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Abstract: Advances in atom transfer radical polymerization (ATRP) have enabled the precise design
and preparation of nanostructured polymeric materials for a variety of biomedical applications.
This paper briefly summarizes recent developments in the synthesis of bio-therapeutics for drug
delivery based on linear and branched block copolymers and bioconjugates using ATRP, which have
been tested in drug delivery systems (DDSs) over the past decade. An important trend is the rapid
development of a number of smart DDSs that can release bioactive materials in response to certain
external stimuli, either physical (e.g., light, ultrasound, or temperature) or chemical factors (e.g.,
changes in pH values and/or environmental redox potential). The use of ATRPs in the synthesis of
polymeric bioconjugates containing drugs, proteins, and nucleic acids, as well as systems applied in
combination therapies, has also received considerable attention.

Keywords: drug delivery system; drug nanocarrier; micelle; ATRP; block copolymer; polymer-drug
conjugate; polymersome; polyplexes; self-assembly; branched copolymer

1. Introduction

Polymeric systems for controlled drug release have been the subject of intensive aca-
demic and industrial research for more than half a century, with the aim of extending
the period of therapeutic action, enabling drug delivery to a specific site in the body, and
reducing the negative side effects induced by bioactive substances. The mechanism of
action of these systems is very diverse, ranging from the protection of active pharmaceutical
ingredients from an aqueous living environment for a programmed time period to the tar-
geting and formation of conjugates with polymers covalently attached to drugs to increase
their stability and immunogenicity [1-7]. Most of the recent studies have focused on bio-
compatible nanocarriers, such as micelles, vesicles (polymersomes), nanogels, dendrimers,
and hybrid nanoparticles with porous inorganic cores [8-21]. The reduction in polymeric
containers to submicron sizes (typically 10 to 200 nm) allows for the delivery of drugs
in the form of a stable colloidal dispersion, hence promoting more efficient absorption
of therapeutic loads when compared with larger carriers. In addition, the large surface
area of nanoparticles provides space for functionalization, targeting, and bioconjugation.
Therefore, nanocarriers can also exhibit other desirable properties, such as biodegradabil-
ity, the ability to change size and permeability under the influence of external stimuli
(e.g., temperature, pH), or the formation of multicompartment containers, in which the
simultaneous loading and release of different drugs are possible [10]. The simplest and
most common method of assembling polymers into well-defined nanoparticles is the self-
organization of amphiphilic block copolymers in water or water—oil systems. By adjusting
the macromolecular properties of the copolymers and the self-organization conditions,
various nanostructures can be formed, including separated micelles or polymersomes,
and cluster aggregates. Amphiphilic block copolymers are also often used in resorbable
implantable plates, containing a drug with targeted cytotoxicity that can be inserted directly
into the area altered by pathological cells [7].
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Modern polymer chemistry offers many synthetic strategies that can be used to prepare
block copolymers with specific macromolecular architecture, composition, functionality,
and low-molecular-weight dispersity. These include various types of living and controlled
polymerization, often combined with post-polymerization selective chemical modification
of the terminal functional groups [21]. In the past two decades, controlled radical poly-
merization (CRP) methods, particularly reversible addition-fragmentation chain transfer
(RAFT) polymerization and atom transfer radical polymerization (ATRP) [22-33], have
become some of the leading tools in the synthesis of block copolymers. They can be carried
out in a variety of solvents, including water, and are tolerant of most functional groups.
The CRP method is typically used to obtain segments derived from active vinyl monomers
(e.g., (meth)acrylates, (meth)acrylamides, styrene derivatives), which are combined with
other synthetic or natural polymers employing end groups that can act as CRP initiators or
reactants in “click” reactions. This strategy has been successfully applied to build multi-
block linear chains and to construct macromolecules with a more complex topology, such as
star-like polymers, comb-like polymers, hyperbranched structures, networks, and hybrids,
with a covalent bond attachment of well-defined functional polymers to therapeutics or
other polymer-grafted materials. Many attempts have been made to use these materials
in drug delivery systems and early-stage results have been described in comprehensive
articles published in 2009 and 2012 [34,35]. Nowadays, the field is growing rapidly and
many exciting new results have been published in the last decade.

In this paper, we would like to present some new developments in the ATRP-utilized
design of novel polymeric structures for drug delivery systems (DDSs). For the purpose
of this review, DDSs obtained via ATRP are divided into the four most recently studied
types: micelles, polymersomes, and polyplexes formed by linear block copolymers; carriers
formed by branched copolymers; hybrid nanoparticles; and bioconjugates.

We dedicate this article to the late Professor Andrzej Dworak, who made tremendous con-
tributions to the development of research on the self-organization processes of amphiphilic
polymers and stimuli-responsive materials and their practical use in modern medicine
and pharmacy. He was the author of many original papers as well as fundamental review
papers, which provide valuable information and inspiration for future generations of
chemists undertaking research in this fascinating area of science.

2. The Principles of ATRP

ATRP is a robust polymerization method that was developed and presented by Profes-
sor Matyjaszewski’s group in 1995 [36,37]. It was inspired by atom transfer radical addition,
which was successfully used in the synthesis of low-molecular-weight compounds [38].
ATRP, next to nitroxide-mediated polymerization or RAFT [39,40], is a method of CRP [41].

The idea of ATRP is based on reducing the concentration of radicals in the poly-
merization system through reversible reactions of the activation and deactivation of the
active center as a result of halogen atom transfer, based on a dynamic equilibrium between
working radical centers and dormant organic halides, with a relatively low homolytic
dissociation activation energy of C-X bonds (Figure 1) [42,43]. Therefore, this equilibrium
must be strongly shifted to the left (fowards the organic halides R-X). The transfer of the
halogen atom (X) from the initiator molecule or the growing polymer chain (R-X) takes
place to the catalyst molecule, which is an inorganic salt, i.e., a transition metal halide with
two oxidation states differing by one electron (Mt™*)X,,), complexed with a ligand (L). For
accepting a halogen, the catalyst is in a reduced form and acts as an activator (Mt"*X,),
increasing its degree of oxidation, and the process itself is an activation reaction (k;). As a
result of activation, a radical (R®) is formed capable of attaching to monomer (M) molecules
(initiation or propagation (k,) stage) or other reactions typical of radical polymerization.
However, the participation of termination (reaction with the other radical, k;) is drastically
diminished by reducing the concentration of radicals to a level several orders of magnitude
lower than that of typical radical polymerization. During the operation of the radical, an
appropriate number of monomer molecules are attached to the growing chain. In contrast,
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the number of attached monomers per one act of activation depends on many rate constants,
including those that affect the ATRP equilibrium (kg, k;). The latter, in turn, depends on
the structure of the organic halide and the type of catalyst, and in particular on the type of
ligand whose task is to create a complex with an inorganic salt that is soluble in organic
media and to give the catalyst an appropriate reduction potential [44]. It is worth noting
that most often the role of ATRP ligands is played by polydentate nitrogen compounds,
including aliphatic, cycloaliphatic, or aromatic amines [45,46]. However, other systems,
for example based on phosphorus compounds, are also used [47,48]. In the next stage,
the oxidized catalyst (deactivator, Mile+D)+Hx /L), having an additional halogen atom,
reacts with one of the radicals present in the system, transferring a halide to it, which
results in the formation of a dormant form of the polymerization center and the reduction
of the catalyst. Due to the statistical nature of the activation and deactivation reactions,
random organic halides and radicals undergo it, respectively, which, with a sufficiently fast
deactivation, ensures a relatively uniform growth in all the polymer chains present in the
system (linear increase in average molar mass with the degree of monomer conversion and
a small dispersity in the molar masses of the obtained polymer). Copper salts were one
of the first and the best-known catalytic systems used in ATRP; numerous studies have
confirmed the possibility of using the halides of other metals, i.e., Fe [47-50], Ru [51,52], Ga,
or Ir [53,54]. The required amount of catalyst in a normal ATRP mechanism is relatively
large, as, typically, one molecule of catalyst is used per one initiation site. This has been
a huge disadvantage of the method and constitutes a limitation for implementing it into
industrial practice.

R
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k
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Figure 1. General scheme of an ATRP mechanism.

In the last 15 years, numerous related methods have been developed that use much
smaller amounts of catalysts. Such systems, however, require more active ligands and
additional agents whose task is to regenerate the activator molecules that were irreversibly
formed in the system due to some termination processes and/or the contamination of
the system with oxygen. Such agents might be glucose, ascorbic acid, hydrazine, tin(II)
compounds (in activators regenerated by electron transfer variant, ARGET) [55], typical
radical initiators as sources of radicals (in initiators for continuous activator regeneration
variant, ICAR) [29,51,56,57], zero covalent metals, e.g., Cu? (in supplemental activation
reducing agent variant, SARA) [58], or external stimuli such as electrical current/potential
(in eATRP) [59], and ultrasound in the presence or absence of piezoelectric materials
(in mechano/sonoATRP) [60,61]. The other and “greener” type of ATRP is photoin-
duced organocatalyzed polymerization (O-ATRP), which does not involve any metal
catalyst [22,62]. These developments changed ATRP into a technique well suited to the
principles of green chemistry [63].

Activated organic halides are used as initiators of ATRP. They can be simple com-
pounds, such as the commonly used 2-bromobutyric acid ethyl ester, or functional initiators,
i.e., those that allow the introduction of an end-group capable of chemical reactions or
interactions, e.g., dye moiety [64,65], drug or proteins molecules [66-68], stimuli-sensitive
molecules [69] or groups able to chemically react with other molecules or chains [70], etc. In
some cases, the initiator can be covalently bonded to some surface or is able to influence the
topology of macromolecules [71,72]. Therefore, ATRP allows the synthesis of linear, cyclic,
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and branched polymers, including star-shaped, comb, bottle-brush, and hyperbranched
structures, nanogels, and polymer—drug conjugates (Figure 2).

a) b) c)

eV a VA VAN !

Figure 2. Representative molecular architectures synthesized via ATRP and applied in the formation
of polymeric DDSs: (a) linear block copolymers, (b) regular star copolymers, (c¢) miktoarm star
(co)polymers, (d) polymer brushes, (e) dendrimers, (f) nanogels, and (g) polymer-drug conjugate.

—h

In the case of polymer stars, there are several synthetic strategies possible; they can
be obtained via “core-first”, “arm-first”, and “coupling-onto” methods utilizing ATRP.
While the “core-first” method uses a multifunctional initiator with a specified number
of initiating species, which defines the number of arms, the “arm-first” method relies on
ready, halogen functionalized polymer chains that are activated in the presence of the
crosslinking agent, so core formation takes place in situ. It does not allow us to control the
number of arms in a very good manner, however; it enables the synthesis of stars with
structurally different arms (miktoarm). Polymer grafts (combs and bottle-brushes) might
be synthesized by the polymerization of macromonomers (obtained by ATRP or in the
other way), by the initiation of ATRP with a formed polymer chain comprising initiating
species along it, or by coupling the side chains to the main chain consisting of appropriate
chemical groups in monomeric units, when the side and main chains may be obtained via
ATRP as well [73]. There have been successful attempts at star-brush molecule (“hairy”
stars) synthesis as well [74].

It is essential that the halogen atom is formally present at the other end of the polymer
chain after polymerization. This provides a vast opportunity to exchange the atom into
the other, more reactive group, enabling further reactions, i.e., linking specific molecules
to that chain-end or coupling the macromolecule with another one. The example of a
halogen-to-azide group exchange best demonstrates this, which then opens the way to a
variety of coupling possibilities with alkyne moieties, called “click” chemistry [75].

On the other hand, the residual halogen atom at the end of the macromolecule can
be used as a macroinitiator for the synthesis of block copolymers, thus depriving ionic
polymerizations of the monopoly for obtaining well-defined segment systems [76,77]. This,
in turn, enables the design of materials with specific morphology obtained due to the
self-assembly of block copolymers [78]. These include hydrophobic copolymers capable of
forming ordered nanostructures from a polymer melt, e.g., lamellae, gyroids, hexagonally
packed cylinders, or spheres. It is worth noting that the type of nanostructure can be
influenced by the basic structural parameters included in the phase diagrams, i.e., the
interaction parameter, degree of polymerization, and volume fractions of components
as a predominance factor. However, ATRP allows us to control other subtle parameters,
e.g., the topology or dispersion of blocks [79,80], which can change phase boundaries
and stabilize phases considered to be thermodynamically metastable, e.g., hexagonal
perforated lamellae [81].

ATRP also enables the synthesis of hydrophobic segments for amphiphilic block
copolymers or complete amphiphilic block copolymers and double hydrophilic block
copolymers [82-85]. Amphiphilic materials can self-assemble in aqueous systems to form
vesicles (liposomes) or micelles (spherical, cylindrical, hexagonally packed, or lamellar
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“neat” micelles in parallel arrangement) [86], which are often used in DDSs, for instance. In
some cases of doubly hydrophilic copolymers, one of the segments is a polyelectrolyte (often
a polyanion), which can interact with particles of inorganic salts, being the basis for artificial
biomineralization processes. Among the monomers giving hydrophilic segments in ATRP,
acrylamide, 2-hydroxyethyl methacrylate (HEMA), or poly(ethylene glycol) methacrylates
should be mentioned [87]. However, polyelectrolytes usually have to be created using
hydrophobic precursors, e.g., tert-butyl acrylate (tBuA), which, after polymerization, are
hydrolyzed to poly(acrylic acid) (PAA) [88]. The direct use of acrylic acid in polymerization
causes its reaction with a deactivator, i.e., copper(Il) salts. This shows that although ATRP
is quite robust to reaction conditions, this method has some limitations. The main challenge
of this method is the limited range of monomers that can be used compared to that in
simple radical polymerization. It is required that these monomers have high resonance
stabilization. Hence styrenes, acrylates, methacrylates, or acrylonitrile are most often used.
At the same time, the well-controlled ATRP of ethylene, butadiene, or vinyl acetate is
practically impossible. It should be noted, however, that ATRP allows us to obtain the
large family of amphiphilic copolymers by using hydrophilic macroinitiators, such as
poly(ethylene glycol) (PEG), and naturally occurring polysaccharides. The typical synthetic
approach involves the transformation of the hydroxyl end-group of the hydrophilic reagent
with 2-bromoisobutyryl bromide (BIBB) to form an ATRP macroinitiator (Figure 3) [82].

,(o\/);o,,, + Brj\ﬁr — '(o\/);ojﬁ(Br

PEG PEG macroinitiator
Figure 3. A typical synthesis of PEG macroinitiator of ATRP for amphiphilic block copolymers.

3. DDSs Based on Linear Block Copolymers

Due to their ability to self-assemble into nanostructures in aqueous media, linear block
copolymers bearing both hydrophilic and hydrophobic blocks have gained much attention
as potential drug nanocarriers. Although there are several factors that impede the behavior
of linear block copolymers (LBCPs) in aqueous dispersions (e.g., the molecular weight
of polymeric chains, as well as the number, chemical composition, and length of their
constituting macroblocks, temperature, pH, and ionic strength of the environment) [78,89],
one can categorize the resulting nano-sized particles (usually with diameters up to 200
nm) into two main groups: micelles and polymersomes (polymeric vesicles) [78,89,90]. The
former are small aggregates exhibiting a core-shell structure, in which the hydrophobic
blocks of amphiphilic macromolecules are stacked together inside, whereas the hydrophilic
parts of LBCPs are directed outside (Figure 4a). On the other hand, the structure of
polymersomes resembles that of liposomes: they exist as hollow spheroids, in which the
LBCPs’ chains are located at the surface and form an amphiphilic double layer with their
hydrophilic blocks sticking out on both sides (Figure 4b). It should be noted that each
part of such nanoassemblies makes a distinctive and significant contribution to the overall
successful performance of a DDS: the hydrophobic core of the micelle, or the interior
of the amphiphilic double layer in a polymersome, is responsible mainly for the drug
loading capacity (LC) and its controlled release, whereas hydrophilic corona increase the
biocompatibility of the whole system and protect drug molecules from any unfavorable
destructive interaction with enzymes, serum proteins, and other constituents present in the
bloodstream before a DDS reaches its target site [91,92].
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Figure 4. Schematic representations of (a) micelle and (b) polymersome formed by LBCPs, as well as
(c) general synthetic strategy applied for the formulation of micelle-based DDSs.

Since the loading of polymeric micelles with drugs is performed via a physical en-
trapment of the latter within the hydrophobic core of the micelle, one can accomplish it by
self-assembling LBCPs in the presence of drug molecules (a bottom-up approach, Figure 4c).
This strategy is characterized by simplicity and ease of performance, although several im-
portant processing conditions (e.g., temperature, pH, the concentration of reagents) must
be carefully controlled. It involves the dissolving of amphiphilic LBCPs and hydrophobic
drugs in an appropriate organic solvent, followed by a drop-wise mixing of the resulting
solution with the aqueous phase. Usually, water-miscible organic solvents are utilized
in this method (e.g., THF [93,94], DMF [95], or DMSO [92,96,97]), and they have to be
subsequently separated from the drug-containing micelles, together with the unentrapped
drug molecules, by means of dialysis [94-98].

