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Polymer assemblies on the nanoscale represent a powerful toolbox for the
design of theranostic systems when combined with both therapeutic
compounds and diagnostic reporting ones. Here, recent advances in the
design of theranostic systems for various diseases, containing—in their
architecture—either polymers or polymer assemblies as one of the building
blocks are presented. This review encompasses the general principles of
polymer self-assembly, from the production of adequate copolymers up to
supramolecular assemblies with theranostic functionality. Such polymer
nanoassemblies can be further tailored through the incorporation of inorganic
nanoparticles to endow them with multifunctional therapeutic and/or
diagnostic features. Systems that change their architecture or properties in
the presence of stimuli are selected, as responsivity to changes in the
environment is a key factor for enhancing efficiency. Such theranostic systems
are based on the intrinsic properties of copolymers or one of the other
components. In addition, systems with a more complex architecture, such as
multicompartments, are presented. Selected systems indicate the advantages
of such theranostic approaches and provide a basis for further developments

to image that specific region. The dual
functionality of theranostic systems rep-
resents a powerful tool in decreasing the
discomfort associated with separate med-
ical treatments and imaging approaches.
In addition, the encapsulated imaging
components serve to distinguish where
exactly the system is located, increasing
the efficiency of the therapeutic compound
and decreasing side effects. In this respect,
the use of nanoassemblies has revolution-
ized the field due to their capability to be
up-taken without affecting the surround-
ing healthy tissue, and hence, allowing
a reduction of the biological side effects.
Theranostic systems with nanometer sizes
have been reported for the treatment of var-
ious diseases, including cancer,’*! brain
diseases, 8] cardiovascular diseases,[*1%
deficiencies due to genetics,"*! lung
diseases,'* atherosclerosis,'>1¢] rheuma-

in the field.

1. Introduction

Theranostics is an emerging field that elegantly combines both
therapy and diagnosis, i.e., it acts on a specific site for the treat-
ment of a pathologic condition and simultaneously provides ways
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toid arthritis,'>! and visceral leishmaniasis,
caused by intracellular protozoan parasites
of Leishmania genus.['7]

A particularly appealing class of carriers developed to support
theranostic approaches is based on polymer assemblies, struc-
tures including nanoparticles (NPs), micelles, and vesicles. Vari-
ous properties of polymeric nanoassemblies, such as size, shape,
and surface chemistry, play an important role in the circulation
throughout the body, specific organ distribution, and specific
cell uptake.['¥19] Vesicles, nanoparticles, and macromolecules
of a certain size tend to accumulate at the tumor site through
passive targeting via the enhanced permeability and retention
(EPR) effect.l?0-22] For example, nanoparticles with a size below
5 nm do not remain in the blood stream and are eliminated
by extravasation or renal clearance, while larger nanoparticles
(near-micrometer range and above) accumulate in the liver and
spleen.’] A second molecular factor influencing the in vivo car-
rier efficiency is its surface chemistry because it influences the
biodistribution. In this respect, polymer coatings serve to sta-
bilize the nanoparticles and increase their dispersion in blood
circulation.'1] The impact of the shape of nanoparticles on
their fate inside the body was shown, for example, by PEGy-
lated gold nanospheres, which had a longer half-life in the blood
stream, a lower clearance by the reticuloendothelial system, and
a higher overall tumor uptake than the disk-, rod- or cage-shaped
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Figure 1. Polymer-based theranostic nanoassemblies. Theranostic systems composed of two main building blocks, (i) polymers and polymer assemblies,
and (ii) platforms containing inorganic nanoparticles. Theranostic components are added to the assembly as combination of therapeutic and diagnostic

moieties or as moieties with dual functionality (treatment and diagnostics).

ones of the same size.[?* Besides modifying their surface, the
functionality of polymer assemblies can be significantly enlarged
through the incorporation of inorganic nanoparticles that endow
the nanomaterials with multiple therapeutic and/or diagnostic
functions.[1>25#]

In addition to physical properties, the design of theranostic
systems has to cope with the biorequirements related to thera-
peutic support with the simultaneous visualization of the region
of treatment. Thus, biocompatibility represents an important fac-
tor to be considered when developing polymer nanoassemblies
for theranostic applications and significant care must be taken
to avoid toxicity, mutagenicity, rejection, and inflammatory or
immune response. Therefore, the polymer chemistry has to be
appropriately selected to provide biocompatible solutions.[*+#¢]
Stimuli-responsiveness is another property that allows for precise
drug delivery when the conditions in the carrier environment in-
duce a specific change of the carrier architecture/properties pro-
moting the release of the cargo. The stimuli-response can be trig-
gered by various physical or chemical factors, such as tempera-
ture, irradiation with a specific wavelength, presence of a mag-
netic field, pH changes, redox conditions, and the presence of
specific biomolecules.

In this review, we present very recent developments in the de-
sign and application of theranostic systems based on synthetic
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nanoassemblies with a focus on the stimuli-responsive ones.
Considering polymer nanoassemblies and inorganic nanoparti-
cles as the main building components, we will mainly present
theranostic systems based on i) polymer assemblies, ii) platforms
containing inorganic nanoparticles and polymers, and iii) com-
plex architectures combining the polymer assemblies with inor-
ganic nanoparticles (Figure 1). We will highlight the chemical na-
ture of copolymers that self-assemble into nano/microsized car-
riers containing both therapeutic compounds and reporting com-
ponents for diagnostics. For an efficient theranostic system both
the properties of the carriers and the specificity of the biomed-
ical application are essential. The carrier properties and bio-
conditions induce crucial limitations requiring a careful selec-
tion of polymers, type of assemblies, and manner of adminis-
tration. One or several therapeutic agents can be loaded inside
the supramolecular structure of the assemblies for a combina-
torial treatment,[*’] while contrast agents for imaging are either
loaded, chelated, in situ precipitated, or covalently linked to the
nanocarrier surface.[*4-2]

We will present only very few examples of conjugates based
on covalent bonding between the polymer/inorganic nanoparti-
cles and the therapeutic and diagnostic compounds, for which
there are other excellent reviews.38 These systematic surveys
mostly report on systems that release the conjugated drug or
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reporting molecule as response to one or several stimuli by cleav-
age of the labile covalent bonds that these moieties have with the
self-assembled structure. Here, we focus on the actual develop-
ment of polymer theranostics with an emerging architecture that
mainly relies on self-assembly and entrapment/encapsulation,
and whose functionality can be further tailored by incorporation
of inorganic nanoparticles. In addition, stimuli-responsiveness
represents a key property for reported examples to provide an in-
creased specificity and reduced side-effects, and thus to function
as effective sensing and therapeutic systems under pathological
conditions.

We will indicate the endogenous and exogenous stimuli trig-
gering the functionality of the theranostic systems, either as a
single stimulus or a combination of stimuli. We will emphasize
the role of the carriers and how they support the dual function-
ality required for an efficient theranostic system. An important
aspect is the manner in which stimuli-responsive assemblies are
designed and applied for theranostics. We are interested to show
which systems are responsive to a particular stimulus and which
nanoarchitectures are of interest for theranostics. Eventually, we
indicate open questions still to be solved or improvements nec-
essary to enhance the efficiency of theranostic systems.

2. Endogenous and Exogenous Stimuli Triggering
the Response of Theranostic Systems

Implementing stimuli-responsiveness into theranostic systems
gives the decisive advantage of controllable and triggerable
functions such as the release of cargo. This is an important
developmental step toward controlled spatiotemporal behav-
ior of the system, both therapeutically and diagnostically.>®!
Stimuli-induced response of the system can be caused by
one or more stimuli, either endogenous or exogenous, in-
cluding changes in pH, redox environment, temperature, and
the presence of specific biomolecules or an external mag-
netic field.[*°! If the therapy relies on drug-delivery, endoge-
nous stimuli-responsiveness is used to induce a morphologi-
cal response of the supramolecular assembly, such as disas-
sembly into constituents,I®! swelling,[®!! or cleavage of cova-
lent bondsl?>¢263] and subsequent decomposition.[®* As a con-
sequence of these changes in morphology, the cargo is released.
Endogenous stimuli typically used in theranostics are changes
in pH, redox state of the surrounding milieu, or the presence of
reactive oxygen species (ROS) or biomolecules such as glucose,
ATP or enzymes.[556]

pH change is a widely used stimulus to trigger the response
of a theranostic system because different biological environ-
ments normally have distinct pH values, or a pH change occurs
due to a pathologic condition.[®”] For anticancer theranostic sys-
tems, the acidic microenvironment of tumor tissues is an ideal
stimulus.[®®) Additionally, for organelle-specific targeting, their
defined pH is used to trigger the stimuli-responsiveness of the
system. Tumors or inflammation sites often provide an acidified
environment, which can serve to induce pH-induced swelling,
pore formation, disassembly, or degradation of a polymer assem-
bly.

