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ABSTRACT
In the last two decades nanogels have emerged as very promising and versatile biomaterials
suitable for a wide range of applications. Their features such as large surface area, ability to
hold molecules, flexibility in size and water-based formulations have ensured them great
recognition as drug delivery systems with various in vivo applications which have confirmed
their potential. On the other handnanogels have been investigated in recent years for
applications in various fields other than biomedicine. Clear examples of this are represented
by the possibility of employing nanogels as sensing materials, as catalysts or as adsorbents
for environmental applications. In view of this variety of possible applications, in this work
we extend our knowledge on the topic of their possible uses described in literature, taking
stock of the state of the art for all possible nanogel employment and their synthesis methods.
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Introduction

In recent decades, the old dream of natural science to
manipulate matter locally on the atomic and molecu-
lar scale has become reality and many commercial
products are also available on the market [1–3]. The
introduction of nanotechnology into many different
fields allows the development of alternative tools to
achieve specific goals and implement strategies,
accepting the very complex scientific, societal and
ethical challenges [4]. Nanotechnology is defined by
the US National Nanotechnology Initiative as it is con-
cerned with materials and systems whose structures
and components exhibit novel and significantly
improved physical, chemical and biological properties,
phenomena and processes due to their nanoscale size.
This means that qualitatively new and advantageous
properties emerge from the materials at the nanoscale.
Indeed nanomaterials possess unique physical and
chemical properties such as thermal or electrical con-
ductivity, strength, durability and chemical reactivity
[5]. In the last two decades, nanogels have emerged
as very promising and versatile biomaterials suitable
for a wide range of applications. Their features such
as large surface area, ability to hold molecules, flexi-
bility in size and water-based formulations have
ensured them great recognition as drug delivery sys-
tems with various in vivo applications which have
confirmed their potential [6–8]. On the other hand,

because of their tuneable and versatile characteristics,
nanogels have been explored in recent years for var-
ious applications in very different fields [9–11]. A
clear example of this is represented by the possibility
of employing nanogels as sensing materials. In fact,
one of the most important properties of nanogels is
their ability to respond to external stimuli such as
temperature or pH variations, but also recognition
of specific molecules [12,13]. This behaviour can be
tuned by working on the formulation and the functio-
nalization of nanogels and consequently this kind of
strategy can represent a versatile approach to face
many challenges in the sensors field. Another possible
and valuable application of nanogels is represented by
their functionalization to mimic natural enzymes that
can be used as catalysts [14,15].

Novel artificial enzymes are now attracting great
interest because of their high efficiency and controll-
ability, properties that can be useful to overcome
drawbacks of many conventional catalytic systems
[16]. Without doubt nanogels can be very useful in
this innovative strategy thanks to their easy pro-
duction and functionalization method [17–19].
Besides the large surface area, porosity and encapsula-
tion ability, nanogels have been found to be very useful
in environmental applications for the removal of
organic contaminants. These molecules can be
entrapped inside the nanogel framework thanks to
the aforementioned properties and subsequently be
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removed from a certain environment [20,21]. The ver-
satility and flexibility of nanogels guarantee their
employment in a very different context with various
types of contaminants. Moreover, during the last
year nanogels have been exploited even in the con-
trolled release of agrochemicals such as pesticides or
fungicides, combining the knowledge concerning
these devices derived from the drug delivery fields
with innovative environmental applications [22,23].
In view of this variety of possible applications of func-
tionalized nanogels, we have decided to extend our
knowledge on their possible uses described in the lit-
erature and to write this review to take stock of the
state of the art for all possible uses of functionalized
nanogels and their synthesis methods together with
all the challenges that should be addressed before
reaching the final market.

Nanogel definition and properties

The name ‘nanogel’ was introduced for the first time
by Vinogradov et al. in 1999 to describe colloidal sys-
tems consisting of a hydrophilic polymeric network,
synthesized by cross-linking polyethylene glycol
(PEG) and polyethyleneimine (PEI), which can be
used as drug delivery systems [24]. From then on,
many different developments took place in this field,
various formulations have been developed and mul-
tiple in vitro and in vivo applications have been tested
[25,26]. Moreover, over the years, the employment of
nanogels has spread across various areas and working
fields thanks to their multiple properties [27].

Nowadays nanogels are commonly identified as
aqueous dispersions of hydrogel particles, either
chemically or physically cross-linked, made of poly-
meric chains in the nanoscale range [28]. Their formu-
lation makes them usually biocompatible and
biodegradable and their ability to absorb and release
molecules guarantees their employment in multiple
fields such as drug delivery, but also water decontami-
nation, catalysis and sensors [29,30]. In the following
list, we point out the key features of nanogels, to high-
light the reasons behind the widespread recognition
and attention they are acquiring in today’s world.