Micelles must be biocompatible and sufficiently resistant to the internal environment
of the living organism to transport the chosen drug to its destined location (e.g., tumor
cells or pathologically altered tissues). Thus, there has been continuous interest in the
development of methodologies for the stabilization, cross-linking, and functionalization
of polymer micelles. However, their stability cannot be too high since at the targeted site
a DDS has to liberate its therapeutic payload in a strictly controlled manner, thus solely
affecting the targeted cells as well as maintaining the concentration of the delivered drug
within the optimal therapeutic limits for an appropriate amount of time [91,99]. Moreover,
in order to minimize the negative side effects occurring during the application of many
drugs (especially those used in cancer treatment), or to protect the therapeutic agents that
are otherwise easily destroyed in the bloodstream (e.g., nucleic acids used in gene therapy),
efforts have recently been made for the synthesis of DDSs that change their physicochemical
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and/or structural properties in response to some external stimuli, either physical (e.g., light,
ultrasound, or temperature) or chemical factors (e.g., changes in pH values and/or redox
potential of the environment) [100].

3.1. Smart DDSs Based on Micelles

Generally, there are two types of endogenous stimuli (factors independent of human
influence and related to the functioning of a living organism) that have been used to trigger
a drug release from smart DDSs in cancer cells or tissues—both of them are connected to the
altered metabolism of the target site. For instance, it is well known that the increased gly-
colytic metabolism occurring in tumor cells (the Warburg effect) produces a larger amount
of lactic acid and CO, than that observed during the standard metabolism of healthy cells.
Since both compounds are expelled from the cells, their increased concentration leads to
the acidification of the extracellular microenvironment of the tumor cells, which exhibits a
slightly lower pH value (usually below 6.5) than that observed in blood or healthy tissues
(ca. 7.4) [100,101]. Moreover, some organelles inside cells (e.g., endosomes or lysosomes)
exhibit even lower pH values (usually 4.5-5.5) [100,102]. Taking this into account, pH is
one of the most intensively exploited natural triggers for drug liberation from DDSs.

On the other hand, all living cells combat destructive reactive oxygen species (radicals)
by utilizing several natural antioxidants, among which glutathione (GSH) is the most
abundant [103,104]. Because of this, the concentration of GSH inside the healthy cells (up
to 10 mM) is about 1000 times higher than that in the bloodstream, and in the case of tumor
cells it is even higher (at least a few times higher). The obvious increase in the reductive
conditions of the intracellular environment can be a trigger for safe drug release directly
inside a tumor cell [104].

In order to introduce pH responsiveness into micelle-based DDSs, two main strate-
gies can be applied, both of which are focused on the introduction of a physicochemical
imbalance into drug-loaded LBCPs’ micelles leading to their destruction and the release
of their therapeutic content in the acidic environment of the tumor cells. This can be
performed either via the protonation of functional groups incorporated into LBCP chains,
or the acid-catalyzed hydrolytic cleavage of the chemical bonds present in the polymer
backbone or pendant groups.

3.1.1. Drug Release Induced by Protonation

This approach has been exploited by several research groups; however, a common
feature of their works has been the utilization of tertiary amine groups as proton accep-
tors and PEG as a hydrophilic block of LBCPs. Wang and Zhang synthesized a series of
double hydrophobic triblock copolymers, poly(2-(N,N’-diethylamino)ethyl methacrylate)-
b-poly(ethylene glycol)-b-poly(2-(N,N’-diethylamino)ethyl methacrylate) (PDEAEMA-b-
PEG-b-PDEAMA) [93], by conducting the ATRP of 2-(N,N’-diethylamino)ethyl methacry-
late (DEAEMA) in the presence of 2-bromoisobutyrate-terminated PEG (Br—PEG-Br, a
product of PEG esterification with BIBB) as an ATRP macroinitiator. From this work, it
is evident that the elongation of hydrophobic blocks does not increase the cytotoxicity
of the blank micelles (even at their highest concentration, in which the viability of the
tested cell cultures was above 80%), whereas the critical micelle concentration (CMC) de-
creases. Moreover, by increasing the number of DEAEMA units, one can increase both the
hydrodynamic diameter of the blank or drug-loaded micelles (within the 40-180 nm or
50-220 nm ranges, at the physiological pH of 7.4, respectively), as well as the doxorubicin
(DOX) loading contents and entrapment efficiencies (up to ca. 8.1% and 89%, respectively,
for the copolymer with the highest molar weight). The pH responsiveness of the inves-
tigated DDSs was proven by their faster DOX release observed at the endo-/lysosomal
pH conditions (between 65 and 90% at pH = 5.4 in comparison to 25-35% at pH = 7.4). In
another study [94], Wang, Zhang, and coworkers showed that the length of the hydrophilic
block in PDEAEMA also impedes its micellar properties and DOX uptake: the increase in
the PEG block length leads to smaller micelles that exhibit lower DOX loading contents
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and efficiencies (8.0-6.4% and 86-68%, respectively), as well as cumulative drug release (a
decrease from ca. 90% to 70% at the endo-/lysosomal pH).

In order to make PDEAEMA micelles more thermodynamically stable, Chen and
coworkers proposed a symmetrical elongation of the hydrophobic block by copolymer-
izing it with the second hydrophobic monomer. For that purpose, they conducted a
sequential ARGET ATRP of DEAEMA with either methyl methacrylate (MMA) [105] or
HEMA [106]. This method resulted in a symmetrical, double hydrophobic pentablock
copolymer, although in the case of the HEMA-based system, its hydrophilic 2-hydroxyethyl
groups required hydrophobization via an amidation reaction with the amine groups of folic
acid [106]. The obtained micelles showed comparatively low CMC values (especially the
system containing MMA units, 2.4-2.8 mg/L) indicative of their potentially better stability
in the bloodstream [105], as well as a larger encapsulation efficiency (e.g., 20-35% for the
MMA-based system [105] and 45-48% in the HEMA-based copolymer) [106], although
the DOX loading contents were substantially lower (below 25%) in comparison to the
previously investigated triblock copolymer PDEAEMA. It should be noted that, at the same
length of the second monomer, the copolymers with longer pH-sensitive PDEAEMA blocks
exhibited higher values of the DOX loading content and efficiency and formed slightly
larger micelles while their CMC values decreased. More importantly, in both cases, the
DOX-loaded micelles rapidly released their content at an acidic pH and were characterized
by cytotoxicity against tumor cells (a tumor-suppressing effect) close to that of free DOX—
for example, after 48 h of incubation with DOX-loaded HEMA-based micelles, the viability
of HepG2 tumor cells was reduced to ca. 20%.

An interesting option for the synthesis of DDSs based on PDEAEMA-containing mi-
celles is the process of co-micellization, in which drug-encapsulating nano-assemblies are
formed due to the entanglement of two different copolymers. It is especially helpful if the
desired building blocks of LBCPs have to be synthesized according to different polymer-
ization mechanisms—in many cases, the separation of such polymerization procedures
makes laboratory work less tedious and quicker. An exemplification of this strategy is
the research work carried out by Yang and coworkers [98,107], in which the authors de-
scribed mixed micelles formulated from amphiphilic copolymers obtained via the ARGET
ATRP of DEAEMA and ring-opening polymerization (ROP) of e-caprolactone (e-CL). In
reference [98], DOX-loaded mixed micelles consisting of the mixture of amphiphilic di-
block copolymers poly(2-(N,N’-diethylamino)ethyl methacrylate)-b-poly(poly(ethylene
glycol) methyl ether methacrylate) (PDEAEMA-b-PPEGMA) and poly(e-caprolactone)-b-
poly (poly(ethylene glycol) methyl ether methacrylate) (PCL-b-PPEGMA) were investigated.
Both the experimental studies on drug release and its computational simulations employ-
ing dissipative particle dynamics (DPD) indicated that mixed micelles exhibited good
pH-responsivity: they were very stable at the physiological pH, showing very limited
leakage of DOX, whereas, at pH = 5.0, they were characterized by an accelerated release
of DOX. Moreover, these co-micelles were completely biocompatible, with no cytotoxicity
detected during in vitro tests, and their capability for DOX up-take was high: the estimated
DOX loading contents and DOX encapsulation efficiencies were in the 23-31% and 60-91%
ranges, respectively, depending on their composition [98]. Another study simplified the
topology of the copolymers by utilizing PEG monomethyl ether (MPEG) as a macroini-
tiator in e-CL ROP and ARGET ATRP of DEAEMA (after prior esterification of MPEG
hydroxyl terminal with BIBB) [107]. The DOX loading contents of these nanosystems
(hydrodynamic diameters in the 200-300 nm range) were on a comparable level to their
poly(poly(ethylene glycol) methyl ether methacrylate (PPEGMA)-based analogs, whereas
they exhibited slightly lower DOX encapsulating efficiencies (values between 21% and
63%). By combining experimental work with DPD simulations, the authors showed that
DOX tended to distribute in the mixed inner core formed by poly(e-caprolactone) (PCL)
and pH-sensitive PDEAEMA chains, owing to the hydrophobic interactions; however, as
the PCL/PDEAEMA chains of the polymers increased in length, the ability of the micelles
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for DOX loading decreased, suggesting that protective effect of the hydrophilic corona
(shell) also plays a role in ensuring an appropriate LC of this type of DDSs [107].

3.1.2. Drug Release Induced by Acid Bond Cleavage

Alternatively to the protonation/deprotonation mechanism, pH-responsive polymeric
micelles can be disintegrated via the acid-promoted cleavage of the chemical bonds incor-
porated into their structure with ester, ortho ester, 3-thiopropionate ester, hydrazone, imine
(e.g., benzoic imine), acetal, ketal, oxime, vinyl ether, or amide groups [108-111]. Based
on the location of these acid-labile linkages within block copolymer chains, the latter (as
well as nano-assemblies formed by them in aqueous solutions) can be categorized into
three main groups (see Figure 5): backbone acid-cleavable (i.e., those characterized by bond
breaking between monomeric units of the hydrophobic block), pendant acid-cleavable
(i.e., LBCPs whose hydrophobic blocks are fabricated from monomers bearing acid-labile
substituents), and shell acid-cleavable (shell-sheddable, i.e., those characterized by bond
breaking at the junction between their hydrophilic and hydrophobic blocks) [109].
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block
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Figure 5. Possible locations of acid-labile linkages within amphiphilic LBCPs before and af-
ter micellization: (a) backbone acid-cleavable, (b) pendant acid-cleavable, and (c) shell acid-
cleavable nanoassemblies.

Since all ATRP techniques produce new hydrolytically stable C—C bonds between
monomeric units, they have no use in the formulation of backbone acid-cleavable micelles.
Only an extension of ATRP, namely atom transfer radical polyaddition (ATRPA), has been
able to show some results in this field. Li and coworkers proved that biodegradable pH-
responsive polyester showing a low critical solution temperature (around 37 °C) could be
obtained via the ATRPA of bis(styrenic)- and bis(bromoisobutyrate)-type monomers. As ex-
pected, the synthesized copolymer underwent depolymerization at a pH of around 5.5 (due
to the acidolysis of ketal bonds incorporated via bis(bromoisobutyrate)-type monomer);
however, no drug release tests have been conducted for this system [112].
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The concept of a controlled drug release in the case of block copolymers having pen-
dant groups prone to acid-triggered bond breaking is based on the fact that, by changing
their chemical composition (due to the cleavage of the side groups), one can disrupt a
delicate balance in the hydrophilic/hydrophobic interactions responsible for keeping the
micelles intact, thus leading to the destabilization and disassembling of the latter. Such
a process is especially promoted if bond breaking increases hydrophilicity or results in
the formation of electrically charged moieties within the hydrophobic core of the micelle.
Two main synthetic strategies can be applied for the synthesis of this type of copolymers:
a direct polymerization or a chemical modification of the reactive side groups present
in the already synthesized polymeric chains [109,110]. The latter strategy is mostly used
for the attachment of drugs to polymeric carriers having different molecular structures,
resulting in the formation of polymer—drug conjugates; thus, it will be discussed in detail
in a separate section of this review. The direct polymerization approach usually requires
the design and subsequent synthesis of the appropriate monomers bearing the acid-labile
functional groups and exhibiting a sufficiently high reactivity in the chosen type of poly-
merization reactions. For that purpose, as far as ATRP techniques are considered, three
synthetic pathways can be utilized: (a) the polymerization of a functionalized, hydropho-
bic, unsaturated monomer in the presence of a hydrophilic ATRP macroinitiator; (b) the
polymerization of a functionalized, hydrophilic, unsaturated monomer in the presence of
a hydrophobic ATRP macroinitiator, or the copolymerization of the appropriately func-
tionalized hydrophilic and hydrophobic unsaturated monomers. It should be noted that
only the first of these leads to micelles being formed by amphiphilic LBCPs, as shown
by the results obtained by Li and coworkers, who used 2-chloropropionate-ended MPEG
chains to initiate the ATRP of N-substituted acrylamide (trans-N-(2-ethoxy-1,3-dioxan-5-yl)
acrylamide, tNEA) and synthesized a diblock copolymer-containing ortho ester moiety in
the pendant substituents [113]. The authors proved that by changing the degree of poly-
merization within the hydrophobic poly(trans-N-(2-ethoxy-1,3-dioxan-5-yl) acrylamide)
(PtNEA) block, one can easily alter the self-assembling properties of the resulting copoly-
mer and obtain nanostructures with morphologies ranging from spherical micelles (for
the shortest PtNEA blocks) and rod-like clusters to polymersomes (for the longest PtNEA
blocks). Interestingly, regardless of their morphological features, these nanoassemblies
were stable at physiological pH but underwent disintegration at the endo-/lysosomal
mildly acidic environment (pH 4.6-5.0), with micelles being the most prone to hydrolysis.
Moreover, they all were capable of DOX loading and displayed pH-dependent drug release
profiles, as well as concentration-dependent cytotoxicity against HepG2 tumor cells [113].

The other two ATRP-based strategies leading to copolymers with labile pendant
groups were explored by Wei and coworkers [114], as well as Oh and Khorsand [115];
however, they both resulted in graft copolymers, which subsequently self-assembled into
drug-loading micelles. The first group polymerized a newly synthesized hydrophilic
methacrylate monomer (a derivative of HEMA acetalized with MPEG oligomers) using a
hydrophobic bromine-terminated PCL, a product of the ring-opening polymerization of
¢-CL initiated with 2-hydroxyethyl 2’-bromoisobutyrate as the ATRP macroinitiator [114],
whereas the second group sequentially copolymerized hydrophilic poly(ethylene glycol)
methyl ether methacrylate (PEGMA) with pH-responsive hydrophobic tert-butyl methacry-
late using a small-molecule ATRP initiator (2-hydroxyethyl 2’-bromoisobutyrate) [115].

In the last decade, new concepts regarding the utilization of ATRP in the synthesis of
copolymers with pH-cleavable pendant substituents have been proposed. Although some
of them do not relate to amphiphilic LBCPs (e.g., the usage of deactivation-enhanced ATRP
conditions and the acetal-containing diacrylate monomer for the in situ synthesis of an
amphiphilic hyperbranched copolymer capable of DOX loading and subsequent releasing
at the endosomal pH) [116], the others are directly concerned with such copolymers. For
example, Li and coworkers observed that ATRP of a mixture of HEMA and DEAEMA,
followed by the reaction between the hydroxyl groups of poly(2-hydroxyethyl methacrylate)
(PHEMA) blocks with 2-ethylidene-4-methyl-1,3-dioxolane, resulted in a triblock LBCP, in
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which at a pH of ca. 5, the protonation of the tertiary amine groups from the PDEAEMA
units promoted the hydrolysis of the surrounding pendant ortho ester moieties. Depending
on the content of PDEAEMA, their hydrolysis half-times ranged from hundreds of minutes
at a pH of 5.4 to several days at physiological pH, but the copolymer with the highest
amount of the tertiary amine units was characterized by the most accelerated loss of ortho
ester groups [117]. It should be noted that a similar synergistic behavior, including an
accelerated DOX release at an acidic medium, was also observed by Dong and coworkers
in the case of the related copolymer exhibiting a more complicated, multi-grafted molecular
architecture, which was obtained via ATRP of a mixture of 2-(N,N’-dimethylamino)ethyl
methacrylate and (2,2'-dimethyl-1,3-dioxolane-4-yl)methyl methacrylate carried out in
the presence of a polymeric macroinitiator bearing pendant 2-bromoisobutyrate groups
(a triblock ATRP macroinitiator obtained in the course of the ROP of ¢-CL and y-(2-bromo-
2-methylpropionate)-¢-caprolactone initiated with MPEG) [118].