The intracellular redox state is linked to the cell’s capabil-
ity to eliminate ROS and thus react to the presence of redox
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pairs, including glutathione (2GSH/GSSG), nicotinamide ade-
nine dinucleotide (phosphate) (NAD(P)+/NAD(P)H), and thiore-
doxin (TrxSS/Trx(SH),).7% Another approach is to use the pres-
ence of biochemical stimuli. If a suitable “smart” theranostic car-
rier is designed, selectively induced release of the cargo occurs in
the presence of specific molecules present in the environment,
serving as biochemical stimuli. These molecules are normally
present in high concentrations in an organ, cell, organelle, or
under certain pathological conditions. For example, enzymes are
very precise stimuli, as they can be very specific for a target site,
such as matrix metalloproteinases which are overexpressed in
metastatic tumors.”!]

Polymer assemblies that are sensitive to exogenous stimuli
have the advantage of being remotely controllable from the ex-
terior. Theranostic systems offer traceability in vivo by an appro-
priate imaging moiety, and either once the theranostic assembly
has reached its destination, or at a specific time, the drug release
can be induced by the external trigger. Temperature is a stimulus
that can be used, e.g., in cancer due to the higher energy con-
sumption of the cancer cells. However, it is difficult to predict
the temperature in such tissues to fine-tune the physicochemical
properties of the theranostic polymeric assemblies accordingly.
One popular, indirect approach to produce an increase in temper-
ature is photothermal therapy (PTT). Magnetic-responsive nan-
otheranostics have been engineered to take advantage of their in-
trinsic magnetic properties allowing for a better accumulation at
the lesion area and facilitating the drug release and tumor abla-
tion by locally generated hyperthermia under an alternating mag-
netic field (AMF). A less-commonly-used external stimulus is ul-
trasound. Sonosensitive systems allow for an increased release
and enhanced imaging upon ultrasound treatment in vitro and
in vivo.l”273! Photodynamic therapy (PDT) has been considered a
promising method in the treatment of various diseases, includ-
ing malignant and nonmalignant cancers, where ROS are gen-
erated by in situ activation of photosensitizers to induce apop-
tosis and/or necrosis of tumor cells.[”* As the photosensitizers
emit fluorescence upon light excitation, they can be used as con-
trast agents for tumor near-infrared (NIR) imaging.”>””) Multi-
modal systems have been obtained by incorporating plasmids,
anticancer drugs, and targeting moieties.[”®!

For the achievement of high-efficiency and -specificity thera-
nostic systems, an important factor is their ability to react to var-
ious stimuli, or to hold more than one stimulus as the trigger
for a response. Also, the increasing knowledge of disease mech-
anisms and cellular processes allows for a more precise adapta-
tion to the conditions encountered in vivo. The use of polymers
and the variety of possible chemical modifications support the
development of manifold stimuli-responsive systems. In the fol-
lowing sections, theranostic polymer assemblies responding to
endogenous and exogenous stimuli for therapeutic purposes are
discussed.

3. Polymers and Polymer Assemblies as Building
Blocks for Theranostic Systems

There are two different strategies to achieve stimuli-responsive
theranostic systems: i) using responsive polymer chains inside
the system that will undergo a specific change (e.g., disassembly
due to protonation or the change in polymer solubility below or
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above the lower or upper critical solution temperature, cleavage
of covalent bonds) in the presence of the stimulus, and ii) using
nonresponsive polymer chains and combining them with other
responsive components (e.g., membrane proteins, enzymes, su-
perparamagnetic iron oxide nanoparticles (SPIONs) or other
metal nanoparticles). We present here mainly theranostic sys-
tems based on polymers bearing intrinsic stimuli-responsiveness
(Table 1). In addition, we will introduce other examples of ther-
anostic systems based on polymers without intrinsic stimulus-
responsiveness that have to be combined with responsive moi-
eties to achieve overall responsiveness (Table 2).

3.1. Stimuli-Responsive Polymers as Building Blocks for
Theranostic Systems

pH-responsive polymers contain either ionizable or acid-
cleavable groups.l® Tonizable polymers are protonated or
deprotonated, depending on the pK, of the functional group and
the surrounding pH. The most commonly used anionic polymers
(when protonated) contain carboxylic groups, e.g., poly(acrylic
acid) (PAA), poly(4-vinylbenzoic acid), poly(aspartic acid) or
hyaluronic acid (HA). They may also contain sulfuric acid func-
tional groups such as poly(vinyl sulfonic acid) or boronic acid
functional groups, e.g., poly(4-vinylphenylboronic acid). For the
inverse reaction, i.e., protonation of cationic polymers, the most
commonly used polymers contain an amino function, such as
poly(2-dimethylaminoethyl methacrylate) (PDMAEMA), poly(2-
diethylaminoethyl methacrylate) (PDEAEMA), poly(lysine)
(PLys) or chitosan. Other cationic polymers based on nitrogen-
containing groups are poly(4-vinylpyridine), poly(histidine),
or polyethylenimine (PEI).) In this system, PAA is 50%
deprotonated at pH 4.5 and deprotonation, i.e., the anionic
charge, increases along with the increase of pH, whereas
PDMAEMA is 50% protonated at pH 7.5, and protonation, i.e.,
the cationic charge, increases by decreasing the pH.[®® Acid-
cleavable polymers normally contain functional groups such as
hydrazones, ] acetals or ketals, imines, ! ortho-esters, amides,
or silyl derivatives.’®) An oxidative environment can trigger
cargo release from an assembly based on oxidation-sensitive
block copolymers or oxidation-sensitive units. Often sulfide
moieties are included in the polymer chains as they are easily ox-
idized to sulfoxide moieties, inducing a change in the assembly
architecture. One example of an oxidation-sensitive polymer is
the triblock copolymer poly(ethylene glycol)-block-poly(propylene
sulfide)-block-poly(ethylene glycol), which self-assembles to
form vesicular structures that change into micellar, worm-like
structures and finally into soluble unimers under oxidative
conditions.®! Enzyme-responsiveness was also used as a tool
to monitor endocytosis in cancer cells. For example, lysosomal
esterases were used to prompt the hydrolysis of polyesters from
synthetic 1-aspartic acid derivatives.|®*] Temperature represents
a unique stimulus in theranostic applications as it can act either
as an endogenous stimulus when infected tissues or tumors
have a naturally higher temperature. Temperature can also
be an exogenous stimulus with heat applied from an external
source. Thermoresponsivity is commonly introduced when the
polymers used for designing the theranostic systems have a
solubility behavior that changes in response to variations in
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temperature. Most often, the thermosensitive nanoassemblies
based on NIPAM-containing polymers undergo a reversible
phase transition when the temperature of the medium becomes
higher than the lower critical solution temperature (LCST).[*!
As a result, the polymers change from a soluble, hydrated
state when the temperature is below the LCST to an insoluble,
dehydrated state above the LCST.

