number (six in all) of flu-
orophores with cucurbit[7]uril, e.g. Fig. 51. For the Q[7], the point of
conjugation was ensured by first forming a monohydroxylated deriva-
tive, converting to an amine and then forming an N-hydroxysuccinimide
derived species 148. The system proved to be very good at not only
detecting biomolecules, but could also identify folds and could even
distinguish between amyloids originating from different sources with
100% success rate. Moreover, the system could identify Aβ-oligomers,
which are thought to play a part in the neurodegeneration related to
Alzheimer's disease [166].

10.3. Detection of antibiotics

Chen et al. made used of coordination polymers formed from tetra-
methylcucurbit[6]uril and alkaline earth metal salts in the presence of
4,4′-biphenyldisulfonic acid (as a structure inducer). The polymer
formed when using Ca(NO3)2 was shown by using sensing experiments
to be a good fluorescent probe for the detection of norfloxacin (a known
antibiotic) [167].

Fig. 50. Left: OHPy2N2-type macrocycle; middle: Complexes 146 and 147;
right: binding mode of OHPy2N2at Fe.

Fig. 51. Protocol for the conjugation of Q[7](OH) with fluorophores to form 148.
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11. Use of macrocycles in combination with nanoparticles

Numerous types of macrocycles have been utilized to modify the
surface of nanoparticles with a view to subsequent use in medicine.

11.1. Calixarenes

11.1.1. Calix[4]arenes
For calix[4]arenes, these include the use of p-sulfonatocalix[4]arene,

which following modification with 6-bromo-1-hexene to form the
amphiphilic species 149, was employed to protect cisplatin via the for-
mation of a vesicle structure (Pt•cCAV), i.e. a guest-induced assembly.
Synthetic studies indicated that the optimum ratio of calixarene to
cisplatin was 1:1 [168]. Thiol-ene Click chemistry was employed to form
cross-linked nanoparticles, with the latter exhibiting enhanced stability
in blood environments, Fig. 52.

In the presence of 5-fluorouracil (5-FU), the nanoparticles were
found to incorporate 13 wt% cisplatin and 19% 5-fluorouracil. This
system together with the vesicle structure (i.e. Pt▪cCAV5-FU) when
screened against the human non-small cell lung cancer cell line A549
was found to increase the resistance of cisplatin (versus free cisplatin or
cisplatin/5-fluorouracil) to detoxification. The cross-linked system
exhibited the largest decrease in cell resistance relative to cisplatin with
IC50 values of 18.6 ± 1.2 μM (against A549) and 14.0 ± 2.2 μM (against
A549/CDDP), see Table 19. Studies suggested that any toxicity present
was down to the guest (cisplatin) rather than to the host nanoparticle.

Further work explored the influence of loading the 5-fluorouracil
within the nanoparticle on glutathione S-transferases expression (spe-
cifically π-glutathione S-transferase) and activity in A549/CDDP cells.
Results indicated that the enzymatic activity was indeed reduced in the
presence of the 5-fluorouracil loaded nanoparticle, and moreover that
this system was more toxic to A549/CDDP cells versus A549 cells.
Fluorescence studies indicated that the internalization of the loaded
nanoparticle occurred via caveolin-mediated endocytosis, whilst flow
cytometry and confocal laser scanning microscopy indicated a faster
uptake for the loaded nanoparticle and accumulation in the cytoplasm,
respectively.

Karimian, Kafil et al. combined p-sulfonatocalix[4]arene with excess
1-methyl-3-(oxirane-2-ylmethyl)–1H-imidazole-3-ium chloride to
afford, following work up, the poly-ionic liquid-grafted amphoteric
calixarene 150 (Fig. 53). This calixarene could then be used to coat
Fe3O4 magnetic nanoparticles, and the system exhibited good biocom-
patibility. The drug co-delivery ability of the system was demonstrated
using doxorubicin and methotrexate against MCF7 breast cancer cells
(see Table 20) [169].

11.1.2. Calix[6]arenes
Bhasikuttan, Mohanty et al. have utilized silver nanoparticles coated

Fig. 52. Crossed-linked nanoparticles incorporating 149 and cytotoxicity studies thereof. Reproduced from reference 168 with permission from the Royal Society
of Chemistry.

Table 19
Comparison of IC50 values and drug resistance.