Shell-sheddable micelles formulated by a third group of the amphiphilic LBCPs prone
to pH-triggered bond cleaving have been developed in response to the so-called “PEG
dilemma” encountered during the in vivo application of PEGylated drug nanocarriers:
their low cellular uptake and an increased possibility of the production of anti-PEG anti-
bodies in the case of the prolonged presence of PEG in the bloodstream [119,120]. In the
mildly acidic microenvironment of the tumor cells and tissues, these micelles lose their
PEG coronas due to the cleavage of pH-labile bonds, linking hydrophobic and hydrophilic
blocks of the amphiphilic LBCPs, whereas their hydrophobic cores undergo aggregation at
the cellular walls. Although many pH-breakable bonds can be utilized for that purpose,
in the case of the ATRP-derived shell-sheddable amphiphilic LBCPs, only two types have
been recently used: acetal and imine linkages [121,122]. They can be incorporated into
the copolymer chain structure by the chemical conjugation of two different homopoly-
mers bearing reactive chain-ends [121,122] or the direct polymerization of the unsaturated
monomer started with the appropriately functionalized ATRP macroinitiator [123]. A good
example of the first approach is the work of Patil and Wandgaonkar [121], who reported the
synthesis and self-assembling properties of an acetal-linked diblock copolymer of e-CL and
N-isopropylacrylamide (NIPAM) PCL-b-PNIPAM. This copolymer was formed through
the alkyne-azide click reaction between the propargyl-terminated PCL and azide-ended
poly(N-isopropylacrylamide) (PNIPAM) chains. The acetal linkers were introduced to the
PNIPAM blocks via the ATRP of NIPAM carried out with the usage of a newly designed
ATRP initiator, namely 2-(1-(2-azidoethoxy)ethoxy)ethyl 2-bromo-2-methylpropanoate.
At room temperature, the resulting copolymer self-assembled in an aqueous solution
into micelles (ca. 74 nm in diameter) that could encapsulate rhodamine B (as a model
drug) at a pH of 7.4 and subsequently release it at the endosomal pH or upon heating
up to 40 °C. A very similar approach was tested by Ni and coworkers [124], who conju-
gated the acetal-containing coumarin- and azide-terminated hydrophobic chains of PCL,
with the hydrophilic monoalykynyl-terminated graft block copolymer of PEGMA and
dimethylaminoethyl methacrylate (DMAEMA), synthesized via ATRP in the presence of
a propargyl 2-bromoisobutyrate initiator. This linear-graft triblock copolymer showed
good DOX loading content (5.3%), DOX loading efficiency (28.5%), and increased DOX
release at a pH of 5.0; additionally, it was capable of simultaneous nucleic acid loading and
subsequent delivery into HeLa tumor cells.

An interesting option for the application of click chemistry in the synthesis of the shell-
sheddable amphiphilic LBCPs is the in situ formation of the pH-labile junction during the
final step of conjugation of the copolymer building blocks. However, this approach requires
the presence of the appropriately selected reactive groups at the terminals of (co)polymers
subjected to conjugation. Dimitrov and coworkers tested it on the shell-sheddable mi-
celles formulated by a copolymer containing a benzyl imine moiety, as well as PEG,
PDMAEMA, and polylactide (PLA) blocks [122]. The simultaneous formation of both the
imine linker and final copolymer chains proceeded in the mixture of monoamine-terminated
DMAEMA /lactide (LA) diblock copolymer and PEG homopolymer terminated with ben-
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zaldehyde group, without the use of any catalyst. In this study, the ATRP of DMAEMA
was conducted on the monoalkynyl-terminated brominated polyester macroinitiator (A-
PLA-PDMAEMA) resulting from the ROP of LA (initiated with propargyl alcohol) and
subsequent esterification with BIBB. Interestingly, in earlier work, Dimitrov and coworkers
also showed that A-PLA-PDMAEMA itself formed micelles in aqueous media that were
capable of the delivery and controlled release of curcumin inside acute promyelocyte
leukemia-derived HL-60 cells [125]. It is worth noting that the research works of Dimitrov’s
group cited above are indicative of a new trend emerging in the field of the micelle-based
DDSs [122,125], namely, the incorporation of some precisely designed subcellular targeting
ligands into amphiphilic LBCP chains. Dimitrov and coworkers explored this by intro-
ducing (via a post-polymerization reaction with (4-bromobutyl)triphenylphosphonium
bromide) pendant triphenylphosphonium and quaternary ammonium cations, which facili-
tated the transportation of the dePEGylated copolymer through the phospholipid barrier
of the cellular and lysosomal walls.

Recently, several research groups have investigated an interesting option of combining
in one DDS two different mechanisms of pH-dependent micelle destabilization and/or
drug release. Oh and coworkers utilized a newly designed ATRP macroinitiator (a product
of ethylene glycol vinyl ether (EGVE) esterification with BIBB followed by acetalization
with a hydroxyl-terminated MPEG) and a methacrylate monomer bearing a pendant
acetaldehyde acetal linkage (a product of EGVE esterification with acetyl chloride followed
by acetalization with HEMA) for the synthesis of a dual location acid-cleavable amphiphilic
LBCP (Figure 6) [123]. This copolymer was characterized by the presence of pH-labile
acetal linkers both in the pendant groups of the hydrophobic block, as well as at the
hydrophobic/hydrophilic block junction. Therefore, its nano-assemblies in aqueous media
were prone to both corona detachment (upon cleavage of the acetal block junction) and
core destruction (via the cleavage of the pendant acetal moieties). It is believed that such a
combination of these two micelle destabilization mechanisms may allow us to overcome
some of their limitations, e.g., the sluggish degradation of the core-degradable systems
and undesired aggregation of dePEGylated cores for shell-sheddable systems. Moreover,
the authors further enhanced the DOX loading capability of this system as well as the
acid-catalyzed hydrolysis of the acetal moieties by the copolymerization of additional
monomer-bearing acid-ionizable imidazole groups [123].
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Figure 6. (a) Structure of a dual location acid-cleavable amphiphilic LBCP containing pH-labile
acetal groups, as well as synthetic pathways, resulting in the preparation of (b) ATRP monomer and
(c) ATRP macroinitiator used for its synthesis [123].

Zhang and coworkers explored the concept of a dual mechanism of drug encapsulation
in the case of micelles formulated from a double hydrophilic triblock glycopolymer con-
taining MPEG and poly(2-gluconamidoethyl methacrylate) (PGAMA) as the hydrophilic
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end-blocks, separated by a hydrophobic PDEAEMA block [97]. For that purpose, a sequen-
tial ATRP of DEAEMA (first step) and 2-gluconamidoethyl methacrylate (GAMA) (second
step) was initiated with the BIBB-modified MPEG macroinitiator. For micellization carried
out in the presence of boron-containing anticancer drug bortezomib (BTZ), they obtained
BTZ-loaded micelles with hydrodynamic diameters of ca. 80 nm and a rather high value of
CMC (30 mg/L), in which BTZ entrapment was achieved by both hydrophobic interactions
with the PDEAEMA core and the covalent complexation (conjugation) of BTZ boronic
acid functionality with glucose groups of PGAMA. The achieved BTZ loading content and
entrapment efficiency were estimated to be 7.6% and 72%, respectively. At physiological
pH, the BTZ release from these micelles was very slow (ca. 20% after 10 h), whereas it
increased substantially (up to ca. 60% after 10 h) when the endo-/lysosomal pH conditions
were applied. In addition, this DDS showed an appreciable prolonged release profile, since
even after 60 h, the cumulative release of BTZ did not exceed 70%.

Zeng and coworkers verified the applicability of the pH-dependent double-triggered
drug release strategy during combination anticancer therapy [96]. Starting from the Br-
containing ATRP macroinitiator (synthesized from MPEG, 4-formylbenzoic acid, and BIBB),
they polymerized the conjugate of HEMA and ibuprofen into a hydrophobic block of am-
phiphilic LBCP. In an aqueous environment and at physiological pH, the obtained diblock
copolymer easily formed spherical micelles, with mean hydrodynamic diameters around
200 nm and a small CMC value of 2.5 mg/L, which could be filled with DOX molecules and
exhibited a LC and encapsulation efficiency of ca. 10% and 33%, respectively. Under endo-
/lyposomal acidic conditions, these micelles disintegrated due to the cleavage of the benzoic
imine bonds linking their hydrophobic cores with MPEG hydrophilic shells (thus they
belong to the group of shell-sheddable nano-assemblies), which was accompanied by the
hydrolysis of the ester bonds connecting the ibuprofen to the HEMA-derived monomeric
units. Although both drugs (DOX and ibuprofen) were released from micelles at sufficiently
high rates, each process was controlled by different factors: the DOX release depended
solely on micelle collapse, while the ibuprofen release was additionally controlled by ester
bond hydrolysis. It should be noted that the synthesized DDS exhibited an anti-tumor
behavior against B16 murine melanoma cells similar to the free DOX hydrochloride, as
evidenced by both in vitro and in vivo tests.

3.1.3. Redox and Dual Redox/pH-Sensitive Systems

Changes in the redox conditions in the microenvironment of tumor cells are another
important factor that is used as endogenous stimuli for targeted drug delivery. Up to now,
several types of oxidation- and/or reduction-sensitive chemical functionalities have been
proposed for that purpose [126-128], among which two have gained particular popularity
in the case of ATRP-derived polymeric micelles: arylboronate moiety (for an oxidation-
responsive DDS) and disulfide (SS) bond (for a reduction-responsive DDS).

Boronate-Bearing Oxidation-Responsive Systems

Li and coworkers utilized an ATRP macroinitiator, MPEG esterified with a proper acyl
halide (2-chloropropionate chloride or BIBB) [129,130], to copolymerize a phenylboronic
pinacol ester-containing acrylate monomer (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzyl acrylate) with NIPAM [129], or fluorescent acrylic acid ester bearing
1,8-naphthalimide groups [130]. In both cases, an amphiphilic LBCP was produced, which
at 37 °C easily formed micellar systems in aqueous media (a double hydrophilic copolymer
containing NIPAM exhibited a critical aggregation temperature between ca. 10 °C and
20 °C, which depended on its molecular weight) [129,130]. The subsequent loading with a
hydrophobic DOX resulted in the micellar DDSs, which were susceptible to a well-known
arylboronate oxidation mechanism (Figure 7) and underwent destabilization under the
influence of HyO; or the intracellular reactive oxygen species (ROS) [131].
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Figure 7. Mechanism of arylboronate oxidation under the influence of hydrogen peroxide.

In another study, Li’s group showed that arylboronate oxidation chemistry could be
effectively combined with the pH-induced destruction of LBCP micelles. Starting with the
BIBB-esterified MPEG, they carried out a simultaneous ATRP, obtaining an amphiphilic
triblock copolymer, in which the hydrophobic block contained monomeric units of the
aforementioned oxidation-sensitive arylboronate monomer and another acrylate bearing
the pH-labile ortho ester substituents [132]. The results of the pH- and/or H,O;-triggered
degradation of the Nile red (NR)-loaded micelles showed that the oxidation of the phenyl-
boronic ester moieties promoted the subsequent hydrolysis of the ortho ester pendant
groups (due to a catalytic effect of the newly formed pendant carboxylic groups). More-
over, the kinetics of both these reactions could be easily tuned by changing the copolymer
composition and oxidant concentration, as well as the pH of the environment.

Disulfide-Bearing Reduction-Responsive Systems

The principle of operation of the SS-containing reduction-responsive LBCPs is based
on a well-known two-step thiol-disulfide exchange reaction proceeding under the influence
of a suitable reducing agent bearing thiol groups (e.g., intracellular glutathione). First,
one molecule of the reducing agent cleaves the SS bond, resulting in the formation of a
mixed SS moiety and the liberation of a free sulthydryl group. In the next step, another
molecule of reductant breaks the mixed SS bond, releasing the second sulfhydryl group,
while dimerizing to the oxidized form of the reducing agent (Figure 8) [133].
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Figure 8. Mechanism of the reductive cleavage of disulfide bonds under the impact of the thiol-
containing glutathione.

Similarly to the acid-cleavable groups of the pH-responsive amphiphilic copolymers,
the reduction-cleavable SS linkages can be incorporated into three different locations
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within LBCP macromolecules, i.e., in the hydrophobic block backbone (resulting in the
core-cleavable micelles), at the junction between the hydrophobic and hydrophilic blocks
(leading to the shell-sheddable micelles), or as components of the pendant groups attached
to the hydrophobic block [134]. However, in the case of the ATRP-derived LBCP micellar
DDSs, only the last two of these have any significance. In fact, the backbone SS multi-
cleavable drug-delivering nanoassemblies are usually produced via step-growth (e.g.,
hydroxyl-carboxylic or disulfide-thiol polycondensation, and a combination of Michael-
type polyaddition with the “click” chemistry-based post-polymerization modification) or
chain-growth polymerization techniques other than ATRP (e.g., ROP and RAFT) [134],
whereas the usage of ATRP is limited to the processes in which the SS-containing ATRP
macroinitiator is utilized for the polymerization of PEGMA, thus resulting in a copolymer
with a non-linear topology [134-136].

LBCPs with SS linkage between their blocks can be synthesized in the course of ATRP
started by a properly designed SS-containing hydrophobic or hydrophilic ATRP macroini-
tiator. Wang and coworkers utilized bis(2-hydroxyethyl) disulfide (HO-S5-OH) as an
initiator for the ROP of e-CL and esterified the resulting SS-containing hydroxyl-terminated
PCL with BIBB, thus obtaining an SS-containing hydrophobic macroinitiator [137]. The
latter was applied in the ATRP of tert-butyl methacrylate (tBuMA), producing a sym-
metrical hydrophobic tetrablock copolymer, which, upon the subsequent hydrolysis of
the fert-butyl ester groups with trifluoroacetic acid, formed a desired amphiphilic LBCP
composed of two symmetrical PCL-b-poly(methacrylic acid) blocks separated via a single
SS linkage. Interestingly, Wang’s group also demonstrated that a simple change in the
order of the ROP and BIBB esterification steps could cause LBCP to exhibit a different
topology (i.e., a classic amphiphilic diblock copolymer), even when using the same reagents
(HO-55-OH, ¢-CL, and tBuMA). Via a reaction of HO-SS-OH with an equimolar amount of
BIBB, they synthesized a bifunctional initiator active both in the ATRP and ROP of cyclic
ester, namely 2-hydroxyethyl-2’-(bromoisobutyryl)ethyl disulfide (HO-SS-Br), and then
separately polymerized e-CL and tBuMA [138]. The micelles formulated from both these
copolymers showed very good paclitaxel-loading properties (exhibited by the hydrophobic
PCL cores) [137,138], whereas diblock copolymer-containing micelles could also encap-
sulate amine-containing cisplatin via electrostatic interactions with its carboxylic groups
located in the hydrophilic shell [138]. Drug release profiles proved that in a reductive
microenvironment, these DDSs showed an accelerated release of drug molecules, while
in vitro tests also indicated their increased cellular up-take and cytotoxicity to a non-small-
cell lung cancer CRL-5802 cell line, even when compared to the free drugs [137,138].

Separately, Huang’s group and Oh’s group synthesized a PLA-based hydropho-
bic ATRP macroinitiator (PLA-Br) via the ROP of racemic D,L-LA initiated by HO-SS-
Br [139,140]. Subsequently, PLA-Br was utilized in the ATRP of methacrylate monomers
bearing pH-sensitive amine groups: 2-aminoethyl methacrylate (AEMA) [139] or
DMAEMA [140]. In both cases, the final step of amphiphilic LBCP synthesis included
a post-polymerization chemical modification of the pendant amine groups aimed at the
formation of cations (via the quaternization of DMAEMA units with methyl iodide) [140]
or anions (via the amidation of AEMA units with dicarboxylic acid cyclic anhydrides) [139].
On one hand, the incorporation of ionic moieties within the micelles” shells made them
more hydrophilic, but also endowed them with some additional features: increased sta-
bility and resistance to protein-fouling during circulation in the bloodstream (a case of
nano-assemblies with polyanionic shells) [139] or the capability to form polyplexes with
oligonucleotides used in the gene therapy (a case of the polycationic nanocarriers) [140],
without compromising the ability of the micelles” hydrophobic cores to DOX encapsulation.
It is worth noting that a shell charge of the micelles studied by Huang and coworkers
showed an interesting dynamic dependence on the pH of the microenvironment: though
negative at physiological pH, it became positive at the more acidic tumor site and thus
improved the up-take of the drug-loaded micelles by tumor cells (cationic species are more
prone to endocytosis) [139].
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The use of the PEG-based hydrophilic ATRP macroinitiator in the synthesis of reduction-
susceptible shell-sheddable LBCP micelles was reported by Oh’s group [141,142]. MPEG
activated with 1,1’-carbonyldiimidazole was esterified with HO-SS-Br via a carbonate
linkage and then served as a macroinitiator in the ATRP of hydrophobic unsaturated
monomers [141]. Model studies carried out for styrene ATRP showed that the resulting
amphiphilic LBCPs self-assembled in aqueous media into nanostructures with different
morphologies (micelles, vesicles, or rod-like particles), which depended on both the struc-
ture of copolymer chains and processing conditions [141]. In another study, the same
general procedure was applied for the preparation of DOX-loaded micelles, albeit styrene
was replaced with a more hydrophobic methacrylate monomer derived from rosin, namely
dehydroabietic ethyl methacrylate [142]. In vitro tests showed that this type of DDS was
characterized by a good stability toward proteins, increased cellular uptake, and promptly
released DOX in contact with reductive GSH upon internalization into HeLa tumor cells
(a cumulative DOX release after 24 h of incubation changed from ca. 10% to almost 50%
when the concentration of GSH changed from 0% to 10 mM) [142].