3.2. Polymer Assemblies as Building Blocks for Theranostic
Systems

Amphiphilic copolymers undergo self-assembly in dilute solu-
tions to form a variety of nanoassemblies including spherical,
cylindrical, gyroidal, and lamellar structures.”'=%*! In solution,
the thermodynamic mismatch causes a phase separation be-
tween different blocks and, hence, a morphological reorganiza-
tion into the above-mentioned shapes in order to minimize the
free energy of the system. The resulting architecture depends on
various factors, including the hydrophilic to total mass ratio (f
value) of the copolymer, the packing parameter “p”, and the dis-
persity index “D” of the copolymer chains.?194%]

Spherical nanoassemblies such as nanoparticles, micelles, and
polymersomes represent an important class of self-assembled
nanostructures that are applied to theranostics. These assem-
blies are of interest due to their ability to carry multiple com-
pounds based on the intrinsic character of their cargo. In wa-
ter, lipophilic molecules can be entrapped in the hydrophobic
core of the micelle, while the hydrophilic ones can be loaded
in the hydrophilic shell. In the case of polymersomes, as hol-
low spheres, their architecture allows for the encapsulation of
hydrophilic molecules in the inner cavity and hydrophobic com-
pounds within the membrane.’®’] There are different meth-
ods for the formation of micelles and polymersomes, including
film rehydration and solvent exchangel®®! or recently, via flash
nanoprecipitation.!*°]

3.2.1. Nanoparticles

Polymer-based nanoparticles have been extensively investigated
in cancer therapeutics as they increase the solubility of poorly
soluble drugs, reduce the cytotoxicity toward normal tissues,
and improve the treatment efficiency. In addition, imaging
agents such as inorganic nanoparticles and organic dyes can
also be incorporated via chemical conjugation, electrostatic in-
teraction, or physical encapsulation for simultaneous treatment
and imaging!'®192] The accumulation of nanoparticles at the tu-
mor site is commonly improved by conjugation of various tar-
geting moieties such as folate, biotin, peptides, and antibod-
ies on the surface of nanoparticles.'*1%] Polymeric NPs are
also investigated for theranostic applications in CNS-related and
neurodegenerative diseases such as Alzheimer’s and Parkin-
son’s disease,”® in cardiovascular diseases('"'? or visceral
leishmaniasis.['’] These moieties promote the delivery of ther-
apeutics to a specific site in the body, decreasing their ad-
verse side effects, and facilitate the cellular uptake through
receptor-mediated endocytosis. Polymers that can be used in
designing polymer nanoparticles for theranostic applications
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should include either biodegradable synthetic polyesters (e.g.,
poly(e-caprolactone), polylactide, polyglycolide), polycarbonates,
polyamides, and polypeptides, among others, or polysaccharides
such as chitosan, dextran, heparin, and hyaluronic acid. Recently,
polynorbornene copolymers have also been proposed for design-
ing tailor-made stimuli-responsive nanoparticles for multiplexed
detection and drug release by anchoring MRI contrast agents, an-
ticancer drugs and active targeting moieties to the same polymer
backbone.[*84]

3.2.2. Micelles

Polymeric micelles with sizes between 10 and 100 nm in diam-
eter are optimal for long-term blood circulation, since particles
smaller than 5 nm are likely to be cleared by the kidneys and
particles larger than 100 nm by the liver.'®] However, bigger
micelles up to 200 nm in diameter, depending on the respec-
tive block lengths, have also been reported for delivery of vari-
ous cargos.”?%] There are two ways to incorporate cargo inside
micelles: physical entrapment and covalent conjugation. To in-
crease selective accumulation at the target site, e.g., a tumor!®!
or in the lungs('*! and to avoid severe side effects through non-
specific cargo release, the micelles are usually conjugated with a
recognition compound and possess a stimuli-responsive feature
specific to the targeting medium, such as environmental pH or
glutathione (GSH) concentration.1%]

One of the most commonly hydrophilic blocks in amphiphilic
copolymers is PEG because it allows for the conjugation of di-
verse active drugs or biomolecules and forms a protective shell
to prolong the life span of active compounds.['%”] Despite the on-
going scientific discussion about side-effects of PEG such as al-
lergic reactions and anaphylactic shock,'%112] PEG-containing
amphiphilic block copolymers are extensively used and have
been reported for micelle- or polymersome-based theranostic
systems.[113]

3.2.3. Polymersomes

Polymersomes, with their hollow spherical architecture, either
have a unilamellar membrane, when amphiphilic triblock copoly-
mers are self-assembled, or a bilayer membrane when am-
phiphilic diblock copolymers or grafted amphiphilic polymers
are used.[''] To ensure an efficient cargo release, one common
approach is to add a responsive moiety to trigger their dissocia-
tion through endogenous stimuli such as pH, redox-based envi-
ronment, or temperature change.l''>] Due to their architecture,
which allows for the encapsulation of hydrophilic molecules in
their cavity and insertion of hydrophobic ones in the membrane,
polymersomes are widely reported as carriers or building blocks
for theranostic systems.’>1%! Depending on the chemical na-
ture of the polymer chains, polymersomes can have intrinsic
stimuli-responsiveness, thus changing their architecture upon
the presence of the stimulus.[3%3311%] A complementary approach
forms polymersomes from nonresponsive polymer chains and
renders them stimuli-responsive by the insertion of biopores
or membrane proteins in the polymer membrane. These bio-
pores/membrane proteins serve as responsive “gates” opening
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in the presence of the stimulus and supporting the release of the
cargo or the product of an in situ reaction.!*17:118]

4. Inorganic Nanoparticles as Building Blocks for
Theranostic Systems

We will first present theranostic systems containing inorganic
nanoparticles because here we have examples that have re-
ceived approval from the United States Food and Drug Ad-
ministration or European Medicines Agency for their use
in nanomedicine.'"120] The preparation methods of inor-
ganic nanoparticles are based on either bottom-up or top-
down approaches.[1?1122] To achieve self-assemblies of inorganic
nanoparticles, surface modification is necessary to obtain the am-
phiphilicity required for the self-assembly process into complex
architectures. The surface of unmodified inorganic nanoparti-
cles is functionalized with exposed hydroxyl groups that can fur-
ther be modified by various treatments, such as polymer grafting
and ligand exchange.!'?3] Another approach is the coordination
of metals with polyphenols, which have excellent biocompatibil-
ity and easily self-assemble to form nanoparticles.!'?*]

Gold NPs are widely used in different theranostic applications
due to their chemical and physical versatility. While intrinsi-
cally, gold NPs are well suited to imaging (either by irradiation
with a laser for PTT)[23132] or as a computed tomography (CT)
contrast agent,"l they can be surface-functionalized with differ-
ent therapeutic molecules and polymers to combine therapy and
diagnosis.3!l

Iron-oxide-based NPs, such as SPIONs, support another type
of diagnosis and therapy combination because they generate heat
under alternating magnetic fields and, hence, cause tumor cell
death,[3*-%] or they are preferentially up-taken by macrophages
to monitor atherosclerotic plaques in cardiovascular diseases.!’?!

Gadolinium NPs are widely used contrast agents for magnetic
resonance imaging (MRI),”’] therefore they are often included in
theranostic assemblies as well. In a different approach, magnetic
NPs are of interest due to their dual capability for diagnosis using
MRI and for treatment using hyperthermia. Magnetic-responsive
theranostics architecture rely on iron oxide NPs, iron oxide hy-
brid NPs (with Au, Ag, Gd), or other magnetic materials (e.g.,
ZnFe,0,, La,,Sr);MnO,).