. Nanometric dimensions: this is, without doubt, one
of the most important characteristics of nanogels
that enhances the surface area to volume ratio.
Moreover, in many drug delivery applications,
nanometric dimensions are required to cross bio-
logical barriers, penetrate tissues and perform in
situ drug delivery [27].

. Loading and absorbent ability: nanogels can easily
encapsulate drugs and active compounds exploiting
covalent conjugation, chemical linking or physical
entrapment [28]. This feature is extremely impor-
tant both for drug encapsulation in drug delivery

applications and for the employment of these
materials as absorbent systems for organic dyes or
metal ions [20].

. Molecule release: the encapsulated molecules and
drugs can be properly released using various mech-
anisms such as diffusional release, release driven by
polymer degradation or as a response to an external
stimulus like temperature or pH [31].

This feature is obviously of great interest for drug
delivery applications and the design of nanogels can
be tuned according to the desired behaviour.

. Swelling behaviour: when the inner polymeric fra-
mework of nanogels comes in contact with the sol-
vent, it enlarges due to solvent molecule
penetration and the system undergoes a subsequent
volume increase [32]. The swelling and de-swelling
process can be tuned by working on the structural
parameters of the system, such as the cross-linking
degree, mesh size, or presence of proper functional
groups and it can be influenced by external stimuli
such as pH, temperature, light stimuli or inter-
actions with specific molecules [33]. Therefore,
this feature can be exploited extensively and inves-
tigated for nanogel sensing applications.

. Viscoelasticity: the structure of nanogels is com-
monly highly solvated and therefore this material
usually exhibits both viscous and elastic character-
istics guaranteeing flow through needles and extra-
cellular matrix [34].

. Colloidal stability: the three-dimensional frame-
work of nanogels has been demonstrated to be
highly stable even in biological fluids and therefore
their employment is often preferred to micelles and
other colloidal systems [34].

. Tuneable behaviour: as partially mentioned already
in this section, nanogels are extremely versatile and
tuneable materials [35]. Their design can be
modified according to the desired employment, the
core formulation or the surface functionalization
of the material can be properly changed, obtaining
proper responsive behaviour or biological features
that are essential for the intended applications [18].

Nanogel classification

Nanogels are generally classified into different cat-
egories depending on their polymeric composition,
structure, type of linkage and finally even depending
on their ability to respond to external stimuli. Here
we report the main divisions that can be found in lit-
erature [34].

Polymer-based classification
Starting from the first-mentioned classification (poly-
meric composition), nanogels can be divided accord-
ing to the polymers that constitute their framework
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[36]. A clear example of these is polyether – and polye-
ster-based nanogels, which are those employed most
in the pharmaceutical field thanks to their biodegrad-
ability and biocompatibility. Their chains are formed
by covalent linkage of monomers to aether (R–O–R)
and ester (R–C–O–O–R) groups that can be found
in the structure [25].

In recent years polyethylene glycol (PEG) drew
great interest in the area of drug delivery thanks to
its high biocompatibility, high water solubility and
biological inertness and it has been employed exten-
sively in the synthesis of nanogels [37]. Moreover,
PEG can also reduce endocytosis, phagocytosis and
hepatic uptake thanks to its hydrophilicity which
makes it possible to increase the circulation time and
the stability of those systems [37]. Another very
important family of polymers used in nanogel syn-
thesis are the polypeptides, biodegradable polymers
with amino acid sequences which are altered during
synthesis. The nanogels formulated based on these
chains showed important loading and delivery ability
of low molecular weight agents [38]. Moreover,
many polypeptides, such as poly-L-lysine or water-sol-
uble polyglutamic acid exist in D/L optically active
forms. Polyacrylates are another example of building
material for nanogels. They are acrylic acid-based
polymers with a change in their vinyl or carboxyl
hydrogens. Commonly these systems are negatively
charged when exposed to a specific temperature, pH

conditions and charges, and because of the inter-
change of counterions with the external medium,
they have shown the ability to swell. Because of
these features, polyacrylate nanogels are commonly
involved in responsive applications [34]. Other
examples of nanogel classification based on the con-
stituent polymers are poloxamer-based nanogels,
which employ this kind of blocked copolymers con-
sisting of both hydrophilic and hydrophobic chains
or polysaccharide-based polymers, formed by the link-
age of long-chain monosaccharide units or glycosidic
bonds whose derivatives show structural and func-
tional diversity due to their multiple reactive groups
such as –OH, –NH2 and COOH [36,39].