The third class of SS-cleavable LBCP micellar DDSs comprises copolymers, in which
hydrophobic polymeric blocks contain pendant substituents bearing SS bonds. Similarly
to their pH-sensitive analogs, this type of drug-loaded micelles delivers their therapeutic
cargo as a result of the disturbance of their hydrophilic/hydrophobic balance occurring
upon a reductive breaking of SS bonds at the target site. This type of LBCPs is easily
produced by a direct ATRP approach using MPEG-Br, as a hydrophilic macroinitiator, and
the SS-containing methacrylate monomer. One of the most commonly used monomers for
that purpose is the product of a two-step Steglich esterification of 3,3'-dithiodipropionic
acid with HEMA and ethanol (HMSSEt) [143,144]. Oh and coworkers used this approach
for the preparation of the micelle-forming diblock copolymer MPEG-b-PHMSSEt and
reported its good encapsulation and drug-releasing properties toward NR (as a simple
drug-modeling molecule) [143], as well as antitumor DOX [144]. A DOX-loaded system
also exhibited desirable cytotoxicity toward HeLa cancer cells, comparable with free DOX
molecules [144].

Although LBCPs with SS5-containing pendant groups can themselves be used in the
formulation of the micellar DDSs, another attractive possibility of their application has been
also investigated in recent years—the synthesis of micelles with cross-linked cores. Such
systems have been proposed as a way to circumvent the problems associated with CMC
values that are too high, exhibited by many classical (non-cross-linked) micellar DDSs,
which experience instability upon dilution (i.e., during circulation in the bloodstream).
Oh and coworkers explored this idea in the case of a symmetrical double hydrophobic
triblock copolymer consisting of the PEG hydrophilic central block and two terminal
hydrophobic PHMSSEt blocks [95]. The authors observed that by subjecting PHMSSEt-b-
PEG-b-PHMSSEt micelles to a catalytic amount of a reductant (e.g., D,L-dithiothreitol, DTT),
one could cleave only a small number of SS moieties—too few to lead to the disassembling
of the micelles. Instead, the newly formed sulthydryl groups attached to one copolymer
chain acted as reductants in the thiol-disulfide exchange reaction with the SS groups of
the adjacent chains, thereby resulting in the formation of the covalent cross-links between
those chains (see Figure 9a). Differential light scattering (DLS) measurements showed that
when subjected to an excess of solvent, these cross-linked micellar systems increased their
sizes (an effect of core swelling), contrary to the non-cross-linked analogs experiencing
disassembling. It should be noted that both in vitro and in vivo tests proved the complete
degradation of the SS-cross-linked cores of the DOX-loaded micelles upon contact with
intracellular concentrations of GSH, although they released their payloads a little bit slower
than their non-cross-linked counterparts [95].
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Interestingly, the cross-linking of the ATRP-derived LBCP micelles via reduction-
degradable SS bonds can be achieved by methods other than the one described above. For
example, Chhikara and coworkers utilized the inverse miniemulsion AGET ATRP tech-
nique to copolymerize DMAEMA with a newly synthesized SS cross-linker (a symmetrical
dimethacrylate-containing short PEG blocks linked via SS bonds), in the presence of an
MPEG-Br initiator (Figure 9b). After loading with DOX, they obtained nanoassemblies
responding to both the changes in the concentration of GSH and the pH of tumor tissues,
which were also cytotoxic toward HeLa cells [145]. A similar strategy, utilizing direct poly-
merization for core-cross-linking of the micelles, was described by Liu and coworkers [146].
First, they synthesized an amphiphilic, bromine-terminated diblock copolymer (via ATRP
of tBuA initiated with MPEG-Br) and then used it as an ATRP macroinitiator to copolymer-
ize tBuA and SS-bearing diacrylate cross-linking agent, namely N,N’-bis(acryloyl)cystamine.
The resulting core-cross-linked micelles, after additional hydrophilization (i.e., acidolysis
of tert-butyl side groups), could easily encapsulate hydrophobic DOX molecules and sub-
sequently release them in a controlled manner when triggered by the acidification of the
environment and an increase in the concentration of GSH. Their cytotoxicity toward HeLa
tumor cells was on a comparable level (e.g., ca. 40% cell viability at a dosage of 10 ug/mL)
with that of a free DOX [146].

A different approach was proposed by Petrov and coworkers, who investigated
the post-polymerization cross-linking of mixed co-micelles composed of two double hy-
drophilic symmetrical triblock copolymers containing hydrophobic PCL as their central
block [126]. One of these copolymers contained long hydrophilic PEG blocks (PEG-b-PCL-
b-PEG), whereas the other one, PAA-b-PCL-b-PAA, contained much shorter hydrophilic
segments of PAA and was obtained via the ATRP of tBuA initiated on both chain-ends
of the brominated PCL, followed by the acidolysis of the ester moieties to free carboxylic
groups. The co-micellization of these two copolymers resulted in nanoassemblies com-
posed of a common PCL core and a mixed, bilayer, hydrophilic shell containing PEG and
PAA blocks of different lengths. After loading with caffeic acid phenethyl ester (CAPE),
the hydrophilic coronas of these micelles were cross-linked via the introduction of cys-
tamine dichloride and its reaction (i.e., amidation) with the carboxylic groups of PAA
segments (Figure 9c). Because of the difference in the length of PEG and PAA segments,
the cross-linking reaction took place in the inner layer of the micelles” hydrophilic coronas
and stabilized the hydrophobic core without comprising its ability to encapsulate CAPE. In
fact, under simulated physiological conditions, no CAPE leakage was detected; however,
at mildly acidic pH or in a reductive environment, these micellar DDSs quickly released
their therapeutic cargo [126].

Since the quick and efficient release of drug molecules from the drug-loaded nanoassem
blies internalized by tumor cells is a key factor in the case of smart micellar DDSs, the
design and synthesis of micelles that can be disassembled via two (or more) different
mechanisms operating simultaneously have seen growing interest in the last decade. This
concept was also investigated in the case of reduction-susceptible DDSs. For example, Oh
and coworkers reported dual-site redox-responsive micelles formed by a linear diblock
copolymer containing MPEG and PHMSSEt blocks [147]. These micelles were susceptible
to disintegration not only via the changes in hydrophobicity of the PHMSSEt core (resulting
from a GSH-induced cleavage of SS bonds in its pendant groups), but also due to a detach-
ment of the MPEG hydrophilic corona caused by the breaking of the SS bond at the block
junction. In order to synthesize this new type of shell-sheddable/core-degradable LBCP, the
authors utilized the ARGET ATRP technique and the SS-containing bromine-ended MPEG
macroinitiator (a product of MPEG esterification with HO-55-Br) to copolymerize HMSSEt.
The authors also showed that these micelles loaded earlier with DOX experienced no drug
leakage at the non-reductive conditions, whereas in the presence of any reductant, they very
quickly released their payload (e.g., up to 70% of the encapsulated NR indicator after ca.
5 h of incubation in the reductive environment). During in vitro tests, they also exhibited a
similar profile of cytotoxicity toward HeLa tumor cells as the free DOX [147]. Recently, the
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same research group has optimized the processing of the abovementioned micellar DDS by
introducing an interesting concept: the so-called “lab-on-chip” flow synthesis of micelles in
a two-phase microfluidic reactor [148,149].

The concept of an enhanced drug release through the synergistic effect of two micelle
destabilization mechanisms was further extended to the joint action of two endogenous
stimuli. The correctness of this strategy is proven in the study which Liu’s group reported,
that in the presence of GSH, the cystamine-cross-linked micelles containing pH-sensitive
PAA segments showed two to three times more accelerated DOX release at a pH of 5.0 com-
pared to non-reducing conditions [146]. Several other research groups have applied a direct
polymerization approach in the synthesis of this type of pH/redox dual stimuli-responsive
micellar systems. Oh and Jazani obtained acid shell-sheddable pendant SS-cleavable mi-
celles via a multistep synthetic procedure: starting from MPEG and ethanolamine, they
synthesized ketal-containing amine-capped MPEG, which, upon amidization with BIBB,
resulted in the macroinitiator utilized in a subsequent step of the ATRP of HMSSEt. Thus,
a diblock copolymer was obtained, consisting of a hydrophilic MPEG segment linked
through a pH-labile ketal moiety to a hydrophobic polymethacrylate block having multiple
redox-responsive SS pendant groups [150]. Oh’s research group also reported on a more
sophisticated redox-responsive amphiphilic LBCP additionally equipped with two types of
pH-sensitive sites: an acid-cleavable acetal group located at the junction of their hydrophilic
and hydrophobic blocks as well as the DMAEMA units, which are easily protonated in
acidic media [151]. This copolymer was produced via the ARGET ATRP of HMSSE, start-
ing from an acetal- and bromine-bearing bifunctional MPEG macroinitiator, and formed
colloidally stable nano-sized micelles (ca. 83 nm in diameter), whose hydrophobic cores
were additionally cross-linked under reducing conditions. Interestingly, due to the pres-
ence of dimethylamine moieties, the obtained dual-location dual pH/reduction-degradable
micelles were capable of pH-reversible nucleic acid complexing, potentially useful in a gene
therapy [151]. This type of gene-delivering system, namely polyplexes, will be discussed in
a separate section of this review.

3.1.4. Micelles Responsive to External Stimuli

In order to increase the efficiency of drug release and to accelerate polymer degrada-
tion, dual- and multi-responsive DDSs, utilizing external stimuli, have been repeatedly
highlighted. Of the possible stimuli, thermosensitive systems are advantageous for clinical
applications, as several spatial heating systems, such as focused high-intensity ultrasound,
are already used to treat tumors. The temperature-induced change in micellar function
can be designed using hydrophilic blocks that become hydrophobic above the lower crit-
ical solution temperature (LCST), tuned to the local body temperature. Below the LCST,
these blocks are located in the micelle corona, while above this temperature, they move
to the hydrophobic core, which promotes the release of the drug molecules stored there.
NIPAM copolymers are most commonly used to prepare thermosensitive blocks. Still,
the additional hydrophilic segments must be introduced into the micelle corona to sup-
press the formation of large intercellular aggregates above the LSCT. For the synthesis
of such micelles, the RAFT method is mainly used [152], but in the following section,
we will show examples of carriers obtained using ATRP. For example, it was proven
that micelles formed by the copolymer poly(ethylene glycol)-ss-(poly(dimethylaminoethyl
methacrylate)-co-poly(2-nitrobenzyl methacrylate)) (PEG-ss-(PDMAEMA-co-PNBM)) could
respond to various stimuli, such as pH, dithiothreitol (DTT), temperature, and UV light
irradiation [153]. In the presented study, NR was used as a hydrophobic model drug.
Using a single stimuli trigger, the NR release was 28% when the temperature was in-
creased to 50 °C, 40% after 10 mM of DTT addition, 80% at basic conditions (pH = 11),
and 89% in 30 min when the UV light irradiation was applied. However, the highest
cumulative release was achieved when the combination of triggers was used, that is, UV
irradiation under pH = 11. In that case, the NR release increased up to 93% in 60 min.
Other combinations of the triggers, that is, UV irradiation under pH = 11 with a reductant
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and pH trigger with a reductant, did not result in an increase in the release rate. The
combination of UV irradiation with 10 mM DDT was suitable for core-crosslinked micelles
prepared from amphiphilic block copolymer methoxy poly(ethylene glycol)-b-poly(3-azido-
2-hydroxy-propyl methacrylate-co-o-nitrobenzyl methacrylate) (mPEG-b-P(GMA-N3-co-
NBM)) and alkyne-functionalized crosslinking agent containing a disulfide bond in the
structure [154]. In that case, the UV irradiation was accelerating the cleavage of disulfide
crosslinkers, increasing the release rate after 360 min from 56.9%, which was achieved in
the reductive environment, to 73.8%. Similar results were obtained when light irradia-
tion was combined with oxidation. The amount of NR released increased from 53.3% to
76.7%. An interesting example of UV light-breakable and thermosensitive block copoly-
mer poly(2-nitrobenzyl methacrylate)-b-poly(2-(2-methoxyethoxy)ethyl methacrylate-co-
oligo(ethylene glycol) methacrylate) (PNBM-b-P(MEO,;MA-co-OEGMA)) was proposed
by Yuan and Guo [155]. Under UV irradiation, hydrophobic poly(2-nitrobenzyl methacry-
late) (PNBM) was converted into hydrophilic poly(methacrylic acid) (PMA) and the
micelles were dissociated. When the solutions were heated, poly(methacrylic acid)-b-
poly(2-(2-methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol) methacrylate) (PMA-
b-P(MEO;MA-co-OEGMA)) copolymers re-self-assembled into micelles with poly(2-(2-
methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol) methacrylate) (P(MEO,MA-
c0-OEGMA)) core and PMA shell. Smart block copolymers have also been synthesized by
Jazani and coworkers [156]. A triple stimuli-responsive copolymer exhibited responses
to acid, reduction, and light. The preparation of block copolymers included the ATRP of
carbonyl imidazole methacrylate in the presence of a difunctional initiator with disulfide
bonds and two acetal linkages, followed by the postpolymerization reaction of carbonyl
imidazole with an o-nitrobenzyl amine. It was proven that UV irradiation caused NR
release up to 70% in 10 h; meanwhile, the diffusion of NR was enhanced when both stimuli,
10 mM GSH and pH = 4.2, were simultaneously applied. In that case, the NR release rose
from 20% to 90%, compared with that in the experiment when the single stimuli was used.

3.2. Smart DDSs Based on Polymersomes

Polymersomes are artificial vesicles made from amphiphilic copolymers, which are
more stable than liposomes and show less toxicity in vivo [157,158]. If polymersomes
are assembled from polymers capable of carrying and releasing drugs, then they can
be used as DDSs. Recent studies have demonstrated that synthesizing polymers and
copolymers using ATRP techniques results in better drug delivery performance, such as
enhanced colloidal dispersion stability, raised swelling ratios, and responsiveness to a pH
change, when compared to polymers synthesized by traditional radical polymerization
techniques [159,160]. Polymersomes have many advantages, such as the ability to encapsu-
late both hydrophobic and hydrophilic substances, good biocompatibility, physical and
chemical robustness, high LC, and high colloidal stability, so they are commonly researched
as potential DDSs [157,161]. Moreover, they can release drugs in different target sites,
depending on environmental conditions.

3.2.1. pH-Triggered Drug Release

Polymersomes release drugs while subjected to external stimuli or a change in the envi-
ronment, such as a pH change (Figure 10) [162]. Lorella Izzo et al. researched pH-responsive
polymersomes that could swell without disaggregation, which significantly lowered their
cytotoxicity [163]. They synthesized a three-component amphiphilic copolymer utilizing
Br-terminated MPEG as a copolymerization macroinitiator and MMA and DMAEMA as
ATRP monomers. The MPEG formed a hydrophilic block, MMA provided hydrophobicity
to the poly(methyl methacrylate)-ran-poly(dimethylaminoethyl methacrylate) (PMMA-ran-
PDMAEMA) block (ran stands for random distribution of monomers within this block),
and DMAEMA was used to trigger the pH-dependent size-change of the polymersomes.
Moreover, DMAEMA can form strong hydrogen bonds, hence acting as a non-covalent
cross-linker between different polymers forming the vesicle. Both linear and branched
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copolymers were synthesized, differing in mol% of DMAEMA (22 to 62 mol%) and M,
of the product (7-51 kDa). Linear polymers with 22-28 mol% of DMAEMA provided the
best results. At a pH of 7.4, they were able to form polymersomes with a monomodal size
distribution, which suggests that at this pH, no release of copolymers took place, while
after the pH was reduced to 4.4, the vesicles increased 10 times in size. These vehicles were
loaded with paclitaxel (PTX), releasing only 5-7% of the drug in 48 h under neutral and
slightly acidic conditions and 52-41% under acidic conditions in just 2 h. Therefore, it was
stated that the systems developed are able to release PTX at lysosomal pH.

impermeable membrane permeable membrane

Figure 10. Schematic overview of pH-responsive polymersomes’ membrane behavior in neutral and
acidic environments.