5. Methods for Characterization of the Building
Blocks of Theranostic Systems

A combination of physical and chemical methods is used for
the characterization of nanoassemblies, including transmission
and scanning electron microscopy (TEM and SEM, respectively),
light scattering techniques, and nanoparticle tracking analysis.
In addition, the morphology of the nanoparticles is investigated
by atomic force microscopy, while their composition can be de-
termined by elemental analysis.'®) When the theranostic as-
semblies contain metal-based NPs, they can be characterized by
Ferromagnetic Resonance and Superconducting Quantum Inter-
ference Device Magnetization measurements.!'?’] Normally, the
drugs loaded inside the theranostic systems are spectroscopically
characterized and the method of choice depends on their intrin-
sic chemical nature.
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6. Combination of Inorganic Nanoparticles and
Polymers for Theranostic Systems

There is a variety of combinations with inorganic materials that
can be used as platforms in theranostic applications. There are
different approaches to develop theranostic systems containing
inorganic nanoparticles. Core—shell nanoparticles can contain in-
organic metallic NPs at their core, while their surface is usually
grafted or covered with a polymer matrix in which a therapeutic
compound is either covalently bound or encapsulated. Another
method is the encapsulation of NPs into a stimuli-responsive
polymer matrix in order to allow their release when the target
is reached. Besides classical cancer theranostics, polymer-coated
inorganic nanoparticles, either intrinsically bearing theranostic
properties, or only diagnostic ones and being additionally loaded
with specific therapeutics, are also investigated in cardiovascular
diseases!™ or genetic diseases.!*]

6.1. Single Stimulus-Responsiveness of Inorganic Nanoparticles
Combined with Polymers

We present relevant examples based on inorganic nanoparti-
cles and polymers that form assemblies for theranostic pur-
poses. Extremely small iron oxide nanoparticles (ESIONs) of less
than 4 nm were coated with amphiphilic and pH-responsive
block copolymers to generate colloidal magneto-core—shell struc-
tures, named “pH-sensitive magnetic nanogrenades” (PMN).[?]
The poly(ethylene glycol)-block-poly(B-benzyl-1-aspartate) block
copolymers were end-functionalized by a chlorin e6 (Ce6) pho-
tosensitizer, (PEG-PBLA-Ce6), and modified either with 1-(3-
aminopropyl) imidazole (API) and dopamine or with API and 3-
phenyl-1-propylamine. The ESION—polymer coassembly was in-
duced by solvent exchange from chloroform to the more polar
dimethyl sulfoxide. PMNs with a size of 70 + 5 nm were formed
and deemed adequate for passive tumor targeting. The ligands
were designed for two-stage pH activation: i) the decrease of pH
in tumoral medium induced the swelling of PMNs and delivery
of their payload, and ii) in the endosomal pH 5.5-6.0, dissocia-
tion of the nanotheranostics induced an enhancement in T; MR
imaging, fluorescence, and photodynamic therapeutic activity.!*’!

In a more complex architecture, AuNPs serving for CT imag-
ing were embedded into a hybrid system based on laponite
(LAP) nanodisks assembled with PEI conjugated with poly(lactic
acid)-block-poly(ethylene glycol) (PLA-b-PEG-COOH). LAP-PLA-
b-PEG-PEI was modified with HA and Doxorubicin (DOX) to ac-
tively target the CD4 receptors overexpressed in tumor cells. The
developed LAP-PLA-b-PEG-PEI-(Au’)s,-HA/DOX showed good
stability, high drug loading capabilities, and pH-sensitive drug
release.[?8]

An interesting approach to include AuNPs in more com-
plex architectures was achieved by synthesis of Au nanowreaths
(AuNWs) from seed-mediated growth of Au nanorings followed
by a coating with thiol-terminated PEG. The resulting AuNWs
served further as support for the formation of larger assem-
blies using the consecutive layer-by-layer (LbL) deposition of
positively charged copolymer poly[cystamine methacrylamide-co-
poly(ethylene glycol) methyl ether methacrylate] and negatively
charged small magnetic iron oxide nanoparticles (ES-MIONS).
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As the AuNWs absorb in the NIR domain, they allow for the
photoacoustic imaging (PAI) and photoablation of the tumor.
The resulting LbL assemblies provided a better MRI contrast
than ES-MIONs alone. Together, the assembled ES-MIONs on
AuNWs quenched the T,-weighted MRI signal due to enhanced
T,-weighted decay while the nanoplatform disassembled in the
presence of GSH found in high concentration in tumor cells by
disulfide bond cleavage. The destabilization of the LbL assembly
switched the T, signal on and thus enhanced the image contrast
(Figure 2).132]

Gd-doped silicon NPs (Si-Gd NPs) were used for self-assembly
with a complex metal-organic framework (MOF), resulting
in a pH-responsive cancer theranostic system with dual diag-
nostic capability (MIR and NIR fluorescence) and dual ther-
apeutic function (chemotherapy and PDT) (Figure 3). The
pH-responsive poly[2-(diethylamino)ethyl methacrylate] (HOOC-
PDMAEMA-SH) polymer was grafted together with folic acid-
poly(ethylene glycol)-maleimide (MaL-PEG-FA) to a zeolitic im-
idazolate framework-8 (ZIF-8) that served as a biocompatible
and biodegradable nanocarrier. Si-Gd NPs and a photosensi-
tizer (Ce6) were coembedded into ZIF-8, and then loaded with
DOX.[?] This complex MOF served in vitro and in vivo for drug
release at pH 6 through the swelling of the pH-responsive poly-
mer, PDT by irradiation of Ce6 with NIR, and dual modal imag-
ing by MRI and fluorescence (Si-Gd-NPs).

Ag,S nanodots (Ag,S NDs) were rendered pH-responsive
by self-assembly with poly(ethylene glycol)s, -block-poly(p-
aminoesters),y. (PEGg-b-PAE,j;) and loaded with Hsp70
inhibitor to reduce the thermoresistance often found in cancer
cells due to the upregulation of heat-shock proteins. Ag,S NDs
allow for PAI-guided PTT and the pH-responsiveness led to the
enhanced release of inhibitor molecules. The assembly showed
good biocompatibility and preference for accumulation in lyso-
somes. Additionally, PAI allows for the tracing of therapeutic
agents and the individual length of therapy time.['?’] In another
approach, gold nanorods (AuNRs) were used for conjugation
with a mixture of light-responsive polyprodrug of ruthenium-
complex (PolyRu) and PEG, resulting in a theranostic system
AuNR@PEG/PolyRu. PolyRu was obtained by coordination of
the Ru-complex [Ru(tpy)(biq)](PF,), with the cyan group from
poly[6-(4-cyanophenoxy) hexyl methacrylate]. The self-assembly
was achieved by the microemulsion technique in the presence
of an NIR-II fluorescence dye (IR1061). Therefore, in vivo, when
the theranostic system was NIR-irradiated, it disassembled and
released the Ru-complex that acted as a chemotherapy drug and
a photodynamic therapy for cancer, as well as IR1061, which was
quenched by AuNRs but recovered its fluorescence.!1%]

Magnetic nanotheranostics have largely been used for ther-
anostic systems because they rely on AMF-induced hyperther-
mia for the drug release, but also to help overcome drug re-
sistant cancers when the drug and hyperthermia are used syn-
ergistically. A prime example of the synergetic effect in cancer
treatment by magnetic nanocarriers is based on superparam-
agnetic La,,Sr,;MnO; nanoparticles (SPMNPs) functionalized
with oleic acid—poly(ethylene glycol) and loaded with DOX by
carbodiimide coupling chemistry.*!] The system was efficient;
in 30 min in vitro tests conducted under AMF, induced hyper-
thermia showed cancer cells death rates to levels similar to those
observed in free-DOX experiments after 24 h. In the absence of
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Figure 2. A) Preparation of Au nanowreaths (AuNWSs). B) In vivo GSH-responsive disassembly and application of PAI by NIR irradiation and enhanced
T1-weighted MRI ES-MIONSs. C) Ultrasonic (US) and photoacoustic (PA) and merged images of tumor in mice after AuNWs injection. Reproduced with
permission.[32] Copyright 2018, American Chemical Society.
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Figure 3. A) Synthesis of theranostic, pH-responsive, and active-targeting metal-organic frameworks (MOFs) nanocarriers for combined chemotherapy
and PDT together with NIR FI. B) In vivo NIR FI of tumor in mice after intraperitoneal injection of MOFs. C) In vivo MR images of tumor-bearing mouse
after treatment with theranostic MOFs with tumor sites labeled, showing a strong signal at tumor site. Reproduced Ada with permission.[?’] Copyright
2019, American Chemical Society.
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Figure 4. A) Preparation of ROS-scavenging chitosan NPs containing Fe; O, (10) and CeO, (CO) by either electrostatic self-assembly or ionic gelation. B)
ROS scavenging ability of Chit-IOCO and Chit-TPP-IOCO nanoparticles in macrophages treated with different nanoparticles at different concentrations.
Significant reduction reached at a CeO, concentration of 1 ug mL™" (i) and 0.5 ug mL~" (ii). C) ROS levels in treated cells measured by fluorescence
imaging (green signal), showing the ROS-scavenging effect of Chit-IOCO and Chit-TPP-IOCO nanoparticles. D) In vitro T2-weighted MRI signal of
macrophages treated with Chit-IOCO and Chit-TPP-IOCO nanoparticles in dependency of Fe;O, concentration. Reproduced (with permission.!’]
Copyright 2021, American Chemical Society.

