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Abstract: Microgels can be considered soft, porous and deformable particles with an internal gel
structure swollen by a solvent and an average size between 100 and 1000 nm. Due to their bio-
compatibility, colloidal stability, their unique dynamicity and the permeability of their architecture,
they are emerging as important candidates for drug delivery systems, sensing and biocatalysis.
In clinical applications, the research on responsive microgels is aimed at the development of “smart”
delivery systems that undergo a critical change in conformation and size in reaction to a change in
environmental conditions (temperature, magnetic fields, pH, concentration gradient). Recent achieve-
ments in biodegradable polymer fabrication have resulted in new appealing strategies, including the
combination of synthetic and natural-origin polymers with inorganic nanoparticles, as well as the
possibility of controlling drug release remotely. In this review, we provide a literature review on the
use of dual and multi-responsive chitosan-grafted-poly-(N-vinylcaprolactam) (CP) microgels in drug
delivery and oncological applications.

Keywords: microgels; thermoresponsivity; drug delivery; smart delivery systems; biodegradable polymers

1. Introduction

One of the main efforts in biomedical research focuses on the design of new nano-
and microstructured, biocompatible materials not necessarily from natural origin. In this
field, gels, microgels and nanogels have become popular due to their high biocompatibility
and the significant progress in the field of polymer synthesis [1,2]. Gels are defined as
three-dimensional polymeric networks swollen by the presence of a solvent [3]. The type of
crosslinking can be of physical or chemical origin, depending on the type of the interaction
between different chains. If water is the dispersion medium, a gel is commonly referred
to as a hydrogel [3]. Over the years, cross-linked polymers have been prepared in a wide
range of compositions, structures and typologies. Furthermore, numerous efforts have
focused on the development of finely dispersed cross-linked polymeric particles with a
size range from a few nm to several µm.

Polymer particles and hydrogels have been extensively studied as they can provide
biocompatible scaffolds for the application of nanoparticles [4–7]. Polymeric systems
have also been investigated for the possibility of creating “smart” drug delivery sys-
tems [8–11] capable of responding to external stimuli such as variations in pH [4,11–15],
temperature [1,11,12,16–25], magnetic fields [19,26–32] and concentration [33–35]. Some of
these systems have proved to be particularly promising due to the possibility of pro-
viding drug and nanoparticle encapsulation, along with the sensitivity for an external
trigger [20,21,27,36]. Their biological interest consists of the presence of a desirable sharp
transition. This allows the control of the conformational and dimensional properties of
the delivery devices according to the structural characteristics of the polymer and the
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solution environment. This type of device has opened a new generation of anti-cancer
drug delivery systems that exploit the more acidic and hypoxic microenvironment of solid
tumours [37–40], as well as their anormal vascular morphology, to achieve better target-
ing and treatment efficacy. The incorporation of nanoparticles with super-paramagnetic
properties (MNPs) or gold nanoparticles (Au NPs) has provided the basis for dual- or
cascade-triggered therapies [20,27,36,41]. Dual pH/thermo-responsive stimuli-triggered
delivery systems have been extensively reported [42–45] as theranostic agent for tumour
treatment and localisation [18,46,47]. Block copolymer micelles stimuli-responsive systems
have been employed for the delivery of a broad range of therapeutics through effective
sensing of targets in the body [48–50]. Several micelle formulations were demonstrated to
be clinically effective and allowed the modulation of the activity of encapsulated drugs at
the subcellular level [51]. Nonetheless, a better understanding on the behaviour of these
systems is crucial in order to adapt them for the utilisation in conventional cancer therapies.

In oncological research, nanoparticles-based therapies have been developed for the
treatment of carcinomas through a variety of methods of administration [9,29,52–60].
The interest towards nano-based therapies in oncological research is to develop minimally
invasive treatments that can enhance selectivity towards tumour tissues. The utilisation of
metal and polymeric particles with well-defined size and shape may improve the process of
drug delivery, resulting in the reduction of the strong side effects associated with the utilisa-
tion of chemotherapy drugs [61–75]. Current research on nanoparticles for cancer diagnosis
and application has established its advantages within contemporary oncology, as well as its
intrinsic limitations [52,76–78]. Consequently, notwithstanding the astonishing technologi-
cal progress made in the field of nanomedicine, standard oncological treatments still rely on
conventional methods, such as surgery, radiotherapy and chemotherapy [64,79–85]. To this
date, clinical application of nanoparticles is still hindered by the lack of understanding of
the mechanism of interaction between nanoparticles and the complex biological matrix
and by the lack of trials and standardisations [9,52,54,56,57,80,86–95].

In the present review, we provide a general definition of polymeric nano- and mi-
crogels. Several applications of polymeric nano/microgels in the biomedical field are
described, including those utilising chitosan (CS) and thermoresponsive polymers such as
poly(N-vinylcaprolactam) (PNVCL) and poly(N-isopropylacrylamide) (PNIPAM). A detailed
focus regarding the preparation of thermoresponsive chitosan-g-PNVCL (CP) based nano-
and microgels as drug delivery systems is also provided.

2. Microgels: Polymeric Nanoparticles or Microparticles?

According to the IUPAC definition, a microgel is a “particle of gel of any shape with
an equivalent diameter of approximately 0.1 to 100 µm”. This definition is recommended as
it introduces the critical size of 100 nm in order to distinguish between a nanogel and a
microgel [3]. The same guidelines are provided for the distinction between “nanoparticles”
and “microparticles” [96]. The utilisation of the prefix “micro” provides a clear indication
that the material possesses a very low percentage of surface atoms (Figure 1). Consequently,
surface properties of microgels are closer to bulk material than to nanomaterials that are a
few nm in size [97–100]. Conversely, nanoparticles that are a few nm in size have superficial
properties similar to those of polymer chains, being in the same dimensional range.
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Figure 1. Exponential decay of surface atoms as a function of particle size for cubic shape (α = 6) and
interatomic distance a = 1.5 Å. Reproduced from [98], Hindawi 2015.

However, the term “nanogels” have been extensively used for the description of
gel particles with a size inferior to 1000 nm [7]. This semantic problem may have been
developed due to the growing interest in nanotechnologies and the phenomenon of “me
too science” [101], which resulted in a general preference for nano-related publications.
However, a remarkable amount of in vivo studies have outlined that nanoparticles are
rapidly subjected to a metabolic fate depending on their size [102–106]. Most metal particles
developed for theranostic purposes usually exhibit interesting properties in a dimensional
range inferior to 10 nm, since surface properties arise from the exponential increase of
the number of surface atoms that occurs under a critical size threshold [96–99]. However,
nanoparticles in this dimensional range are rapidly disposed by the body through the
kidneys [31,107–111]. Conversely, one of the main reasons for the development of gel
particles with a size >100 nm is their low surface activity or, according to official recom-
mendations, their being “micro” rather than “nano”. In fact, the majority of the colloidal
systems used for clinical applications consist of formulations of particles between 100 and
1000 nm [9,29,52–60,76–78,107,112,113]. Although it is true that inorganic nanoparticles
are used in some formulations, they are always enclosed within systems that easily fit
within the scale of “micro” (>100 nm). The utilisation of microgels as an enclosure of
inorganic nanoparticles improves their biostability, biodegradability and toxicity and pre-
vents them from being easily removed from the body, thereby improving their therapeutic
effectiveness [4–6,32,36,108–111,114].

