
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 8

/1
6/

20
24

 1
1:

33
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Recent advances
G
S
L
l
R
a
A
A
R
r
t
P
D

from Institute of Problems of Chem
lovka. The scope of her scienti
monomers and polymers on thei
carboxylates, coordination poly
composites, and nanomaterials. Sh
of Auburn University, USA (2001),
Poland (2002, 2011), Bremen Uni
University, Italy (2008), and Institu
materials CNR, Neapol, Italy (2011
Journal of Inorganic and Organom
(2016, Vol. 26, 6).

aLaboratory of Metallopolymers, The Institut

Academician Semenov Avenue 1, Chernogol

Federation. E-mail: dzhardim@icp.ac.ru
bMoscow Aviation Institute (National Researc

Moscow 125993, Russia. E-mail: f9_dec@m

Cite this: RSC Adv., 2019, 9, 37009

Received 24th August 2019
Accepted 6th November 2019

DOI: 10.1039/c9ra06678k

rsc.li/rsc-advances

This journal is © The Royal Society of C
in metallopolymer-based drug
delivery systems

Gulzhian I. Dzhardimalieva,ab Lev N. Rabinskiy,b Kamila A. Kydralievab

and Igor E. Uflyand c

Metallopolymers (MPs) or metal-containing polymers have shown great potential as new drug delivery

systems (DDSs) due to their unique properties, including universal architectures, composition, properties

and surface chemistry. Over the past few decades, the exponential growth of many new classes of MPs

that deal with these issues has been demonstrated. This review presents and assesses the recent

advances and challenges associated with using MPs as DDSs. Among the most widely used MPs for

these purposes, metal complexes based on synthetic and natural polymers, coordination polymers,

metal–organic frameworks, and metallodendrimers are distinguished. Particular attention is paid to the

stimulus- and multistimuli-responsive metallopolymer-based DDSs. Of considerable interest is the use of

MPs for combination therapy and multimodal systems. Finally, the problems and future prospects of

using metallopolymer-based DDSs are outlined. The bibliography includes articles published over the

past five years.
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1. Introduction

The administration of drugs is one of the main methods of
pharmaceutical and medicinal use.1 However, traditional direct
drug administration to patients is limited due to poor solubility,
undesirable side effects, limited cancer targeting, poor phar-
macokinetics and biodistribution, and rapid metabolization
and excretion.2,3 Despite the wide arsenal of drugs used in
medicine, one of the most important problems remains their
targeted delivery in order to increase the effectiveness of treat-
ment. Drug delivery is the most promising approach to solving
the problem of the safe transportation of a drug through the
body to achieve its target.4,5 Targeted drug delivery will solve
several problems: protect drugs from degradation and
unwanted interactions with biological molecules, increase the
selective absorption of drugs by tumor cells, monitor pharma-
cokinetics, and increase the bioavailability of drugs inside
tumor cells. Targeted delivery combined with controlled drug
release plays a key role in the future of personalized medicine.
Key features of the drug delivery system (DDSs) include the
following three indicators: effective drug encapsulation,
successful delivery of these drugs to the target area of the body,
and successful drug release there. Drugs equipped with
a delivery system have several advantages compared to free
drugs: they increase the solubility of hydrophobic drugs,
improve their penetration into cells, improve pharmacoki-
netics, and many drugs have the ability to overcome membrane
and blood–brain barriers.

DDS includes two main components: a carrier and a drug,
and its optimal properties are controlled by careful selection of
these components.6 To date, numerous DDSs have been created
that can reduce side effects and increase therapeutic efficacy.7–9

Thus, a variety of inorganic materials were used, including
carbon (nanotube, nanodiamond, graphene),10,11 magnetic
nanoparticles (NPs) of iron oxide,12,13 mesoporous silica nano-
particles (MSNPs),14,15 gold (gold nanorod, nanocage, and
NP),16,17 and rare earth upconversion nanoparticles.18,19 Among
Kamila Kydralieva, D. Sc.
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DDSs based on organic materials, we note liposomes20,21 and
lipid particles.22,23 Although some of these DDSs showed
promising results and a number of formulations were approved
for use in the clinic, the problem remains unresolved. In
addition, all DDSs have their own limitations in bio-application,
for example, liposomes usually suffer from low loads, and
inorganic porous materials have undesirable toxicity and high
degradability.

In recent years, researchers' attention to polymers-based
DDSs has grown signicantly due to their exibility, the diver-
sity of polymers in terms of composition and properties, their
easy functionalization, and the possibility of smart behavior in
response to environmental stimuli.24,25 Due to the difference of
several orders of magnitude between the size of polymeric
materials and the size of, for example, cancer cells, polymeric
materials are ideally suited as in vivo DDSs.26–33 Three different
methods for producing polymer-based DDSs have been devel-
oped: (1) physical encapsulation, (2) complexation of drugs with
donor atoms of the polymer chains, and (3) conjugation of
drugs with a polymeric carrier via a linker (polymeric prodrug).
The undoubted advantage of the latter method is the delay in
the release and even the trigger of the release when the DDS
reaches its target.

Metallopolymers (MPs) or metal-containing polymers are
one of the main classes of polymers discovered in the 20th
century.34–41 Various locations of metal centers frommain group
metals to transition metals and lanthanides relative to the
polymer backbone were described by Wolf as Type I, Type II or
Type III (Fig. 1), in which the metal center is either tethered to
the polymer backbone by an organic linker, either covalently
coupled to the backbone, or directly included in the polymer
backbone, respectively.42,43 As a further subdivision, MPs are
linear, highly branched, or dendritic. The bonds of metals with
the polymer are covalent, which leads to essentially irreversible
or ‘static’ binding, or noncovalent, which could allow poten-
tially reversible ‘dynamic’ binding.
Prof. Igor E. Uyand, Dr Sci.
(Chem.) is the Head of Chem-
istry Department, Southern
Federal University, Rostov-on-
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Fig. 1 Structural representations of Wolf Type I–III metallopolymers.
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Characteristic features, allowing reliably identify MPs as
particular class of chemical compounds, is the presence of the
polymeric chain (organic, inorganic, hybrid or biological
nature) and metal centers. Their properties can be adjusted by
changing the interaction strength of metal centers with the
polymer backbone.44–48 MPs are highly interesting materials
with properties combining the technological advantages of
polymers with the functionality of metal centers, therefore,
these compounds have outstanding potential for use in a broad
range of advanced sustainable applications including func-
tional materials,49–55 catalysis and biocatalysis,56–63 electro-
active,64 photoactive,65–70 conducting71 and magnetic45

materials, as well as environment72 and nanomaterials
science.73–80
Fig. 2 Classification of the methods for the synthesis of metallopolyme

This journal is © The Royal Society of Chemistry 2019
MPs have been known for a long time but have recently
become the subject of large development. Over the years, the
development of MP chemistry has been hampered by the lack of
readily available synthesis techniques, difficulties in purifying
the end products and convincing methods of their identica-
tion. In the early 1990s, a signicant breakthrough was made in
the development of new synthetic approaches (for example,
polycondensation, ring-opening polymerization, electro-
polymerization, living ionic polymerization, controlled radical
polymerization) and expanded access to characterization tools
(for example, MALDI-TOF, ESI-MS, XPS, electron microscopy,
spatially resolved optical spectroscopy), which allowed the
production of metal-containing polymer materials with a well-
dened spatial architectures.81 A variety of protocols for the
rs of Type I and II.
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Fig. 3 The main strategies and approaches, synthetic methodologies and post-synthetic transformations of coordination polymers.

Fig. 4 The main types of metallopolymers-based DDSs, as well as use MPs as stimuli- and multistimuli-responsive DDSs, for combination
therapy and as multimodal systems.

Fig. 5 (left) HT1080 tumor growth profile during treatment; (right) pie chart showing the distribution of nuclear DOX accumulation in orthotopic
ovarian tumors and key organs associated with toxicity [reprinted from ref. 141 under a Creative Commons Attribution 4.0 International License].

37012 | RSC Adv., 2019, 9, 37009–37051 This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Antiproliferative activity of free organoiridium complex, drug-
bearing polymer and drug-bearing conjugate in A2780 (cancer, dark)
and HOF (healthy, light) ovarian cells. **p < 0.01, ***p < 0.001
[reprinted with permission from ref. 142. Copyright 2018 American
Chemical Society].
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synthesis of MPs of Type I and II were established by developing
new synthetic approaches that are compatible with the presence
of metal centers (Fig. 2).34,82–94

Coordination polymers (CPs) relate to MPs of Type III con-
taining metal in the main chain, whose special feature is
breaking of a polymer chain aer a metal is removed. Because
Fig. 7 Pt(IV) drugs as crosslinking agents of NPs. Self-assembly of bis(mPE
ref. 143. Copyright 2015, American Chemical Society].

This journal is © The Royal Society of Chemistry 2019
they contain large voids in the crystal structure, they were called
porous coordination polymers or metal–organic frameworks
(MOFs). Over the last decade, MOFs have received a great deal of
interest in materials science due to their excellent material
properties such as high surface area, porosity, high chemical
and thermal stability, luminescence, high sorptive capacity, and
potential use in a wide range of applications.95–106 To date,
around 20 000 MOFs have been produced for a range of appli-
cations with different combinations of metal nodes and organic
linkers. To date, a wide variety of strategies and approaches to
the design of coordination polymers have been developed
(Fig. 3).107–113

Already early pioneer work showed a high potential of MPs in
biomedical applications. The construction of MPs is a new
strategy for signicantly increase the effectiveness of biomed-
ical materials, in particular, to address current issues of tradi-
tional methods of treatment and prophylactics.48,114–132 Research
on MPs in the biomedical eld is impressive. Materials scien-
tists are designing MPs as innovative solutions to improve the
effectiveness of DDSs. Combined with the a rich and ever-
growing array of ligands and synthesis methods for varieties
of the metals, these compounds have outstanding potential for
use in a wide variety of DDSs.

To the best of our knowledge, there is no general informa-
tion on the use of metallopolymers as DDSs. The present review
aims to describe the latest advances (over the last 5 years) in the
G-b-PLA)-Pt(IV) conjugates in micelles [reprinted with permission from

RSC Adv., 2019, 9, 37009–37051 | 37013
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Fig. 8 (A) The chemical structure of the Pt(II)-NLS hybrid. (B) Viability
of platinum-sensitive (left) and resistant (right) cells after 72 h incu-
bation with Pt(II)-NLS hybrid and controls. *Each column represents
themean and standard deviation ofN¼ 3 and p < 0.005 [reprintedwith
permission from ref. 147. Copyright 2018, American Chemical Society].
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eld of metallopolymers-based DDSs. The review will mainly
discuss the main types of metallopolymers-based DDSs, as well
as use MPs as stimuli- and multistimuli-responsive DDSs, for
combination therapy and as multimodal systems (Fig. 4). We
are not trying to give an exhaustive analysis of the entire array of
experimental data to date. The main focus will be paid to the
main directions of modern research in this interesting eld.
Fig. 9 (left) Pt(II)-linker re-bridges the antibody chains with a strong Pt–S
vivo efficacy in animals treated with Ctx–Pt–PEG–CPT (Ctx is cetuxima
volume compared with the control group (P < 0.016), with TGI of 55%
Chemistry].

37014 | RSC Adv., 2019, 9, 37009–37051
2. The main types of
metallopolymers-based drug delivery
systems

The use of MPs as DDSs attracts considerable attention due to
their unique tailorable structures and physicochemical prop-
erties, namely, given spatial organization, in many cases
nanoscale size, abundant exterior or interior functionalities and
universal structural control. In this section, the discussed main
types of metallopolymers-based DDSs involve metal complexes
based on synthetic and natural polymers, coordination poly-
mers, MOFs and metallodendrimers.

2.1 Metal-containing synthetic polymers

In recent years, more and more attention has been paid to the
use of synthetic polymers for the creation of metallopolymers-
based DDSs. These DDSs include linear or branched polymer
chain that works either as the bioactive molecule, e.g., poly-
meric drug or as the inert carrier to which a drug can be cova-
lently linked. A wide variety of synthetic polymers have been
used as carriers for metallodrugs, especially biodegradable
synthetic polymers, which mainly include polyesters, poly-
peptides and recombinant protein-based polymers. Typically,
two different approaches are used to attach these metallodrugs
to polymers: using polymers as a stable ligand for metallodrugs
or the use of polymers as a leaving group of a metallodrug. At
the same time, due to the lack of sufficient hydrophobicity or
hydrophilicity, MPs are usually not good candidates for encap-
sulating organic drug.