3.2.2. Miscellaneous Systems

Polymersomes do not have to be only pH-sensitive. Jianzhong Du et al. developed
both a pH- and ultrasound-responsive system, utilizing Br-terminated poly(ethylene oxide)
PEO as a macroinitiator and DEAEMA and methoxyethyl methacrylate (MEMA) as ATRP
monomers [164]. PEO was chosen as a hydrophilic block due to its biocompatibility and
prolonged in vivo circulation time, MEMA to provide hydrophobicity to the poly(2-(N,
N’-diethylamino)ethyl methacrylate)-stat-methoxyethyl methacrylate) (P(DEAEMA-stat-
MEMA)) block (stat stands for the statistical distribution of monomers within this block)
and ultrasound responsiveness, while DEAEMA was chosen for its pH responsiveness.
Polymersomes, assembled from those polymers, decrease by 40% in size when sonicated
with 40 W power and disassemble at a pH of 5.83. Polymersomes loaded with DOX hy-
drochloride (DOX-HCI), a chemotherapeutic agent, were tested both in vitro and in vivo.
The results demonstrated that ultrasound, a non-invasive stimulus, is a valid drug-release
switch, that polymersomes can successfully escape endo-/lysosomes, and that this poly-
mersome drug system can significantly inhibit tumor growth (95% reduction in tumor mass
in mice).

Other promising ATRP-synthesized polymersomes, which could serve as stimuli-
responsive drug-releasing systems, are being researched. ARGET ATRP was utilized to
synthesize giant, hybrid lipid vesicles from a MPEG-based macroinitiator as well as MMA
and DMAEMA (monomers) [165]. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine was
used as a lipid fraction. Alan B. Gamble et al. developed polymersome systems by
the ATRP reaction of 4-azidobenzyloxycarbonylaminoethyl methacrylate (ABOC) or 4-
fluorobenzyloxycarbonylaminoethyl methacrylate (FBOC) (monomers), utilizing an MPEG-
based macroinitiator [166]. This system proved to be pH-sensitive: it did not show particle
distribution at neutral conditions, while at a pH of 4.5, the vesicles were distributed.
However, to the best of the authors” knowledge, both of these systems have not yet been
tested as DDSs. Table 1 shows a literature review of polymersome-forming polymers,
which were synthesized utilizing ATRP methods, which includes both the already tested
DDSs and those which are not fully developed yet.
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Table 1. A review of the literature on the synthesis of modern polymersomes using ATRP techniques.

The Variant of the s
Encapsulated Drug Monomers Used ATRP Technique Applications Ref
PTX MMA, DMAEMA normal pH-triggered drug release [163]
DOX-HC1 MEMA, DEAEMA normal Ultrasound-triggered drug release [164]
Gateway to stimuli-responsive giant
- MMA, DMAEMA ARGET hybrid vesicle DDS [165]
- ABOC, FBOC normal Gateway for pH-triggered DDS [166]

3.3. Polyplexes

Polyplexes are artificial vesicles composed of interpolyelectrolyte complexes, which are
typically made from two oppositely charged polyelectrolytes: positively charged polymers
and negatively charged nucleic acids [167,168]. These opposite charges are responsible for
the self-assembly of polyplexes through electrostatic condensation [169]. They can encapsu-
late drug molecules without chemically binding them, thus delivering them to target sites
without any chemical modification and with unaffected intermolecular drug activity [170].
Moreover, positively charged polyplexes can destabilize the endosomal membrane of tar-
geted cells as they cause the inflow of anionic molecules, creating osmotic pressure, which
causes the disruption of the cellular membrane, thus leading to the internalization of the
polyplexes [171,172].

Since polyplexes are capable of high-density payload condensation, they can penetrate
the cell membrane, protect its contents (nucleic acids) from enzymatic degradation, and re-
lease it at the target site (for example, the tumor site). Therefore, they are widely researched
as pPDNA and mRNA delivery systems, especially as the injection of naked nucleic acids
provides efficient protein expression in only very limited cases [173]. Moreover, polyplexes
can be designed in such a way as to specifically recognize target cells. To achieve this, the
polymers constituting polyplexes need to have well-defined properties, and controlled
polymerization methods allow for such polymer synthesis [174,175]. ATRP is one of these
methods, as it allows for great control of the polymerization or copolymerization of several
monomers with low Dy and it allows for the incorporation of functionalized side-chains in
the construction of block, alternate, and grafted copolymers. Polyplexes can be divided
into vesicles serving solely nucleic acid-delivery functions and both drug- and nucleic
acid-delivery functions.

3.3.1. Nucleic Acid Delivery

T. Vermonden et al. recently designed a polyplex system utilizing two polymer-
ization techniques. First, an NIPAM-based thermosensitive copolymer, PNIPAM-PEG-
PEG-PNIPAM, was synthesized through traditional ATRP, using a hydrophilic PEG-based
macroinitiator [176]. Then, it was polymerized with DMAEMA through free radical poly-
merization, leading to cationic block formation and a cloud point of 34 °C. The copolymers
obtained formed polyplexes with pPDNA under physiologically relevant conditions. The
group compared this polyplex system with non-thermoresponsive polyplexes, assembled
from PEG-based macroinitiators and DMAEMA only. They showed that the chain length
of the copolymer determines the polyplex stability and that the NIPAM introduction to
the polymer backbone through ATRP enables the formation of polyplexes with improved
cytocompatibility, which could be caused by higher surface charge shielding. Transfection
experiments revealed that thermosensitive polyplex systems could deliver nucleic acids
to HeLa cancer cells, even in the presence of serum proteins. In a later study, the group
showed that the thermosensitive polyplex systems obtained could be anchored in a ther-
mosensitive hydrogel, which allowed for more controlled and sustained siRNA delivery
when compared to free siRNA-hydrogel systems, leading to potential localized tumor
treatment applications [177].
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3.3.2. Simultaneous Nucleic Acid and Drug Delivery

Polyplexes can be multifunctional—they can be designed to simultaneously deliver
nucleic acids to a target site and additionally release drugs. Such a system was proposed
by P. Ni et al. [178]. They reported a reduction- and pH-triggered dual-responsive triblock
copolymer galactosamine-poly(ethylethylene phosphate)-a-poly(e-caprolactone)-ss-poly(2-
(dimethylamino)ethyl methacrylate) (Gal-PEEP-a-PCL-ss-PDMAEMA), prepared via the
multi-step synthetic pathway, which included the ATRP of DMAEMA. These triblock
copolymers could self-assemble into micelles and form polyplexes with green fluorescence
protein-encoded DNA, were biodegradable, possessed low cytotoxicity, had a decent drug
(DOX) loading capability, and could release the drug load in cancer cells in a fast manner.
Moreover, they targeted HepG2 cells over HeLa cells as the former were overexpressing
asialoglycoprotein receptors, which interacted with the galactosamine (Gal) ligand of the
copolymers. This group’s research showed that their system is a promising dual-responsive
DDS for simultaneous nucleic acid delivery and drug release.

Another simultaneous drug and nucleic acid delivery system was proposed by
Y. Wu et al. [179]. Their biodegradable copolymer was based on a poly(3-hydroxybutyrate)
(PHB)-based macroinitiator, with PHB obtained from renewable resources, and an ATRP-
synthesized PDMAEMA block. The PHB block was introduced to counteract the cationic
poly(dimethylaminoethyl methacrylate) (PDMAEMA) toxicity. The copolymer could form
polyplexes with pRL-Relina plasmid DNA (pDNA). Tests showed that the proposed system
had a better transfection efficiency than PEI (gold standard gene carrier) and that the nucleic
acid and PTX drug co-delivery resulted in the death of increased drug-resistant cancer
cells with a high expression of antiapoptosis Bcl-2 protein. Therefore, the PHB-PDMAEMA
copolymers could be used for chemotherapy to effectively inhibit drug-resistant cancer cell
growth. Table 2 shows a literature review of polyplex-forming polymers utilizing ATRP as
their synthesis method.

Table 2. A review of the literature on the synthesis of modern polyplexes using normal ATRP technique.

Encapsulated Nucleic Acid Monomers

Drug Used Used Applications Ref

) pDNA NIPAM Thermo.sensﬂ.lve nucleic [176]
acid delivery

Hydrogel-aided nucleic

- siRNA NIPAM acid delivery [177]

DOX DNA DMAEMA Redox-triggered drug and 1,7,
nucleic acid release

PTX pDNA DMAEMA Bcl-2 targeted drug and [179]

nucleic acid delivery

4. Branched Copolymers in DDSs
4.1. Polymer Stars

The main advantage of using star copolymers in DDSs is their small hydrodynamic
radius, which makes them easy to clear from in vivo systems. Compared with their linear
analogs, amphiphilic star block copolymers can form aggregates in an aqueous solution
with a high thermodynamic stability, leading to a relatively low critical aggregation con-
centration, which is very important for drug delivery carriers [180]. Additionally, if the
controlled degradation of the star is applied, the system can be used to control the drug
release rate. Star copolymers can be synthesized by core-first, arm-first, or coupling-
onto methods [181]; however, the majority of the examples found in the literature in
the last decade describe the use of the core-first strategy. This process relies on con-
trolled polymerization in the presence of a well-defined initiator with a known number
of initiating groups. The star copolymer is created in a one-step process; however, the
number of arms is rather limited due to the small core molecules which are usually ap-
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plied [182]. Star copolymers used for pH-responsive, thermo-sensitive drug delivery, and
the delivery of nucleic acid-based drugs have been prepared by several research groups.
Chmielarz et al. described the synthesis of six-armed copolymers with meso-inositol as the
core and hydrophilic poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA) and
amphiphilic poly(di(ethylene glycol) methyl ether methacrylate)-b-poly(methyl methacry-
late) (PDEGMA-PMMA) as the arms [183]. These vitamin-based star polymers, pro-
duced by low-ppm ATRP, potentially can work as thermo-sensitive DDSs. In another
study, a six-armed star triblock copolymer poly(2-(diethylamino)ethyl methacrylate)-b-
poly(methyl methacrylate)-b-poly(poly(ethylene glycol) methyl ether methacrylate) (s-
(PDEAg;-b-PMMA 195-b-PPEGMA47)¢) was tested as a potential pH-responsive delivery
carrier [184]. The results showed that the LC of the star copolymer was 33-35 wt% (relative
to the polymer) at a pH of 7.4, 2628 wt% at a pH of 10.5, and 10-15 wt% at a pH of 2.0.
A bit lower LC was exhibited by the miktoarm star block copolymer, MPEG-b-P(MMA-
co-MAA), [185]. The maximum values of the LC and drug encapsulation efficiency were
10.3% and 48.7% for MPEG-b-P(MMAg-co-MAA3zs), micelles and 16.5% and 82.3% for
MPEG-b-P(MMA4-co-MAAjs5), micelles, respectively. Between 50% and 90% efficiencies
of indomethacin encapsulation were also obtained for the four-arm star copolymers con-
taining methyl (meth)acrylate and (meth)acrylic acid units [186]. The largest amount of
drug (85%) was released within 96 h from micelles based on MA /MAA stars containing
24% of the hydrophobic fraction. An example of UV-cleavable unimolecular micelles was
described by Liu [187]. Star-PMMA-PPEGMA, synthesized with photolabile o-nitrobenzyl
groups at the cyclotriphosphazene core, turned out to have a great tendency to dissociate
and release an encapsulated drug on dilution under physiological conditions.

In recent decades, cationic polymers have shown great competence in medical applica-
tions, including drug delivery. One of the most popular cationic polymers synthesized by
ATRP is water-soluble pH-sensitive PDMAEMA. Due to the tertiary amine groups at the
surface of the polymer, which become partially protonated at the physiological solution,
DMAEMA possesses cationic charges [188]. An interesting example of an eight-armed
star, positively charged copolymer was proposed by Zheng et al. [189]. In this case, star
PDMAEMA was synthesized using a calix [4]-resorcinarene initiator and in the next step,
hydrophobic blocks of poly(methyl methacrylate) or poly(butyl acrylate) were incorporated
via the “one-pot” method. Star polymers with a narrow molecular weight distribution and
particle size in the range of 20.3-36.6 nm were successfully obtained. A similar copolymer
structure was proposed by Dworak [190]. In that case, star block copolymers were cre-
ated from 28-arm poly(arylene oxindole) core, cationic DMAEMA, and nonionic (ethylene
glycol) methyl ether methacrylate (DEGMA). The introduction of DEGMA segments into
the star arms allowed for lower cytotoxicity in comparison to homopolymer PDMAEMA.
These systems are dedicated to the delivery of plasmid DNA in gene therapy. In another
study, Cho et al. designed PEG-based star polymers with a cationic core and evaluated
their feasibility for nucleic acid delivery [191]. The star polymers were synthesized by the
ATRP of DMAEMA and ethylene glycol dimethacrylate (EGDMA). The obtained poly-
plexes exhibited a high efficiency in nucleic acid delivery, particularly at relatively low star
polymer weights or molar ratios.

Degradation is important in drug delivery to reduce the accumulation of polymeric
materials in the body. Smaller fragments can be easily metabolized and subsequently
excreted out of the body [192]. A combination of ATRP and ROP can bring interesting
star copolymers with a well-defined molecular weight, architecture, functionality, and
biodegradability [193]. PCL is used as a biodegradable block in the majority of cases;
however, some examples of PLA and polyglycolide also can be found [194]. Biodegradable
polyesters, synthesized by the ring-opening polymerization of cyclic esters in the presence
of tris(hydroxymethyl)ethane [195,196], pentaerythritol (redox and lower—upper critical
solution temperature (LCST-UCST) thermoresponsive transition) [197,198], 2-azidoethyl
D-gluconamide [199], hexakis[p-(hydroxymethyl)phenoxy]cyclotriphosphazen [200], and
-cyclodextrin core, can act as hydrophobic macroinitiators in ATRP reactions [180]. For
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example, the PCL-based core was modified to yield halogen-terminated, three-arm or
six-arm star-shaped PCL-b-PHEMA macroinitiators for ATRP, from which self-assembling
noncytotoxic micelles were formed [196]. The LC and drug encapsulation efficiency were
higher for the six-arm structure than for the three-arm structure and reached 9.16 and 69.8%,
respectively. The highest drug release cumulant of 6sPCL-b-PHEMA micelles could reach a
high level of 75%. Thermosensitive and highly drug-loaded micelles were also prepared
using the three-arm PLA macroinitiator (3-arm PLA-b-PNIPAM) [195]. The obtained
system offers a stable and effective platform for cancer chemotherapy with camptothecin
(CPT). In some cases, not only the macroinitiator was degradable. Recently, Teng and
co-workers prepared a biobased miktoarm star copolymer from soybean oil, isosorbide,
and caprolactone [201]. In their studies, they used 1,4: 3,6-Dianhydro-D-glucitol 2-acrylate
5-acetate monomer as the substitute for styrene.

4.2. Polymer Combs and Brushes

Polymer brushes and combs are long-chain polymers (backbones) or surfaces, to which
linear polymers (side-chains) are attached [202,203]. In brushes, the distance between
grafting points is smaller than the side-chains’ end-to-end distance, while in combs this
distance is larger [204]. Both of these polymer classes can be stimuli-responsive, form
vesicles, and be tailored to target specific cells; hence, they can be effectively utilized as
DDSs. They can be synthesized by “grafting-to” (a chemical reaction between reactive
groups of side-chains and backbone) and “grafting-from” (monomer polymerization from
backbone active sites) approaches. The technique, which is nowadays most commonly
used to synthesize polymer brushes by the “grafting from” approach, is ATRP [205].

To encapsulate drugs, polymer brushes and combs can form micelles. F. Cellesi et al. syn-
thesized a series of comb and brush block PCL and PEG copolymers, with PEGMA being uti-
lized as an ATRP monomer [206]. The copolymers’ self-assembly and dexamethasone (DEX)
drug encapsulation capabilities were based on the PCL/PEG ratio and molecular weight.
The best copolymer for drug delivery application was a brush grafted from a four-arm star-
shaped backbone. Another interesting system was proposed by H. Wei et al. [207]. They
synthesized a reduction-sensitive amphiphilic cyclic brush PHEMA-g-PCL-disulfide link-
poly(oligo(ethyleneglycol) methacrylate) with an ATRP monomer oligo(ethyleneglycol)
methacrylate (OEGMA). The copolymer self-assembles into micelles with enhanced stabil-
ity, which could be destabilized by the reducing environment, such as the one in tumor
cells. It can also encapsulate DOX, an anti-tumor drug. Therefore, this system could be
useful in chemotherapy.