In the following Figure 1 we report the chemical
structure of the most common polymers employed
in nanogel synthesis.

Linkage based classification
Based on the type of linkages present in the polymeric
network of the system, nanogels can be classified into
two main groups, namely non-covalent linkage and
covalent linkage nanogels [40,41]. Those characterized
by non-covalent linkages, which are also called phys-
ically cross-linked nanogels, can be formed by van
der Waals forces, hydrogen or hydrophobic bonding
and electrostatic interactions [42]. These types of sys-
tems are synthesized with various procedures in which
operations such as the conjunction of amphiphilic

Figure 1. Chemical structure of various polymers employed in nanogel synthesis. Synthetic polymers are reported in blue colour,
while natural ones in green.
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blocks, self-assembly, polymeric chain agglomeration
and oppositely charged polymeric chain incorporation
are conducted. Liposome-modified nanogels are
examples of physically cross-linked nanogels that can
be produced by linkage between copolymers and lipo-
somes which enable them to respond to pH and temp-
erature stimuli [43].

These systems have been studied both in transder-
mal drug delivery applications and as sensing devices.
Similarly, micellar nanogels are another valuable
example of physically cross-linked nanogels [44].
They are usually produced with linked copolymers
in aqueous solution or by self-assembly of hydrophilic
and hydrophobic blocks. The presence of a hydrophi-
lic shell and hydrophobic core is extremely important
for drug delivery. On the other hand, those nanogels
produced by chemical reactions with the formation
of covalent bonds thanks to the action of cross-linking
agents, are commonly named covalent linkage nano-
gels [45]. The use of properly selected cross-linking
agents, the tuning of their quantities and the ratio
with respect to the reagents allow tuning the mesh
size and cross-linking degree of the particles and,
their morphology and dimensions which are pivotal
parameters for any application [46].

Structure-based classification
Another very important way to classify nanogels con-
siders the structural peculiarities of the system. Nano-
gels in fact are often identified as particles with a
spherical shape but using specific modifications on
the synthesis and the formulation of the particles,
different shapes and characteristics can be obtained
[47]. A clear example of that is represented by hollow
nanogels which are systems with a hollow cavity in
their gel [48–50] They are commonly prepared in
two stages. First, the polymers are cross-linked with
core–shell particles like silicon dioxide, gold or
hydroxyl propyl cellulose, and then, the core–shell
moieties are carefully removed by pH gradient or by
anti-solvent associate precipitation techniques. A pre-
cise removal is pivotal to obtain the desired cavity in
the system [51]. This specific structure enhances the
surface area in nanogels and makes them suitable for
various applications both in drug delivery and in
water decontamination or catalysis where properly
designed cavities are essential. Another category of
nanogels with specific structures is the multi-layered
type. These are mostly used in delivering highly
toxic drugs or body fluid sensitive drugs as well as in
sensing applications and exploit the multiple struc-
tures of the system [52].

These devices are usually formed by a single poly-
mer or multiple polymers chemically cross-linked.
The presence of multiple layers guarantees the possi-
bility of combining different chemical structures in
the same device that can be properly set during the

synthesis layer by layer [53]. Core–shell nanogels
without doubt represent another important family of
these kinds of systems [33]. They are characterized
by the presence of an inner core, generally made of
metallic or bimetallic materials, nanorods, or carbon
dots, with an external shell able to cover and hold
the inner moieties. The external portion can present
different natures, such as polymeric chains but also
organic structures and the positioning over the system
can be achieved by chemical bonding, such as covalent
linkages, but also by physical entrapment [54]. The
possibility of tuning the system according to the
desired application is extremely effective and can be
the turning point for many applications both in the
drug delivery field where proper release of payloads
can be achieved [55]. This can also represent a win-
ning point in sensors, where a properly designed
external shell can induce precise responsive behaviour
to the system [56].

Nanogel synthesis

A key aspect for nanogel use in commercial products
is also related to their large-scale production that is
pivotal for their reproducible and consistent pro-
duction. It is well-known that nano-object formation
is much easier at the laboratory scale than at large
scale, where bulk properties disfavour the formation
of new surfaces. Consequently, pilot technologies
should be thoroughly investigated starting from the
method of synthesis and then considering aggregation
mechanisms that will compromise all the production
efforts. The design and synthesis of nanogels are cru-
cial steps in the development of effective systems that
can be employed in various applications. Commonly,
as reported by Kabanov et al, the synthesis methods
for nanogels are divided into four main categories:
(i) physical self-assembly, (ii) polymerization of
monomers in homogenous phase or nanoscale hetero-
geneous system, (iii) cross-linking of preformed
polymeric chains and (iv) template-assisted nanofabri-
cation [25].