As a typical example, we note the use of polymeric “ruthe-
nium-cyclopentadienyl” conjugates bearing an organometallic
fragment and polylactide chains as potential anti-cancer agents
with proven cytotoxic activity133,134 and adequate aqueous
stability.134 In another interesting example, a poly(L-glutamic
acid)-gra-methoxy poly(ethylene glycol) (PGA-g-mPEG) has
been proposed as a has been for inclusion of cisplatin.135,136 The
resulting complex showed prolonged blood circulation time
interaction, giving stability, homogeneity and site-specificity. (right) In
b and CPT is camptothecin) showed significant differences in tumor
[reprinted from ref. 148 with permission from The Royal Society of

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Synthetic pathways to the HA-EDA–Pt(IV) nanoconjugate, HA-
EDA–Pt(IV)–TRITC, and HA-EDA–Pt(IV)–Cy7, SE [reprinted from ref. 151
with permission from The Royal Society of Chemistry].
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and excellent tumor accumulation. In particular, its plasma
area-under-curve (AUC) was 31 times higher than that of free
cisplatin, and its AUC in Lewis lung carcinoma tumors was 9.4
times higher.
Fig. 11 Preparation and characterization of CP-1/siRNAs. (A) Schematic
siRNAs in the lipid shell. (B) Transmission electron microscopy (TEM) im
structure. Bar ¼ 100 nm. (C) siRNA release from CP-1/siRNAs in the pre
serum of CP-1/siRNAs compared to free siRNA and DSPE-siRNA conju
untreated siRNA marker [reprinted with permission from ref. 154. Copyr

Fig. 12 (left) Schematic of CP-Carbo/GMP. (right) TGI in vivo. Carbo (d
10mg kg�1 and 4.6 mg kg�1) were administered on days 0, 3, and 6 [reprin
Society].

This journal is © The Royal Society of Chemistry 2019
Promising DDSs are metallopolymers based on polymer
micelles.137,138 In particular, covalent attachment of a drug
directly to a micelle is of interest to avoid its premature release
in the circulation. So, poly(ethylene glycol)-block-PGA (PEG-b-
PGA) was used as leaving group of the Pt(II) drugs of cisplatin
and oxaliplatin.139 These MPs showed especially high in vivo
micellar stability, reduced nephrotoxicity, increased accumu-
lation in neoplastic tissues and reached a level of efficacy
comparable to cisplatin. It should also be noted the use of
polymer micelles for the delivery of Pt(II) and Ru(II) complexes to
cancer cells.140

Palladium catalysts were used to catalyze intracellular reac-
tions by uncaging various model prodrugs, including the
doxorubicin (DOX) prodrug (pro-DOX), for the effective tumor
treatment in vivo.141 The Pd(II) catalysts were encapsulated in the
micellar core of diblock amphiphilic copolymers poly(lactic
acid-co-glycolic acid) (PLGA)-PEG, which were intravenously
delivered to various tumor cell models using the enhanced
permeability and retention (EPR) effect. In tumor cells,
representation of CP-1/siRNAs carrying cisplatin in the solid core and
age of CP-1/siRNAs showing the spherical and monodispersed nano-
sence or absence of reducing agents. (D) Improved siRNA stability in
gate as evaluated by electrophoresis (2% agarose gel). “M” stands for
ight 2016, American Chemical Society].

ose, 10 mg kg�1) and GMP (4.6 mg kg�1) and CP-Carbo/GMP (doses,
ted with permission from ref. 155. Copyright 2016, American Chemical

RSC Adv., 2019, 9, 37009–37051 | 37015
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Fig. 13 Scheme illustrating the one-pot synthesis of PEGylated
nanoscale CPs and their use for tumor microenvironment (TME)-
responsive anticancer therapy [reprinted with permission from ref. 156.
Copyright 2018, Elsevier].
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delivered Pd(II) into micelles can catalyze the cleavage of the
alloc group to uncage the pro-DOX to initiate regression of
tumor growth and apoptosis (Fig. 5).

Self-assembling cyclic peptides were conjugated to
a biocompatible polymer poly(2-hydroxypropyl meth-
acrylamide) and functionalized using highly potent candidate
organoiridium anticancer complexes.142 The antiproliferative
activity of the three compounds (free drug, loaded onto the
polymer, and the conjugate) was determined against human
ovarian broblasts (HOF), a model for healthy, non-cancerous
cells, and compared to that against A2780 ovarian cancer cells
(Fig. 6). It turned out that drug-loaded nanotubes showed
comparable or increased toxicity towards human ovarian cancer
cells compared to free drug. It is important that the drug-
bearing conjugates do not increase the uptake of iridium, but
rather demonstrate a more effective mode of action.

The acid-responsive design of the Pt(IV) prodrug conjugates
and the hydrophobic segment of the mPEG-b-PLA diblock
copolymer, where PLA is a poly(lactic acid), helps to stabilize
blood circulation, while also triggering the release of the drug
into acidic endolysomal compartments (Fig. 7).143

A localized dual-drug delivery device was developed by
simultaneously incorporating the Pt(IV) prodrug backboned
micelles and dichloroacetate into the poly(vinyl alcohol) nano-
bers.144 It should also be noted the type of metallodrug, which
is based on the Pt(IV) prodrug self-cross-linked nanostructure
with extremely high cisplatin loading efficiency.145

It should be noted that metal complexes based on synthetic
polymers have several advantages as DDS, such as easier
synthesis of large quantities, insignicant batch-to-batch
differences, and countless possibilities for post-synthetic
modications to achieve the desired properties. In addition,
they focus on: increasing the solubility and stability of the drug,
optimizing the dosage of the drug, protecting the drug from
physical or chemical degradation, increasing the bioavailability,
improving the pharmacokinetic behavior of the drug, reducing
the duration of treatment, ensuring controlled release of the
drug, reducing toxicity to tissue health and transporting the
drug to the specic target sites.

However, when using DDS based on metal complexes with
synthetic polymers, there are a number of serious drawbacks.
For example, all types of synthetic polymers have some level of
heterogeneity, since each MP molecule differs depending on
molecular weight, drug loading and subsequent conformation.
In addition, the difficulties in synthesis and characterization
increase as MPs become more complex (i.e., multifunctional
nanomedicines). Proven methods for physico-chemical char-
acterization should also be established to certify the quality of
the reproducible product. There is still an under-assessed
problem with the possible toxicity and side effects of the
metallopolymers-based DDSs. Although they can be biode-
gradable, their degradation rate must be analyzed and toxicity
proles evaluated in various in vitro, ex vivo and in vivo models.
The development and application of strict safety rules is
necessary to create an effective and safe dosage form.
37016 | RSC Adv., 2019, 9, 37009–37051
2.2 Metal-containing natural polymers

Natural biomacromolecules, such as proteins and peptides, are
promising carriers for small metallodrug molecules due to their
inherent biodegradability, biocompatibility, low toxicity and
high solubility in water. It is also important that biological
metallodrug carriers can recognize tumor markers overex-
pressed by cancer cells, which is easily used in targeted treat-
ment methods. Finally, peptides and proteins are easy to
manufacture and stable, which is oen difficult for synthetic
NPs.146

For example, the SV40 large T antigen-derived PKKKRKV
peptide known as the nuclear localization sequence (NLS)
peptide was used as a Pt(II) drug delivery vehicle (Fig. 8A).147 The
construct efficiently translocated across the cellular membrane
(Fig. 8B) and delivers platinum to the nucleus. The hybrid
showed high biological activity in ovarian cancer cell lines,
overcoming resistance to platinum, which may be associated
with a higher Pt(II) content in the resistant cells. Quantitative
determination of Pt(II) in the nucleus from two isogenic A2780
(Pt sensitive) and CP70 (Pt resistant) cells showed that in the
rst cells, one Pt(II) was attached to every 20th turn of DNA,
while in the second cells every 10th turn.

Of interest are antibody drug conjugates (ADCs) with met-
allodrugs in which a Pt(II)-based linker can re-bridge interchain
cysteines in an antibody (Fig. 9, le).148 ADC-Pt(II) constructs are
more stable than conventional ADCs connected via maleimide-
based chemistry, which reduces drug metabolism with blood
serum albumin and off-target toxicity. ADC-Pt(II) is highly toxic
in vitro, and in vivo studies using the A549 non-small cell lung
cancer model showed marked tumor growth inhibition (TGI)
with �80% of apoptotic cells in tumor sections (Fig. 9, right).

Natural polymers used in DDSs also include polysaccharides
(agarose, hyaluronic acid (HA),149 alginate, carrageenan, etc.)
and protein-based polymers (collagen, albumin, gelatin, etc.). In
particular, HA is a polyanionic polysaccharide that can be used
This journal is © The Royal Society of Chemistry 2019
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Fig. 14 Multivariate MOFs with various linker ratios present a series of continuous energy states fromwhich guest release kinetics can be dialed-
in over a wide range [reprinted with permission from ref. 171. Copyright 2017, American Chemical Society].
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both as DDS and as a target motif for drug delivery.150 Thus, the
HA-Pt(IV) conjugate was obtained by attaching Pt(IV) prodrugs to
ethylenediamine (EDA)-modied HA (Fig. 10) via a succinamide
bond (HA-EDA-Pt(IV)). This complex was additionally labeled
with uorescent dyes for bio-imaging. The nanoconjugates
accumulated in the tumor tissue and were selectively up taken
by the tumor cells, which led to a decrease in systemic toxicity
and prolongation of animal survival.151

A cisplatin templated hyaluronan-nanogel with targeting
ability has been developed.152 In the same way, cisplatin-bearing
chondroitin sulfate-nanogels were obtained, which were then
incorporated into pH- and temperature-responsive bio-
resorbable PEG-poly(b-aminoester urethane) hydrogels for the
cancer cell-specic delivery of cisplatin.153

DDSs based on metal complexes with natural polymers have
several advantages that allow you to control the release of drugs,
avoid the use of hazardous organic solvents in the manufacture
of samples, improve the pharmacokinetics and increase the
biodistribution of therapeutic agents in target organs, which
leads to increased efficiency, including a non-invasive drug
delivery method. In addition, they have a wide molecular weight
distribution, a variety of viscoelastic properties, biocompati-
bility, phase transition characteristics and an acceptable taste.
Apart from advantages of DDSs based on metal complexes with
natural polymers they have some disadvantages, for example,
microbial contamination during production due to their
natural sources, heavy metal contamination which is oen
associated with plant polymers, differences from batch to batch
This journal is © The Royal Society of Chemistry 2019
as a result of difference of resources and resource regions, slow
production process, etc. These deciencies depend on the
environment and many other factors, and potential impurities
can lead to unwanted immune reactions.
2.3 Coordination polymers

A signicant number of studies are devoted to the use of coor-
dination polymers as DDSs. As an example, we note long-
circulating core–shell CPs, which effectively deliver multiple
drugs with various mechanisms of action to enhance the
synergistic therapeutic effects (Fig. 11).154 These CP particles
contain high payloads of drugs cisplatin or cisplatin plus
gemcitabine (GEM) in the core and pooled siRNAs that target
multidrug resistant (MDR) genes in the shell. Even at low doses,
intraperitoneal injections of NPs led to effective and prolonged
tumor regression/eradication in subcutaneous and intraperito-
neal xenogra mouse models of cisplatin-resistant ovarian
cancer (OCa).

The use of a core–shell nanoscale metallopolymer CP-Carbo/
GMP, where Carbo is carboplatin and GMP is gemcitabine
monophosphate, allows the delivery of high loads of Carbo (28.0
� 2.6 wt%) and GMP (8.6 � 1.5 wt%) (Fig. 12).155 A strong
synergistic effect was observed between Carbo and GMP in
relation to platinum-resistant OCa cells, SKOV-3 and A2780/
CDPP, in vitro. In addition, the use of this DDS led to an
increase in the blood circulation half-life (11.8 � 4.8 h) and
improved tumor uptake of drugs (10.2 � 4.4% ID g�1 at 24 h),
RSC Adv., 2019, 9, 37009–37051 | 37017
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Scheme 1 Synthesis of ferrocenyl-derived heterometallic metallodendrimers [1][PF6]4–[8][PF6]8 [reprinted from ref. 191 with permission from
The Royal Society of Chemistry].
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resulting in 71% regression and 80% TGI of SKOV-3 and A2780/
CDDP tumors, respectively.