The reduced surface activity of microgels makes them more biomimetic materials than
nanoparticles, and their dimensions are close to the size range of cell vesicles [102,115,116]
and proteins. This, together with the use of biocompatible and stimuli-responsive materials
for their preparation, makes microgels ideal vehicles for the fabrication of drug delivery
systems. Furthermore, their biomedical applications are bound to their metabolic fate,
which is heavily influenced by their size [117–121]. The utilisation of microgels allows the
avoidance of cytotoxic effects associated with “big” particles (>500 nm). At the same time,
microgels are more suitable for in vivo application in relation to small particles (<50 nm)
that are subjected to rapid renal excretion. Initially, the miniaturisation of delivery devices
was focused on the development of micrometric particles (>1 µm) [103,104], which still
represent the base of many commercial formulations and “innovative” therapies. For some
oncological applications, such as chemoembolisation, this paradigm has not yet changed,
and micrometric particles are used [105,106]. However, by further miniaturising medical
devices, some limitations related to the utilisation of bigger particles could be overcome.
One of these important limitations is the treatment of advanced tumours [105].

Long-lasting circulation is another important feature of microparticles and microgels
with an overall size around 100 nm [122]. This increases the possibility of the microparticle
extravasating through fenestration tissues present in tumours, which are usually between
380 and 780 nm in size [117]. This phenomenon, called “passive accumulation”, led to
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the development of the “enhanced permeation and retention” (EPR) effect [87,89,115–120].
Accordingly, particles that are smaller in size are able to selectively accumulate in tumour
tissues and are retained due to poor lymphatic drainage, and their utilisation may improve
cancer therapy. The EPR effect is often described as a controversial concept [75,76,121] due
the small percentages of the total administered nanoparticles that are usually able to reach
the tumour [123]. As a matter of fact, non-continuous epithelia are present also in the liver,
with vascular fenestrations between 50 and 100 nm, and in the spleen, due to the presence
of interendothelial cell slits between 200 and 500 nm [122]. For these reasons, some studies
reported that particles between 70 and 200 nm have the ideal size to accumulate passively
within tumour tissues [117,124,125]. A “golden dimension”, in fact, does not exist, and the
ideal size threshold is often subject to interpretation. Probably, the reference to this “ideal
size” was originated by a study published in 1990 study by Klibanov et al. that described the
long circulation times of PEG-grafted liposomes [126]. However, although the advantages
of the utilisation of liposomes in drug delivery have been extensively demonstrated, it
cannot be excluded a priori that these size thresholds can change depending on materials
and type of particle used. Also, the ability of nanoparticles to accumulate in target tissues
can depend on the tumour type and is influenced by many micro-environmental factors.
A remarkable amount of in vivo studies have outlined that nano and microparticles are
rapidly subjected to a metabolic fate depending on their size [117–121] in the absence of an
active targeting system that recognises a specific characteristic of the tumour [124,127–129],
even though active targeting does not necessarily represent the best choice for tumour
targeting [130].

In addition to oncology, the ability to produce smaller nano- and microgels has
opened up new possibilities for the treatment of other pathologies (e.g., osteoarthritis [131],
schizophrenia [132], bacterial infections [133], vaccine delivery [93,134]) and for cosmetic
applications. Systems of such dimensions, such as liposomes, are similar in size to microgels
and are usually prepared in a range between 50 and 250 nm. To date, they are present in
many commercial formulations and are present in most drugs based on “nanotechnologies”
that are widely used in oncological hospitals (e.g., Liposil [122]). Another recent example
of these drugs is Pfizer’s SARS-CoV-2 vaccine, consisting of mRNA filaments encapsulated
inside a liposomal envelope [135].

3. Thermoresponsive Microgels
3.1. Volume Phase Transition Temperature

In oncology, d-triggered drug release is of particular interest as it allows controlled
and gradual drug release. In gels, volume phase transition (VPT) is characterised by
an discontinuous and abrupt change in the degree of swelling that may arise from the
coexistence of two gel phases that differ in the degree of swelling [136]. The application of
an external trigger would cause the polymer meshes within the structure of the microgels
to swell or shrink (Figure 2), thereby releasing the encapsulated drug. The transition
temperature of thermoresponsive microgels is referred to as “volume phase transition
temperature” (VPTT) [137].

However, the relation between the lower critical solution temperature (LCST) of the
thermoresponsive polymer and the corresponding VPTT of the microgels represent a subtle
problem in the characterisation of thermoresponsive microgels [22,137–139]. Both transition
temperatures are determined by the balance of interactions between hydrophilic and hy-
drophobic segments [140]. As a matter of fact, it has been reported that hydrogels could be
considered concentrated polymer solutions whose concentration could be calculated from
the amount of water retained by the hydrogel network [138]. Nevertheless, the LCST is still
widely used to refer to the transition temperature of microgels [12,14,16,18,20,30,141,142].
Theoretically, if we consider gels concentrated polymer solution, the VPTT coincides with
the LCST if the LCST is not affected by polymer concentration (type II polymer, e.g.,
PNIPAM) [24,143–145]. The possibility of distinguishing LCST from VPTT allows us to
understand the possible release mechanism of the microgels. It has been reported the aver-
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age hydrodynamic diameter of microgels of a thermoresponsive polymer exhibiting LCST,
such as PNVCL and PNIPAM, decreases as the temperature increases (Figure 2a) [139].
This is in line with the fact that, above the VPTT, the interaction between polymer chains
and solvent becomes unfavorable, and the microgel structure collapses. The observation
of the polymer behavior (LCST) would have led to the opposite result, as the lowering
of solubility results in the formation of aggregates. Following this line of reasoning, ther-
moresponsive microgels that are formed with polymers that exhibit upper critical solution
temperature (UCST) would exhibit swelling behavior at VPTT. Thermoinduced delivery
processes are based on the exploitation of the different ability of microgels to bind or retain
drugs depending on the temperature of the systems (Figure 2b). If the polymer exhibits
LCST, collapsed microgels are placed in an aqueous solution below VPTT. Accordingly,
this induces microgel swelling and allows the drug to penetrate the pores of the microgel
network. In order to be able to retain the drug, it is fundamental that the polymer–drug
interaction is favorable. A more detailed discussion of drug–polymer interaction will be
provided in chapter 6. After the removal of drug-loaded microgels, the product can be
stored or freeze-dried for subsequent application. Drug delivery test are usually performed
below and above VPTT in order to compare different release profiles in different condi-
tions. Above VPTT, microgels shrinking results in a sudden increase of the encapsulated
drug [146].

Figure 2. Heating cycles for poly(N-isopropylacrylamide)-based microgels (red). (a) Variation of hydrodynamic diameter
with temperature; Adapted with permission from Corezzi [147], copyright by Elsevier, 2016. (b) Schematic representation of
the temperature-induced drug-release process from poly(N-isopropylacrylamide) or poly(N-vinylcaprolactam) microgels.