the magnetic field, the theranostic system behaved no differently =~ These nanoassemblies showed an excellent anti-ROS efficiency
from the free-DOX tests, underlining the importance of the syn-  and MRI contrast, making them potential theranostic agents in
ergetic effect. simultaneous treatment and diagnosis of ROS-related diseases
In another example, magnetite (Fe,0,), with its low toxic-  (Figure 4).1""]
ity, low price, and high magnetization served for the devel-
opment of magnetic-responsive polymeric smart-nanoparticles
(Fe;0,/DOX/PPy-PEG-FA NPs) whose poly(pyrrole-3-carboxylic ~ 6.2. Dual Stimuli-Responsiveness of Inorganic Nanoparticles
acid) (PPy) core was loaded with DOX. The latter was released = Combined with Polymers
through softening of the polymer phase, which displays a glass
transition temperature (T,) of 44 °C.**] The combination of mag- ~ AuNRs were used for a core-shell assembly with dual pH-
netic hyperthermia and chemotherapy resulted in the success- and redox-responsiveness. The theranostic system with a
ful treatment of multiple myeloma, without tumor reoccurrence.  size of ~70 nm was generated through covalent attach-
The system was further developed, bringing forward new bio- ment of DOX to the AuNRs via a cleavable disulfide bond
compatible smart nanoparticles®! with a tightly clustered mag-  (AuNR@PDOX) and subsequent encapsulation into a core as-
netite core that improved the relaxivity and the heat-generation =~ sembled from the pH-responsive amphiphilic diblock copolymer
power. This theranostics system allowed for a constant stream of  poly(ethylene glycol)-b-poly[(2,5-bis[(4-carboxylicpiperidylamino)
highly targeted chemotherapeutics for days or even weeks, as the  thiophenyl]croconine)-co-(4-vinyl pyridine)] (PEG-PCRVP).[’]
drug release continued even after removing the magnetic field. The core—shell assembly PEG-PCRVP/AuNR@PDOX was able
Chitosan-based nanoassemblies as carriers for both PAA-  to disassemble the pH-responsive polymeric shell at low pH,
coated iron oxide (IO-PAA) NPs and trisodium citrate coated  which facilitated the disassociation of AuNR@PDOX clusters
cerium oxide NPs were developed to treat ROS-related dis- into single AuNRs@PDOX nanoparticles, more easily penetrat-
eases, including atherosclerosis and rheumatoid arthritis. The  ing the tumor. Due to the high concentration of GSH located in
self-assemblies were produced by electrostatic interaction be-  the tumor cells, the disulfide bond was cleaved and hence DOX
tween positively charged chitosan and negatively charged (IO-  was released while AuNRs allowed for enhanced deep-tissue PAI
PAA) NPs. Iron oxide nanoparticles allowed for the detection of  and, thanks to plasmonic coupling of AuNRs, surface-enhanced
ROS, while cerium oxide or nanoceria served as ROS-scavengers. ~ Raman scattering!'?°! in real-time for in vivo studies and therapy.
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In melanoma cells (MDA-MB-435), the hybrid nanoparticles
showed a high, concentration-dependent cytotoxicity of ~80% at
the highest concentration, which could be increased upon laser
irradiation, activating PTT. In addition, treatment of melanoma
tumors in vivo with this theranostic system and additional laser
treatment inhibited the tumor growth by 96.5%.12]

pH and temperature dual responsiveness is desirable because
in cancerous tissues, not only is the pH abnormal, but the
temperature is as well. This dual responsiveness was achieved
with polymer@AuNPs loaded with DOX.I?] The combination
of stimuli-responsive polymer with AuNPs enabled a therapeu-
tic, chemo-photothermal approach. A biocompatible and dual
responsive triblock copolymer, HS-PCL-b-PNIPAM-b-PAA, was
grafted on gold NPs via a covalent Au-S bond. DOX was loaded
on the polymer through hydrogen bonding between PAA and
DOX at physiological pH. Upon a pH drop, the H bonds are
cleaved, leading to increased drug release. Hence, PAA imparts
the polymer with pH-responsiveness. The thermoresponsiveness
is originating from PNIPAM, whose LCST can be tuned to 43—
45 °C when copolymerized with hydrophilic blocks. Phase tran-
sition with increasing temperature then leads to a structural
change of the PNIPAM block. It was demonstrated in vitro that
the DOX release was increased upon both pH decrease from
7.4 to pH 4.0 and temperature increase from 37 to 46 °C. In
vitro cytotoxicity showed good biocompatibility of the NPS and
a high concentration-dependent, chemotherapeutic potential of
the drug-loaded particles in breast cancer cells (MCF7) which
was enhanced compared to the free drug. Combination with pho-
totherapy by irradiation with a pulsed laser at 1064 nm led to high
cytotoxicity of DOX-loaded polymer @ AuNPs. However, the study
lacks a control in the form of untreated cells, which are essen-
tial for the evaluation of the cytotoxic effect on tumor cells. Also,
no in vivo experiments were conducted. The particles were not
equipped with targeting moieties; hence, the effect only relies on
passive targeting.

Manganese oxide (MnO,) served to develop nanosheets that
have been combined with anticancer drugs, the resulting as-
sembly served to treat and diagnose tumors. MnO, nanosheets
with a size of 20-60 nm were amine-functionalized at their sur-
face by reacting with (3-aminopropyl)trimethoxysilane, and then
PEGylated with hetero-functionalized PEG (NH,-PEG-COOH).
Then, DOX was loaded through adsorption on the nanosheets
surface, while folic acid was conjugated to efficiently target the
tumor cells. MnO,-PEG-FA/DOX assembly was able to disinte-
grate in the slightly acidic medium and high concentration of
GSH that is specific to cancer cells. These dual redox and pH-
responsive biodegradable nanosheets disintegrated into man-
ganese ions serving as contrast agents for MRI, while DOX sup-
ported efficient cancer treatment.[*?] Based on the same concept,
hollow spheres of an alloy of manganese/cobalt oxide (MCO)
with a size of 70 nm were loaded with DOX by diffusion and elec-
trostatic interaction. Upon disintegration under a slight change
in pH and the presence of GSH in tumor cell, the anticancer drug
was released while the manganese ions improved the contrast for
MRL[37,130]

A theranostic platform was developed by complexing metal
ions (Gd**, Fe’*, Mn?*) as MRI contrast agents with di-
cysteine copolymerized with DOX (poly(dicysteine-co-TEP-co-
DOX)). The assembly served as a pH- and redox-responsive
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polyprodrug and contrast agent. Both stimuli lead to the degra-
dation of the nanoassemblies and release of the drug and con-
trast agents in vitro and in vivo.['3!] A controllable self-assembly
of gold NPs grafted with a mixture of thiol-functionalized
poly(e-caprolactone) (PCL) and poly[2-(2-methoxyethoxy) ethyl
methacrylate] (PMEO,MA) has been reported as a promising
treatment for human breast cancer using PTT. The polymer-
coated AuNPs self-assembled into vesicles or large compound
micelles that allowed the reduction of the distance between NPs
and induced a red-shift in the NIR region, which is suitable for
PTT. Addition of esterase for the hydrolysis of PCL ester bonds
and the generated heat provoked the disassembly of the micelles,
and AuNPs served to monitor the region by photothermal imag-
ing or in vivo imaging by X-ray CT.!]