PEG-modied CPs obtained by adding a polyhistidine
(pHis)-PEG copolymer to a mixture of metal ions and organic
ligands exhibit effective passive accumulation in the tumor, in
which a reduced pH (about 6.5) will trigger charge conversion
and size expansion to enhance their tumor retention and cell
internationalization (Fig. 13).156 Aer cellular uptake of CPs in
cell endo-/lysosomes, a further decrease in pH leads to the
decomposition of these CPs and, consequently, to the release of
the drug. Chemotherapy using CPs in an animal tumor model
showed great efficacy at low doses of the drug and is especially
effective against solid tumors with a reduced pH.

Zinc CPs with the drug ibuprofen as a ligand have a high
drug content and exhibit high stability, low cytotoxicity, good
biodegradability and high biocompatibility.157 For the delivery
of small-molecule chemotherapeutic agents, such as 5-uoro-
uracil (5-FU), one-dimensional (1D) zinc CP based on benzene-
1,3,5-tricarboxylic acid (trimesic acid) was used.158 The 5-FU-
loaded CP exhibited a time-dependent cytotoxicity effect
against breast cancer cell lines MCF-7 and 4T1. The intratumor
treatment with 5-FU-loaded CP showed favorable antitumor
efficacy by inhibiting tumor growth.

Particular attention is drawn to nanoscale CPs that overcome
many of the drawbacks of existing DDSs due to varying
compositions, sizes and shapes, high drug loading, ease of
surface modication and intrinsic biodegradability.111 CPs, as
an alternative to other nanocarriers, have many advantages due
to the nature of the coordination polymer, such as high
adaptability and diversity. In addition, CPs can combine the
advantages of both organic polymer nanoparticles, such as
compositional variability, biodegradability and high drug
loading, and those of inorganic nanoparticles, such as well-
dened particle morphologies and ease of surface functionali-
zation, to create a completely new drug delivery platform.
37018 | RSC Adv., 2019, 9, 37009–37051
2.4 Metal–organic frameworks

Over the past few years, MOFs with high surface area, large pore
volume, and tunable composition have attracted much atten-
tion from researchers as DDSs.159–169 For example, MOFs were
functionalized with lipid bilayers for exible encapsulation of
drug molecules in the MOF cavities and used for smart drug
delivery.170 Multivariate MOFs, in which multiple functional
groups can be introduced into a single MOF crystal without
changing the underlying topology, are of interest as DDDs for
studying the interaction between MOF pores and drug mole-
cules.171 In particular, a multivariate strategy provides access to
a continuum of energy states that correspond to existing
discrete energy levels specied by pristine MOFs, thereby
adjusting the release prole of guest molecules accurately and
over a wide range (Fig. 14).

MOF nanoparticles can be incorporated into exosomes to
efficiently load and seal drugs and facilitate drug release
through endogenous exosomal release and degradation of
MOFs in the body.172 In addition, the resulting particles can be
successfully loaded with one or several drugs, which makes
liposome-coated MOF NPs interesting candidates for combi-
nation therapy.173 It is of interest to use MOFs as carriers for the
delivery of chemotherapeutic drugs for the cancer therapy, such
as 5-FU, DOX, CPT, platinum drugs and methotrexate
(MTX).165,166,174–178 Thus, 5-FU-loaded MOFs exhibit excellent
anticancer activity against human spinal cord tumor cells.179

DOX-loaded nano-sized MOFs (UiO-68) were modied with folic
acid (FA) as a targeting agent and were used to effectively treat
hepatoma by intravenous injection. Importantly, nanoscale
MOFs have much higher anticancer efficacy in in vivo studies.180

The zeolite imidazolate framework (ZIF-8) has been used as
biocompatible MOFs for co-delivery of an anticancer drug
(DOX) and a P-glycoprotein inhibitor of verapamil hydrochlo-
ride (VER) to overcome MDR and deliver an active targeting
drug. The resulting design was further modied by PEG-FA to
This journal is © The Royal Society of Chemistry 2019
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Fig. 15 Schematic representation of the synthetic procedures of the P@ZIF-8 nanocomposites as a DDS for the loading and multi-responsive
release of DOX. HMeIM: 2-methylimidazolate [reprinted with permission from ref. 198. Copyright 2017, John Wiley and Sons].
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obtain better stability and active targeting ability. In particular,
the multifunctional nanoplatform of PEG-FA/DOX-VER/ZIF-8
can efficiently overcome MDR in in vitro studies.181 Hollow
MOFs microspheres with MOFs shells with inherent pores as
windows and deep submicron-scale cavities were made in
combination with FA on the surface of the microsphere as the
targeting agent, which is a promising DDS for the cancer
treatment.182

In addition, MOFs-based nanocomposites with gold nano-
clusters were used to real-time monitor drug release through its
external porosity and pH-dependent luminescence. Composites
demonstrated good biocompatibility and high luminescence
for potential use in the cancer treatment.183

The superior properties of MOFs, such as distinct pore
aperture, customizable composition and structure, adjustable
size, versatile functionality, high drug loading, and improved
biocompatibility, have made them promising candidates as
DDSs. However, an important task is the manufacture of
universal nontoxic or low-toxic and good biocompatible MOFs
to ensure prolonged blood circulation and to ensure that
degradation products can be processed through the body's
metabolic system. In addition, systematic in vivo studies are
needed to optimize MOF performance before clinical use.

2.5 Metallodendrimers

In recent years, a variety of multifunctional metallodendrimer
systems has been used as DDSs.183 In particular, the inclusion of
metallodrugs in dendritic frameworks can increase the activity
and selectivity of these drugs. Indeed, metallodendrimers can
combine the anticancer potential of metallodrugs with the
features of dendrimers as nanocarriers and have been described
as having promising cytotoxicity with respect to various cancer
cell lines. Metallodendrimers, apparently, act according to
This journal is © The Royal Society of Chemistry 2019
a different mechanism of action compared to native metal-
lodrugs, opening up new opportunities for searching for
improved anti-cancer agents.184

Among the various dendrimers, polyamidoamine (PAMAM)
dendrimers modied with PEG that are non-toxic, biocompat-
ible, and non-immune reactions are most noteworthy.185

PEGylation of the dendrimer may provide more benets, such
as good transfection efficiency, tumor localization, better
bioavailability, biodistribution, and pharmacokinetics. In the
case of drug delivery efficiency, the amount of dendrimer
generation is a major factor and can be well controlled. In
addition, PAMAM dendrimers are soluble in aqueous solutions,
have a large number of surface groups and a unique structure;
thus, they are considered as a promising delivery system. The
cytotoxicity of PEGylated G4 PAMAM dendrimer with physically
incorporated Carbo on L929 broblasts demonstrated that the
PEGylation of G4 can eliminate the toxicity caused by the amino
groups of G4.186 The results of resazurin test and live/dead assay
showed that the killing effect of G4-PEG@Carbo on three
representative cells was achieved and increased aer increasing
the concentration of Carbo.

Ru(II) metallodendrimers containing arene fragments were
evaluated as an antitumor nanotherapy against resistant pros-
tate cancer.187,188 Promising cytotoxic, antiproliferative and
antimetastatic behavior was observed. In particular, aer
treatment with these nanocompounds, the tumor volume of the
mouse was signicantly reduced compared with untreated
animals. In addition, carbosilane metallodendrimers based on
arene Ru(II) complexes showed relevant in vitro cytotoxic activity
against a number of cisplatin-resistant cancer cell lines in the
low micromolar range and low hemotoxicity.189 In general,
dendritic polymers showed stronger cytotoxicity than their
mononuclear analogues, which emphasizes the effect of the
RSC Adv., 2019, 9, 37009–37051 | 37019
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Fig. 16 Human transport protein carrier for the controlled photo-
activation of an antitumor prodrug and real-time imaging of an
intracellular tumor [reprinted with permission from ref. 210. Copyright
2015, American Chemical Society].
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dendritic structure on antitumor activity. Interestingly, the G1
metallodendrimers have signicant inhibitory properties
against cathepsin-B, the protease is overexpressed in invasive
and metastatic processes. Low generation dendrimers modied
with an organometallic compound of Ru(II) showed high bio-
logical activity in vitro against various cancer cell lines, such as
Caco-2 (colon adenocarcinoma), CAL-72 (osteocarcoma), and
MCF-7 (breast cancer).190 Diaminobutane (DAB) dendrimers
containing Ru(II)-p-cymene, Ru(II)-hexamethylbenzene, Rh(III)-
cyclopentadienyl, and Ir(III)-cyclopentadienyl fragments exhibi-
ted cytotoxicity, but the most pronounced effects were observed
for the ferrocenyl-derived Ru(II)-hexamethylbenzene metal-
lodendrimer (Scheme 1).191 It is important to note that all
metallodendrimers showed lower cytotoxicity towards non-
cancerous cells.
Fig. 17 Attachment of trans-Pt(IV) to the mPEG114-b-PCL20-PLL10 cop
micelles (M(Pt)). After UVA irradiation, Pt(IV) prodrugs are rapidly reduced
Royal Society of Chemistry].

37020 | RSC Adv., 2019, 9, 37009–37051
Hyperbranched polyglycerol (hPG) was used as a multivalent
framework to develop nanocarriers capable of high-affinity
encapsulating copper for treatment of various pathological
conditions associated with Cu-deciency.192 Cu-binding
domains were attached exclusively in the hPG core by selec-
tive differentiation between the primary and secondary hydroxyl
groups of the polyol. These Cu-containing nanocomplexes
showed a moderate cationic surface charge, which led to
controlled protein binding characteristics and a low cellular
toxicity prole.

Macromolecular, multivalent, Cu-encapsulating nanocarrier
platforms based on hPG have been developed for therapeutic
use.193 Copper-containing hPG with EDA fragments can cross
the articial blood–brain barrier (BBB). Cu(II)-renal NPs crossed
the BBB model twice as effectively as 14C-sucrose and sodium
uorescein, and up to 60 times better than Evans Blue-labeled
albumin. The NP core–shell design allowed the formation of
the Cu(II) complex in the outer shell and, therefore, facilitated
the pH-dependent release of Cu in contrast to core-multishell
NPs, where Cu(II) ions are encapsulated in the core. In addi-
tion, Cu can also be released intracellularly from NPs and is
available for biological processes.

Thus, the range of MPs used as DDSs is quite wide and is not
limited to the examples given here. A huge selection of MPs with
a wide arsenal of synthetic methods for their preparation, the
simplicity of many formulations, scalability and an acceptable
price/quality ratio provide a methodological platform to
creating promising DDSs based on them. In particular, one
promising area is the use of bioactive motifs (cations, organic
ligands, or both) as building blocks for constructing metal
biomolecule frameworks (also known as bioMOFs).194 For
example, biomolecules, such as amino acids, peptides, and
nucleic bases, as well as biocompatible metal cations (Fe, Zn,
and Cu), were used as ligands in the construction of this MOF
subclass.195,196 A variety of hybrid materials, such as bio-
polymer@MOFs, are also of considerable interest.197 It should
olymer and self-assembly of the polymer-trans Pt(IV) conjugate into
to Pt(II) and released [reprinted from ref. 214 with permission from The

This journal is © The Royal Society of Chemistry 2019
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Fig. 18 Schematic representation of (a) the anticancer mechanism of photo-responsive Pt(IV)-azide complexes and (b) self-assembly and
light-triggered dissociation of simultaneously photo-cleavable and activatable (SPCA) prodrug-backboned BCP micelle [reprinted with
permission from ref. 215. Copyright 2016, John Wiley and Sons].

Fig. 19 Encapsulation of RhB after the incubation with NCs after the UV-light irradiation and variations in the fluorescence intensity at 585 nm for
three sequential encapsulation/release cycles [reprinted with permission from ref. 219. Copyright 2016, Springer Nature].
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be noted the use of MPs whose polymeric chains include non-
traditional heteroatoms, for example, selenium. Thus,
selenium-containing polymer (P) micelles were obtained with
the drug encapsulated in MOFs (Fig. 15).198 In the presence of
external redox agents and pH stimuli, the prepared nano-
composite (P@ZIF-8) drug system showed DOX release ability
and good selectivity in DOX release at low pH instead of normal
pH.