Agent IC50
A549 A549/CDDP

Resistance

Cisplatin 7.5 ± 0.5 37.6 ± 1.3 4.98
Pt۰cCAV 25.7 ± 2.0 45.1 ± 0.5 1.76
Pt۰cCAV5-FU 18.6 ± 1.2 14.0 ± 2.2 0.75
Cisplatin + 5-FU 6.2 ± 0.7 21.0 ± 1.0 3.38

Fig. 53. Poly ionic liquid-grafted amphoteric calixarene 150 (x not defined; R
= H).
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with p-sulfonatocalix[6]arene 151 (bound via the upper rim SO3
− moi-

eties) to load the drug sanguinarine, Fig. 54. Studies revealed that the
subsequent change in pKa (from 7.7 to 10.1) was able to activate the
iminium form of sanguinarine, which in turn led to an improvement in
the antibacterial efficacy and reduced the minimum inhibitory concen-
tration of the drug as evidenced for Staphylococcus aureus (Gram-posi-
tive), Escherichia coli (Gram-negative) bacteria and Salmonella Oslo, the
latter being isolated from marine fish [170].

11.2. Cucurbiturils

In the case of Q[n]s, their use for a variety of applications has been

Table 20
Effect of drug (doxorubicin and methotrexate) dose against MCF7 breast cancer
cells.

DOX-MTX group DOX-MTX/nanocarrier

Drug dose Cell viability Cell viability

0.312 69.270 ± 1.549 68.936 ± 2.679
0.625 60.299 ± 1.016 51.299 ± 2.227
1.250 50.799 ± 1.762 46.779 ± 3.609
2.500 41.609 ± 1.537 32.609 ± 2.620
5.000 27.733 ± 2.758 20.399 ± 2.208
10.000 21.606 ± 1.113 12.458 ± 2.115

Fig. 54. Silver nanoparticles 151 coated with p-sulfonatocalix[6]arene as a carrier for the drug sanguinarine. Reproduced from reference 170 with permission from
the Royal Society of Chemistry.

Fig. 55. Top: Design of the Fe3O4 nanoplatform (Reproduced from reference 171 with permission from the Royal Society of Chemistry); bottom: synthesis of 152, i)
K2S2O8, K2SO4, 85 ◦C, H2O, 12 h; ii) NaH, DMSO, 4 h, allyl bromide, 12 h.
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reviewed [25,29,31,34,36,40].

11.2.1. Cucurbit[7]uril
Recent highlights include the report by Wang et al., who employed Q

[7] in combination with superparamagnetic Fe3O4 (average size 7.40
nm) as part of a toolkit for MRI-image guided chemotherapy of cancer,
Fig. 55 top [171]. In particular, a mono-O-allyl-Q[7] [172] (152, Fig. 55
bottom) was subject to a Click reaction with the thiol of the nanoparticle
surface, and then via host-guest interactions, adamantanamine tags. By
utilizing Q[7] host-guest interactions, oxaliplatin could also be loaded
onto this system (as confirmed by FTIR spectroscopy; the cyclohexane
peak at 3080 cm− 1 was observed post-loading) with a loading efficiency
of ca. 8% (confirmed by ICP-MS). In vitro and in vivo drug release was
demonstrated in tumor cells with excess spermine present, i.e. the
spermine displaced the oxaliplatin from the Q[7] cavity. At the con-
centration normally seen in tumor cells (1.0 mM), >70% release was
observed over 72 h incubation; in the absence of spermine, the release of
oxaliplatin was far lower. Whilst the toxicity of the systemwas enhanced
against various cancer cell lines, the safety profile against non-cancerous
cells was good. The increased targeting ability and therapeutic effi-
ciency of this nanoparticle-based Q[7] systemwas also evident in studies
on mice.

Wang et al. extended their Q[7] studies to the encapsulation of
oxaliplatin by combining Q[7] with nano-graphene oxide. The host-
guest properties of the Q[7] also allowed for the biocompatibility of
the system to be boosted via adamantane substituted hyaluronic acid
wrapping. The system could be co-loaded with the likes of chlorin e6,
banoxantrone dihydrochloride together with the oxaliplatin. Subse-
quent in vitro and in vivo studies revealed remarkable antitumor efficacy
as a result of the synergy of photothermal, photodynamic and chemo-
therapies [173].