Polymer brushes can also form stimuli-responsive polymersomes. As cancer cells have
different redox potentials than normal cells and the extracellular matrix, redox-sensitive
polymersomes could be suitable for cancer therapy [208]. Veena Koul et al. tested this idea
by utilizing a PLA-based macroinitiator for PEGMA ATRP [209]. The polymers formed
were biocompatible, biodegradable, hemocompatible, and conjugated with folic acid, hence
they were also redox-sensitive, pH-sensitive, easily self-assembled into polymersomes,
and possessed a disulfide bridge in their polymer backbone, which prevents rapid drug
release in cancer cells. Moreover, hydrophilic, polymeric chains of PEGMA monomeric
units prevent proteins from being adsorbed on the vesicle surface, thus preventing the
immune system response. Polymersomes loaded with DOX have shown different drug-
releasing behavior in different pH and GSH concentrations (the substance responsible
for different redox potential of cancer cells). In vivo studies have shown that polymer-
somes loaded with DOX lead to a 96% decrease in tumor volume in mice; hence, they are
greatly superior to the free drug (25% decrease in tumor volume), but also to the marketed
drug DOXIL (PEG-modified liposomal DOX, 70% decrease in tumor volume). Moreover,
they did not display significant toxicity to the organism [210]. Yue Zhang et al. also pro-
posed a stimuli-responsive polymersome system composed of brush copolymers. They
polymerized 2-((adamantan-1-yl)amino)-1-(4-((2-bromo-2-methylpropanoyl)oxy)phenyl)-2-
oxoethyl methacrylate (ABMA) by ATRP, which, after further reactions, formed P(OEGMA-
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co-ABMA)-g-PDEGMA graft copolymer and P(OEGMA-co-ABMA)-g-PDEGMA / 3-CD-
SG [211]. Both copolymers could self-assemble into polymersomes and proved to be
thermo-responsive, as the PDEGMA chains collapse at 37 °C. Hence, these copolymers
could be utilized as thermos-responsive DDSs; however, they have not yet been tested
as such.

Polymer brushes and combs have also been widely utilized to form polyplexes. R.
P. Vieira et al. in 2023 presented a deactivation-enhanced atom transfer radical polymer-
ization (DE-ATRP)-synthesized copolymer, which could form polyplexes and be used
for targeted nucleic acid delivery [212]. The DE-ATRP method was used as it allows for
greater kinetic control compared to traditional ATRP [213]. The monomers used were
EGDMA, DMAEMA, and plant-based (3-pinene. PDMAEMA was chosen for its high gene
compatibility and buffering capacity, EGDMA for its cross-linking ability and vinyl groups,
allowing for post-polymerization functionalization reactions, and (3-pinene to provide
solution stability to polyplexes, as well as for its antibiotic resistance modulation and
anticoagulant, antitumor, antimicrobial, antioxidant, anti-inflammatory, and cytoprotective
properties [214,215]. The copolymer formed in a one-pot DE-ATRP reaction was a nano-
metric, hyperbranched amphiphilic material, which formed polyplexes with gWiz-GFP
plasmid DNA (pDNA), with encapsulation values up to 75.1%. The 3-pinene monomeric
unit proved to provide the material with an excellent solution stability and high positive
charge, allowing for smooth cellular membrane penetration. Polyplexes showed different
transfection efficiency with different cell lines; hence, after further research, they can be
potentially used as organ-targeted cell vectors for gene therapy. Another nucleic acid
delivery polyplex system synthesized with the aid of ATRP was proposed by S. Aver-
ick et al. in 2017 [216]. They prepared fentanyl-chain-ended polymers for targeted delivery
to neurons, or more specifically, to Mu opioid receptor (MOR) expressing cells. They used
glycidyl methacrylate (GMA) and oligo((ethylene oxide)methacrylate) (OEOMA) as ATRP
monomers and fentanyl species (Fen-Acry-EtBPA) as an ATRP initiator to produce diblock
copolymers, which had a high affinity to MOR. The OEOMA was chosen for its hydrophilic
properties and biocompatibility, while the GMA was chosen to provide post-polymerization
functionalization opportunities [217,218]. At this step, the fentanyl conjugate was obtained;
therefore, it will be discussed from this point of view in Section 6.2. The chain-end fentanyl
polymers formed were fully biocompatible, formed polyplexes with siRNA, and could be
bound and internalized by SH-SY5Y cells, which express MOR endogenously. The siRNA
binding properties were proven to be correlated to polymer length and charge, with longer
polymer chains with a higher cationic charge binding siRNA more efficiently. This allows
for tuning the copolymer and hence the polyplex properties; however, further studies
are required to improve and optimize nucleic acid delivery. In 2017, an acid-sensitive
polyplex gene vector system was proposed by X. Jiang et al., which was achieved through
ATRP and ring-opening reactions [219]. GMA was used as an ATRP monomer and modi-
fied poly(f3-cyclodextrin) as an initiator. The copolymer formed was later modified with
ethanolamine to form brush-shaped, pH-sensitive, cationic host modules. The polyplexes
were assembled with pcDNA3-Luc pDNA and then modified with adamantly based guest
molecules. This not only provided the polyplexes with a stealth effect, which improved
nanoparticle stability, but also allowed for targeted nucleic acid delivery, as the polyplexes
targeted cells that were over-expressing folate receptors, just like cancer cells. This system
also possessed a high gene condensation capability, low cytotoxicity, and high transfection
efficiency. V. Koul et al. also proposed a polyplex DDS in 2017 [220]. They used ATRP to
synthesize redox-sensitive polymer PPEGMA-s-s-PCL, with PEGMA as an ATRP monomer.
The PEGMA side chains were short, which led to a negligible chance of evoking an immune
system response and a stealth effect. The copolymers could self-assemble with pololike
kinase 1 siRNA to form polyplexes, which could be loaded with DOX. The drug release
could be regulated by low pH and redox conditions and the simultaneous nucleic acid
and drug release has led to tumor growth inhibition during tests, making these polyplex
systems suitable for tumor-specific delivery.
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Table 3 shows a literature review of polymer combs and brushes synthesized utilizing
ATRP, which includes both the already tested drug-releasing systems and those which are
promising but not fully developed yet.

Table 3. A review of the literature on the synthesis of modern polymer combs and brushes using
ATRP techniques.

Encapsulated The Variant of the o
Drug/Nucleic Acid Monomers Used ATRP Technique Applications Ref
DEX PECMA normal TL.mlr}g molecular ar.chltecture f.or [206]
tailoring drug-releasing properties
DOX OEGMA normal Redox-triggered drug release [207]
DOX PEGMA normal Redox-triggered drug release [209,210]
} ABMA normal Gateway for thermos-responsive [211]
drug release
pDNA EGDMA, D MAEMA, DE/AGET Nucleic acid delivery [212]
3-Pinene
SIRNA OEOMA, GMA ARGET MORtargeted nucleic [216]
acid delivery
pDNA GMA normal pH-triggered nucleic acid delivery [219]
DOX, siRNA PEGMA normal Redox-triggered drug and nucleic [220]

acid release

5. Smart DDSs Based on Nanoparticles Coated with Polymers Obtained via ATRP

Recently, several research groups proposed a novel strategy for utilizing ATRP in smart
DDS synthesis. It envisages drug delivery via hybrid nanoparticles (HNPs) exhibiting a
core-shell structure—these hybrid nanocarriers consist of an inorganic core made of metal or
metal oxide nanoparticles, whose surface is modified with polymeric chains made by ATRP.
A substantial advantage of this type of DDS is its obvious resistance to the destruction
and premature release of a therapeutic payload (due to the dilution in the bloodstream) in
comparison to micelle-based analogs, which are always characterized by the specific values
of CMC.

5.1. Metal Oxide-Based Nanocarriers

Ensafi and coworkers utilized 2-bromopropionyl bromide for the modification of the
hydroxyl-containing surface of the hydrothermally synthesized nanoparticles of ZnO or
TiO,, thus obtaining macroinitiator nanoparticles from which the ATRP of DEAEMA was
started [221]. Blank HNPs grafted with PDEAEMA chains had hydrodynamic diameters
of ca. 55 nm, which were increased to 75-85 nm after loading with the anticancer drug
flutamide. The drug was loaded into the PDEAEMA shell in situ (during ATRP in the
presence of the dissolved flutamide) and kept there via hydrogen bonding between its
amine groups and carbonyl functionalities of the grafted polymer. HNPs with flutamide
percentages 2-10% (in relation to the content of PDEAEMA) were tested showing an
accelerated drug release at acidic conditions (pH = 5) [221].

A different type of HNP was investigated by Alswieleh and coworkers, who modified
mesoporous silica nanoparticles with amphiphilic (co)polymers containing PDEAEMA
and poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) or poly(2-(tert-
butylamino)ethyl methacrylate) (PTBAEMA) and PEGMA as hydrophobic and hydrophilic
blocks, respectively [222,223]. In both cases, before the ATRP procedure, the surface hy-
droxyl groups of the SiO; nanoparticles were subjected to silanization with
(3-aminopropyl)triethoxysilane (APTES) and then amidation with BIBB. In the case of
the PDEAEMA-based system, hydrophobic and hydrophilic blocks were linked together
via succinic acid and cysteine linkages [222], whereas the PTBAEMA block was directly
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copolymerized (by ATRP) with hydrophilic PEGMA [223]. Therefore, the synthesized
HNPs were utilized as nanocarriers for water-soluble drugs, such as anticancer DOX (in
its hydrochloride form, DOX-HCI) [222] or doxycycline (a tetracycline antibiotic) [223],
exhibiting drug loading efficiencies of 69% or 38-44%, respectively. Interestingly, the
mechanism of drug loading in these polymer-modified HNPs is based on the physical
entrapment of drug molecules inside pores present in the silica core, although it can be
additionally supported by interactions with drug-complexing functional moieties (e.g.,
amine groups) introduced to the surface of silica pores [223]. Moreover, in this type of
DDSs, the ATRP-derived chains of hydrophobic polymers, containing tertiary amine units,
function as the pH-responsive gatekeepers. Due to electrostatic repulsion forces, caused
by protonation at acidic pH, hydrophobic polymers stretch out from the surface of HNPs
opening pores for the diffusion of drug molecules, then at physiological pH, they collapse
onto the surface of HNPs, closing the pores and entrapping the drug within them, and
finally, after endocytosis into tumor cells, the polymers once again open the pores in the
silica core, releasing the drug directly into endo-/lysosomes (see Figure 11).

drug loading drug encapsulation drug release
and delivery

acidic pH neutral or alkaline pH

(ga )

) AMA— AN = k\lﬁ
drug PEGMA polybase o
molecule block block (CHy), g

Figure 11. Schematic illustration of drug loading, delivery, and release from the surface-modified
HNPs containing mesoporous silica cores.

It is worth noting that although the properties of the above-mentioned systems (e.g.,
their pH-responsive behavior) depend on the type of monomer and processing condition
chosen for ATRP, they can be also tuned during post-polymerization chemical modification.
For that purpose, one can utilize a well-known quaternization reaction with alkyl iodide to
introduce new organic substituents and/or cationic sites to the amine-containing pendant
groups of polymer chains grafted from a silica surface via ATRP. An example of such
modification was reported by Alswieleh and coworkers in the case of the PTBAEMA,
which was reacted with 2-bioethanol [224]. Depending on the reaction time and the number
of quaternized amine units, HNPs behave differently at acidic conditions.

Li and coworkers proposed a different version of mesoporous silica HNPs for the
delivery of DOX-HCI [225]. Instead of one amphiphilic LBCP, they used two separate ho-
mopolymers (hydrophilic MPEG and hydrophobic poly(2-(1-piperidino)ethyl methacrylate)
synthesized via ATRP) for the modification of the surface of silica nanoparticles. Neverthe-
less, the mechanism of drug loading/release (the “gatekeeper model”) did not change. The
authors obtained DOX-HCl-loaded HNPs with hydrodynamic diameters below 100 nm
and a high drug encapsulation efficiency (ca. 65%). At physiological pH, these DDSs were
stable, showed no signs of an unfavorable aggregation, and only minimal drug release
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(15% after 40 h of incubation), whereas at acidic conditions, they liberated DOX-HCl in a
much-accelerated manner (the cumulative release after 40 h was 68% and 84% at pHs of
6.5 and 5.0, respectively). They were also characterized by very good cytotoxicity against
HeLa tumor cells.

Zhang and coworkers extended the “gatekeeper” strategy on HNPs containing pH-
cleavable linkers between their inorganic, mesoporous cores and polymeric coronas [226]. They
loaded DOX (loading content of ca. 14%) into the pores of APTES-modified mesoporous SiO;
nanoparticles and subsequently closed the pores by covalently grafting their surface with the
chains of an amphiphilic copolymer containing a poly[p-(2-methacryloxyethoxy)benzaldehyde]
(PMAEBA) hydrophobic block and PPEGMA hydrophilic block. pH labile imine linkages
were formed in the reaction of the copolymer’s pendant aldehyde groups with amine
groups located on the surface of silica. ARGET ATRP was used to copolymerize PEGMA
and the benzaldehyde-bearing monomer, in the presence of ethyl 2-bromoisobutyrate
initiator and tin(Il) 2-ethylhexanoate. At physiological pH, the DOX-loaded HNPs showed
a very limited drug release (the cumulative DOX release was less than 20% after 3 days
of incubation), whereas at a pH of 5.0, this process accelerated more than three times due
to the imine bond-breaking, detachment of the copolymer “gatekeeper”, and opening of
the DOX-loaded pores. Tests showed that this DDS exhibited a good cellular up-take by
the HepG2 liver tumor cells, as well as increased cytotoxicity toward them (the viability of
HepG2 cells cultured at the 20 mg/L concentration of the DDS decreased to less than 20%
after 48 h of incubation) [226].

It should be noted that a physical entrapment of the drug within the pores of meso-
porous silica is not the only pathway leading to drug-loaded silica HNPs. Wei and cowork-
ers showed that the latter can be obtained by a simple complexation of amine-bearing
drug molecules (e.g., cisplatin) with polyacid copolymers attached to the surface of meso-
porous silica nanoparticles [227]. They covalently attached BIBB on the surface of the
APTES-modified silica and then utilized a surface-initiated metal-free ATRP procedure to
copolymerize itaconic acid (a dicarboxylic unsaturated acid) with PEGMA. Interestingly,
this polymerization was induced by an organic catalyst (10-phenylphenothiazine) and
visible light instead of the conventional metal/amine ligand catalyst system. The pendant
carboxylic groups in the copolymer shell of the obtained HNPs strongly complexed cis-
platin at physiological pH and easily released it upon acidification: a cumulative cisplatin
release after 48 h increased from less than 10% at a pH of 7.4 to ca. 60% at a pH of 5.5.

Alswieleh and coworkers also studied magnetic mesoporous HNPs, although they uti-
lized them as solely pH-responsive DOX-delivering nanocarriers [228]. Their preparation
included the coating of Fe3O4 nanoparticles with mesoporous silica, surface functional-
ization with an ATRP initiator, the grafting of PDEAEMA chains via the ARGET ATRP
technique, and the optional capping of the PDEAEMA chain-ends with folic acid. The
authors showed that due to the protonation of tertiary amine in the PDEAEMA units, the
nanoparticle’s dimensions increased to ca. 750 nm in acidic media (from the initial size of ca
450 nm in a neutral or slightly alkaline environment) and the entrapped DOX was released
at an accelerated rate (16% at pH = 5.0 vs. <6% at pH > 7) [228]. The double responsivity
of the Fe-containing HNPs to the pH and magnetic field was experimentally proven by
He and coworkers, who investigated water-soluble Fe,O3 nanoparticles with a dendritic—
linear-brush-like triblock copolymer located on their surface [229]. ATRP was utilized for
a sequential synthesis of the linear part of the copolymer—first the hydrophobic block of
PDMAEMA, and then the hydrophilic block of PPEGMA. Field-dependent magnetization
tests showed that at room temperature, the obtained HNPs exhibited superparamagnetic
properties (e.g., no hysteresis on the magnetization-magnetic field curves) and their satura-
tion magnetizations were within the limits usually accepted for magnetic particles destined
for biomedical applications. As for the drug release properties, these Fe,O3-based HNPs
could be loaded with DOX up to a loading capacity of ca. 7% and showed a prolonged
profile of DOX release in HeLa-line tumor cells, while maintaining good biocompatibility
and a very low cytotoxicity against healthy cells.
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5.2. Metal-Based Nanocarriers

Over the last decade of scientific research, two main types of metal-containing poly-
meric DDSs have been investigated. Depending on the location of the zero-valent metal
component within these nanoassemblies, one can distinguish HNPs with a central metal
core or micelles having metal aggregates in their hydrophilic coronas. Their structures and

synthetic strategies are shown in Figure 12.