7. Polymer Assemblies as Theranostic Systems

7.1. Single Stimulus-Responsiveness of Polymer Nanoassemblies

An interesting and simple theranostic approach also exploit-
ing DOX fluorescence was realized by a pH-sensitive polymer-
prodrug system favoring intramolecular fluorescence resonance
energy transfer (FRET).®”) Coupling the fluorescent polymer
(FRET donor) covalently with the fluorescent DOX (FRET ac-
ceptor) via acid-labile imine bond allows for FRET-based tumor
tracking and site-selective drug release. The polymer-prodrug
self-assembled into nanoparticles with a diameter of 71 nm and
narrow size distribution. Upon internalization by endocytosis,
the low pH in endosomes and lysosomes lead to the cleavage of
polymer-prodrug and reversal of FRET, causing a shift in the flu-
orescence emission from orange to blue. Additionally, DOX can
be monitored by its own fluorescence. This approach allows for
self-tracking of pH response and drug release as well as to re-
duce the toxic side-effects of DOX by increasing the specificity via
polymer-prodrug stability. Triggered drug-release by acidic pH
was observed (more than 90% release at pH 5 after 129 h com-
pared to 6.3% at pH 7.4). There was no toxicity of control poly-
mer particles on HepG2 cells after 24 h, but no data is given for
48 and 72 h. DOX killed cells more efficiently after 24 h when
applied via the nanoparticles, but after 72 h there was no ob-
served difference from free DOX. FRET reversal and thus drug
release were confirmed in solution and in vitro (HepG2) by inter-
nalization into nuclei. While this simple approach combines site-
specificity with stimulus-responsiveness and live-monitoring of
drugrelease, there are still steps to be undertaken to transfer such
systems to in vivo application.

By using thermosensitive PCL, nanoparticles stabilized with
albumin in combination with an entrapped photosensitizer, it
was possible to develop an efficient system for PDT.[33] The sys-
tem, designed for the treatment of drug-resistant tumors, com-
bines an NIR fluorescent dye (IR-780) as a photosensitizer for
PDT with paclitaxel, a chemotherapeutic drug. Excitation of the
dye produced heat and generated ROS. PCL, which has a low
melting temperature of around 60 °C, showed increased drug
release upon heating. Additional surface modification of the
nanoparticles with a peptide specific to the luteinizing hormone-
releasing receptor allowed for active targeting of the system. A
high drug-loading capacity and encapsulation efficiency, as well
as selective accumulation in ovarian cancer cells in a mouse
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Figure 5. A) Theranostic active-cancer cell targeting micelles with GSH-responsiveness self-assembled from amphiphilic diblock-copolymer containing
biotin for active targeting, an NIR fluorescence imaging moiety (DCM) as well as a chemotherapeutic drug (CPT) covalently bound to the polymer as a
prodrug via redox-cleavable disulfide bond. Upon passively targeting the tumor tissue (EPR effect), receptor-mediated endocytosis due to active biotin
receptor targeting, the micelles are internalized and respond to high GSH concentration by prodrug cleavage and drug release. In vivo NIR fluorescence
imaging allows for tracking the theranostic assemblies. B) In vitro cytotoxicity studies (MTT assay) of concentration-dependent effect of micelles of
different polymer composition with three cell lines: (a) human hepatocyte QSG-7701 cells, (b) QSG-7701 cells + 2.5 mm GSH, (c) human hepatoma
SMMC-7721 cancer cells, and (d) Hela cancer cells. C) In vivo anticancer activity shown by tumor volume in tumor-bearing mice after intravenous
injection of theranostic micelles and control (PBS) (10 mg kg™' every 3 days). D) Mean tumor weight after separation from mice (see C). Inhibition
rates of tumor growth (IRT) were calculated as follows: IRT (%) = 100 X (mean tumor weight of control group — mean tumor weight of experimental
group)/mean tumor weight of control group. E) In vivo NIR-fluorescence imaging after intravenous injection of BP20-DCM-S-CPT into tumor-bearing

mice (tumor site indicated by red arrow). Reproduced with permission.[83] Copyright 2018, Royal Society of Chemistry.

model showed a promising synergistic therapy outcome. Deliv-
ering DOX to tumor cells was also reported by using unilamel-
lar micelles (UMs) covalently conjugated with DOX via an acid-
cleavable hydrazone linker.[*?l UMs of diblock copolymer poly(2-
methoxy-2-oxoethyl methacrylate)-b-poly|(ethylene glycol) methyl
ether methacrylate]) extended from a f-cyclodextrin core were
sensitive to acidic pH. The system showed fast DOX release in
vitro with decreasing pH, and the intrinsic fluorescence of DOX
once cleaved from the polymer was used to monitor the cellular
internalization, activation of the prodrug and the delivery to the
nucleus via lysosomes. The UMs showed higher toxicity to HeLa
(tumor) cells in vitro than to human endothelial cells. However,
in vivo experiments were not conducted, which would be nec-
essary to prove their antitumor effect. Uniformly-disperse mi-
celles with an average size of 80 nm were assembled from bis-

Macromol. Biosci. 2022, 22, 2200270 2200270 (16 of 24)

condensed dicyanomethylene-4H-pyran (DCM) and a PEG con-
jugated with biotin for active targeting. DCM serving for imaging
by NIR fluorescence was conjugated with the anticancer prodrug
camptothecin through a GSH-responsive disulfide-bond. These
micelles displayed a selective tumor accumulation and drug re-
lease through the EPR effect and biotin interaction. Very high
inhibition rates of tumor growth of nearly 99.7% in HeLa tumor-
bearing nude mice were obtained with this theranostic assembly
(Figure 5).1%]

7.2. Dual Stimuli-Responsiveness of Polymer Assemblies
In order to obtain an enzyme-responsive system, an amphiphilic

random copolyester consisting of N-protected r-aspartic acid,

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

85UB01 T SUOLUIOD dA1IeR1D) 3[Rl dde ayy Aq peuenob aJe sojoiie VO ‘85N JO SNl 1o Aleidi8UIIUQ AB]IM UO (SUO I IPUO-PUR-SUB)I0Y A8 |1 Afe.d]1jBul [Uo//Sdy) SUORIPUOD pue sWie 1 8y} 88S *[2202/2T/ST] uo AkiqiTauliuo A|Im ‘psed ol qiasielseAluN Aq 022002202 I9ew/2Z00T OT/I0p/W0d A8 | Akeiq 1 puljuo//:sdiy wouy papeojumod ‘TT ‘2202 ‘G6TSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

1,12-dodecanediol, and triethyleneglycol formed micelles of sizes
less than 200 nm in aqueous medium and exhibited excellent
coencapsulation efficiency for the anti-inflammatory drug cur-
cumin and Nile Red (NR), a fluorescent dye. This ester bond-
based polymer is of interest since it can be hydrolyzed by es-
terases under ambient conditions. The micelles demonstrated a
high extracellular stability while they quickly degraded in the in-
tracellular environment due to the presence of enzymes. With
FRET between curcumin and NR, endocytosis and enzymatic
degradation could be followed by the onset of NR fluorescence.
In addition, the micelles were successful in killing almost 90%
of breast cancer cells in vitro.[®*]

Magnetic-responsive theranostics can be used in a differ-
ent manner than magnetic hyperthermia. For example, mi-
celles based on biocompatible hybrid calcium phosphate PEG-
b-polyanion and containing Gd(III) chelates served for image-
guided gadolinium neutron capture tumor therapy.*l Col-
loidal stabilization of Gd-diethylenetriaminepentaacetic acid
(Gd-DTPA) as hybrid micelles yielded higher molecular relaxiv-
ity and an improved kill rate toward murine colon adenocarci-
noma cells under thermal neutron irradiation (TNI). More impor-
tantly, no further tumor cell proliferation could be observed after
TNI. Future design improvements are expected to bring spatial-
temporal control of outwardly-displayed chemical moieties based
on polymer LCST® or could very well take inspiration from
magneto-activated stromatocytes!'*?) for capturing and releasing
nanoparticles.