Dendrimer-based DDSs and dendrimers as drugs alone are
the two main therapeutic applications of dendrimers.199 A
number of signicant advantages of dendrimers in drug
delivery should be noted:200–204 three-dimensional architecture,
This journal is © The Royal Society of Chemistry 2019
high biocompatibility, good solubility in water, biomimicry,
controlled sizes, monodispersity, easy modication, reducing
the toxicity of the drug itself, extending the route of adminis-
tration, improvement of the disease outcomes of drugs,
improvement of the pharmacokinetic/pharmacodynamic
prole of drugs, etc. Dendrimers are excellent nanocarriers for
various cargoes, such as drugs and metallodrugs, increasing the
selectivity, specicity, stability and biological activity of
drugs.205 Interaction of a dendrimer with a drug or drug loading
can be achieved in several ways: (1) encapsulation inside the
dendrimer; (2) electrostatic encapsulation; (3) covalent conju-
gation. Currently, interest in metallodrug-dendrimer
RSC Adv., 2019, 9, 37009–37051 | 37021
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Fig. 20 Preparation of PFcMA-containing NCs by sequential starved-feed emulsion polymerization and subsequent extraction (a) and loading
malachite green as a model drug (d). Cryo-TEM images of PFcMA capsules (b) and oxidized PFcMA capsules (c) [reprinted with permission from
ref. 223. Copyright 2016, John Wiley and Sons].

Fig. 21 Release kinetics of RhB from Fc-containing amphiphilic BCP.
The fluorescence intensity of the oxidized vesicles increases with time,
indicating a redox release of RhB [reprinted from ref. 224 with
permission from The Royal Society of Chemistry].
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conjugates and encapsulation of metallodrugs in dendrimers
has increased signicantly, in particular with the aim of
reducing toxicity, increasing bioavailability and overcoming
resistance. It should be noted that an undeniable advantage of
metallodendrimers as DDSs is the possibility of their func-
tionalization by varied ligands to achieve tumor tissue through
various body barriers in the body withminimal loss of activity in
the bloodstream. In addition, they have the ability to selectively
kill tumor cells without affecting normal cells, and, most
importantly, with an actively controlled release mechanism.
The disadvantages of metallodendrimers include insufficient
drug carrying capacity, biodegradability, toxicity, characteristics
of biodistribution and favorable retention with appropriate
specicity and bioavailability.

3. Stimuli-responsive
metallopolymers-based drug delivery
systems

Recently, interest in stimuli-responsive polymers has increased
signicantly, especially in their applications as DDSs.24,25,206 In
the eld of DDSs, stimuli-responsive polymers have attracted
great attention due to their unique properties, including the
enhanced solubility of the drug molecules, the EPR effect, and
most importantly, the effective control of chemical and physical
characteristics with respect to the eld of applications. Over the
past two decades, a variety of metallopolymers-based DDSs has
been produced that respond to therapeutic stimuli, such as
redox, pH, enzyme, light, temperature, etc.98,207 They are divided
into three main categories based on the nature of the stimuli,
37022 | RSC Adv., 2019, 9, 37009–37051
namely: endo-stimuli-responsive DDSs, exo-stimuli-responsive
DDSs, and dual-stimuli-responsive DDSs.
3.1 Photo-responsive DDSs

Among the many external stimuli, the light trigger strategy
attracts more and more attention due to its usefulness for on-
demand therapy in well-dened sites that arise due to the
non-invasive and spatiotemporal exact mode of action aer
light irradiation. As an example, we note the integration of CO-
releasing complexes and polymers as one of the promising
This journal is © The Royal Society of Chemistry 2019
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Fig. 22 (a) In vitro loading and release chart of a drug from PACMO95-b-PAEFc25 micelles when triggered by oxidative stimuli. Cumulative
release of PTX from PACMO95-b-PAEFC25 micelles triggered by various oxidizing agents (b) and different concentrations of H2O2 (c) [reprinted
with permission from ref. 225. Copyright 2017, American Chemical Society].

Fig. 23 Schematic cross-linking of PVFc-b-PEG micelles and its effect on the stabilization of encapsulated NR. (a) UV-vis measurement of the
release of encapsulated NR. Black: uncross-linked micelles, decrease of absorbance due to uncontrolled NR release. Green: cross-linked
micelles, no uncontrolled release: (I) no release through ultrasonication; (II) release after oxidation. (b) Scheme of the stage of crosslinking of
inserted allyl groups in the corona of PVFc cores. The reaction scheme for the dissociation of a radical photoinitiator into an active benzoyl
radical and an inactive acetal radical [reprinted with permission from ref. 226. Copyright 2016, American Chemical Society].
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strategies for achieving localized on-demand delivery of CO for
therapeutic purposes.208 In particular, a photoactive CO-
releasing protein composition has been developed for dose-
regulated delivery in living cells.209 Cellular uptake and light-
induced (e.g., 456 nm light) CO-releasing properties of this
protein cage activate nuclear factor-kB and tumor necrosis
factor an in mammalian cells.

In another interesting example, a human serum albumin
(HSA) protein-based nanocarrier was synthesized, which
combined the photoactivatable Pt(IV) antitumor prodrug for
controlled release and a uorescent light-up probe to evaluate
the effect and effectiveness of the drug (Fig. 16).210 This platform
is locally activated by UV irradiation to release active Pt species,
which led to increased cell death in both drug-sensitive A2780
and cisplatin-resistant A2780cis cell lines compared to free
prodrug molecules. Cytotoxicity leads to apoptosis by activation
of caspase 3, a typical programmed cell death protease, which
can be visualized using apoptosis-sensitive probes on the
platform.

It should be also noted cisplatin DDS with high encapsula-
tion efficiency (EE) and near-infrared (NIR) light stimuli-
This journal is © The Royal Society of Chemistry 2019
responsive drug release properties.211 Under the stimuli of
a NIR laser, the hydrophobic block of the polymer became more
hydrophilic, which led to the rapid release of cisplatin. Photo-
sensitive Pt(IV) prodrugs based on cisplatin and oxaliplatin
were developed.212 An example is the triblock polymer mPEG-b-
poly(3-caprolactone)-b-poly-L-lysine, mPEG114-b-PCL20-b-PLL10,
and the resulting the Pt(IV) drugs can be activated by UV irra-
diation to release toxic Pt(II) species (Fig. 17).213,214 These
photosensitive Pt(IV) nanoformulations exhibit sharply
increased cytotoxicity compared to clinically prescribed plat-
inum drugs, reaching 8 times greater cytotoxic activity than
cisplatin and 13 times higher than oxaliplatin. In addition, the
inclusion of prodrugs in nanoformulation improves blood
circulation; the half-life of a micelle in the blood exceeded
30 min, which is more than 10 times higher compared to
molecular prodrug.

A simultaneously photo-cleavable and activated prodrug-
backboned block copolymer (BCP) micelle was developed
using an anticancer prodrug, trans,trans,trans-[Pt(N3)2(-
OH)2(py)2] (Fig. 18).215 Concurrent chain cleavage of the micelle
and the activation of the Pt(IV) prodrug can be temporally and
RSC Adv., 2019, 9, 37009–37051 | 37023
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Fig. 24 Synthesis of the porous multicompartment vesicles of ABC triblock terpolymer by seeded RAFT polymerization and the schematic on–
off switch of the membrane pores of the multicompartment vesicles through oxidation/reduction [reprinted with permission from ref. 227.
Copyright 2016, American Chemical Society].

Fig. 25 Self-assembly formation of DDSs from Fc-DSP and selective release into cancer cells. (a) Schematic formation of the GUVs. (b) Fluo-
rescence microscopy images of HeLa cells that were exposed to redox-active and non-redox-active GUVs. (c) Flow cytometry of HeLa and
MRC-5 cells exposed to control (black), redox-active (red), and non-redox-active (green) active GUVs [reprinted with permission from ref. 228.
Copyright 2016, American Chemical Society].
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spatially triggered under the inuence of UV or even visible light
for accurate delivery of anticancer drug. When exposed to light,
the micelle is about 1.5–4.0 times more cytotoxic against HeLa
cells than in the dark, than and twice as effective as. Even
37024 | RSC Adv., 2019, 9, 37009–37051
micelles activated by visible light (430 and 500 nm) showed an
efficiency comparable to cisplatin.

One very promising strategy for drug encapsulation involves
the formation of non-covalent host–guest complexes.216 In
This journal is © The Royal Society of Chemistry 2019
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Fig. 26 Schematic representation of a working protocol for a taste-
masking drug based on physiological pH-responsive release of an
unpleasant-tasting drug from MSNPs capped with the CP shell
[reprinted from ref. 233 with permission from The Royal Society of
Chemistry].

Fig. 27 Illustration of a pH-responsive drug (DOX$HCl) release from
cumulative drug release in an aqueous release medium at different pH va
American Chemical Society].

This journal is © The Royal Society of Chemistry 2019
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particular, due to the high binding constant of ferrocene (Fc)
units with b-cyclodextrin (b-CD), a pathway has been developed
for the delivery of various drugs and the use of smart mate-
rials.217 Fc-based photo-responsive materials have attracted
much attention as an integral part of biological applications,
such as drug delivery.218 An example is light-responsive hollow
nanocapsules (NCs) based on dextran (Dex) with b-CD and Fc
fragments, in which the light stimulus signicantly increased
the encapsulation process of rhodamine B (RhB) compared to
the process without a stimulus (Fig. 19).219
3.2 Redox-responsive DDSs

The advantage of a redox stimulus is a change in composition
without the addition of chemicals and is attracting increasing
attention due to its light trigger mode and the signicance of
potential changes in biological systems.220,221 For example, the
host–guest interaction between b-CD and Fc can respond to
redox stimuli and is used in redox-responsive MPs. These
supramolecular structures are widely used as DDSs. Thus, the
substrate loading ability of the redox-responsive supramolec-
ular Janus device based on b-CD and 2-fold Fc host–guest
interactions was conrmed with RhB, and the oxidation of the
Fc groups led to the release of loaded cargos.222 The reversible
ferrocene/ferricinium (Fc/Fcium) redox couple has attracted
considerable attention for the dynamic redox switching of DDSs
created using Fc-containing polymers.116 The “on-demand”
release of loaded drugs was achieved in response to external
redox stimuli.

Breathing poly-2-(methacryloyloxy)ethylferrocenecarboxylate
(PFcMA)-containing NCs were used for redox-controlled release
G1c$WP6 with a loaded drug and corresponding profiles of in vitro
lues at 25 �C [reprinted with permission from ref. 236. Copyright 2016,

RSC Adv., 2019, 9, 37009–37051 | 37025
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Fig. 28 Magnetic stimuli-mediated precision therapeutics. Preparation of Fe(salen)-loaded polypyrrole (PPy)-PCL core–shell nanoassembled
composites (iv) and core size modulation induced by biofunctionalization with bovine serum albumin (BSA) (vii) and gum arabic (GA) (viii). (i) PCL;
(ii) PPy (benzosulfonate-doped); (iii) Fe(salen); (iv) Fe(salen)-loaded nanoassemblies; (v) BSA; (vi) GA; (vii) BSA-coated Fe(salen)-loaded nano-
assemblies; (viii) GA-coated Fe(salen)-loaded nanoassemblies. Photos of the suspension are displayed at each stage of formulation [reprinted
with permission from ref. 237. Copyright 2017, Springer Nature].
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(Fig. 20a).223 The swollen NCs in acetone were loaded with
malachite green as a model payload and transferred to water-
containing DDS (Fig. 20b and d). Oxidation-induced release of
malachite green was observed when FeCl3 was added as an
oxidizing agent for PFcMA shell segments (Fig. 20c).

A redox-responsive Fc-containing amphiphilic BCP, PEG-b-
poly(2-(methacryloyloxy)ethyl ferrocene-carboxylate), was used
for controlled drug release.224 Because of the redox-responsive
self-assembly and disassembly property, the vesicles were
used to load the RhB model drug for controlled release upon
external redox stimuli. In particular, rapid release of RhB from
vesicles was observed during the oxidation by H2O2 (Fig. 21).

Well-dened redox-responsive Fc-containing amphiphilic
BCPs, poly(N-acryloylmorpholine)-b-poly(2-acryloyloxyethyl fer-
rocenecarboxylate) (PACMO95-b-PAEFc25), and their self-
assembled micelles were used as DDSs.225 The copolymer
nanomicelles encapsulated model drug paclitaxel (PTX) with EE
of 61.4% (Fig. 22a). These redox-responsive PTX-loaded nano-
micelles will enter the cancer tissues through blood circulation
and endocytosis. The release rate was controlled by the type and
concentration of oxidizing agents, as well as by the release
media (Fig. 22b and c).

The water-insoluble model drug Nile Red (NR) was encap-
sulated in the hydrophobic poly(vinylferrocene) (PVFc) interior
of the core–shell nanomicelles based on well-dened PVFc-b-
PEG diblock copolymers.226 Through treatment with H2O2,
instantaneous and quantitative dye release was observed due to
oxidation of the PVFc segments (Fig. 23). Aer the cross-linking
treatment, the residence time of the encapsulated NR was
signicantly increased, and the newly formed shell around the
PVFc core was able to keep the encapsulated model compound
37026 | RSC Adv., 2019, 9, 37009–37051
in it for several months without any signicant diffusion from
the hydrophobic interior.