3.2. Microgel Characterisation

In biology-related publications, microgels are usually characterised by using dynamic
light scattering (DLS) equipment accessible within biological laboratories, and their re-
sponse to temperature is characterised by a dramatic change in their size distribution.
However, one major limitation of DLS is that it provides the measurement of a hypothetical
hard sphere that diffuses with the same speed as the particle under examination [148].
From the IUPAC definition of microgels, it can be inferred that microgels can be spherical,
but they can have different shapes. Even when considering a spherical microgel, the size
distribution provides the average Dh, which is different from the real diameter of microgels.
In practice, polymeric microgels are non- or quasi-spherical particles with a big solvation
shell. Therefore, the size calculated from their diffusional properties represents the ap-
parent size of the solvated particle. In this condition, it is very difficult, if not impossible,
to establish the actual shape of a nano- or a microparticle with the means available in a
biological laboratory, especially if the particle is made of amorphous material. Nevertheless,
the extensive use of DLS for the characterisation of microgels makes it possible to compare
the hydrodynamic diameters of prepared particles with similar methods and conditions
even if their shape has not been yet analysed.
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Microgels’ shape can be estimated through computer simulations that consider the
interactions taking place in a certain environment [149]. A widespread approach to observe
the morphology of microgels is the use of microscopy techniques. The use of optical mi-
croscopy has been reported for the observation of microgels with >1 µm diameter at differ-
ent temperatures [138]. The observation of smaller samples is widely documented by TEM
and SEM. However, the use of these techniques is not suitable for the observation of sam-
ples in solution or to establish their response to a temperature change. For polysaccharide-
based gels, it is known that sample preparation can lead to irreversible aggregation or to a
substantial contraction of their diameter due to dehydration. Particle fusion has also been
reported during TEM observation [150]. Cryo-TEM allows the direct investigation of the
particle morphology in solution [151,152] even though the analysis of aqueous dispersions
requires method development for different sample types due to the low temperature in
which the sample is kept during observation.

Small-angle X-ray (SAXS) and neutron scattering (SANS) are regarded as very useful
and adequate techniques for the study of the overall shape and structural transitions of
macromolecules and particles in solution [152–154]. However, the quantitative charac-
terisation of heterogeneous and polydisperse systems may represent a difficult task and
requires complex data analysis. SAXS has been used for the analysis of microgels pre-
pared with precipitation polymerisation, which generally exhibit low polydispersity [155].
SANS is highly regarded for providing information about microgels’ internal structure
and monomer distribution [156]. However, these techniques are not usually considered
in biology-related publications. This has eventually led to difficulties in standardising
polymer particles due to the difficulty of controlling their shape. This is particularly evident
for microgels that are prepared using polymers of natural origins through self- assembly
reactions, such as ionotropic gelation [157,158]. To date, there is a growing interest in
the application of SAXS and SANS techniques for the detailed study of self-assembled
microgels of natural origins [159,160], even though quantitative characterisation can be
difficult due to their inherent polydispersity [161].

3.3. Multi-Responsive Microgels

Over the years, microgels able to respond to different types of triggers (pH [162–164],
temperatures [1,11,12,16–25,165], magnetic fields [19,26–32] and concentration gradients [33–35])
have been prepared in various sizes and compositions, depending on the application they
were designed for.

Several pH-responsive microgels have been proposed in oncology. These biomaterials
are expected to store the drugs in normal pH and release them in presence of the mildly
acidic microenvironment surrounding the tumour [162–164]. This is generally achieved
by introducing pH-sensitive materials into the three-dimensional gel structure, such as
poly(metharylic acid) (PMAA) [162,166]. Thermoresponsive synthetic materials, such as
PNVCL or PNIPAM, have been proposed to induce drug release through a local increase
in temperature [1,11,12,16–25]. However, this requires the presence of a structural element,
such as gold nanoparticles (Au NPs), within the gel structure to control the release remotely.
Although synthetic polymers represent suitable materials for the fabrication of nano-
and microgels, they show a lack of biodegradability, thus limiting their use for in vivo
applications [167,168].

Recent achievements in the fabrication of biodegradable alternatives have provided
new appealing strategies for the design of new polymeric delivery systems, such as the
combination of synthetic polymers with biocompatible polymers of natural origins [169].
However, what could really make this type of technology a breakthrough in oncology is
the ability to “drive” release and control it remotely. The development of dual-responsive
microgels provided a step forward in this direction [20,27,36,41]. CS, usually described
as a responsive pH material, has been combined with various polymers for the fabri-
cation of multi-responsive microgels. By combining CS with a thermoresponsive ma-
terial such as PNIPAM or PNVCL, pH- and thermoresponsive microgels can be fab-
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ricated [12,14,18,20,21,170]. Au NPs and superparamagnetic iron oxide nanoparticles
(SPIONs) have also been encapsulated within double-responsive polymeric microgels
to fabricate hybrid materials exhibiting multi-responsivity [18,20,171]. Au NPs provide
local heating upon exposure to near-infrared (NIR) frequencies. As particles heat, the
thermoresponsive network reacts, and the drug is released by the microgel core. In this
way, it is possible to carry out a combinational therapy based on both drug release and
thermal-induced apoptosis. On the other hand, magnetic microgels loaded with SPIONs
can produce local heating upon exposure to an alternating magnetic field. This causes a
relaxation or collapse of the gel chains, inducing the release of the drug contained within
the gel.