Liang, Cheng et al. reported a drug release system in which Q[7],
appended to a gold nano-star, was used to encapsulate camptothecin.
The presence of the Q[7] led to improved aqueous stability for the

Fig. 56. Hybrid gold/conjugated oligomer nanoparticles in conjunction with Q
[7] 153 for PDT and cellular imaging. (a) Conjugated oligomer nanoparticles;
(b) Conjugated oligomer gold nanoparticles plus complexation of nanoparticle
amine residues with Q[7]; (c) Q[7]@ Conjugated oligomer nanoparticles; (d)
153. Reproduced from reference 175 with permission from the American
Chemical Society (Copyright 2024).

Fig. 57. Top: Q[7]-functionalized chain 154; bottom left Chlorin e6 pegalated with adamantine; bottom right atovaquone.
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system, and drug release proved possible by applying near-infrared
(NIR) light irradiation. It was also found that the overheating was by
virtue of the irradiation (photothermal therapy) together with the action
of the drug (chemotherapy) allowed for a synergic cancer treatment
[174].

Hybrid gold/conjugated oligomer nanoparticles have also been used
in conjunction with Q[7] to afford 153 which was utilized for PDT and
cellular imaging [175]. Work by Tuncel et al. showed that the dark
cytotoxicity of the hybrid nanoparticles toward pathogens and breast
cancer cells (MCF-7) was reduced upon addition of Q[7], Fig. 56.

Moreover, the light induced cytotoxicity effects of the hybrid nano-
particles were maintained upon irradiation with either a laser (915 nm)
or white light when applied to photothermal or photodynamic therapy
respectively. It also proved possible to apply the system to cellular
imaging.

Li, Wang et al. have utilized the conjugate formed between ada-
mantane and lunimol, which is a known marker of use in biological
systems, and also utilized the host-guest capability of the previously
mentioned 5 (Fig. 10) to form supramolecular biocompatible nano-
particles. This system was found to be capable of deep tissue penetration
and luminescent imaging using cell lines and mice peritonitis models by
virtue of BRET (bioluminescence resonance energy transfer). The im-
aging performance proved to be better than that of luminol alone [176].

Wang et al. combined hyaluronic acid with Q[7] and employed the
resulting Q[7]-functionalized chain 154 (Fig. 57, top) to encapsulate the
photosensitizer Chlorin e6 (pegalated with adamantanes, Fig. 56, bot-
tom left) at the same time as oxaliplatin (Fig. 2). It was found that the
system self-assembled into nanoparticles, and the latter exhibited tar-
geting ability and were capable of both PDT and chemotherapy. More-
over, by employing atovaquone (Fig. 57, bottom right), the therapeutic
outcomes could be further improved as a result of limiting the oxygen
consumption at the tumor [177]. The in vivo accumulation of
atovaquone-containing nanoparticles was evaluated versus free Chlorin
e6 for CT26-tumor bearing mice (Fig. 58). The data revealed a three
times higher intensity for the nanoparticle system. It was also found that
the nanoparticles were capable of better ex vivo imaging of organs at 24
h. We note that new directions in PDT have recently been reviewed

Fig. 58. In-vivo imaging using atovaquone-containing nanoparticles versus free Chlorin e6 for CT26-tumor bearing mice. Reproduced from reference 177 with
permission from Elsevier.

Fig. 59. Folic acid conjugated β-cyclodextrin polyester 155.

Fig. 60. Poly(p-phenylene-co-cyclodextrin-g-poly(ethylene glycol) polymer 156.
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[60,61].

11.2.2. Cucurbit[8]uril
The larger Q[8], in combination with Fe3O4 nanoparticles and a

mesoporous silica core, has been employed by Chen, Di, Hu et al. for
targeted drug release. The basis of the delivery system stems from the
encapsulation of tryptophan by the Q[8], thereby forming the homo-

ternary complex (Trp⋅Trp) ⊂ Q[8], and its stability in environments
that overexpress indoleamine 2,3-dioxygenase 1. The area surrounding
tumors represent such an environment, and this results in the trans-
formation of tryptophan into N-formylkynurenine, and subsequent
collapse of the delivery system. In turn, this can result in the release of
any drug payloads stored within the mesoporous silica structure. Proof-
of-principal was demonstrated using doxorubicin, whereby doxorubicin

Fig. 61. A) In-vivo fluorescent images; B) Ex-vivo fluorescent images; C) Mean fluorescent intensities after 24 h. Reproduced from reference 184 with permission
from Elsevier.