(a) /\
Y s\

POEGMA PDPA PMPC
hydrophilic - pH responsive - zwitterionic

( ® 1) DI-H,0

) < 2 pH 2.3
_—
’ jo ) L | 2) Au NPs
H 3) NacCl
(o] 02
9-10 Oe’ A
—N—
§ 338 "
L‘# .
AN\ ‘;\j:\' pH<6
N
3 N pH>6
F:}* g*t:'\- DPA shrin
drug-loaded nanocarrier ¥ =drug
(©
o
pH>6
HS .~,~’\»M'V ’ H S./:‘{:}"b LG

hydrophilic = hydrophobic — hydrophilic hydrophilic = hydrophilic = hydrophilic

(d)

)
:. S drug

® solution
P(e-CL) PDMAEMA
WNM — -
shell SS-cleavable reducon
LBCP HAuCly
solution
WM X [} @
hydrophobic hydrophilic  disulfide Au drug
block block linkage nanoparticle molecule

Figure 12. Representative synthetic pathways and main types of metal-containing drug delivery
nanocarriers: (a—c) polymer-coated HNPs (reproduced from Ellis, E.; Zhang, K.; Lin, Q.; Ye, E.;
Poma, A.; Battaglia, G.; Loh, X. J.; Lee, T.-C., Biocompatible pH-responsive nanoparticles with a core-
anchored multilayer shell of triblock copolymers for enhanced cancer therapy. Journal of Materials
Chemistry B 2017, 5 (23), 44214425, DOI: 10.1039/c7tb00654c, https:/ /pubs.rsc.org/en/content/
articlehtml/2017/tb/c7tb00654c (accessed on 26 February 2023) with permission from the Royal

Society of Chemistry); (d) micelles with metal nanoparticle-containing coronas.
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The utilization of metal nanoparticles as the inorganic cores of HNPs used for drug
delivery was demonstrated by Lee and coworkers in their example of polymer-coated
gold nanoparticles (hydrodynamic diameters of ca. 60 nm) subjected to loading with
DOX (47% of LC, encapsulation efficiency ca. 37%) [230]. The organic coating was
made of a double hydrophilic triblock copolymer, namely poly(oligo(ethylene glycol)
methyl ether methacrylate)-b-poly(2-(N,N’-diisopropylamino)ethyl methacrylate)-b-poly(2-
(methacryloyloxy)ethyl phosphorylcholine) (POEGMA-b-PDPAEMA-b-PMPC), anchored
to the surface of the gold nanoparticles through the sulfide bond (the “grafting onto” ap-
proach). POEGMA-b-PDPAEMA-b-PMPC chains were synthesized via a reductive cleavage
of the RS-SR moiety present in a symmetrical, hexablock copolymer produced through
a sequential ATRP, which was started on a bifunctional initiator containing a disulfide
bridge. The synthesized Au HNPs exhibited much better protein antifouling proper-
ties than their analogs coated with PEG chains, whereas their cytotoxicity against the
MCE-7 breast cancer cells was greatly enhanced compared to the free DOX at the same
concentration (the normalized cell viability was ca. 25% vs. ca. 80%, respectively). The
pH-triggered DOX release from such HNPs (in an acidic environment) was explained by
the protonation of the pendant tertiary amine groups, present within the central block
of the POEGMA-b-PDPAEMA-b-PMPC copolymer, leading to its hydrophilization and
electrostatic swelling [230].

Micelles with zero-valent gold nanoaggregates in their hydrophilic coronas have
been reported by Zhang and coworkers [231,232]. The authors proposed that the starting
point for the synthesis of the drug nanocarrier should be the preparation of either dy-
namic or static copolymeric micelles containing PDMAEMA blocks [231,232]. The former
were obtained via the conventional self-assembling of amphiphilic LBCP chains contain-
ing redox-responsive disulfide linkages at the PCL/PDMAEMA block junction. This
shell-sheddable copolymer was synthesized from a bifunctional initiator, 2-hydroxyethyl-
2/-(bromoisobutyryl) ethyl disulfide via the ROP of ¢-CL followed by the ARGET ATRP
of DMAEMA [231]. On the other hand, single-molecule micelles resistant to dilution (uni-
molecular micelles) were obtained from amphiphilic 21-arm star-like copolymers composed
of poly(lactide)-b-poly(2-(N,N-dimethylamino)ethyl methacrylate)-b-poly[oligo(2-ethyl-2-
oxazoline) methacrylate] chains connected to 3-cyclodextrin. First, 3-cyclodextrin was
used as a macroinitiator in the ROP of lactide and then, after esterification with BIBB of the
hydroxyl chain-ends in the newly formed PLA, as a macroinitiator during a sequential AR-
GET ATRP of DMAEMA and oligo(2-ethyl-2-oxazoline) methacrylate [232]. The presence
of the pendant tertiary amine moieties in both types of micelles was crucial for the next step
of the synthesis (i.e., the formation of gold nanostructures) since they were able to actively
reduce [AuCly]~ ions to Au®. Thus, after the infusion of the PDMAEMA-containing mi-
celles with an aqueous solution of HAuCly, an in situ [AuCly]™ —Au’ reduction proceeded
within the internal PDMAEMA layer of the micelle’s hydrophilic corona. In both systems,
the obtained gold nanoparticles had a uniform distribution and diameters of less than
10 nm [231,232]; however, their sizes strictly depended on the HAuCly and copolymer
concentration (a higher concentration of reagents promoted the generation of larger Au
structures), PDMAEMA block length (the longer it was, the smaller the gold nanoparticles
were), and the tertiary amine/HAuCly molar ratio (a higher molar excess of the reduc-
ing groups resulted in smaller gold nanoparticles) [232]. Zhang’s group reported that,
regardless of their type, the Au-bearing micelles showed no significant cytotoxicity since
the cell viability was over 80% even at the highest concentration of the micelles [231,232].
Moreover, the dynamic micelles made of the sulfide-containing LBCP could be loaded
with DOX and exhibited an accelerated DOX release at the lysosomal pH and reductive
microenvironment [231].

6. Bioconjugates

A large number of the drugs currently used are small-molecule compounds, which
means that therapy using this form of the drug may have disadvantages, such as limited
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solubility, drug aggregation, low bioavailability, poor biodistribution, lack of selectivity, dif-
ficulties with targeting the therapeutic effect, and the troublesome side effects of therapeutic
drugs [233]. These difficulties are being solved by the development of new preparations
with better effects, acting in accordance with the principles of the DDS. An ideal DDS
should allow the conjugate to find the target cell and freely penetrate the cell membrane,
resulting in entry into the cell nucleus. In addition, the active substance should not be
released until it has found its target cell. Through appropriate conjugation, the therapeutic
efficacy of a drug can be improved, and toxic effects can be significantly reduced by increas-
ing the amount and persistence of drugs in the vicinity of target cells while reducing drug
exposure to non-target cells [234]. Drugs can be taken in different ways, such as by mouth,
by inhalation, by skin absorption, or intravenously. Each method of drug delivery to the
body has pros and cons. In addition, the method of delivery is strictly related to the type
of therapeutic agent. Administering drugs topically, rather than systemically (affecting
the whole body), is a common way to reduce the side effects and toxicity of drugs while
maximizing the impact of treatment [235,236].

One of the most common methods of drug delivery is the conjugation of an active
substance on a polymer carrier. This technique offers several benefits, including improved
drug solubility, prolonged circulation, reduced immunogenicity, controlled release, and
increased safety. In addition, it is possible to create an advanced complex DDS that, in
addition to the polymer and the active substance, may contain other active ingredients
that enhance the activity of the main drug [237-239]. Furthermore, polymeric materials
are widely used in biomedical applications, such as implants, surgical sutures, tissue engi-
neering, and many others [240-242]. The development of polymers as carriers of bioactive
pharmaceuticals started relatively recently. In the past, it was believed that polymers were
too heterogeneous in terms of molar mass, composition, and structure to be useful in
the production of therapeutics. This approach changed in 1975 with the development of
the first polymer anti-cancer drug by Ringsdorf, which ushered in a new era of polymer
conjugate research. Ringsdorf proposed a macromolecular conjugate model that consists
of a polymer backbone with three distinct regions. The first region contains moieties
that modify the solubility of the conjugate, the second contains the drug (attached via
a biodegradable linker), and the third contains tropic molecules (responsible for target
cell recognition) [243-245]. One of the flagship, highly versatile, efficient, and sustain-
able controlled radical polymerization techniques is ATRP, which allows for obtaining
functional polymers with well-defined structural parameters, such as molar mass and its
distribution, as well as a specific architecture [246]. It is widely used as a technique for
designing and obtaining multifunctional, nanostructured materials for various applications
in the pharmaceutical, medical, and biotechnology industries, including drug delivery
systems [35]. In the further course of this work, examples of polymer conjugates with active
substances, such as proteins or therapeutic drugs, obtained using the ATRP technique will
be presented.

6.1. Protein—Polymer Conjugates

Due to several advantages mentioned in the previous subchapters, ATRP techniques
have found wide application in the pharmaceutical, medical, and biotechnological indus-
tries. In this section, examples from the literature of the synthesis of polymer—protein
conjugates using the ATRP technique will be presented. Systems with this structure are
produced to improve the efficiency of drug delivery and operation, as well as to improve
their pharmacological properties. Proteins have found use as therapeutics due to some of
their specific features, such as a relatively large size, high degree of structural definition,
biocompatibility, and a range of diverse biological functions. However, some specific char-
acteristics of proteins (short half-life, poor stability, low solubility, and immunogenicity)
limit their wide application, making their attachment to a polymer matrix essential in the
preparation of effective therapeutic drugs [247-249].
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In laboratory practice, two main strategies for obtaining polymer—protein conjugates
can be distinguished [250], which are presented in Figure 13. The first widely used strategy
is the “grafting to” method. It consists of the initial synthesis of the polymer, which in
the next stage is directly attached to the protein structure. This strategy clearly has its
advantages because the polymer can be synthesized under any conditions before the final
step of protein conjugation. However, disadvantages such as the low efficiency of the
reaction between two large molecules and difficulties in purifying the products limit its
further use [248,249,251]. The second widely used strategy is the “grafting from” method.
It consists in transforming the structure of the protein, creating a macroinitiator capable of
initiating the processes of controlled living polymerization, including the ATRP technique
widely used in this strategy. In the next stage, the actual process of obtaining the conjugate
takes place through the process of the polymerization of individual classes of monomers.
The main advantage of this method is the ease of separation of small monomer molecules
from protein—polymer conjugates after polymerization [252,253].
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Figure 13. Two main strategies for obtaining polymer—protein conjugates.

Bontempo and co-workers have proposed a method for the synthesis of polymer—
protein conjugates using the “grafting to” strategy, utilizing the ATRP technique in one of
the stages and more specifically its classic variant. The first step is the ATRP of the HEMA
monomer on a pyridyl initiator, containing disulfide groups, at room temperature. The
PHEMA polymer is widely used in biomedical applications due to its easy and controlled
polymerization process and biocompatibility, having a hydrophilic group, and forming a
gel form when in contact with water, i.e., in the human body. The polymer synthesized in
this way was reacted with protein and more specifically with bovine serum albumin (BSA),
which is a standard reference protein used for various studies due to its availability and
relatively low price. In its structure, it has cysteine, capable of forming sulfide bridges. This
ability was used in the final conjugation process by introducing the previously obtained
PHEMA polymer into the structure of the BSA. According to the authors, this strategy
can be applied to the production of a wide range of polymer—protein conjugates without
the need for post-polymerization modification of the polymers [254]. Another example
of the application of the ATRP technique in the synthesis of protein—polymer conjugates
by the “grafting to” strategy is the work of Sayers et al. In the first step, by polymerizing
the PEGMA monomer on an aldehyde initiator with ATRP, several well-defined PPEGMA
polymers were obtained. PPEGMAs were then conjugated to salmon calcitonin, a cal-
citropic hormone currently administered to treat a range of hypercalcemia-related diseases,
by forming an N-terminal Schiff base followed by a reduction with sodium cyanoborohy-
dride [255]. In vitro biological tests have shown that polymer conjugation does not affect
the biological activity of the protein. According to the authors, the approach developed
in this study appears to be of general application and could potentially open the door to
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the use of x-aldehyde coupling materials with different architectures for the N-terminal
conjugation of a wider range of biologically relevant therapeutic proteins [256].

Notwithstanding, due to its undeniable advantages, in recent years, the strategy path
has been mainly developed using the “grafting from” method, in which the processes of
controlled radical polymerization play a key role, of which the lion’s share are syntheses
using the ATRP and RAFT techniques [67,257,258]. An interesting way of synthesizing
polymer—protein conjugates using the “grafting from” strategy, as well as using ATRP
techniques, has been proposed by Cummings et al. [259]. They presented a three-step
synthesis of a block copolymer using an initiator with a protein in its structure. The
present paper describes a novel method of protein permeation enhancement through a
polymeric additive. The first step was the synthesis of an initiator based on the BSA
protein, which would gain a halogen atom capable of initiating the ATRP process of the
PEGMA monomer in the next act. Then, in the third step, also via ATRP, a block of
N-(3-(4-phenylpiperanysyl)propyl)acrylamide was added, which, according to previous
reports, may be useful as an intestinal permeation enhancer. The authors proved, that, by
incorporating a block of permeation-enhancing polymer, absorption through the intestinal
monolayers was increased up to 35 times compared to that of unmodified protein. The team
led by Professor Dworak also researched the synthesis of polymer—protein conjugates [260].
They proposed the synthesis of an enzymatically cleavable hybrid biomaterial—poly(N-
isopropylacrylamide)-pentapeptide (Gly-Arg-Lys-Phe-Gly-dansyl) conjugate, using the
ATRP technique. The researchers showed that due to the hydrophilic nature of the pen-
tapeptide bound to the polymer chain, the bioconjugate exhibited a higher phase transition
temperature than that of the corresponding homopolymer. Moreover, the bioconjugate
chains were able to form small-sized mesoglobules by rapidly heating the bioconjugate
solution. It was also shown that the peptides formed the outer layer of the mesoglobula,
which made them fully accessible to the enzyme, and the introduction of arginine or lysine
into the bioconjugate structure provided the possibility of cleaving the peptide segment
from the polymer anchor, which could be useful for peptide release.

Protein—polymer conjugates using the “grafting from” strategy can also be prepared by
various variants of the ATRP technique. Cohen-Karni et al. proposed the synthesis of con-
jugates based on the well-defined acrylamide, N, N-dimethylacrylamide, and N-vinyl imi-
dazole homo and block copolymers from a model protein BSA initiator under bio-relevant
conditions, using the ICAR ATRP technique [261]. This technique allows for a significant
reduction in the amount of copper catalyst needed, even to a level below 100 ppm [262]. In
addition, using N-vinyl imidazole as a catalytic ligand, the authors prepared, by loading
palladium, a biohybrid catalyst that successfully catalyzes the Suzuki-Miyaura coupling in
an aqueous environment under aerobic conditions [261]. Moncalvo et al. synthesized and
characterized various lysozyme-PPEGMA and lysozyme-poly(glycerol monomethacrylate)
(PGMMA) conjugates in terms of topology (linear or bi-armed) and molar mass [263]. The
process was carried out using the ARGET ATRP variant. These results highlighted the
potential of PGMMA as an alternative to polyethylene glycol in extending the half-life
of biotherapeutics. PGMMA is a hydrophilic synthetic polymer with a low toxicity and
very limited interactions with proteins. In addition, the two hydroxyl groups it has in its
structure can be easily functionalized to obtain various variants of conjugates. Researchers
have also shown that appropriate polymer architecture design can help reduce enzymatic
degradation.

Table 4 below presents a review of the literature on the synthesis of modern polymer-
protein conjugates using the “grafting from” strategy and various ATRP techniques, de-
pending on the type of conjugated protein and monomers used. It shows the enormity of
work recently put in by scientists in the development of this type of conjugates, as well as
the commonness and versatility of various variants of the ATRP technique.
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Table 4. A review of the literature on the synthesis of modern polymer—protein conjugates using the
“grafting from” strategy and ATRP techniques.

The Variant of the ATRP
. 1 .. .
Type of Protein Type of Monomers Technique Used Applications and Conclusions Ref.
CBMA Modifying the structure by adding a polymer
Chymotrypsin AMA ’ normal significantly increased protein stability and reduced [253]
protein—protein interactions.
Protein—polymer conjugates, which can exist as a
Chymotrypsin-a CBMA normal prodrug until the activator is introduced, can be used [264]
Trypsin PEGMA in enzyme-based biosensors and drug delivery for
cancer treatment.
CBMA Covalently attached synthetic polymers are able to
. PEGMA . . .
Chymotrypsin-o 3-SPMA normal modulate protein folding, emulating [265]
DMAEMA molecular chaperones.
Promising as a new class of tumor microenvironment
Human . . . . .
. DPA normal responsive nanocarriers for improved tumor imaging  [266]
serum albumin
and therapy.
Promising next-generation technology that will
Interferon-o HPMAPEGMA normal significantly improve t.h € phar.maco.loglcal [267]
performance of therapeutic proteins with a short
circulating half-life.
The covalent attachment of polymers to a protein can
significantly change the protein solubility, which can
CBMA be adjusted by changing the polymer type, grafting
Lysozyme PEGMA normal density, and polymer length. Polymer attachment [268]
increases the resistance to unfavorable environments
and the thermostability of the protein.
The resulting conjugates essentially retained the
Horseradish catalytic properties of the protein and showed
peroxidase ACR AGET significantly improved thermal stability to high [269]
temperature and trypsin digestion.
The protein retained its bio-fluorescent properties
Green PEGMA ARGET during the process, indicating the utility of ARGET [270]

fluorescent protein

ATRP for the preparation of
protein—polymer conjugates.