4. Preparation of Microgels via Ionotropic Gelation

Ionotropic gelation probably represents the most studied preparation for chitosan
(CS)-based microparticles and nanoparticles (Figure 3). The process exploits the sol–gel
transition of CS polymers in the presence of a polyanionic crosslinking agent, such as
sodium tripolyphosphate (TPP). Due to the absence of toxic reagents, low energy require-
ments and the presence of mild and aqueous processing condition simplicity, the process
has been extensively researched, becoming one of the standard encapsulation methods for
the preparation of CS nanoparticles, in particular for drug delivery, gene therapy appli-
cation and protein formulation [172]. The formation of micro- and nanoparticles through
ionotropic gelation is based on the weak basic properties of the CS molecule. Due to the
presence of D-glucosamine residues, CS behaves as a polyelectrolyte with a strong positive
surface charge in acidic conditions and interacts strongly with polyanionic molecules such
as TPP. In neutral and alkaline pH, CS is insoluble unless chemically modified. The first
production of CS microparticle via ionotropic gelation was reported by Calvo et al. in
1997 [158], whose approach provided microparticles in the 200–1000 nm range. By the
time the study was published, CS beads were already studied for their ability to respond
to pH changes and their positive charge, but due to their large size (1–2 mm), they were
not suitable for deposition on nasal and mucosal membranes. Also, Calvo’s contribution
provided an alternative to the utilisation of glutaraldehyde, a covalent crosslinker that
allowed the production of microparticles with a good degree of monodispersity but with
possible antigenic effects [173,174]. The procedure offered, for the first time, the possibility
of the incorporation of proteins or peptides that would suffer from covalent crosslinking.
The study demonstrated that ionotropic gelation prepared CS microparticles allow to
encapsulate proteins with high efficiency and laid the foundations for future studies on
gene and antigens therapies [158]. Ionotropic gelation has also been extensively studied for
the delivery of both small drugs and macromolecules [157]. Despite the apparent simplicity
of the process, the interaction of the CS polycation with a polyanion cannot be completely
explained by the electro-neutrality principle. The process of gelation involves the formation
of a three-dimensional network that occurs due to both the inter and intra-molecular cross
linking of positively charged CS chains [157,175]. The TPP anion can possess up to five neg-
ative charges depending on the pH of the solution. The crosslink can occur either between
two protonated amine groups belonging to the same polymer chains (intra-molecular) or
between groups belonging to different polymer chains (inter-molecular) [176]. By chang-
ing the preparation parameters, the interaction between CS and TPP can be influenced
to produce micro- and nanoparticles and to reduce their dispersity. The fabrication of
nanoparticles requires dilute polymer concentrations for local gelation process to take place
within small polymer coils. In a semi-dilute regime, the probability of polymer chain over-
laps increases, and the formation of much larger particles is most likely to occur. One of
the first correlations between CS concentration and the properties of the nanoparticles
was reported by Pan et al., although it was based on a limited number of attempts and
the use of a single type of CS with high molecular weight (HMW) and an 89% DD [177].
CS particles are generally produced in a concentration range of 0.5 to 2 mg/mL, although
some examples of higher concentrations have also been reported [175]. Nevertheless, a
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direct correlation between the properties of nanoparticles and the properties of CS should
be established for each individual batch of CS under consideration. The lack of batch-
to-batch uniformity associated with the polymer often results in poor control over size
distribution, high dispersity and inconsistent results [178]. In some cases, the associated
variables are such that the correlation should be done on a narrow interval of polymer
molecular weight. Therefore, it is difficult to guarantee total reproducibility of the ex-
periments. Despite the abundance of empirical data about the preparation of micro- and
nanogels through ionotropic gelation, their preparation mainly relies on trial and error
and the correlations between their formation process, interaction and structure are not
totally understood [157,178,179]. CS chains can originate very different particles based
on their structural properties, including molecular weight (MW), index of polydispersity,
deacetylation degree (DDA) and D-glucosamine distribution along the polymer backbone.
These parameters can affect both the polymer stiffness and flexibility and the viscosity of
the solutions used for particle preparation [180]. The most crucial parameter for the forma-
tion of particles with low dispersity is the CS/TPP ratio, which defines microgel average
diameter and drug-release properties. Lower CS/TPP ratios generally result in smaller
particles with lower zeta potential, while higher CS/TPP ratios have been employed to
form bigger particles and sometimes to induce the precipitation of micrometric particles.
Particles are prepared using a ratio between 1.75:1 and 6:1, although each individual sample
needs to be evaluated separately [157,158,175,179,181]. For chemically modified CS, such
as N-grafted polymers, these ratios may vary, as ionotropic gelation requires free amine
sites to take place [20]. The utilisation of different pH during particle preparation also has a
moderate effect on the size of the particles, as pH influences the number of charges on TPP
molecules [176]. By decreasing pH, the interaction between CS and TPP is strengthened,
and smaller particles are produced. CS nano- and microparticles are prepared in a range
of pH between 4.5 and 5.5. According to some studies, the increase in molecular weight
has a similar effect as the increase in concentration [178,180,182]. This consideration agrees
with the fact that higher molecular weights result in an increase in solution viscosity. Based
on this consideration, Zhang et al. prepared particles between 90 and 200 nm by fraction-
ating CS to reduce its molecular-mass distribution. The study showed that particles had
low polydispersity (<0.1) compared to other formulations (0.3–0.4), although they were
unsuitable for the encapsulation of macromolecules due to reduced molecular weight [182].
Some studies argue that lower molecular weights result in bigger particles due to the re-
duced flexibility of shorter polymer chains [180]. Other efforts have been made in order to
tune the characteristics of CS–TPP nano- and microparticles, including adjusting the salin-
ity of the solvent [157,178], changing temperature [183] and increasing mechanical energy
during their preparation [184]. Fan et al. reported a preparation in which the polydispersity
(PDI) of microparticles was narrowed to 0.026 by diluting the quantity of acetic acid and
reducing the ambient temperature during cross-linking. The microgels had a mean Dh of
138 nm and a positive zeta potential. The lower thermal agitation favours the formation
of particles in a more orderly way and reduces the overlapping of polymer chains, thus
reducing the polydispersity of CS particles [183]. Other studies point out that the size and
polydispersity of CS particles can be reduced using monovalent salt solutions [157,178].
Huang et al. demonstrated that the strength of CS/TPP interactions could be strengthened
adding a monovalent salt, such as NaCl [178]. Small amounts of salt (150 mM) enhance
the colloidal stability of microgels during their formation, while binding is weakened at
high ionic strength (500 mM). This suggested the hypothesis of an optimal concentration
for the preparation of CS/TPP microgels with narrow size distribution. The hypothesis
of Huang et al. was that the presence of NaCl inhibits the bridging of the microgels and
prevents their aggregation, demonstrating that CS microgels behave differently than other
colloidal systems [178]. Colloidal stability is determined by the potential energy sum of the
attractive van der Waals forces and the repulsive electrostatic interactions. This description
is the basis of the DLVO theory and is considered valid for the description of the behaviour
of inorganic particles in solution [185]. However, when the particles in consideration are
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fully or partially covered with polymers, their behaviour is more complex. If the polymer
layer on the colloid exceeds a minimum thickness, dispersion forces are unimportant.
At moderate surface coverage, a critical point exists and depends on the polymer theta
point. In the case of CS nano- and microgels, it can be roughly assumed that the microgel
behaviour is similar to that of a particle entirely covered with a polymer. Otherwise, it could
be imagined that the behaviour of a microgel resembles the one of a “hollow” polymer
particle exclusively formed by the polymeric coverage. Therefore, microgels should not be
considered “nanoparticles” in the same way as we consider inorganic nanoparticles. Inside
the microgel, the polymer chains can move within a series of constraints imposed by the
three-dimensional structure of the gel, unlike inorganic particles wherein all the atoms are
condensed on the surface of a nanoparticle. Given the size of the only CS macromolecules in
solution, which can reach up to 20 nm for high molecular weights, we can assume that small
CS aggregates (<100 nm) are made of few macromolecules and their behaviour can be close
to that of a single macromolecule in solution. The aqueous behaviour of CS microgels has a
direct impact on the release profile. Drug release occurs mainly through three mechanisms:
diffusion, swelling and erosion (Figure 3). The type of mechanism is strictly dependent on
type (ionic, covalent) and degree of crosslinking. Covalent cross-linked microgels, such
as CS-glutaraldehyde [186], usually provide diffusion-controlled drug release, with the
overall release profile depending on the cross-linking degree. Similarly, swelling capacity
is influenced by cross-linking density and environmental pH [187]. The utilisation of ionic
cross-linkers, such as TPP, may result in erosion release profiles. In the initial part of the
release profile, the kinetics of swelling and erosion determines a characteristic lag phase.
Model equations for the interpretations of several different studies have been proposed
by a huge number of studies [188–190]. Diffusion-controlled behaviour can be interpreted
with exponential functions, and erosion-controlled release curves have a characteristic
sigmoidal shape.

Figure 3. Representation of release mechanisms: diffusion (black), erosion (red) and swelling (blue)
and related release curve according to different mathematical models.

5. Chitosan-Poly(N-vinylcaprolactam) (CP) Microgels for Thermoresponsive Drug
Delivery Systems

The poor biodegradability of thermoresponsive polymers, such as PNIPAM and PN-
VCL represents the main limit for their biological application [24,168,191]. The solution
of this problem was provided by the development of hybrid materials that were pre-
pared by combining synthetic thermoresponsive polymers with biopolymers of natural
origins [16,192–194], such as CS. The synthesis of these hybrid materials has led to the
development of thermoresponsive and biodegradable devices for drug delivery, such as
gels and particles in the nano-, micro- and macroscale. Among various natural biopolymers
that can be combined with a synthetic thermoresponsive polymer, CS has proven to be
useful and versatile for its high compatibility and pH-responsiveness.
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The preparation of the first hydrogel that combined PNIPAM and CS was reported
by Wang et al. in 2000 [186]. The gel exhibited thermoresponsivity, and the LCST was
determined to be 32 ◦C, close to the LCST of the starting PNIPAM (31 ◦C). For the prepara-
tion of CS-based thermoresponsive gel, PNIPAM was modified with carboxyl termination
groups prior to the preparation of the gel, and gelation was achieved using glutaralde-
hyde [186]. Thermoresponsive polymers with carboxyl group terminations represent the
most common way to prepare CS thermoresponsive copolymers. These pre-modified
polymers are generally referred to as -COOH polymers (e.g., PEG-COOH, PNVCL-COOH,
PNIPAM-COOH). The carboxyl end groups allow the creation of an amide bond with the
amine sites present on D-glucosamines distributed along the skeleton of CS. The coupling
between the two functional groups results in a graft polymer formation. The reaction is
commonly carried out through the activation of carboxyl end group using NHS and EDC.
The initial procedure reported by Wang et al. did not require the synthesis of a copolymer
prior to gelification.