GSH, which is the main cellular redox buffer,['**) was selected
as a stimulus for poly(ethylene glycol(-poly(propylene sulfide)-
SS-polyethylene glycol) PEG-PPS-SS-PEG polymersomes, con-
taining a GSH-cleavable disulfide bond.* The polymersomes
were loaded with ultrasmall paramagnetic iron oxide nanoparti-
cles (USPIONS) coated with PAA and DOX. DOX was stabilized
by electrostatic interactions with PAA and complexation with the
Fe ions of USPIONs. Upon cellular uptake and GSH exposure,
the SS bonds were cleaved, inducing an architectural change to
micelles and the eventual release of the drug and activation of
the T; MRI contrast agent (USPIONSs) due to an unrestricted wa-
ter penetration compared to the situation when USPIONs were
coated with PAA and DOX. The theranostic system was evaluated
both in a human colorectal carcinoma and lung cancer cell model
and in an in vivo mouse model. This system elegantly combines
therapeutic and diagnostic activation, which are both stimulated
by the same trigger.

A polymersome that is surface-functionalized with an aptamer
represents an attractive and elegant strategy to target tumor sites.
In this regard, the AS1411 DNA aptamer was selected for its high
affinity to nucleolin, a protein overexpressed on the surface of
breast, colon, lung, prostate, and gastric cancer cells. Polymer-
somes of PEG-b-PCL were loaded with DOX and hydrophobic
quantum dots (QDs) based on indium-copper—gadolinium-zinc
sulfide (APT-DOX-QD-NP) and then conjugated with AS1411
DNA aptamer. QDs served as an MR and fluorescence contrast
agent and showed that the theranostic platform efficiently and se-
lectively accumulates in an implemented 4T1 tumor in BALB/c
mice.3%

A smart combination of temperature-induced release
of a model compound, actively controlled by an external
magnetic field through the incorporation of SPIONs, was
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achieved for polymersomes based on poly(isoprene)-b-poly(N-
isopropylacrylamide) (PI-b-PNIPAM). SPIONs were embedded
into the polymersome membrane while calcein, a hydrophilic
dye, was encapsulated in the lumen. Upon the application of
an alternating magnetic field, heat is generated and a reversible
structural change in the polymersomes occurred and perme-
abilized the membrane such to release calcein as a proof of
principle for small molecules release.**) Polymersomes have
also been loaded with magnetic-sensitive nanomaterials. The
therapeutics release is tuned by encapsulating the magnetic
nanomaterials in the membrane of polymersomes. Featuring
almost 70 wt% of maghemite in the bilayer, polymersomes built
on biodegradable block copolymers and loaded with DOX, were
made highly deformable under an applied magnetic field and
provided an improved MRI contrast.*] Another combination of
stimuli was achieved by introducing redox-responsive ferrocene
moieties into a temperature-responsive fluorine-enriched am-
phiphilic block copolymer (Figure 6).18! This approach provides
a more sophisticated dual responsive system with a sharp signal
in F MRI. The polymeric theranostic tracer forms spherical
particles (nanogels) upon heating above 33 °C but disassembles
when exposed to oxidative conditions. The capability to load and
deliver the drugs upon exposure to different stimuli along with
the ability to visualize the therapeutic effects of the released
drugs emphasize the significant potential of this strategy in
designing advanced theranostics for more efficient clinical
treatments.

An interesting example for the combination of exogenous
(sonication) and endogenous (ROS) stimuli is given by core—shell
nanoparticles, composed of a polymeric dextran-p(OEGMA),-b-
P(MTEMA),, core, coloaded with DOX as the therapeutic moi-
ety and a sonosensitizer as the diagnostic moiety.®? For high
loading efficiency and bioavailability, the core particles were en-
capsulated into the shell composed of a red blood cell-derived,
peptide-modified membrane. By the combination of both exoge-
nous and endogenous stimuli, a controlled DOX release after
cellular uptake was achieved. Sonication allowed for ROS gen-
eration (singlet oxygen) from endogenous H,O0,, leading to the
destabilization of the polymeric carrier based on the thioether.
In another example, PEG was used in a polymeric pH- and
GSH-responsive micelle composed of mPEG-SS-poly((2-azepane
ethyl methacrylate)-co-TBIS) (mPEG-SS-poly(AEMA-co-TBIS) as
a promising system for two-photon cell and tissue bioimag-
ing and chemotherapy. In this regard, TBIS, which is a triph-
enylamine derivative, was used as a fluorophore to provide
aggregation-induced emission activity, DOX was encapsulated as
a therapeutic agent and PAEMA and the disulfide bonds served
as a pH and GSH response by the tumor microenvironment.['3]
pH and temperature dual responsiveness was also achieved
with PNIPAM-PDOPA micelles with encapsulated DOX, which
served as a therapeutic drug and diagnostic agent simultaneously
due to its inherent fluorescence.3%] Catechol units of L-DOPA
were complexed with Fe(III) ions at physiological pH, whereas
when lowering to pH 5, the biscomplex destabilizes into a mono-
complex. The micelles showed enhanced in vitro release of DOX
with increasing temperature and decreasing pH, as well as cyto-
toxicity and accumulation via the EPR effect in the tumor. How-
ever, the system accumulated in the liver, kidney, and testis as
well, indicating that a targeting strategy is necessary.
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Figure 6. A) Dual stimuli-responsive diblock copolymer PHPMA-b-P(DFEA-stat-FcCEA) assemble into spherical particles (nanogels) upon heating to
physiological temperature because of the LCST of PDFEA block and can be loaded with different hydrophobic drugs (e.g., GSK 429286, Rho kinase
inhibitor). Drug release (DOX) is achieved through the responsiveness of ferrocene (PFcCEA) to intracellularly risen ROS levels in cancer cells. The
polymeric backbone containing fluorine is used as a tracer for 19F MRI. B) DOX release study in vitro, showing that the reduced ferrocene is able to hold
back the drug more efficiently over time than the oxidized form. C) Distribution study in 3D spheroidal clusters of HT1080 cancer cells with (A) free DOX
and (B) DOX-loaded polymer NPs, showing successful penetration of the NPs with no significant difference to the free DOX control (Student’s t-test).
Signal shows the measured DOX fluorescence intensity. D) In vitro spheroid proliferation study of HT1080 cancer cells, showing the successful inhibition
of tumor proliferation by drug exposure as well as by drug encapsulated in polymer NPs, as compared to high proliferation in controls, indicating again
successful penetration of particles into tumor tissue as well as efficient drug release of the polymer NPs in tumor environment and (scale bar: 500 um).

Reproduced (with permission.[3'] Copyright 2021, American Chemical Society.

Micelles were even used for a multiresponsive system, as they
were able to respond to three different stimuli (pH, temperature,
and redox). Micelles loaded with DOX were assembled from a
triblock copolymer consisting of pH-responsive PLys and ther-
moresponsive PNIPAM, tethered by a redox-responsive disulfide
linker to biodegradable PCL (PNIPAM,,-SS-b-PLys;o-b-PCL, .17’
The triple-stimuli responsiveness allowed for 85% drug release
at pH 5.0, 42 °C, in presence of 10 mm GSH. In vivo and ex vivo
biodistribution studies revealed that after 72 h, the highest DOX
concentration was in the tumor, followed by the liver. This exam-
ple shows that passive targeting relying on the EPR effect com-
bined with tumor-specific triple-stimuli responsiveness can be a
successful strategy to efficiently target tumors. In a different ap-
proach, chitosan-based polymers were used to self-assemble into
multiresponsive micelles for theranostic systems.!'3¢! For exam-
ple, folic acid-conjugated carboxymethyl lauryl chitosan formed
hybrid micelles in the presence of hydrophobic SPIONS, ex-
hibiting a pH-triggered release of the encapsulated drug, camp-
tothecin, and active targeting due to the presence of folic acid."*"]
SPION s served both for imaging the region of interest and to en-
hance the tumor-targeted delivery of the drug in vivo when an
external magnetic field was applied.