Fig. 62. Supramolecular amphiphilic zwitterionic complex 157 (R = CH2SC3H6N(CH3)2C3H6SO3
− ).
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leakage kinetics was increased in the presence of increased amounts of
indoleamine 2,3-dioxygenase 1. In this delivery system, the loading
capacity for doxorubicin was noted at 28.6% which is on a par with
mesoporous silica [178].

11.2.3. Cyclodextrins
Work using cyclodextrins in combination with nanoparticles in the

cancer therapy field was reviewed in 2021 [179,180].
Highlights include the work of Alam, Khoobi et al., who prepared an

MRI contrast agent based on folic acid conjugated β-cyclodextrin poly-
ester 155 (Fig. 59) coated gadolinium oxide nanoparticles. The presence
of the polycyclodextrin environment greatly improved the toxicity (i.e.
the biosafety), which was accomplished by masking the toxicity of the
Gd2O3-based agent. For example, at concentration of up to 50 μg Gd
(III)/mL, these coated nanoparticles exhibited little cytotoxicity against
the normal human breast cell line MCF-10 A. The presence of the folic
acid enabled enhanced intracellular uptake in cancer cells M109 versus
4 T1 cells. Moreover, the folic acid allowed for higher contrast

enhancement in tumor areas in vivo when compared against the agent
that lacked the presence of folic acid ligation [181].

Dong, Nie, Zhao, Wong et al. have also employed β-cyclodextrin to
improve the water solubility of gold nanoparticles. Moreover, both the
biocompatibility and the emission intensity (at ca. 600 nm) was greatly
improved by the presence of the β-cyclodextrin. This allowed for the
system to be taken up by gastric cancer cells (MGC-803) exhibiting red
luminescence in the process. Using UV absorption spectra, the drug
(doxorubicin) loading capability of the system was investigated, and it
was found that 94 μg of DOX could be loaded per 1 mg of the β-cyclo-
dextrin coated gold nanoparticles, a loading efficiency of 25% [182].

Timur, Yagci et al. prepared a polymer 156 incorporating β-cyclo-
dextrin in the backbone (Fig. 60) and bearing poly(ethylene glycol),
namely poly(p-phenylene-co-cyclodextrin-g-poly(ethylene glycol),
where g = graft, and combined it with cysteamine treated gold nano-
particles. Subsequent studies on imaging quality and therapy efficiency
(on U87 cells) revealed that the presence of the β-cyclodextrin-based
polymer conjugated with gold nanoparticles allowed for more effective

Fig. 63. Formation of spherical micelles 158 from chlorin e6-conjugated β-cyclodextrin and ferrocene-modified PEG conjugates and formation of nanofibers on
reaction with reactive oxygen species. Reproduced from reference 186 with permission from Wiley.

Fig. 64. Top galactose derivative 159; bottom Targeting of liver cancer cells based on CuS nanoparticles decorated with carboxylatopillar[5]arenes. Reproduced
from reference 187 with permission from the American Chemical Society (Copyright 2024).
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imaging and targeting versus the unconjugated polymer. This conjugated
system also led to enhanced radiosensitivity as evidenced for studies on
U87 cells [183].

Zhao et al. have reported a nanoreactor, HA-CD/Fc-CA NPs, which
utilizes a cyclodextrin-modified hyaluronic acid conjugate (HA-CD)

together with a ferrocene-modified cinnamaldehyde prodrug (Fc-CA),
that was responsive to pH and redox changes [184]. The system
demonstrated minimal side effects during synergistic chemo/chemo-
dynamic therapy and exhibited impressive tumor targeting ability. The
underlying chemistry involved a ROS-generator via Fenton-type catal-
ysis, aldehyde group protection and formation of a hydrophilic outer
shell, and this allowed the system under acidic conditions to release
cinnamaldehyde and ultimately to the generation of highly cytotoxic
•OH. Results from in vivo real-time fluorescence imaging, suggested that
the HA-CD/Fc-CA NPs were of an appropriate size to allow for efficient
accumulation in tumor tissues. Further studies on 4T1 tumor bearing
BALB/C mice revealed that the HA-CD/Fc-CA NPs exerted the greatest
tumor suppression effects, superior to those observed for the constituent
parts alone (Fig. 61).