Redox-responsive porous multicompartment vesicles were
constructed from a linear ABC triblock terpolymer, poly[2-
(dimethylamino)ethylmethacrylate]-b-poly(benzyl methacry-
late)-b-poly(4-vinylbenzylferrocenecarboxylate) (Fig. 24).227

These vesicles can be used as smart DDSs to encapsulate and
release payloads when the size of the guest is smaller than the
pore diameter.

Fc-modied phospholipid (Fc-DSP)-based vesicles are
capable of transferring drugs to target cancer cells and selec-
tively trigger their release (Fig. 25a).228 Both prepared giant and
large unilamellar vesicles (GUVs and LUVs) showed effective
loading of model drugs, including the anticancer agent DOX.
When exposed to an oxidant solution, external Fc moieties of
Fc-DSP vesicles were oxidized to positively charged Fcium
groups, which led to the release of the encapsulated drugs. The
in vitro experiments with DOX-loaded redox GUVs were per-
formed in adenocarcinoma cervical cancer cells (HeLa) and
normal lung broblast cells (MRC-5) (Fig. 25b). A signicant
number of DOX groups were only absorbed by HeLa exposed to
redox active GUVs (Fig. 25c). Thus, cancer cells trigger the
release of a drug from redox vesicles due to a local redox
gradient, namely, the selective redox triggering of liposomes
uses their cytotoxic payload at the cancer site.

Of interest are redox-responsive Pt(II) prodrug micelles based
on FA-PEG-b-poly(a-Pt(II)-SS-caprolactone/caprolactone) copoly-
mers.229 They are relatively stable under physiological condi-
tions, but are sensitive to reduction conditions that can trigger
the release of conjugated platinum drugs. A dual drug
backbone-shattering polymer (DDBSP) based on
This journal is © The Royal Society of Chemistry 2019
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Fig. 29 Translocation and drug release behavior of Bio-cage@Ru in nucleus. (a) Schematic illustration of the subcellular localization and release
behavior of Bio-cage@Ru in HepG2 cells. (b) The fluorescence images of the trafficking of Bio-cage@Ru in HepG2 cells. The first line of images
recorded the localization of free Bio-cage (20 mg mL�1), Bio-cage@Ru (5 mM) and free RuPOP (5 mM) in HepG2 cells at 8 h of incubation. The
following images detailed the trafficking of Bio-cage@Ru in HepG2 cells for 8 h of incubation. The GFP images recorded the trafficking of Cy3-
labeled Bio-cage from Bio-cage@Ru. The RFP images represented the fluorescence of RuPOP from Bio-cage@Ru. (c) The release rate of RuPOP
from Bio-cage@Ru in PBS solution at pH 7.4, human plasma, PBS solution at pH 5.3 supplemented with 1 mg mL�1 lysozymes or DNase I
respectively. Values were represented as means� SD of triplicate. (d) The AFM images and the size changes of Bio-cage@Ru with or without the
treatment of DNase I. Scale bar ¼ 50 nm. The size and height of zone a and b were analyzed in histogram a and b respectively [reprinted with
permission from ref. 238. Copyright 2016, Elsevier].
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demethylcantharidin (DMC) and the Pt(IV) prodrug was devel-
oped.230 Under reductive and acidic TME, nano-sized MPs can
undergo site-specically chain-shattered by converting Pt(IV) to
Pt(II) and hydrolysis of the DMC precursor, releasing both drugs
for a controlled synergistic antitumor effect. The size, compo-
sition, and morphology of engineered MOFs can be nely tuned
to optimize their properties for drug loading and controlled
This journal is © The Royal Society of Chemistry 2019
release, demonstrating the potential to serve as promising
DDSs.125

Even though exciting research is occurring in the area of
redox stimuli-responsive polymer nanocarriers, it is difficult to
achieve specic redox molecular mechanism-based controlla-
bility due to the complex biological environment and hetero-
geneity of tumor cells.
RSC Adv., 2019, 9, 37009–37051 | 37027
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Fig. 30 (A) Synthesis of DOX-loaded MOFs modified with ATP-
responsive hydrogel. (B) In the presence of ATP, the decomposition of
the modified hydrogel accelerates the release of DOX from MOFs. (C)
Scanning electron microscopy (SEM) image of the MOFs. (D) SEM
image of ATP-responsive hydrogel-modifiedMOFs [reprinted from ref.
239 with permission from The Royal Society of Chemistry].
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3.3 pH-responsive DDSs

Among a variety of environmental triggers, pH gradients are
commonly used to create intelligent responsive DDSs. For
example, a class of smart MPs based on platinum prodrug
conjugated PAMAM dendrimers with the supersensitive size
switching effect in response to pH changes in the TME was
developed to increase penetration into the tumor and efficient
drug delivery in vivo.231 In another study, a responsive nano-
carrier (BLZ-945SCNs/Pt) was obtained, which is able to
spatially target both tumor-associated macrophages and tumor
cells for chemo-immunotherapy. At pH 6.7–6.8, ionization of
the amine groups on the amphiphilic polymer leads to structure
collapse of the carrier in the pre-vascular regions of the tumor
tissues, which allows the simultaneous release of both platinum
prodrug nanoconjugates and small molecule inhibitor BLZ-945
of colony stimulating factor 1 receptor (CSF-1R) of tumor-
associated macrophages (TAMs). It turned out that the
customized pH-sensitive co-delivery nanocarriers not only
induce tumor cell apoptosis, but also modulate the tumor
immune environment and eventually augmented the antitumor
effect of CD8+ cytotoxic T cells due to TAM depletion.232

A method was developed for the manufacture of taste-
masked oral DDS based on CP, Fe-4,40-bipyridine (Fe-bipy)
complex, that regulated the release of unpleasant drug taste
by changing the pH value in the physiological environment of
the alimentary canal (Fig. 26).233 The pH sensitive Fe-bipy was
graed onto MSNPs containing the model bitter drug
37028 | RSC Adv., 2019, 9, 37009–37051
mequindox (MEQ) in their mesopores. In articial saliva (pH
6.6), Fe-bipy CPs effectively prevent the leakage of a loaded
guest molecule MEQ. On the other hand, in the articial gastric
uid (pH 1.0), the coordination bonds of the Fe-bipy complex
were broken, resulting in the release of MEQ molecules from
DDS.

Epigallocatechin-3-gallatea palmitate was encapsulated in
ZIF-8 NPs with functionalization of FA, which is commonly used
as pH-responsive DDS.234 By recognizing targets between FA on
the surface of NPs and the overexpressed FA receptor (FR) in
cancer cells, NPs can efficiently internalize into cells and
present targeted effects of inhibition growth on HeLa cells
(cancer cells) compared to HEK 293 cells (normal cells), which
corresponds to the regulation of the reactive oxygen species
(ROS) level and the induction of autophagy. Autophagy ux and
autophagosome formation are markedly induced by treating
cells by NPs, indicating that pH-responsive NPs with targeted
identication for cancer cells can be used as highly effective
DDSs for targeting cancer chemotherapy. DOX-loaded ZIF-8 can
realize effective pH-responsive release in the cancer treatment,
which demonstrates the potential for the production of stimuli-
responsive DDSs for widespread use.235

It should be noted the use of smart hydrogel G1c$WP6 ob-
tained by forming inclusion complexes between pillar[6]arene
(WP6) and Fc groups of polymer network G1c (Fig. 27).236 Using
DOX.HCl as a model drug, drug loading efficiency and pH-
responsive release behavior of the smart hydrogel were
conrmed. In vitro experiments demonstrated that rapid release
of DOX.HCl is achieved in an acidic media (e.g., pH 2.0). Given
the acidic microenvironment of tumor cells, the release of
DOX.HCl from G1c$WP6 hydrogel can also be triggered in
tumor tissues.

Despite the advantages of pH-responsive polymer nano-
carriers such as controlled drug release, high specicity to the
tumor, intracellular drug delivery, and excellent therapeutic
efficacy with reduced side effects, pH-responsive polymer
nanocarriers face severe challenges. Although many studies on
pH-responsive polymer nanocarriers are still in preliminary
stages, in vitro drug release behavior and cytotoxicity data are
available. These systems are slow in clinical trials because of
defects like polymer-related toxicity and low conjugate bioac-
tivity. In the future, more efforts are needed to develop methods
for combinations with other stimuli like redox or temperature
for specic targeted release.
3.4 Magnetic stimuli-responsive DDSs

Magnetism is an external non-invasive activation method that
has attractive abilities, since magnetic elds rarely interact with
the patient's body compared to other traditional stimuli, such
as pH and light. Various strategies based on magnetically-
responsive MPs have been developed at present, mainly
because of their ability to achieve magnetically-guided targeting
and hyperthermia-induced drug release in an alternating
magnetic eld. As a typical example, we note a magnetically
active metallopolymer-based DDS loaded with simple magnetic
metal complexes for the effective cancer treatment (Fig. 28).237
This journal is © The Royal Society of Chemistry 2019
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Fig. 31 Schematic diagram of drug loading and release for mechanized HMSs (a), and pH- (b) and oxidation-triggered (c) release profiles of
encapsulated R6G [reprinted with permission from ref. 240. Copyright 2016, Elsevier].
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The magnetothermal properties triggered the release of the
encapsulated dual drug (Fe(salen) and DOX) for accurately
deliver the drug to achieve improved in vivo tumor treatment,
demonstrating its potential as DDS.
3.5 Enzyme-responsive DDSs

Enzyme-responsive DDSs have emerged as a promising option
for the accurate delivery of drugs. The use of enzymes as triggers
may be useful for the development of therapeutic agents
because of their ability to stimulate chemical reactions under
physiological conditions. In the past few years, a number of MPs
This journal is © The Royal Society of Chemistry 2019
has been used to create enzyme-responsive DDSs. For example,
a biocompatible nanostructure of DNA origami was created to
deliver the antitumor complex of ruthenium.238 The unique
tetrahedral DNA nanocages facilitate intercalation with the
Ru(II) complex, increasing the loading efficiency of drugs.
Further conjugation with biotin provides specic cellular
uptake of the DNA nanocarrier by HepG2 cells by receptor-
mediated targeting. In addition, unlike the free Ru(II) complex
or only nanocage, this system can translocate to the cell nucleus
upon internalization and is degraded in response to DNases,
which leads to the controlled release of the drug and
RSC Adv., 2019, 9, 37009–37051 | 37029
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Fig. 32 Schematic formation of mPEG-b-CD/Fc-CPT supramolecular complex micelles (a) and their GSH/H2O2 responsive drug release in
cancer cells (b). Release profiles of CPT from themPEG-b-CD/Fc-CPT supramolecular complexmicelles at different GSH concentrations (c) and
H2O2 concentrations (d) [reprinted with permission from ref. 241. Copyright 2017, American Chemical Society].

Fig. 33 Schematic formation of micelles and vesicles formed by supramolecular self-assembly of Fc-SS-b-CD/Fc-POEGMA. TEM images of
micelles (a) and vesicles (c); in vitro release profiles of DOX from micelles (b) and vesicles (d) [reprinted with permission from ref. 242. Copyright
2016, American Chemical Society].
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subsequent induction of effective cell apoptosis via ROS-
mediated signaling pathways (Fig. 29).

It should be noted DOX-loaded MOFs modied with aden-
osine triphosphate (ATP)-responsive hydrogel for cancer treat-
ment (Fig. 30).239 This ATP-responsive MOFs/hydrogel showed
improved anticancer efficacy and provided an interesting
strategy for building stimuli-responsive MOFs-based DDSs.
3.6 Multi-stimuli-responsive DDSs

As a typical example of multistimuli-responsive DDS, we note
the pH and redox dual-responsive nanovalve with a long stalk
on the surface of hollow mesoporous silica NPs (HMSs)
designed for size-selective drug delivery.240 The leakage of
loaded rhodamine 6G (R6G) is insignicant in a neutral
medium, which conrms the excellent sealing effect of the
developed nanovalve (Fig. 31). In an acidic solution, the b-CD/Fc
supramolecular complexes are removed from the surface of
HMSs, which leads to the opening of the nanovalves and the
rapid release of R6G molecules from the pores of HMSs. It is
important that the resulting long stalk are effective for loading
37030 | RSC Adv., 2019, 9, 37009–37051
larger-sized cargos, such as DOX and R6G, but are not suitable
for encapsulating small sized 5-FU.