The synthesis of a thermoresponsive CS-g-PNIPAM copolymer was later described in
2006 by Chen et al. [195], while the first CP copolymer (CP) was prepared by Prabaharan
et al. in 2008 [14] (Figure 4a). Numerous types of graft-copolymers have been prepared with
CS using the coupling reaction between amino and carboxyl groups. This type of reaction
falls within the field of click chemistry, as it is relatively fast, requires mild conditions
and produce inoffensive byproducts. Conversely, the preparation of CS copolymers with
different architectures (e.g., star, comb, brush, ring block) requires complex and expensive
synthetic procedures [196]. Also, the utilisation of CS as a reagent entails some limitations
for multi-step reactions due to its extremely low solubility in organic solvents. Due to the
huge number of functional groups, CS chemical modification is usually time-consuming.
Depending on the mass of the polymer, the initial protection reaction of the functional
groups not involved in the reaction can take up to several days, depending on the molecular
mass of CS [194].

Figure 4. (a) Reaction scheme for the synthesis of chitosan-graft-poly(N-vinylcaprolactam). (b) Possible mechanisms for the
ionic crosslinking of chitosan-graft-poly(N-vinylcaprolactam) microgels, as described by Rejinold. Adapted with permission
from Rejinold [16], copyright by Elsevier, 2011.

Similarly, chemical structure determination through simple spectroscopic techniques,
such as 1H-NMR, can become very complex due to long-lasting spectral acquisition.
Although a single polymer 1H-NMR spectrum with sufficient resolution can be acquired
within a single day, the acquisition of a 13C-NMR spectrum or a two-dimensional spectrum
may take up to one week due to the high number of functional groups and the viscosity
of the solutions [197]. Therefore, these synthetic procedures are rarely accomplished in-
side university facilities, and they are carried out on a larger scale by research institutes
specialised in the study and the development of few specific polymers. For simplicity,
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scientists have turned their attention to the utilisation of LMW CS with low dispersity for
synthetic purposes [157,180]. Also, the utilisation of LMW CS for drug delivery systems
has been promoted for its better solubility, biocompatibility, bioactivity, biodegradability
and less toxicity in relation to HMW CS [183]. Nevertheless, the mild conditions required
for the formation of graft copolymers allow the utilisation of both LMW and HMW CS for
the preparation of thermoresponsive copolymers. This allows the maintenance of some
interesting biological properties connected to polysaccharide’s high molecular weight.
Both LMW and HMW CS are highly regarded for drug delivery, but only HMW have
shown high encapsulation efficacy towards proteins [182,198]. Furthermore, HMW CS re-
quires less chemical processing. In relation to LMW CS, HMW CS is cheaper and regarded
as a “greener” reagent. To date, CP copolymers have been prepared with both HMW and
LMW CS for the release of both hydrophilic and hydrophobic drugs.

The first CP copolymer was prepared using LMW CS (~30 kDa). Prabaharan et al. de-
scribed CP as promising for possible applications in dual-responsive therapies. Their study
reported a protocol for the encapsulation of a hydrophobic drug, ketoprofen, during the
preparation of CP beads via ionotropic gelation. The size of the beads was not determined,
suggesting that particles were at least micrometric in size. In fact, the term beads is com-
monly used as an abbreviation for the term microbeads, which are defined as uniform
polymeric particles with a size between 0.5 and 500 µm in diameter [199]. The ability of the
copolymer beads to respond to both pH and temperature stimuli was demonstrated by
swelling studies and release tests [14]. The cytotoxicity of CP beads was assessed using
an MTT assay against EA.hy 926 endothelial cell lines and researchers demonstrated that
CP would have provided a safe and effective drug-delivery carrier within the living body.
Despite not being nanotechnology-related research, the work of Prabaharan et al. paved the
way for the development of CP-based nanoformulations [12,16,18,20,192]. However, the
discussion on the behaviour of PNVCL-COOH by Prabaharan et al. remains controversial.
In its introduction, Prabaharan described PNVCL as a “well-studied polymer with a lower
critical solution temperature (LCST) at about 32 ◦C, which shows a well-defined response towards
temperature” [85] while not considering that PNVCL is a type I thermoresponsive poly-
mer. In fact, PNVCL can exhibit a LCST between 25 and 50 ◦C, as it depends on PNVCL
molecular weight, concentration and the presence of salts. Moreover, the characterisation
of PNVCL-COOH in GPC-SEC was carried out in THF [14], a solvent later described as
unsuitable for the molecular determination of PNVCL [24,200]. Furthermore, few techni-
cal details on the analysis were reported. The molecular mass, established to be around
1 kDa [14], appears to be too low in relation to the LCST value. The data disagreed with the
LCST-molecular-mass dependence previously reported by Meeussen [144,145], Kirsh [201]
and, later, by Cortez-Lemus [24]. According to Meeuseen’s predictions, PNVCL must be at
least 40 KDa to exhibit LCST lower than 35 ◦C [145,202], even though the Meeusen study
did not account for PNVCL with carboxyl group terminations. Although it is known that
the presence of terminations of compounds that enhance the hydrophilicity of PNVCL
are known to increase the LCST of the polymer [203,204], the article did not provide an
explanation for such a huge difference in the molecular mass values related to the LCST.
The molecular-weight value reported by Prabaharan corresponds to a small oligomer
made of 8 repetitive units of NVCL. This seems apparently unreasonable considering the
high molar ratio (122:1) used for the synthesis of PNVCL-COOH [14]. Despite the lack
of insight about the miscibility behaviour of PNVCL-COOH, the following works on the
development of CP-based delivery systems seem to neglect the problematic aspects of
Prabaharan’s work [12,16,18,20,192,202].

The work of Prabaharan on CP-related systems was continued by the research group
of Indulekha et al. Instead of reporting the procedure for the synthesis of PNVCL-COOH,
Indulekha referred directly to the preparation previously reported by Prabaharan [12,18,20].
Other authors reported a very similar procedure for the synthesis of a PNVCL-COOH
polymer with a LCST of 32 ◦C [16,192]. None of these studies mentioned the different
chemical–physical properties that exist between PNVCL polymers of different lengths,
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nor did they provide detailed guidance for the characterisation of their molecular mass.
These works have contributed to passing down the misconception that PNVCL possesses a
well-defined LCST at 32 ◦C. Due to the difficulty of replicating the results of the published
works, the research on CP-related nanodevices remained confined to a few research groups
(Table 1).

Table 1. List of publications involving chitosan-graft-poly(N-vinylcaprolactam) polymeric systems for drug delivery applications.