A novel chemodynamic therapy that has attracted considerable
attention is the use of a Fenton reaction, thereby aiming to gen-
erate ROS, triggered by external NIR irradiation and acidic tu-
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mor environment, which in return has a tumor cell killing effect.
In this regard, succinic acid peroxide is bound to poly(ethylene
glycol)-b-(poly(lactic-co-glycolic acid)), and the resulting (PEG-
PLGA),-SP copolymer is self-assembled in the presence of iron
oxide NPs 8 nm in size that react together and generate '0,.
The theranostics system is generated through double emulsion,
where iron oxide NPs were emulsified with encapsulated cis-
platin and indocyanine green (ICG) as fluorescence dye in a
lipo-polymersome blend based on PLGA, grafted with SP and
mixed with lecithin, namely, Pt/Fe;O,@SP-PLGA LPs. The ROS-
mediated oxidation of the theranostics platform induced signifi-
cant cell death in vitro and inhibited the MCF-7 tumor growth in
vivo (Figure 7).1138]

8. Polymer Theranostic Systems with More
Complex Architecture/Properties

In order to achieve improved properties or provide better func-
tionality, assemblies with more complex architecture/properties
have been developed. A step forward was thus achieved
by introducing multicompartment theranostics, an emerg-
ing trend in nanomedicine. This novel concept uses mul-
timodular/multicompartment architecture of the assemblies,
where the diagnostic elements are spatially segregated from
the therapeutics-loaded compartments. In nature, nanoscale
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Figure 7. A) Preparation of lipo-polymersomes (Pt/Fe;O,@SP-PLGA LPs) and encapsulation of cisplatin, ICG, and Fe;O, via double-emulsion. B)
Apoptosis investigation in MCF-7 cells treated with Pt/Fe;O,@SP-PLGA. Treatment with LPs alone leads to an increase in the apoptotic cell portion
(Q4), and additional NIR irradiation increased the portion of dead cells. C) In vivo fluorescence images of MCF-7 breast tumor-bearing nude mice treated
with an intratumoral injection of LPs and in situ fluorescence images of dissected organs of mice 24 h after injection. D) Photographs of MCF-7 breast
tumor-bearing mice treated with PBS solution (G1), Fe;O,@PLGA (G2), Fe;0,@SP-PLGA (G3), Pt/Fe;O,@SP-PLGA (G4), and Pt/Fe;O,@SP-PLGA
+ NIR (G5). Reproduced with permission.['38] Copyright 2019, Royal Society of Chemistry.

compartmentalization is essential as it allows for the separation
of biochemical reactions in cells.['**) Multicompartmentalization
can be principally achieved by forming clusters of similarly sized
nanocompartments that are physically or chemically linked to
each other. These spatially segregated nanocompartments can be
loaded with catalytic, therapeutic, and imaging agents. This new
class of theranostics could allow scientists to overcome the short-
comings of single systems by having multiple imaging agents
and various therapeutics loaded in the same carrier.'*) Poly-
mersome clusters can be generated by using specific linkers be-
tween the nanocompartments, mainly using molecular recogni-
tion interactions. For example, polymersomes exposing ssDNA
and complementary ssDNA, respectively, have been zipped to-
gether due to DNA hybridization.['*!] Such polymersome clusters
provide an elegant manner to selectively load each compartment
with a specific, segregated cargo, thus enabling the dual function-
ality required for theranostic systems. The polymersome clusters
solve the usual drawbacks of single loaded-polymersomes, such
as inactivation of sensitive enzymes by imaging agents or inor-
ganic nanoparticles.['*!]

A multicompartment theranostic system for atherosclerosis
diagnosis and therapy composed of polydimethylsiloxane-block-
poly(2-methyl-2-oxazoline) (PDMS-b-PMOXA) polymersome
clusters was designed through the combination of a “diagnostic
compartment” loaded with fluorescent DY-633 and a “therapeu-
tic compartment.”(!®] The therapeutic polymersome was loaded
with human enzyme DOPA decarboxylase (DDC) and equipped
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with outer membrane porin F (OmpF) from Escherichia coli to
guarantee membrane permeability. As there were still nonhy-
bridized ssDNA strands remaining after the cluster formation,
they served for specific interactions with scavenger receptors
of engineered cells. The clusters were functional as they pro-
duced dopamine as reported by the detectable reporter enzyme
secreted, embryonic alkaline phosphatase, and simultaneously
allowed one to visualize their localization by the fluorescent
intensity associated with the presence of DY-633 (Figure 8).[1¢]

A different approach toward coencapsulation was realized
by superassemblies as they combine a separation of nanocom-
partments with the availability of complementary functions.
These types of superassemblies were mostly based on inorganic
nanoparticle clusters: gold nanorods with NaGdF, particles as
the imaging modality or drug-loaded nanoparticles with gold
nanoparticles as systems for imaging and chemothermal therapy
in one.[36142]

9. Conclusion

The development of theranostic systems is a major focus to-
day due to the need to improve the patient experience by of-
fering efficient solutions for diagnostics and therapeutics. The
early detection of pathologic conditions and simultaneous treat-
ment is crucial to decrease side effects and increase the chances
of cure. In this review, we present recent advances of polymer-
based nanoassemblies with a focus on stimuli-responsive
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Figure 8. A) lllustration of the cellular mechanism of theranostic polymersome clusters zipped by complementary ssDNA, composed of therapeutic
compartments containing DOPA decarboxylase (DDC) and diagnostic compartments containing fluorescent DY-633 dye. DDC catalyzes the conversion
of L-DOPA into dopamine, which triggers the gene expression of secreted embryonic alkaline phosphatase (SEAP) reporter enzyme in cells via activation
of dopamine receptors D1 (DRD1). Excess ssDNA leads to binding of the nanotheranostic platform to epithelial cells via interaction with scavenger
receptors. B) Formation of a theranostic cluster by DNA hybridization. C) TEM image of polymersome clusters (scale bar: 500 nm). D) Cellular production
of SEAP is dependent on the concentration of therapeutic polymersomes or free DDC. E) Cellular expression of SEAP after treatment with theranostic
nanocompartments and controls. Reproduced with permission.['®] Copyright 2020, Wiley-VCH.

systems that are considered more efficient because they allow
for better control of the cargo delivery. In addition, we include
selected examples of other theranostic systems with more com-
plex architecture (e.g., multicompartments). Starting with the va-
riety of endogenous and exogenous stimuli, we indicate how sys-
tems based on polymer nanoassemblies, if necessary tailored by
combination with various inorganic nanoparticles, serve as car-
riers for therapeutic molecules and “reporting” molecules/nano-
objects (e.g., metallic nanoparticles, nanorods). We selected re-
cent examples to indicate how such assemblies are generated
and how they respond to one or more stimuli to control their
delivery and overall efficiency in specific biolocations and con-
ditions. As polymer-based theranostic systems are gaining in-
creasing attention, there are still open questions to solve in their
production to achieve the desired properties in terms of stimuli-
responsiveness, biocompatibility, bioavailability, biodegradation,
biodistribution, and elimination from the body. Since covalent
functionalization of polymers or ligands, incorporation of conju-
gated reporting nano-objects, or postfunctionalization with tar-
geting molecules often requires multistep synthesis, such thera-
nostic systems need significant optimization steps, resulting in
an increase of their production costs, especially for the potential
use in patients on a larger scale. As different compounds or nano-
objects (e.g., inorganic nanoparticles), which are incorporated in
one single carrier, can mutually affect their properties and func-
tionality by physicochemical interaction with the self-assembled
structure, or can have unexpected synergistic effects in vivo, the
effect of coentrapment still has to be addressed in more system-
atic studies. In order to advance as viable theranostic systems, the
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polymer-based nanoassemblies should be optimized in terms of
stability, entrapment, and release efficiency. In addition, further
studies are necessary to address disease-specific issues and sug-
gest solutions compatible with individualized medicine. At the
same time, theranostic systems should allow a straightforward
change of components supporting a broader applicability of the
platform in order to be cost-efficient. One potential approach to
reach this purpose is a modular system, where various build-
ing constituents with distinct functions and effects can be in-
terchanged, depending on the patient’s health history or disease
specificity. While the design of multicompartment systems rep-
resents a very promising approach, such assemblies have to be
carefully controlled to limit their size for the desired application
(intra- or intercellular). Even though they are in the early stages
of research, there are already examples of in vivo assays indicat-
ing the high potential of these theranostic approaches. However,
the number of such assays should be significantly increased to
understand the fate of the therapeutics in vivo and evaluate their
overall efficiency. In addition, efforts need to be made to study
their toxicity as well as their biodegradability or elimination from
various biological entities. Addressing these open questions will
support the development of efficient theranostic systems as an
improved means of patient care.
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