ROS and glutathione (GSH) dual redox-responsive supra-
molecular micelles were developed based on Fc-CPT andmPEG-
b-CD (Fig. 32).241 These DDSs exhibit remarkable superfast
release of CPT from micelles at high GSH concentration, and
controlled release was observed by adjusting ROS (such as
H2O2) concentration. In human cancer cells, the amount of ROS
is higher than in normal cells, which can oxidize Fc to Fc+ and
thus lead to the release of loaded drugs.

Well-dened dual-redox responsive supramolecular micelles
and vesicles were developed, based on a supramolecular
amphiphilic BCP containing b-CD/Fc host–guest joints and
a traditional hydrophilic homopolymer poly(oligo(ethylene
glycol) monomethyl ether methacrylate) with Fc terminus (Fc-
POEGMA) (Fig. 33).242 DOX and DOX.HCl as model drugs were
successfully encapsulated in the micelles and vesicles, respec-
tively. Both tris(2-carboxyethyl)phosphine (TCEP) as a reducing
agent and NaClO as an oxidizing agent triggered structural
This journal is © The Royal Society of Chemistry 2019
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Fig. 34 Illustration of the construction (a) of PEG/PNIPAM/CD-MNP micelles and a possible thermo- and redox-triggered mechanism for drug
release (b). Cumulative release of DOX frommicelles triggered by (c) temperature and (d) H2O2 [reprinted from ref. 243 with permission from The
Royal Society of Chemistry].
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deformation of the supramolecular micelles and vesicles,
contributing to the release of DOX (Fig. 33b and d).

Multi-stimuli-responsive magnetic nanomicelles were con-
structed by surface attachment of hydrophilic PEG chains and
thermally responsive poly(N-isopropylacrylamide) (PNIPAM)
segments (Fig. 34a).243 The PEG/PNIPAM/CD-MNP micelles,
where MNP is magnetic nanoparticle, had a high loading
capacity for DOX and a high saturation magnetization simul-
taneously. The tunable release of DOX was achieved in response
to temperature, H2O2 or pH independently or of the combined
effect of multiple stimuli. The lowering of the temperature
triggered a partial release of free DOX (Fig. 34c), and other DOX
were retained on the surface of single small PEG/PNIPAM/CD-
This journal is © The Royal Society of Chemistry 2019
MNP particles (Fig. 34b). The addition of oxidizing agents
such as H2O2 led to the dissociation of the micelles into CD-
MNPs, and the encapsulated DOX was consequently released
(see Fig. 34b). In addition, a faster release of DOX was observed
with increasing H2O2 concentration (Fig. 34d).

Dual-responsive host–guest based colloidal microcapsules
(MCs) were made using b-CD-modied polystyrene (PS) NPs (PS-
CD NPs) and Fc-graed polyethylenimine (PEI-Fc) (Fig. 35).244 In
the drug-loading experiments, the rhodamine isothiocyanate
labeled dextran (Mw 150 kDa) as a model was mainly encapsu-
lated in the pores between NPs in the shell of MCs.

Both redox- and temperature-responsive supramolecular
micelles were developed as tunable releasing nanocarriers for
RSC Adv., 2019, 9, 37009–37051 | 37031
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Fig. 35 Schematic illustration of the process of manufacturing and disassembling host–guest based colloidal MCs. (a) SEM image of colloidal
MCs before template removal; (b) SEM image of one broken colloidal MC dried by CPD method; confocal laser scanning microscopy images of
colloidal MCs at pH 2.0 for 0 (c) and 10 (d) min. Ad is amantadine hydrochloride [reprinted with permission from ref. 244. Copyright 2016,
Elsevier].
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DDSs (Fig. 36a).245 The supramolecular micelles encapsulated
hydrophobic drugs, such as DOX, and showed oxidation- and
temperature-triggered controllable release behavior. When the
ambient temperature was lower than lower critical solution
temperature (LCST), for example, 25 �C, a burst of DOX release
was observed during the rst 15 h, and approximately 91.5% of
DOX was released aer 48 h (Fig. 36d). In the presence of H2O2,
due to the dissociation of b-CD/Fc inclusion complex, the
mPEG-Fc/PNIPAM-b-CD micelles dissociated into smaller PNI-
PAM-b-CDmicelles (Fig. 32c), which is accompanied by a partial
release of loaded DOX. When the ambient temperature was
further reduced to 25 �C aer the redox-triggered release, most
of the entrapped DOX in the PNIPAM-b-CD micelles was
released (Fig. 36e) due to the hydrophobic to hydrophilic tran-
sition of PNIPAM and the resulting disassembly of hydrophilic
polymers.

Thermo- and oxidation-responsive supramolecular vesicles
for drug delivery application were constructed by self-assembly
of pillar[6]arene (P[6])/Fc based amphiphilic supramolecular
diblock copolymers (Fig. 37).246 Unique supramolecular vesicles
were successfully used to encapsulate an anticancer drug
DOX.HCl, which was rst mixed with the hydrophilic PNIPAM-P
[6]$mPEG-Fc at 25 �C, subjected to thermal shock with pre-
heated water, then dialyzed against deionized water at 37 �C
to obtain drug-loaded vesicles. The controlled release of
DOX.HCl in the vesicles was achieved by cooling the vesicular
37032 | RSC Adv., 2019, 9, 37009–37051
solution from 37 �C to 25 �C, or by exposure to an oxidizing
agent such as AgNO3, NaClO or H2O2.

NCs consisting of the triblock terpolymers PVFc-b-poly(-
methyl methacrylate)-b-poly(N,N-dimethylaminoethylmethacry-
late) show triggered release of the payload under three different
stimuli, namely, pH change, oxidizing agent, and tempera-
ture.247 Redox/pH dual-responsive supramolecular vesicles
based on the host–guest complexation of Fcium carboxylic acid
capped pillar[5]arene (FACP5) and a galactose derivative (G)
were used for targeted drug delivery (Fig. 38).248DOX loaded into
FACP5G vesicles showed a fast release rate when exposed to
GSH in acidic solution (pH 4.0), which makes it possible to
control drug release.

Dual stimuli-responsive core–shell microgels based on
P(NIPAM-co-vinylferrocene) were used to electrochemically
switch the polarity (hydrophilicity/hydrophobicity) of the
microgel, which provides the electrochemically triggered
uptake and release of drugs.249 Therefore, bactericidal drugs can
be released to effectively kill bacteria. In addition, the good
biocompatibility of microgels in cell tests indicates the suit-
ability of the new microgel system as DDSs. A redox- and
thermos-responsive gated supramolecular star polymers were
obtained using the host–guest complexation of a 6-fold b-CD
functionalized core molecule and Fc end modied poly(N,N-
dimethylacrylamide) and poly(N,N-diethylacrylamide) linear
polymers.250
This journal is © The Royal Society of Chemistry 2019
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Fig. 36 Schematic dual-stimuli-responsive assembly and disassembly of mPEG-Fc/PNIPAM-b-CD micelles (a); TEM images before (b) and after
oxidation (c) by H2O2; DOX-released profiles under single (d) or no stimulus and dual stimuli (e) [reprinted with permission from ref. 245.
Copyright 2015, American Chemical Society].
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In addition to the similar systems discussed here, it should
be noted the development of temperature-,251–253 pressure-,254

humidity-,255 competitive binding agent-,256,257 liposome-
responsive258 and other stimuli-responsive metallopolymers
used as DDSs. However, using multiple stimuli-responsive
polymers is more effective to achieve more precise cancer
therapies. Among the most interesting examples, we note pH/
GSH-,259,260 NIR/H2O2-,261 and ATP/Mg2+ ion-responsive
systems.262
4. Metallopolymers for combination
therapy and multimodal systems

In this section, we will consider such promising areas for the
use of metallopolymer-based DDSs as combination therapy and
multimodal systems.
This journal is © The Royal Society of Chemistry 2019
4.1 Metallopolymers for combination therapy

Anticancer drug therapy using a single drug is usually ineffec-
tive due to the heterogeneity and complexity of cancer and is
therefore rarely used in clinical practice. Potential benets of
combination chemotherapy include reduced drug resistance
and reduced dosage when equal or higher levels of effectiveness
are achieved, thereby increasing its therapeutic index. These
DDSs can take many forms to optimize the co-delivery of a wide
range of anticancer drugs with different properties. Among the
main methods used for combination drug delivery based on
polymer carriers, we note polymer–drug conjugates, polymer–
drug NPs and polymer–drug conjugates plus polymer–drug NPs
(Fig. 39).263

A typical example is a polysaccharide-based DDS consisting
of Dex decorated with succinic acid (Dex-SA) and loaded with
DOX.264 The obtained polymer NPs were then cross-linked using
RSC Adv., 2019, 9, 37009–37051 | 37033
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Fig. 37 Illustration of drug loading and thermo- or oxidation-responsive drug release from supramolecular polymer vesicles as a result of self-
assembly of PNIPAM-P[6]$mPEG-Fc [reprinted from ref. 246 with permission from The Royal Society of Chemistry].
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a cisplatin prodrug to form a combination of DOX-cisplatin
particles (Fig. 40). These NPs remained in circulation longer
and accumulated in the tumor more signicantly than non-
cross-linked analogues or free DOX. Compared to control
groups, the Dex-SA-DOX-cisplatin combination NPs signi-
cantly reduced tumor sizes of CT26 colon cancer xenogras.
When co-administered with immobilized Arg-Gly-Asp (iRGD),
a peptide drug that increases the permeability of tumor
tissue,265 Dex-SA-DOX-cisplatin therapy successfully suppressed
the growth and metastasis of 4T1 murine mammary carcinoma.

Recently, a wide variety of biodegradable polymers has been
studied for the co-delivery of several anticancer drugs, including
those based on Pt(II) drugs.266–268 It should also be noted a gra-
type polypeptide micellar system for the combined drug delivery
(Fig. 41). This polymer was loaded with cisplatin and docetaxel
(DTX), and then was decorated with an avb3 integrin targeting
peptide c(RGDfK). In vivo results demonstrated surprisingly
long circulation time, minimal side effects, and high antitumor
and anti-metastasis efficacy.269

Conjugation of the Pt drug, in which the Pt(IV) pharmacores
were coordinated with light-responsive azides as equatorial
ligands and with cisplatin-sensitizing norcantharidin as an
axial ligand, with biodegradable copolymers led to NPs
(Fig. 42).270 The mechanism of action of the drug includes
damage to nuclear DNA, oxidative damage to DNA and proteins,
as well as preventing the repair of damaged DNA. Compared
with other types of combination therapy based on the MP
37034 | RSC Adv., 2019, 9, 37009–37051
systems, this conjugate has several favorable characteristics,
including a combination of multiple therapeutic modalities in
one conjugate, a high loading capacity of the carrier for each
drug with precise control of their stoichiometric ratio, the
synergistic effect of all three drugs and controlled drug release
triggered by photo-irradiation.

The amphiphilic Dex-Pt(IV) conjugate was self-assembled in
NPs in an aqueous solution and used as a reduction-responsive
carrier for DOX encapsulation.271 Under reducing conditions,
the pendant Pt(IV) is reduced to Pt(II), which leads to disinte-
gration of NP and triggered the release of encapsulated DOX. Of
interest is the encapsulation of the multifunctional Pt(IV) pro-
drug, mitaplatin (Fig. 43a), in PEG-b-PLGA micelles. These
micelles showed longer blood circulation, lower toxicity, and
increased therapeutic efficacy compared with free mitaplatin.272

A multifunctional Pt(IV) prodrug canthaplatin (Fig. 43b) was
developed, in which cantharidin (a PP2 A inhibitor that can
block DNA repair and inhibit the basic mechanism of platinum
drug resistance) was attached to the axial positions of cis-Pt(IV).
Canthaplatin was encapsulated in PEG-b-PLGA micelles, form-
ing NPs capable of combination drug delivery. Aer themicelles
were endocytosed, the multifunctional prodrug was chemically
reduced and the cisplatin and PP2 A inhibitors were released in
a controlled manner. This combination led to inhibition of DNA
repair, which signicantly contributed to apoptosis, increased
antitumor efficacy and reversed cisplatin resistance to human
lung cancer both in vitro and in vivo.
This journal is © The Royal Society of Chemistry 2019
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Fig. 38 Illustration of the formation of supramolecular vesicles based on the host–guest complexation of FACP5 and the galactose derivative (G)
and their redox/pH dual-responsive drug release. The inset shows the DOX release profiles from DOX-loaded FACP5G vesicles in water
[reprinted from ref. 248 with permission from The Royal Society of Chemistry].