Wang, Wu et al. employed Click chemistry and host-guest in-
teractions to synthesize a supramolecular amphiphilic zwitterionic
complex 157 incorporating polyhedral oligomeric silsesquioxane with
appended adamantine-containing substituents and sulfobetaine sub-
stituents (Fig. 62), and star-shaped molecules of β-cyclodextrin-PLLA
(PLLA = poly-L-lactic acid); the latter was formed via ring opening
polymerization using Sn(Oct)2 as catalyst. The system self-assembled
into micellar nanoparticles, which were shown to be capable of both
loading and releasing doxorubicin in a controlled fashion. The zwitter-
ionic nature of the system aided its stability under extra- and intra-
cellular pH conditions, including tumor sites. Indeed, accumulation
and internalization were noted in the case of HeLa and MCF-7 tumor
cells, for which an exciting anticancer therapeutic effect was observed
[185].

Gao, Lu et al. have utilized the host-guest interaction between
chlorin e6-conjugated β-cyclodextrin and ferrocene-modified PEG con-
jugates to form spherical micelles 158 that could transform their shape,
Fig. 63. The micelles can access tumors via enhanced permeability and
retention, and when at tumor sites, reactive oxygen species convert the
ferrocene into water soluble ferrocenium, which results in dissociation
of the PEGylated ferrocenium motif and formation of nanofibers via
intermolecular hydrogen bonding resulting in increased retention in the
tumor. During the process, and aided by laser irradiation, both O2 and
•OH were generated to the benefit of the photodynamic therapy, and
this also maintained the supply of H2O2 allowing for the shape trans-
formation and Fenton reaction. The Fenton chemistry was catalyzed by
the retained ferrocene and resulted in beneficial chemodynamic ther-
apy. By utilizing the above processes, the systemwas shown, both in vitro
and in vivo, to be capable of producing potent immunogenetic cell death
and via various mechanisms to the inhibition of primary tumors and
bone metastases [186].

11.2.4. Pillar[n]arenes
Yu et al. decorated CuS nanoparticles with carboxylatopillar[5]arene

and then used its host@guest chemistry to encapsulate the pyridinium
salt moiety of the galactose derivative 159, Fig. 64 top. The system could
be further functionalized by making use of electrostatic interactions to

Fig. 65. Top: Carboxylated pillar[5]arene 160; Bottom: CuS nanoparticle sys-
tem functionalized with 160 capable of synergic chemo/photothermal therapy.
Reproduced from reference 188 (Ma, Wang, Yang et al.) under license CC
By 4.0.

Fig. 66. Host 161 and guest 162.
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load doxorubicin (with up to 48.4% drug loading capacity). The various
loadings allowed for the targeting of liver cancer cells, and its ability to
absorb irradiation (from a laser at 808 nm) and convert it into heat to
ablate cancer cells was demonstrated for HepG2 cells (Fig. 64 bottom).
Moreover, on changing the pH (to an acidic environment), the system
was able to release the doxorubicin. Both in vitro and in vivo studies
demonstrated the excellent tumor inhibition ability of the system [187].

Ma, Wang, Yang et al. employed carboxylated pillar[5]arene 160
(Fig. 65 top) functionalized CuS nanoparticles combined with meso-
porous silica nanoparticles that were modified with pyridinium groups
and integrated this with folic acid bearing polyethylene glycol antennas
to afford a system capable of synergic chemo/photothermal therapy.
Doxorubicin could be loaded onto the silica nanoparticles, and release
was triggered by stimulating the interaction between the pyridinium
groups and the pillar[5]arene, with the latter components acting as a
sort of nano-value. Good biocompatibility was observed for a variety of
cells via MTT assays. The drug delivery capability of the platform was
investigated by measuring the doxorubicin intensity in pre-incubated
HeLa and A549 cells. Results revealed that the nanoparticles were
internalized and that the doxorubicin upon release entered the cell
nuclei. In vivo experiments on HeLa tumor-bearing xenograft nude mice
revealed that use of the functionalized nanoparticles led to the tumors
with the least weight/volume. Moreover, use of the nanoparticle scaf-
fold led to increased drug accumulation at the tumor site than observed
for use of doxorubicin alone, and this was aided by the presence of the
targeting folic acid moieties [188].

Fan, Tian et al. prepared a supramolecule using host-guest chemistry,
the host being pillar[5]arene-camptothecin 161 and the guest (p-cym-
ene)Ru(dicyano-curcuminato)Cl 162 (Fig. 66), which self-assembles
into micelles. The beauty of this system is that the metal present acts
as a catalyst for hydrogen peroxide decomposition, which in turn means
that in anaerobic (hypoxic) tumor environments, there is sufficient ox-
ygen available for efficient in vitro and in vivo PDT and chemotherapy to
take place [189].