Target Drug Delivery System Trigger Year Ref.

human endothelial cell line ketoprofen Micrometric beads
pH

2008 [14]
Temperature

PC3 and L929 cells curcumin Microgels
pH

2011 [16]
Temperature

MCF 7 and L929 cells 5-fluorouracil Microgels
pH

2011 [192]
Temperature

L929, MCF 7 and T47D cells curcumin Microgels + Au NPs

pH

2015 [142]Temperature

RF

abdominal skin (SD rats)
acetamidophenol

Hydrogels
pH

2016 [12]
etoricoxib Temperature

4T1 cells and Balb/c mice curcumin Microgels + magnetic NPs

pH

2016 [30]Temperature

RF

MCF 7 and MDAMB 231 cells doxorubicin Microgels + magnetic NPs

pH

2017 [20]Temperature

RF

MCF 7 cells - Microgels + Au NPs

pH

2017 [18]Temperature

NIR

HDF cells BSA Microgels
pH

2018 [4]
Temperature

TNB xenograft mouse doxorubicin Nanocomposite
pH

2019 [205]
Temperature

tyrosine kinase inhibitor
treatments imatinib CP-coated magnetic NPs

pH

2019 [206]Temperature

RF

MCF 7 cell lines Cisplatin Nanofibers + Au NPs
pH

2020 [207]
Temperature

MCF 7 cell lines cisplatin CP-coated Au NPs
pH

2020 [208]
Temperature

The first CP-related study within the nanotechnology field was published by Rejinold
in 2011 [192]. It described a protocol for the preparation of microparticles for the release of
5-fluoruracil. Since 5-fluoruracil is a chemotherapeutic, the study opened up the possibility
of using CP of materials for oncological applications. Rejinold reported that CP polymer
was prepared with different ratios between CS and PNVCL-COOH in order to achieve a
desired transition temperature of 38 ◦C for the drug release. The LCST of the copolymer
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increased as the percentage of thermoresponsive polymer decreases. Drug encapsulation
was achieved by synthesising nanoparticles by dissolving the drug into a concentrated CP
solution (5 mg/mL). The synthesis of microparticles was achieved via ionotropic gelation
(Figure 4b). Acetic acid concentration was rather high (1%) compared to what has been
reported for the preparation of monodisperse CS nanoparticles [183]. The average Dh of
the particles was reported to be between 180 and 220 nm, and the sample polydispersity
was not reported. The complete distribution curve between 1 and 4000 nm is not available
in the publication. Instead, the histogram related to the distribution focused only on the
interval 100 and 300 nm. The main peak of the histogram is at 1% intensity, suggesting
that the sample could have been highly polydisperse. We calculated that the integration
of the size range provided by Rejinold provides a total percentage inferior to 5% of the
reported intensity. It may be thought that the main peak of the distribution was located
at higher values. Also, the number of measurements reported (3) is too low compared to
the average standard of DLS analyses. A DLS analysis using a Malvern Z-Sizer, one of the
most common instruments for the determination of the Dh, requires three cycles of analysis,
each of which includes between 10 and 17 measurements. CP particles were purified by
centrifugation and lyophilised using sucrose as a cryoprotectant. Release tests were carried
out by the lyophilised particles in phosphate buffer (pH 7.4) and show a dramatic change
in the behaviour of CP particles in relation to temperature. Despite the promising results
of this research group, there is not enough evidence to establish that the elution profile of a
CP nanoparticle is similar to that of the lyophilised particles described by Rejinold.

In another work published in the same year, Rejinold proposed a similar preparation
for the preparationof curcumin-loaded CP microgels [16]. CP particles undergo thermal-
induced aggregation at 38 ◦C, and their blood compatibility was demonstrated via a
haemolysis assay. Curcumin-loaded microgels showed specific toxicity to cancer cells at
above their LCST, and the analysis of the JC-1 mitochondrial membrane confirmed that the
apoptosis was mitochondrial-mediated [16].

A few years later, the same research group introduced for the first time the syn-
thesis of CP hybrid particles consisting of CP microgels loaded with both Au NPs and
curcumin [142]. Microgels were prepared using ionotropic gelation, by mixing Au NPs
with the copolymer prior to gelation. The study was based on the premise that Au-NPS
being heated via the exposure of radiofrequencies (RF). Since Au-NPs are RF-heatable,
the release of encapsulated curcumin from the microgels was induced by the presence
of Au-NPs at optimum RF conditions. CP microgels had an average Dh of 160 ± 20 nm
and a positive surface charge and showed excellent and selective efficacy towards breast
cancer cells and enhanced circulation and biodistribution in relation to free curcumin.
For anti-cancer assessment, MCF-7 and T47D cells were used. Cells were washed with
metal-free solutions and maintained under a RF chamber at 40 W for 5 min. The samples
exposed to RF showed higher apoptosis in relation to that without exposure. The in vivo
test on 5–6 weeks old nude mice demonstrated the CP microgels were retained at the
colon tumour for 2 weeks [142]. The preparation of CP microgels loaded with Au NPs
and curcumin was firstly proposed in another paper that was later retracted. The process
was based on the synthesis of Au NPs of 10, 20 and 50 nm in the presence of starch and
D-glucose. However, the details for the preparation of Au NPs of a specific diameter were
not provided. Furthermore, there was no information related to the size of Au NPs used
for the preparation of CP microgels [142]. In 2016, Rejinold reported the first preparation
of a hybrid system consisting of CP particles and Fe3O4 nanoparticles for the release of cur-
cumin. Magnetic nanoparticles and the drug were added to CP solutions prior to ionotropic
gelation. Similarly, indocyanine green and rhodamine-123 were added to the solutions
for labelling purposes, as previously reported for the preparation of Au-CP NPs [142].
The hybrid particles were able to respond to the application of an alternating magnetic
field and were tested in vitro on 4T1 breast cancer cells and in vivo on normal Swiss albino
mice. CP-hybrid microgels possessed an average Dh of 180 ± 20 nm and showed cellular
internalisation on 4T1 breast cancer cells and radiofrequency (RF)-dependent curcumin
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release in vitro. The exposure to RF induced local heating within CP microgels, causing
the drug release. The in vivo studies demonstrated the feasibility of the system as nanoth-
erapeutics for the treatment of breast tumours, as CP particles prolonged the circulation of
curcumin and showed significant tumour localisation. A similar work was published by
Indulekha in 2017, which also featured the contribution of Prabaharan. In their study, pH-,
temperature- and RF-responsive particles were prepared using microgels of CP loaded
with DOX and Fe3O4 nanoparticles for the treatment of breast cancer cells. CP particles
were prepared accordingly, simply mixing the magnetic nanoparticles and DOX with CP
polymer before gelation. CP microparticles were purified through dialysis against dis-
tilled water. The study showed the different behaviour of microparticles in relation with
different pH and temperature conditions and under alternating magnetic field exposure.
The application of an alternating magnetic field resulted in a step-like elution profile of the
chemotherapy drug. This study represents the first example of the remote control of the
elution of a CP-based drug nanoformulation. Compared to the previous works by Rejinold,
Indulekha’s research team reported a more complete description of the size distribution of
CP microgels and showed the change of the Dh of CP microgels as function of temperature.
It can be observed that above the critical temperature (reported as LCST), the average Dh
is shifted to higher values. This may suggest that temperature-induced drug release is
provoked by the swelling of CP microgels, as was hypothesised by Rejinold [192], but the
drug-release mechanism is not described. Although it is evident that the change of pH or
temperature accelerates drug release, the similar profiles of the release curves suggest that
the release dynamics do not change during thermo-induced transition. This work, as well
as the previous ones, does not distinguish between the thermoresponsive behaviour of the
polymer (LCST) and that of microgels (VPTT). According to the results of Indulekha, the
magnetic-pH-thermoresponsive particles could encapsulate DOX with very high efficiency
(∼57%). This value is in disagreement with what was previously reported [209], since
it is well-known that DOX interacts very weakly with CS-based polymers. The release
behaviour of Indulekha’s particles resembled the release mechanism reported by Reji-
nold [30]. The absence of the use of a cryoprotector during freeze-drying suggests the
hypothesis that release tests were carried out using aggregates formed as a lyophilisation
process result instead of the nanoparticles measured with DLS [150]. Furthermore, the size
of freeze-dried nanoparticles was not reported in the study [150]. The reduced in vitro
toxicity of the encapsulated DOX has been described as a promising element for the utilisa-
tion of CP-based devices for the treatment of breast cancer. Indulekha also developed a
thermoresponsive transdermal drug delivery system consisting of CP macrogels for the
treatment of local pain with an on-demand localised drug delivery system. The drug was
tested at three different temperatures (25, 32 and 39 ◦C) at two different pHs (5.5 and 7)
to demonstrate that drug release was enhanced above the polymer LCST (39 ◦C) in mild
acidic pH (5.5). The system was tested for the release of two hydrophobic drugs, acetami-
dophenol and etoricoxib. The gel biocompatibility was demonstrated by in vivo studies
in rat skin [12]. Again, Indulekha reported a preparation of microgels of CP loaded with
Au NPs for the treatment of breast cancer with photothermal therapy. Although the utili-
sation of Au NPs with CP microgels for breast cancer treatment was already reported by
Rejinold, Indulekha’s work had a completely different approach and provided an accurate
characterisation of Au-CP hybrid nanodevices. Indulekha used bigger Au NPs prepared
in the presence of a CP dispersion. Au NPs were nucleated directly on the surface of CP
microgels using ascorbic acid as a reducing agent, as suggested by both UV-VIS and TEM
characterisations. Due to their “ruffled” morphology, Indulekha improperly used the term
“core” and “shell” in reference to the morphology of microgels. Their behaviour was similar
to core-shell nanoparticles, and CP microgels exhibited a tuneable absorption in relation to
the ratio between the amount of CP and Au NPs. This allowed the tuning of the device to
ensure absorption in the NIR (750 nm) frequencies. Cytotoxicity tests on normal mouse
fibroblast L929 showed a substantial reduction in the toxicity of Au NPs. CP-Au devices
were demonstrated to be biocompatible with both L929 and human breast adenocarcinoma
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cells MC-F. The exposition to a 750 nm laser reduced the viability of MCF-7 cells from 90%
to approximately 5%. Furthermore, the study demonstrated that the nanodevice could
be used as a biocompatible X-ray contrast agent. In relation to commercial iodine-based
Omnipaque, Au/CP microgels give greater contrast and require less-concentrated samples
due to the high electron density of Au. Thus, the study suggested the utilisation of an
Au-CP based microgel disintegrable theranostic nanoprobe for image-guided triple therapy
consisting of photothermal, chemo and radiotherapy treatment [18].