Fig. 39 General strategies for combination drug therapy using polymer carriers. (A) The polymer conjugate of drug A can be combined either
with the free drug B or with the polymer conjugate of B, on the same or different chains, where the “conjugate” refers to any form of the polymer
drug that does not formNPs. (B) Drug A can be loaded into polymer NPs, which are then combined with free B or with B NPs, or both A and B can
be co-assembled in the same NPs. (C) Drug A can be administered as a polymer conjugate, while drug B is administered in NPs [reprinted with
permission from ref. 123. Copyright 2018, Elsevier].

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 37009–37051 | 37035
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Fig. 40 The schematic illustration of the process of preparing Dex-SA, Dex-SA-DOX and Dex-SA-DOX-cisplatin [reprinted with permission from
ref. 264. Copyright 2014, Elsevier].

Fig. 41 (A) Schematic illustration of preparation of the c(RGDfK)-decorated dual-drug-loaded micelles. (B) The micelles enter tumor cells by
receptor-mediated endocytosis, and the loaded two drugs act synergistically intracellularly [reprinted with permission from ref. 269. Copyright
2014, John Wiley and Sons].

37036 | RSC Adv., 2019, 9, 37009–37051 This journal is © The Royal Society of Chemistry 2019
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Fig. 42 (a) Synthesis of a multifunctional single-drug Z-DMC-CIS(N3), (b) conjugation of a single-drug with a biodegradable amphiphilic BCP to
obtain a polymer–(multifunctional single-drug) conjugate micelles, and (c) possible paths after the polymer–drug conjugate micelles enter the
cisplatin-resistant cancer cells [reprinted from ref. 270 with permission from The Royal Society of Chemistry].

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 8

/1
6/

20
24

 1
1:

33
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
It should be noted that such hybrid DDSs signicantly
improve the dose-specic delivery of each type of drug,
increasing their synergistic efficacy. An example is camplatin,
a prodrug formed by coining camphoric anhydride and
cisplatin, which was delivered in biodegradable NPs. This
system for co-delivery of camphoric acid and cisplatin showed
increased anticancer activity compared to cisplatin and
successfully overcame cisplatin drug resistance.273

A reduction-sensitive DDBSP with dual drugs in its backbone
has been developed (Fig. 44A).230 Fixed and accurate drug ratios
can be released in response to intracellular reduction or acidic
conditions, allowing the drugs to be released in a controlled
manner. In addition, DDBSP had a high platinum heavy metal
content in the polymer backbone, which made it possible to
This journal is © The Royal Society of Chemistry 2019
directly monitor the fate of the drug using drug-mediated
computer tomography (DMCT). Finally, DDBSP demonstrated
(Fig. 44B and C) signicantly improved cancer treatment on
a high-delity patient-derived lung cancer (PDLC).

Of interest is a voltage/pH-driven MSNPs-based multidrug
(DOX and GEM) delivery system for multimodal controlled drug
release (Fig. 45a).274 The unique structure of MSNPs 1 allows two
different controlled release methods to be implemented. In
particular, when exposed to +1.5 V voltage, an accurate
controlled release of small GEM is observed due to the self-
dissociation of the Fc-b-CD complex. Raising the ambient pH
to an acidic pH, for example, 6.0, 5.0 and 4.0, results in
a gradual release of DOX (Fig. 45b), which was associated with
the removal of supramolecular nanovalves caused by the
RSC Adv., 2019, 9, 37009–37051 | 37037

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9RA06678K


Fig. 43 (a) Synthesis of canthaplatin, (b) preparation of polymer/canthaplatin micelles, and (c) schematic representation of the intracellular
action after endocytosis of polymer/canthaplatin micelles [reprinted from ref. 272 with permission from The Royal Society of Chemistry].
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splitting of the ketal bond. Being localized in an acidic solution,
MSNPs 1 exhibited the concurrent release modality of GEM and
DOX (Fig. 45c). Compared to single DOX- or GEM-loaded
MSNPs, well-organized MSNPs 1 have improved cytotoxicity to
MCF7 cancer cells, indicating potential application in combi-
nation therapy to overcome cancer MDR.

The advantages of using metallopolymers-based DDSs in
combination therapy include an increase in therapeutic efficacy
and a reduction in dosage while achieving equal or higher levels
of efficacy and a decrease in drug resistance. In this direction,
nanoscale MPs275 are of particular attention for combination
therapy.276 Despite the several advantages these DDSs in
37038 | RSC Adv., 2019, 9, 37009–37051
combination chemotherapy, many combination treatment
regimens that have shown promising in vitro results have been
affected by clinical translation because they showed little to no
improvement in efficacy and oen actually caused higher
toxicity. Differences in the physicochemical properties of drugs
can lead to dissimilarities in the pharmacokinetics and tissue
distribution of each drug.

4.2 Metallopolymers-based multimodal systems

Scientists are currently focused on developing multimodal
treatment systems to meet the ever-growing demand for effec-
tive therapeutic strategies. Over the past few decades, MPs have
This journal is © The Royal Society of Chemistry 2019
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Fig. 44 Schematic illustration of DDBSP for synergistic eradication of PDLC. (A) Illustration of the structure of Pt(IV)-1, the polymerization of
DDBSP, self-assembly and chain-shattering of DD-NP with the release of active Pt(II) and DMC, as well as key features of DDBSP and DD-NP. (B)
Illustration of the creation of a PDLC model and Pt-based DMCT after intravenous injection of DD-NP. (C) Possible dual anticancer mechanisms
after endocytosis of DD-NP by cancer cells [reprinted with permission from ref. 230. Copyright 2018, John Wiley and Sons].
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been synthesized that simultaneously transmit diagnostic
information and monitor the in situ therapy process.277 The
integration of various cancer treatment strategies, such as
This journal is © The Royal Society of Chemistry 2019
chemotherapy, photodynamic therapy (PDT) and photothermal
therapy (PTT), into the MP nanoplatform has shown great
RSC Adv., 2019, 9, 37009–37051 | 37039
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Fig. 45 Schematic assembly and multimodal controlled release modalities of MSNPs 1 (a); sequential (b) and concurrent (c) release profiles of
encapsulated GEM and DOX [reprinted with permission from ref. 274. Copyright 2015, American Chemical Society].
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potential for obtaining a low risk of recurrence and high anti-
cancer efficacy.278

As an example, we note the supramolecular dendritic system,
including lipoic acid functionalized dendrons, Pt(II)-PEG
conjugate, and NIR uorophore (dye Cy5.5) for in vivo imaging
(Fig. 46).279 In vitro studies with lung adenocarcinoma A549 cells
showed the internalization of nanostructures due to endocy-
tosis and high cytotoxicity, while in vivo studies demonstrated
efficacy comparable to cisplatin with avoiding the
37040 | RSC Adv., 2019, 9, 37009–37051
nephrotoxicity. NIR imaging revealed the localization of nano-
structures in vitro and in vivo, which facilitated the determina-
tion of Pt(II) delivery to the target sites.

The four-armed amphiphilic Pt-PAZMBb-POEGMA copol-
ymer, containing an aggregation-induced emissive uorescent
probe for imaging living cells and the anticancer drug 3,6-bis
[trans-Pt(PEt3)2]phenanthrene, was self-assembled into NPs,
which were then used for encapsulate DOX to achieve a syner-
gistic anticancer effect.280
This journal is © The Royal Society of Chemistry 2019
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Fig. 46 (A) Schematic illustrations of molecular and supramolecular engineering of theranostic supramolecular PEGylated dendritic systems. (B)
Dynamic Light Scattering (DLS) results (in aqueous solutions) and TEM images for theranostic supramolecular PEGylated dendritic systems
(TSPDSs) [reprinted with permission from ref. 279. Copyright 2016, Ivyspring International Publisher].
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Core–shell nanocomposites, based on the controlled growth
of the UiO-66 shell on the surface of Fe3O4 core, have been
developed for loading therapeutic drugs and simultaneous
magnetic resonance imaging (MRI).281 Also noteworthy is
a multifunctional nanoplatform based on Fe3O4 NPs, gold NPs
and ZIF-8 NPs for integration chemotherapy and multimode
imaging, including uorescence imaging, MRI and X-ray
computer tomography. Multifunctional NPs with many advan-
tages, such as easy preparation conditions, a high degree of
DOX separation, multimode imaging ability, pH-responsive
drug release, and good biocompatibility, demonstrate effective
anticancer performance and low systematic toxicity in in vivo
studies.282 Of interest are MOFs, which not only include
photosensitizers in periodic frameworks, but also have a high
specic surface areas and large cavities for drug delivery.283 PDT
is based on the excitation of photosensitizers in cancer tissues
under light irradiation, which could efficiently produce ROS,
causing lipid peroxidation, and increase the permeability of the
cell membrane for irreversible killing of cancer cells.

A biocompatible uorescent imaging-guided therapy system
for cancer diagnosis and treatment was identied by integrating
the properties of MOFs and chemotherapeutic drugs.284 Thus,
biocompatible nanoscale zirconium-porphyrin MOFs-based
system showed effective loading of DOX and a pH-responsive
drug release for chemotherapy and a high porphyrin content
to achieve effective PDT and uorescent imaging. The imaging-
guided dual therapy system is conrmed by the concentration
of nanomedicine in the cancer tissues, which leads to low
physiological toxicity and effective cancer therapy.

Multifunctional MOFs, which serve as a drug carrier,
quenching reagent, and post-synthetic modication site, have
This journal is © The Royal Society of Chemistry 2019
been obtained for synergistic chemo-photodynamic therapy
and real-time cathepsin B-mediated uorescence imaging.285

Porphyrin-based MOFs (PCNs) have been used to deliver
tirapazamine (TPZ) of the bio-reductive drugs and are coated
with cancer cell membrane (Mem) for homologous targeting of
cancer (Fig. 47A).286 Aer exposure to light, PCN-mediated PDT
can lead to oxygen consumption in cancer tissues, and the
resulting regional hypoxia will additionally activate the bio-
reductive drugs of TPZ to improve chemotherapy (Fig. 47B).
The synergistic effect of PDT and hypoxia-responsive chemo-
therapy in TPZ@PCN@Mem can signicantly kill cancer cells
and also suppress cancer metastasis.

Several methods have been developed to improve the anti-
cancer efficacy of PTT and PTT-based synergistic therapies. For
example, core–shell PB@MIL-100(Fe) dual metal–organic-
frameworks (d-MOFs) NPs, where PB is Prussian blue, can
serve as a T1–T2 dual-modal MRI contrast and uorescence
optical imaging agent due to the presence of inner PBMOFs and
outer MIL-100(Fe) MOFs.287 High-load artemisinin (a traditional
Chinese anticancer drug) is released from d-MOFs during
tumor cellular endocytosis due to pH-responsive degradation of
outer MOFs in low pH tumor cell lysosomes. In addition, the
inner PBMOFs can be used for PTT due to its strong absorbance
in the NIR region. In another interesting example, a simple and
smart pH/NIR dual-stimulus-responsive degradable meso-
porous CoFe2O4@PDA@ZIF-8 sandwich nanocomposite, where
PDA is polydopamine, was developed. The CoFe2O4mesoporous
core acts as T2-weighted MRI probe, PTT agent, and a hydro-
philic DOX loading platform. The PDA layer is used to prevent
premature leakage of DOX prior to arrival at tumor site, increase
PTT efficiency, and facilitate ZIF-8 integration. The ZIF-8 shell
RSC Adv., 2019, 9, 37009–37051 | 37041
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Fig. 47 (A) The process of manufacturing a porphyrin-basedMOFs nanoplatform (TPZ@PCN@Mem). (B) Schematic diagram of TPZ@PCN@Mem
for synergistic therapy of porphyrin-mediated PDT and hypoxia-induced chemotherapy [reprinted with permission from ref. 286. Copyright
2017, Elsevier].

Fig. 48 Schematic representation of AuNR@MOFs loaded CPT for synergistic cancer therapy of chemotherapy/PDT/PTT [reprinted with
permission from ref. 291. Copyright 2018, John Wiley and Sons].