11.2.5. Schiff base
The double Schiff-base 122 has been combined with silver nano-

particles using an in-situ reduction method, and the resulting Ag@122
composite was found to exhibit good antibacterial properties against
Streptococcus sanguinis, Pseudomonas aeruginosa and Staphylococcus
aureus. Moreover, by employing Ag@122 on a polymer film (poly-
ethylene furanoate), bacterial growth could be inhibited [190].

12. Concluding remarks

The outputs described in this review underline the ability of both the
supramolecular and coordination chemistry of macrocycles to impact on
the efficiency of metal-based drug strategies. A summary of the diseases
tackled by the metal-containing macrocyclic systems reported herein is
shown in the introduction section in Chart 1, with cancer and anti-
bacterial work the most studied fields. Much work has been done with
the more established macrocycles, which pre-dates this review, and
some of these systems have received FDA approval (e.g. 51 and 53).
Recent advances have tended to utilize newer additions to the macro-
cyclic family such as aza-containingmacrocycles, cucurbit[n]urils (n = 7
or 8), Schiff-bases and to a lesser extent calixarenes, see Chart 2. This is
likely to continue as synthetic methodologies improve and open-up new
pathways for the functionalization of such macrocycles. For example,
microwave technology and the use of solid support methodologies is
leading to new macrocycle libraries [191].

It is evident from the examples herein that in many cases, the
resulting macrocyclic/drug species were found to be better performing

than the parent drugs, exhibiting better drug resistance properties,
which has the potential to greatly improve treatments, whilst at the
same time restricting side effects. For example, in the case of host-guest
chemistry, calixarenes can increase the resistance of cisplatin to detox-
ification, whilst resulting host@guest complexes can exhibit stronger
anticancer activity. For cucurbiturils, binding constants for the host@-
guest complexes allow such systems to act as biomarkers. These systems
can also exhibit synergic PDT and chemotherapy effects. When
employed as scaffolds for radiolabels, many macrocycles not only allow
for good targeting, but also have impressive clearance rates.

Whilst there is great potential to employ both supramolecular and
coordination chemistry of macrocyclic chemistry as a medicinal tool,
current studies are mostly focusing on the systems that exploit the
properties of the cavities present. In particular, many different sized
cavities are available and these not only allow for drug selectivity, but
also provide environments that increase the drug stability. This com-
bined with the ability to functionalize the periphery of the macrocycle
leads to increased targeted delivery.

Given this is a multi-disciplinary area, the best approach to tackle
these health issues is to bring together groups with complementary
expertise in areas such as organic, inorganic and medicinal chemistry.
For example, our group has long-standing collaborations with organic
calixarene (Saga, Japan) [192] and cucurbituril chemists (Guizhou,
China) [193] and this has allowed us to utilize our coordination chem-
istry toolbox in the battle against a number of diseases. The field will
also grow as new macrocycles are developed [194,195], and their co-
ordination and/or supramolecular chemistry is explored.

Another future avenue, building on the lessons learned to-date,
would be to explore the coordination chemistry of those macrocycles
that have also received FDA approval or are currently in development.
For example, will metalation of the likes of Plexixafor (Fig. 67, left)
[196], Lorlatinib (Fig. 67, middle left) [197], Pacritinib (Fig. 67, middle
right) [198], Zotiraciclib (Fig. 66, middle left) [199], have a positive
impact on their performance or open-up their use for other treatments?
A list of FDA approved macrocyclic drugs over the time period 1941 to
2022 has recently been published by Kihlberg et al. [200], whilst
Kingwell has discussed the potential for macrocyclic drugs to push back
on the Rule of 5 [201].

Given the increased global efforts in drug development, another
important issue will be the adoption of positive regulation reforms/
policies in various countries, particularly those with large markets. One
example is provided by the National Medical Products Administration
(NMPA) in China, who have adopted a series of mid- and long-term

Chart 2. Breakdown of the macrocycles employed in the medicinal applica-
tions described in this review.
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development plans in order to stimulate domestic innovation (particu-
larly for radiopharmaceuticals) [202].

Moreover, as we enter the AI age, the global pace of medical research
is likely to increase yet further [203].
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