A ubiquitous class of amino acid residues can be
modified by ATRP initiators without affecting

Lipase DMAPAA ICAR enzyme activity. This new amino acid modification [271]
strategy can be applied to other enzymes, providing
access to new biohybrid modification schemes.
The first example of photo-ATRP using blue LED
Bovine irradiation in an aquatic environment. Compared to

serum albumin

OEOMA Photo more energetic light sources, blue light is more [272]
friendly to biological systems and allows enzymes to
survive and maintain their structure and functions.

Bovine
serum albumin

A new sulfoxide-functional acrylamide monomer was
synthesized as an alternative to PEG in some
MSEAM PICAR biomedical applications. It was used in the PICAR [273]
ATRP process under biologically relevant conditions
without degassing the reaction mixture.

B-barrel
transmembrane

The first example of the use of a transmembrane
protein in the production of conjugates by the
“grafting from” strategy, using ATRP techniques.
Thanks to the preserved pore geometry,
transmembrane protein—polymer conjugates can be
used as building blocks of functional polymer
membranes, drug and gene carriers,
and nanoreactors.

NIPAM SARA [274]

1 Monomer abbreviations not introduced in the text: carboxybetaine methacrylate (CBMA), azide methacrylate
(AMA), 3-Sulfopropyl methacrylate (3-SPMA), 2-(diisopropylamino)ethyl methacrylate (DPA), 2-hydroxypropyl
methacrylate (HPMA), acrylamide (ACR), N-[3-(N,N-dimethylamino)propyl] acrylamide (DMAPAA), 2-
(methylsulfinyl)ethyl acrylamide (MSEAM).
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6.2. Drug—Polymer Conjugates

The development of polymer carrier-based drug delivery vehicles is a very fast-
growing field that has many advantages, such as the selective targeting and prolonged
circulation of the therapeutic. The delivery of new therapeutic agents, combination thera-
pies, and novel polymer architectures are very exciting and promising areas. Undoubtedly,
the ATRP technique helps to create more and more new solutions in this field. In this
section, examples from the literature of the synthesis of polymer-drug conjugates using
ATRP techniques will be presented [5,35,237].

In laboratory practice, there are three types of strategies for obtaining covalently bound
polymer—drug conjugates using ATRP techniques, which are presented in Figure 14. The key
aspect is the creation of unstable covalent bonds between the drug and the macromolecular
backbone. Various ways can be used to chemically link bioactive molecules to polymer
chains through hydrolyzable or biodegradable bonds (for example, ester or carbonate
bonds) [275].

(a)

@D —— G&D-e CED-oay0q
ATRP

(b)
e WU é)

ATRP ?.é‘é
000
(c)

]
;

o

Figure 14. Three main strategies for obtaining covalently linked polymer-drug conjugates: (a) ac-
tive substance as an ATRP initiator, (b) active substance as (meth)acrylate monomer, and (c) post-

polymerization conjugation.

The first strategy is the possibility of introducing a terminal halogen group into the
chemical structure of the drug, capable of initiating the ATRP reaction, similar to the
“grafting from” strategy shown in the example of polymer—protein conjugates. Cohen-
Karni et al. developed the synthesis of a polymer—drug conjugate based on a derivative
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of fentanyl acting as an AGET ATRP initiator, classified as a narcotic analgesic [216]. The
paper is discussed herein in Section 4.2 due to the ability of the diblock co-polymer to
form polyplexes with siRNA; however, formally, the copolymer initiated with the fentanyl
derivative is a polymer—drug covalent conjugate. The mechanism of action of the drug
consists in the fact that the active substance contained in the drug binds to opioid receptors
in the body. As a result of this connection, these receptors are stimulated [276,277]. The
main task of fentanyl is to efficiently target the MOR receptor for neuronal targeting. The
introduced polymer matrix retains a high degree of binding to the receptors and allows
the modification of its structure by reacting the functional groups of the monomer used,
GMA in this case, in order to attach a near-infrared fluorescent dye (ADS790WS) or to
build a targeted siRNA delivery system by modifying groups with secondary amines. The
results obtained support the possible use of this system for delivery to MOR-expressing
cells. Li et al. have developed dual-sensitive and time-controlled cationic liposomes
based on a conjugate of CPT with polymeric carriers for the co-delivery of siRNA for
anticancer therapy [278]. CPT is a monoterpene-indole alkaloid of natural origin, with a
strong anticancer effect. This substance inhibits the activity of Topoisomerase I, an enzyme
that is involved in the process of DNA replication and transcription, causing damage to
the genetic material, which leads to cell death [279,280]. The pH-sensitive zwitterionic
poly(carboxybetaine) polymer was conjugated to CPT via the ATRP process, using a CPT
derivative having a halogen atom in its structure as the initiator. CPT-based cationic
liposomes, consisting of the prepared conjugate and a cationic lipid, were then constructed
for the co-delivery of siRNA for combination therapy. The double-sensitive lipoplexes
simultaneously delivered two drugs to the tumor cells and enabled time-controlled drug
release, such that siRNA was released rapidly after a 4 h incubation and CPT was released
in a sustained manner.

The second strategy is the possibility of refunctionalization of the therapeutic by
introducing into its structure (meth)acrylic moieties which are able to undergo ATRP
processes to form polymer—drug conjugates. Plichta et al. proposed a method for the
synthesis of polymer—drug conjugates using ATRP macroinitiators based on PLA and the
produced methacrylic derivative of CPT, which was conjugated on a polymer matrix [281].
In addition, in some syntheses, an additional PEGMA block was added. This process
and the structures of the obtained conjugates are shown in Figure 15. The great strength
of this type of conjugation is the possibility of introducing more than one molecule of
the active substance per chain of the polymer matrix, in contrast to the first presented
strategy, in which only one molecule could be introduced per entire polymer chain. The
CPT content of the conjugates was determined using three techniques and ranged from 8 to
16.9 wt%. The release profile of CPT was also examined, with which it was shown that the
more D-LA units in the structure, the slower the release of the active substance, while the
PEGMA groups acted antagonistically towards D-LA. Gao et al. developed an amphiphilic
copolymer based on a hydrophilic beta-cyclodextrin derivative used as the initiator of
the ATRP process to embed a methacrylic derivative of the hydrophilic anticancer drug
irinotecan onto a polymer matrix [282]. The obtained star-shaped amphiphilic copolymer
had the ability to form stable monomolecular micelles in an aqueous solution, the reducing
properties of which contributed to the controlled release of the drug and reduced toxicity
to healthy tissues. The nanoparticles can achieve targeted release due to the presence of
disulfide bonds found in the irinotecan derivative. Furthermore, the cytotoxicity assay
showed a higher antitumor efficacy of the conjugate, compared to the free drug, against the
two types of tumor cells tested.
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Figure 15. Synthesis of conjugates of PLA and CPT block copolymers proposed by Plichta et al. [281].
Reprinted with permission from Plichta, A.; Kowalczyk, S.; Kaminski, K.; Wasyleczko, M.; Wieck-
owski, S.; Oledzka, E.; Natecz-Jawecki, G.; Zgadzaj, A.; Sobczak, M., ATRP of Methacrylic Derivative
of Camptothecin Initiated with PLA toward Three-Arm Star Block Copolymer Conjugates with Fa-
vorable Drug Release. Macromolecules 2017, 50 (17), 6439-6450, DOI: 10.1021/acs.macromol.7b01350
(accessed on 26 February 2023). Copyright 2017 American Chemical Society.

The third strategy is the possibility of obtaining a (co)polymer, whose repeat units
will have additional functional groups capable of binding to the drug molecule in a post-
polymerization act, similar to the “grafting to” strategy shown in the example of polymer—
protein conjugates. Chen et al. synthesized a redox-responsive polymer—drug conjugate
based on a hydrophilic diblock copolymer covalently linked to a sulfide-bridged derivative
of the anti-cancer drug PTX [283]. The hydrophilic diblock copolymer PEG-b-PHEMA was
synthesized via the ATRP process using 2-(trimethylsilyloxy)ethyl methacrylate and PEG-
Br as a macroinitiator to then, in the next step, selectively hydrolyze the trimethylsilane
group to hydroxyl groups. Utilizing the generated hydroxyl functionalities, PTX was
covalently coupled to the polymer matrix resulting in an LC of 18.4 wt%. The authors
demonstrated the possibility of the self-assembly of the conjugate into spherical micelles in
an aqueous solution, with hydrophobic paclitaxel as the core and hydrophilic PEG chains as
the shell. Most importantly, the results of cytotoxicity indicate that the obtained conjugates
can effectively inhibit the proliferation of tumor cells. Dong et al. designed the synthesis of
a polymer—drug conjugate based on a diblock copolymer via the ATRP process of GMA
with an initiator based on PEG-Br and the post-polymerization aldehyde modification and
conjugation of DOX via an acid labile imine bond [284]. The amphiphilic conjugate can
self-assemble into nanoparticles with a core-shell structure, whereas the PEG block is a
hydrophilic shell and the block containing DOX is a hydrophobic core. The authors showed
that the conjugate produced can effectively deliver the active substance to the cell nuclei
and shows a more effective anticancer effect compared to that of free DOX.

Table 5 presents an overview of the literature on the synthesis of covalently bound
polymer—drug conjugates using three strategies utilizing various ATRP techniques, de-
pending on the type of therapeutic agent used and the composition of the polymer matrix.
The table shows the work that has recently been put into the development of this type of
conjugate, as well as the universality, commonness, and versatility of various variants of
the ATRP technique.
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Table 5. A review of the literature on the synthesis of polymer—drug conjugates using ATRP tech-

niques.
Strategy (Co)Polymers Active Substance Synthesis Techniques Ref.
Poly(carboxybetaine) CPT ATRP [278]
Poly(methacryloyloxyethyl phosphorylcholine) CPT ATRP [68]

Poly(oligo(ethylene oxide)

methacrylate)-b-(glycidyl methacrylate) Fentanyl AGET ATRP [216]

Poly(di(ethylene glycol) methyl

ether methacrylate) ARGET ATRP, SARA

. Poly(di(ethylene glycol) methyl Inositol (vitamin Bg) ATRP, seATRP [183]
Active substance asan o, methacrylate)-b-poly(methyl methacrylate)
ATRP initiator
Poly(methyl . .
methacrylate-co-2-hydroxyethyl methacrylate) Retinol (vitamin A) ATRP [285]
Poly(n-butyl acrylate)
Poly(methyl methacrylate)
Poly(N-isopropylacrylamide) Riboflavin ARGET ATRP,

Poly(N-isopropylacrylamide)-b- orav Metal-free ATRP, Photo [286]

poly(oligo(ethylene glycol) acrylate) (vitamin By) ATRP, seATRP
Poly(N-isopropylacrylamide)-b-poly(2-

hydroxyethyl acrylate)

Poly(lactic acid)-b-poly(camptothecin
mono-2-(methacryloyloxy)ethyl succinate)
Poly(lactic acid)-b-poly(camptothecin CPT ATRP [281,287]
mono-2-(methacryloyloxy)ethyl succinate-co-
poly(ethylene glycol) methyl ether methacrylate)

Poly(hydroxypropyl methacrylate-co-
Methacryloyloxy-3-thiohexanoyl
camptothecin-co-2-(2'-
Bromoisobutyryloxy)ethyl-2"-methacryloyl
oxyethyl disulfide)
Poly(hydroxypropyl methacrylate-co- CPT ATRP [288]
Methacryloyloxy-3-thiohexanoyl
camptothecin-co-2-(2'-
Bromoisobutyryloxy)ethyl-2"-methacryloyl
oxyethyl disulfide)(poly(poly(ethylene glycol)

Active substance as methyl ether methacrylate))

(meth)acrylate monomer Cellulose-g-poly(methacrylate derivative of
camptothecin)-b- poly(ethylene glycol) methyl CPT ATRP [289]
ether methacrylate)

Dextran-poly(methacrylate derivative of
camptothecin)-b-poly(ethylene glycol) methyl CPT ATRP [290]
ether methacrylate)

a-cyclodextrin- poly(ethylene glycol)
polyrotaxanes-poly(methacrylate derivative of CPT ATRP

camptothecin)-b-poly(ethylene glycol) methyl [291]
ether methacrylate)
Poly(ethylene glycol)-b-poly(2-([2-4-(2-
methylpropil)phenyl]propionyl]oxy) Ibuprofen ATRP [96]

ethyl methacrylate

-cyclodextrin-poly(methacrylate derivative of
irinotecan-co-poly(ethylene glycol) methyl Irinotecan ATRP [282]
ether methacrylate)
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Table 5. Cont.
Strategy (Co)Polymers Active Substance Synthesis Techniques Ref.
Poly(methacryloyloxyethyl . .
phosphorylcholine)-graft-camptothecin CPT ATRP, Click Chemistry [68]
Poly(glycidyl methacrylate) AGET ATRP, ICAR
Poly(poly(ethylene glycol) methyl ether Ciprofloxacin ATRP, ROP, [218]
methacrylate-co-glycidyl methacrylate) Click Chemistry
Poly(meth.acryloyloxyethyl . ATRP, Click Chemistry,
phosphorylcholine)-graft-doxorubicin DOX A .
. cylhydrazine [292]
Poly(methacryloyloxyethyl phosphorylcholine- formation
co-2-tert-butoxy-2-oxoethyl methacrylate)
Poly(poly(ethylene glycol) methacrylate)—b- ATRP, Acylhydrazine
poly(caprolactone)—b-poly(poly(ethylene DOX formation [293]
glycol) methacrylate)
Poly(methacryloyloxyethyl phosphorylcholine)- DOX ATRP, Acylhydrazine [294]
b-poly(2-methoxy-2-oxoethyl methacrylate) formation
Post-polymerization Poly(ethylene . .
conjugation oxide)-b-poly(glycidyl methacrylate) DOX ATRP, Imine formation [284]
Poly(2-(2-bromoisobutyryloxy)ethyl
methacrylate)-co-poly[poly(ethylene glycol) DOX ATRP, Imine formation [295]
methacrylate-co-3-vinyl benzaldehyde]
ATRP, N-alkylation of
Poly(methacrylic acid) Estradiol Tamoxifen amines with carboxylic [296]
acid
Poly(ethylene oxide)-b-poly- ATRP, Photochemically
(n-butyl methacrylate-co-4-methyl-[7- 5-fluorouracil induced [2 + 2] [297]
(methacryloyl)-oxyethyloxy]coumarin)) cycloaddition reaction
Poly(ethylene . ATRP, Steglich
oxide)-b-poly(glycerol monomethacrylate) Indomethacin esterification 298]
Poly(ethylene
glycol)-b-poly(2-(trimethylsilyloxyl) Paclitaxel ATREP, Esterification [283]
ethyl methacrylate)

7. Concluding Remarks

Although this review is limited to selected DDS-related papers published in the last
decade, it demonstrates the enormous potential of ATRP in developing new classes of block
copolymers, bioconjugates, and hybrid inorganic—organic particles that can serve as carriers
for small drugs, proteins, and nucleic acids. Current research makes it possible to obtain
smart carriers in the form of a wide range of stimuli-responsive micelles, polymersomes,
polyplexes, hybrid inorganic—organic particles, or implantable wafers with a controlled
delivery of selected active substances. One can expect that among these, the ones susceptible
to the internal stimuli present in the human body subjected to a disease (e.g., pH changes or
redox conditions) seem to have a particular potential for quick implementation in medical
treatment due to their simplicity of use by patients (e.g., no or only limited requirements
for specialized instrumentation, much less need to engage the patient’s or physician’s
attention to control treatment conditions). Nevertheless, scaling up the synthesis of many
of the described carriers may be a difficult problem and significant work should be directed
toward more efficient, as well as less costly and time-consuming, procedures. As a result,
it remains a very important task to develop new ATRP methods to effectively control the
polymerization process using trace amounts of metal catalysts. Photochemical variants
of metal-free ATRP also appear to be of interest, especially those in which the photo-
initiator and the catalyst providing the balance between active and dormant species are
fully biocompatible organic compounds (e.g., vitamin B2) [299]. It should also be noted
that the RAFT polymerization technique has also been used extensively in drug delivery
systems in recent years and offers a large library of alternative approaches, which can be
applied to future technologies [300]. One of the next big challenges is to better understand
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the cytocompatibility of ATRP- and RAFT-based materials and to confirm their applicability
in various animal models and ultimately in humans.
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