37042 | RSC Adv., 2019, 9, 37009–37051 This journal is © The Royal Society of Chemistry 2019
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Fig. 49 (A) The preparation process of TBP-MOF. (B) Schematic presentation of TBP-MOFs-induced photodynamic cancer immunotherapy for
effective inhibition of cancer metastasis [reprinted with permission from ref. 293. Copyright 2018, American Chemical Society].
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serves to encapsulate hydrophobic CPT and as a switch for pH
and NIR stimulation-responsive release of two drugs.288 Among
other synergetic system using core–shell MOFs and organic PTT
agents, we note PPy-based MOFs, PPy-MIL-100(Fe). The anti-
cancer drug can be easily loaded into the mesopores of the MIL-
100 shell, and the PPy core, as an organic photothermal agent,
can photothermally ablate cancer cells and improve the efficacy
of chemotherapy under NIR irradiation. The nanocomposites
demonstrated outstanding synergistic anticancer ability in
vivo.289 The same PPy-MIL-100(Fe) was used for dual-mode MRI/
photoacoustic imaging and synergistic chemo-photothermal
therapy of cancer cells. The multifunctional nanoplatform
This journal is © The Royal Society of Chemistry 2019
also demonstrated the ability to release a pH/NIR-responsive
drug.290

In the core–shell porphyrin-based MOFs (AuNR@MOF),
where AuNRs are gold nanorods, MOFs are used to load
chemotherapeutic drugs such as CPT and diagnostic uores-
cence imaging (Fig. 48).291 The AuNR core has an effective
photothermal effect when irradiated with NIR light for PTT,
which can also contribute to the release of therapeutic drugs for
enhanced chemotherapy. In general, AuNR@MOFs have
a signicant synergistic effect for killing cancer cells and sup-
pressing cancer recurrence and metastasis.
RSC Adv., 2019, 9, 37009–37051 | 37043
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Fig. 50 (A) Processes for the preparation of PCN-224 as a nanocarrier for the delivery of GOx and catalase. (B) In vivo immune escape and
homotypic cancer targeting of the composites. (C) Multifunctional MOFs-based nanoplatform for synergistic PDT and starvation therapy
[reprinted with permission from ref. 294. Copyright 2018, American Chemical Society].
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A strategy for synergistic cancer therapy based on a combi-
nation of chlorin-based MOFs mediated PDT and a small
molecule immunotherapeutic agent encapsulated in the MOFs
channels should be noted.292 In this case, combination therapy
can effectively inhibit indoleamine 2,3-dioxygenase and cause
systemic anticancer immunity. In addition, this strategy can be
effectively used to treat colorectal cancer.

Benzoporphyrin-based MOFs (TBP-MOF) effectively inhibit
cancer metastasis based on the synergistic therapy of PDT and
immunotherapy (Fig. 49A).293 To improve the physiological
stability, TBP-MOF was modied by PEG, and PEG-modied
TBP-MOF can conduct effective PDT in a hypoxic microenvi-
ronment. Due to the synergistic effect of TBP-MOF-mediated
PDT and the aPD-1 checkpoint blockade immunotherapy,
primary cancer can be signicantly suppressed, and cancer
metastasis can also be efficiently inhibited (Fig. 49B).

Of interest are porphyrin-based MOFs (PCN-224) used as
nanocarriers to deliver glucose oxidase (GOx) and catalase,
which also served as nanophotosensitizer (Fig. 50A). The
enzyme-loaded PCN-224 can be effectively used for synergistic
PDT and starvation therapy (Fig. 50B and C). In addition, PCN-
224, loaded with GOx and catalase, was further modied with
a homotypic cancer cell membrane that could selectively target
cancer tissue due to homotypic target talents. As a result,
synergistic effects can efficiently kill cancer cells in a controlled
manner.294

It should be noted the modication of panitumumab using
MPs that are multiple DOTA chelators, providing stable and
37044 | RSC Adv., 2019, 9, 37009–37051
effective complexation of 111In or 177Lu, which was an EGFR-
targeted theranostic for pancreatic cancer.295

Among the advantages of metallopolymers-based DDS with
multimodality, such as imaging and targeted drug delivery, it
should be noted a decrease in side effects, an improved tar-
geting strategy and biodistribution, enhanced blood circulation
and the penetration depth of existing body barriers, as well as
a decrease in the required volume needed for distribution.
5. Concluding remarks and outlook

As the contents of this review show, the current stage of the
development of metallopolymers-based DDSs has reached its
peak in the accumulation of experimental facts and their
theoretical interpretation and generalization; all major research
groups are involved in this area of science. MPs showed great
potential in DDSs due to their unique optical, electrochemical
and magnetic properties. In addition, MPs participated in the
codelivery of several chemotherapeutics drugs for the treatment
of drug-resistant cancer. These functional DDSs have the
potential to increase the solubility and efficacy of a drug while
reducing side effects.

How we see development of this interesting and promising
area of using metallopolymers?

First of all, it should be noted that the range of MPs used for
these purposes is quite wide and is not limited to the examples
given here. A huge selection of MPs with a wide arsenal of
synthetic methods for their preparation, the simplicity of many
formulations, scalability and an acceptable price/quality ratio
This journal is © The Royal Society of Chemistry 2019
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provide a methodological platform to creating promising DDSs
based on them. Among them, nanoscale MPs attract particular
attention, in particular, for combination therapy. One prom-
ising area is the use of bioactive motifs (cations, organic
ligands, or both) as building blocks for constructing metal
biomolecule frameworks (also known as bioMOFs). A variety of
hybrid materials, such as biopolymer@MOFs, are also of
considerable interest. It is important to develop MPs whose
polymeric chains include non-traditional heteroatoms, for
example, selenium or tellurium. Stimuli-responsive
metallopolymers-based DDSs are one of the most promising
class of nanoplatforms that meet the requirements of an
effective chemotherapeutic drug formulation.

Despite their enormous potential, very few metallopolymers-
based DDSs have been included in clinical trials and no one has
yet been approved for the treatment of the disease. Indeed,
there are still some problems that must be overcome in order to
begin the effective pharmaceutical development of such
systems. Unfortunately, for many metallopolymers-based DDSs
the exact mechanism of action and behavior in the biological
environment are not fully understood. Another major challenge
is the assessment of systemic toxicity and in vivo pharmacoki-
netics. Although a large number of metallopolymer-based DDSs
have been studied in vitro with varying cytotoxicity, little is
known about their absorption, distribution, metabolism, and
excretory properties in humans. Further problems arise due to
the requirements for precise control and initiation of the
responsive systems. In addition, till now, as a rule, it is
impossible to recognize correlations between content, struc-
tural features, and properties of metallopolymer-based DDSs,
which in many respects restrains scientically grounded
approach to structuring of these systems and prediction of their
promising properties.
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92 C. Rüttiger, M. Appold, H. Didzoleit, A. Eils, C. Dietz,
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R. Gómez, M. Contel and F. J. de la Mata, Dalton Trans.,
2016, 45, 7049–7066.

190 M. Gouveia, J. Figueira, M. G. Jardim, R. Castro, H. Tomás,
K. Rissanen and J. Rodrigues, Molecules, 2018, 23, 1471.

191 P. Govender, T. Riedel, P. J. Dyson and G. S. Smith, Dalton
Trans., 2016, 45, 9529–9539.

192 M. Quadir, S. Fehse, G. Multhaup and R. Haag, Molecules,
2018, 23, 1281.

193 R. Albrecht, S. Fehse, K. Pant, S. Nowag, H. Stephan,
R. Haag and C. C. Tzschucke, Macromol. Biosci., 2016, 16,
412–419.

194 S. Rojas, T. Devic and P. Horcajada, J. Mater. Chem. B, 2017,
5, 2560–2573.

195 D. Y. Ma, Z. Li, J. X. Xiao, R. Deng, P. F. Lin, R. Q. Chen,
Y. Q. Liang, H. F. Guo, B. Liu and J. Q. Liu, Inorg. Chem.,
2015, 54, 6719–6726.

196 H. An, M. Li, J. Gao, Z. Zhang, S. Ma and Y. Chen, Coord.
Chem. Rev., 2019, 384, 90–106.

197 S. El Hankari, M. Bousmina and A. El Kadib, Prog. Mater.
Sci., 2019, 106, 100579.

198 W. Zhou, L. Wang, F. Li, W. Zhang, W. Huang, F. Huo and
H. Xu, Adv. Funct. Mater., 2017, 27, 1605465.

199 F. Cao, E. Ju, C. Liu, W. Li, Y. Zhang, K. Dong, Z. Liu, J. Ren
and X. Qu, Nanoscale, 2017, 9, 4128–4134.

200 S. Mignani, J. Rodrigues, H. Tomas, A.-M. Caminade,
R. Laurent, X. Shi and J.-P. Majoral, Sci. China Mater.,
2018, 61, 1367–1386.
This journal is © The Royal Society of Chemistry 2019
201 L. Chen, S. Mignani, A.-M. Caminade and J.-P. Majoral,
Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol., 2019,
11, e1577.

202 G. I. Dzhardimalieva and I. E. Uyand, Dalton Trans., 2017,
46, 10139–10176.

203 M. Ghaffari, G. Dehghan, F. Abedi-Gaballu, S. Kashanian,
B. Baradaran, J. E. N. Dolatabadi and D. Losic, Eur. J.
Pharm. Sci., 2018, 122, 311.

204 N. S. Sommerfeld, M. Hejl, M. H. M. Klose, E. Schreiber-
Brynzak, A. Bileck, S. M. Meier, C. Gerner, M. A. Jakupec,
M. Galanski and B. K. Keppler, Eur. J. Inorg. Chem., 2017,
2017, 1713–1720.

205 K. Dave and V. V. K. Venuganti, Ther. Delivery, 2017, 8,
1077–1096.

206 H. L. Che, M. Huo, L. Peng, Q. Q. Ye, J. Guo, K. Wang,
Y. Wei and J. Y. Yuan, Polym. Chem., 2015, 6, 2319–2326.

207 W. Cai, J. Wang, C. Chu, W. Chen, C. Wu and G. Liu, Adv.
Sci., 2019, 6, 1801526.

208 K. Fujita, Y. Tanaka, S. Abe and T. Ueno, Angew. Chem., Int.
Ed., 2016, 55, 1056–1060.

209 D. Nguyen, T. Nguyen, S. A. Rice and C. Boyer,
Biomacromolecules, 2015, 16, 2776–2786.

210 X. Li, J. Mu, F. Liu, E. W. P. Tan, B. Khezri, R. D. Webster,
E. K. L. Yeow and B. G. Xing, Bioconjugate Chem., 2015,
26, 955–961.

211 F. Li, T. Li, W. Cao, L. Wang and H. Xu, Biomaterials, 2017,
133, 208–218.

212 S. Ding and U. Bierbach, Future Med. Chem., 2015, 7, 911–
927.

213 H. Song, X. Kang, J. Sun, X. Jing, Z. Wang, L. Yan, R. Qi and
M. Zheng, Chem. Commun., 2016, 52, 2281–2283.

214 H. Song, W. Li, R. Qi, L. Yan, X. Jing, M. Zheng and H. Xiao,
Chem. Commun., 2015, 51, 11493–11495.

215 D. Zhou, J. Guo, G. B. Kim, J. Li, X. Chen, J. Yang and
Y. Huang, Adv. Healthcare Mater., 2016, 5, 2493–2499.

216 Y. R. Zheng, K. Suntharalingam, T. C. Johnstone and
S. J. Lippard, Chem. Sci., 2015, 6, 1189–1193.

217 M. Ma, T. Luan, M. Yang, B. Liu, Y. Wang, W. An, B. Wang,
R. Tang and A. Hao, So Matter, 2017, 13, 1534–1538.

218 A. Khan, L. Wang, H. Yu, M. Haroon, R. S. Ullah, A. Nazir,
T. Elshaarani, M. Usman, S. Fahad and F. Haq, Appl.
Organomet. Chem., 2018, 32, e4575.

219 E. Wajs, T. T. Nielsen, K. L. Larsen and A. Fragoso, Nano
Res., 2016, 9, 2070–2078.

220 L. Peng, H. Zhang, A. Feng, M. Huo, Z. Wang, J. Hu, W. Gao
and J. Yuan, Polym. Chem., 2015, 6, 3652–3659.

221 S. Szunerits, F. Teodorescu and R. Boukherroub, Eur.
Polym. J., 2016, 83, 467–477.

222 S. Mu, Q. Ling, X. Liu, J. Ruiz, D. Astruc and H. Gu, J. Inorg.
Biochem., 2019, 193, 31–41.
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D. Wöll, P. van Rijn and F. A. Plamper, Chem. Sci., 2019,
10, 1844–1856.

250 B. V. K. J. Schmidt, D. Kugele, J. von Irmer, J. Steinkoenig,
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