More recently, other CP-related systems have been developed, and CP polymers
have started to show some promising properties for environmental applications. In 2019,
Bahmani developed CP/ZIF-8 (zeolitic imidazolate framework) nanofibers to remove As
(V) and Cr(VI) from aqueous solutions [210]. In 2021, a tri-block polymer PAA, PNVCL
and CS was developed and used as a biocompatible flocculant for water remediation [211].
The polymer provided an excellent device for the removal of turbidity, ciprofloxacin and
Cd(II) from aqueous solutions, and its ability to bind pollutants increased above the
LCST. The tri-block polymer was prepared by polymerising acrylic acid in the presence
of CP [211]. The synthesis of another tri-block polymer is reported by Durkut, who
prepared a biocompatible polymer of CS-g-galactosilate-g-PNVCL that shows pH- and
temperature-dependent responsivity [4]. The polymer was tested for bovine serum albu-
min (BSA). In the field of nanotechnology, some authors have reported the synthesis of
other hybrid nanodevices based on polymeric and inorganic nanoparticles. Niu and his
coworkers reported a brilliant strategy for the preparation of a CP-peptide self-assembled
nanoformulation for DOX release for breast cancer treatment [205]. The study reported a
multi-step synthesis of the CP-peptide involving the protection of amine residues through
phtaloylation [196]. The synthesis was carried out with an LMW CS (10 kDa). NVCL was
conjugated to CS by reversible addition fragmentation, chain transfer was then conjugated
(RAFT) polymerisation using S-1-dodecyl-S′-(α,α′-dimethyl-α”-acetic acid) trithiocarbon-
ate (DDACT). Thus, after the removal of phthaloyl residues, amide residues were used to
conjugate a peptide that allowed the device to selectively recognise MCF-7 breast tumour
cells. Unlike the previous work, the particles were not formed through ionotropic gelation.
Nia reported that the polymer self-assembled in aqueous solutions in ~200 nm microparti-
cles. The results in vivo and in vitro on MCF-7 cells and xenografted mice demonstrated
that the microparticles were taken up by cancerous cells with a substantial reduction of
DOX toxicity and a significant reduction in tumour volume that resulted in a prolongation
of lifespan [205]. In 2020, Banihashem published a work similar to those of Indulekha [18]
and Rejinold [142], that reported the preparation of another Au/CP nanocarrier for the
treatment of MCF cells with cisplatin [208]. This work introduced the hypothesis that the
utilisation of thioglycolic acid as a ligand for Au NPs stabilisation may strengthen the
interaction between CP and Au NPs during ionotropic gelation. Baninashem also reported
a study for the development of CS nanofibers coated with Au-Au sulphide nanoparti-
cles [207]. A new method for the preparation of CP-Fe3O4 was reported by Sahebi [206].
In his work, a polymer is prepared through a step synthesis involving the polymerisation
of NVCL in the presence of Fe3O4 nanoparticles. The PNVCL-capped NPs were subse-
quently conjugated to CS with EDC/ NHS. The hybrid magnetic particles were used for
the selective recognition of imatinib mesylate from biological samples.

6. The Role of Polymer–Drug Interaction: The Example of Doxorubicin and Chitosan

To ensure the proper functioning of a controlled-release drug delivery system, it is
necessary to know the interaction between drug and particle. One of the main problems
related to the use of particles prepared by ionotropic gelation is the absence of covalent
bonds between the drug and the CS particle. On the contrary, the presence of weak
interactions ensures the greater flexibility of microgels but, at the same time, does not
guarantee the retention of the drug in physiological conditions. In this section, we will
focus on the interaction between CS and doxorubicin (DOX), a hydrophilic drug that is
commonly used in cancer treatments.
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Doxorubicin (DOX), also known as Adriamycin, is an anthracycline that belongs to the
family of anticancer antibiotics. The molecule can be described as a tetracenequinone with
a sugar attached by a glycosidic bond. Due to the tetracyclic structure of anthraquinone, the
molecule can intercalate between two DNA bases, while the sugar enters the minor groove
and interacts with the adjacent base pair. Within its structure, DOX has five hydroxyl
groups, two phenolic and three alcoholic, and one amino group. Consequently, DOX
is slightly soluble in water and is a weakly acidic compound. The estimated values for
pKas are 7.34 (phenolic group), 8.46 (amino group) and 9.46 (source: Sparc), respectively.
These values indicate that DOX exists in cationic form in a pH range between 5 and 9.
In aqueous solution, DOX molecules tend to self-associate via π–π interactions [212] and
form gel-type structures. In addition, DOX chelates strongly di- and trivalent ions [213]
and is subject to photolytic decomposition [214–216] and oxidation [217]. The use of DOX
in chemotherapy has therefore placed the need to develop pharmaceutical formulations
that increase both drug solubility and effectiveness. In particular, DOX in aqueous solution
undergoes conversion to doxorubicinone and daunosamine [218]. This process is initiated
by a tautomeric equilibrium and is catalysed by the presence of buffers and the increase of
temperature. According to a study by Beijnen et al., the best condition to stabilise a DOX
solution is by using a diluted acetate buffer at pH 4.00, while conversion constants increase
dramatically for pH above 6 or below 3 [218,219]. CS solutions are also generally prepared
in low-concentration acetate buffers (1% w/v) in a pH range between 4 and 5.5. Since CS
and DOX are prepared in similar conditions, many studies focused on the development of
DOX-delivery systems based on CS-based polymers [20,27,205,209,220,221]. Nonetheless,
the interaction between the two compounds is difficult to explain due to the complexity
of the equilibria that arise in solution. In a pH range between 4 and 6, it is necessary to
consider that the DOX molecule can exist in neutral or zwitterionic form and that each type
can undergo a degradation process catalysed by the solvent or the presence of protons in
solution [218,219] (Figure 5).

Figure 5. Protolytic equilibria of doxorubicin between pH 1 and 12. Adapted from Beijnen [218],
copyright by Elsevier, 1986.

At pH 4.00, since the pH is well below the pKa of the first phenolic dissociation (7.34),
it can be assumed that both DOX and CS behave as cations. The overall interaction between
the two species is influenced by the DDA of CS, as the presence of deacetylated residues
lowers the positive surface charge of the polymer, thereby decreasing the ionic repulsion.
Accordingly, the encapsulation of DOX in a CS nanoparticle would require the chemical
modification of the structure of the drug or polymer [164]. Alternatively, non-modified DOX
can be trapped by dissolving DOX in a different phase, and the encapsulation is achieved
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via the formation of emulsions or microemulsions [222]. During ionotropic gelation, DOX
can be entrapped by the formation of the microgel cage around them. Eventually, DOX can
elute outside the three-dimensional network of the CS gel into the external solution. In this
condition, the drug requires a strong driving force in order to remain anchored inside the
cavity of the CS microgel. In 2001, only four years after the development of ionotropic-
gelated CS NPs by Calvo et al. [181], a study by Janes et al. already pointed out that
CS-based particles were a poor substrate for DOX encapsulation [209]. The study reported
that the DOX loading efficiency of non-modified CS NPs could not exceed 2%. Nevertheless,
CS NPs has been widely used for the encapsulation of DOX, and some studies reports
loading efficacy higher than 50% [20,205]. However, these promising results are rarely
accompanied by an accurate description of the encapsulation phenomenon [12,18,20,27].
In a few cases, some of these studies were retracted from publication journals. In fact, one
of the possible mistakes of the authors may be related to the utilisation of a pharmaceutical
formulation of DOX, such as Adriamycin. DOX standards are generally expensive and
pharmaceutical formulations are often used, even if they may contain excipients and
other components, such as methyl 4-hydroxybenzoate (methylparaben), which prevents
self-association between DOX molecules. For instance, lyophilised Adriamycin powder
contains methylparaben and lactose, and the mass percentage of DOX corresponds to about
10% of the formulation. In this case, if the encapsulation efficiency is calculated via UV-VIS,
the calibration curve must be based on the extinction coefficient of the pharmaceutical
formulation of the drug. In general, DOX content in water is estimated by using an
extinction coefficient between 10,410 [20] and 125,000 L mol−1 cm−1 [223]. There is a
possibility that some studies did not consider that the extinction coefficient value is affected
by the solvent. In a study by Etrich et al. [224], the aqueous content of DOX was determined
by using the value of the extinction coefficient of DOX calculated in ethyl acetate by
Subr et al. [225]. Although inaccurate, such values may be close to those that are expected.
However, the utilisation of drug formulation can lead to the strong overestimation of DOX
encapsulation efficacy (EE). EE is calculated from the absorbance value of the solution,
so that lower values of absorbance correspond to higher encapsulation values. If not
properly calibrated, the value can be overestimated. According to the previous example of
lyophilised Adriamycin, since the content of DOX corresponds to only 10% of the product,
a non-calibrated estimation would lead to the conclusion that the encapsulation efficacy is
ten times higher than its real value. If not correctly calibrated, the value can be strongly
overestimated. A brief explanation of the possible interaction between DOX and CS was
provided by Sadighian et al. [27]. DOX can interact with CS only via weak forces, such
as hydrogen bonds and electrostatic interactions. DOX and CS interact by a polar “imine
bond” that is sensitive to pH, which is developed between the carbonyl group of DOX
and the amino group of CS. According to this hypothesis, CS NPs can retain DOX for few
days [27]. In another study by Sanyakamdhorn et al., the overall (non-covalent) interaction
between CS and DOX was studied using molecular modelling [220]. According to reported
results, the overall interaction was −3.89 kJ/mol for a CS made of 19 repeating units
(about 3.4 KDa). Consequently, the overall interaction between an oligomer of CS and
DOX is weaker than a single hydrogen bond. The study also suggested that CS with
higher molecular masses are better candidates for DOX encapsulation. Finally, another
possibility is that the utilisation of aggregated CS NPs increases the EE of DOX. Many
studies do not mention the procedural difficulties associated with the lyophilisation of CS
particles [16,18,20,27,30]. Since the characterisation of CS NPs is reported prior to freeze-
drying process, they provide no evidence about the structure or size of the freeze-dried
particles. However, as reported by Rampino et al. [150], the lyophilisation of CS NPS require
treatment with cryoprotectors, and freeze-dried particles usually exhibit different size,
surface charge and morphology. The differences between the chemico-physical properties
of CS NPs and lyophilised CS NPs can have a strong influence on the release mechanism
of the drug.
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7. Conclusions and Future Perspectives

To date, thanks to their multi-responsivity, CP-based polymers and their hybrid deriva-
tives represent a novelty for the development of cascade-responsive delivery systems for
oncological applications. Despite the promising results obtained during in vitro and in vivo
experimentations on xenografted mice, there are many aspects that still need to be clarified
in order to expect a clinical translation of these studies. The reproducibility of the fabri-
cation of such delivery devices can be improved by providing a detailed analysis of how
the structural properties of PNVCL and CP affect the thermoresponsivity of polymers and
particles. Furthermore, further studies are needed to confirm the swelling-mediated drug
release of CP microgels and there is only little information about drug uptake mechanism
during their preparation. The preparation of CP-delivery systems requires a better under-
standing of the lyophilisation protocols of microgels and of the mechanism of interaction
between the drugs and the CS particles. For clinical applications, it is fundamental to
investigate how mechanical and chemical-physical properties of microgels are modified by
lyophilisation, as well as the ability of freeze-dried particles to maintain properties over
time. In the future, we may expect that CP-based systems will also find their application in
the same fields in which CS-based systems have already been used, such as ocular delivery
systems and the treatment of prostate and liver cancer (HCC).
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