Physical self-assembly is certainly one of the most
versatile and employed procedures for synthesizing
nanogels. Commonly, hydrophilic polymers are
assembled in aqueous systems exploiting hydrophobic
or electrostatic interactions or using hydrogen bond-
ing between polymeric chains [27]. The tuning of
the ratio between the molar quantities of the polymers
and the reaction parameters (e.g. temperature, pH
value) guarantees the possibility of tuning many fea-
tures of nanogels, such as dimensions, mesh size
and structures. On the other hand, the polymerization
of monomers in the homogenous phase or nanoscale
heterogeneous phase has been largely discussed in the
literature and represents another valuable synthesis
method for nanogels [9,46]. This method exploits
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bifunctional monomers as cross-linking systems to
guarantee stability of the final nanogel matrix. The
features of the final gel structure can be tuned by
working on the reaction system, and this certainly
represents a great advantage compared to other meth-
odologies and it guarantees great versatility for the
desired system. A clear example of this is represented
by the possibility of introducing specific bonds inside
the nanogels [57]. Such bonds can be stronger or
weaker depending on the final application of the sys-
tem and the proper design of these moieties guaran-
tees specific behaviour of the nanogel (e.g.
possibility of dissolution in specific ions or pH con-
ditions) that can be effective both for drug delivery
applications and for sensors [33]. Another effective
synthesis strategy for nanogels is the covalent cross-
linking of preformed polymers [36]. This technique
is definitely one of the most employed, as widely
reported in the literature, thanks to its versatility
and the multiple formulations that can be obtained.
Moreover, the polymeric chains involved can be func-
tionalized with chemical groups both before and after
the formation of the gel. This is certainly one of the
most important characteristics of this technique
since it guarantees the possibility of conferring on
nanogels the desired features for their intended
applications.

Another novel nanogel fabrication method uses
supramolecular host–guest interactions [58]. This
strategy has been reported to be extremely effective
for the synthesis of responsive nanogels that can be
employed both in targeted drug delivery applications
and in sensors, thanks to their binding ability and in

specific recognition thanks to the key feature of
host–guest chemistry [59].

Finally, in recent years, innovative and extremely
precise technology for nanoparticle and nanogel pro-
duction has been developed, which is commonly
called particle replication in nonwetting templates
(PRINT technology) [60]. In this method, monodis-
perse particles are obtained starting from various
different material matrixes. Moreover, precise control
of various parameters such as size, shape, structure,
composition, cross-linking degree and functional moi-
eties is possible and similarly, precise encapsulation of
drugs and active molecules can be performed during
the synthesis [61]. Figure 2 shows the chemical and
physical crosslinking reactions for the synthesis of
nanogels.

Nanogel functionalization

As already mentioned, one of the most important
features of nanogels is the possibility of functionaliz-
ing their structure, exploiting specific molecules,
polymers or organic systems to obtain specific
behaviour for the final particle. This characteristic
is certainly one of the greatest benefits of nanogels
and one of the explanations for their widespread dis-
semination now [18]. Nanogel functionalization can
be performed in two main ways; nano-systems work-
ing with previously functionalized polymers can be
synthesized or the surface or the structure of the
nanoparticles can be functionalized once they have
been synthesized [62]. This step is often a pivotal
point to obtain an effective system for the intended

Figure 2. Illustration of chemical (A) and physical (B) crosslinking reactions for the synthesis of nanogels. (A) The formation of
covalent bonds (crosslinking point, in red) is visible between the reactive moieties (yellow and green) of polymers X and Y. (B)
The physical interactions between polymers W and Z ensure the formation of the nanosystems. Reprinted from Ref. [27] with
permission from MDPI.
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application: proper biological behaviour for drug
delivery systems, specific responsive behaviour for
sensors applications or the selective binding ability
for devices employed in environmental uses are all
affected considerably by nanogel functionalization
[63,64]. Functionalization after nano-object for-
mation guarantees the absence of conflicts during
nanogel production on one hand, but it requires a
further step on the other hand. This can complicate
the colloid scale up that, as said above, is a key step
in reaching the market with commercial products. So
in theory, functionalization during nanogel for-
mation presents many advantages (single step, easy
production) but the need to avoid the use of groups
that can compete or compromise colloid formation
is pivotal. In literature, various techniques are
reported and detailed reviews on the work are avail-
able [65,66]. In this section, we are going to give an
overview of the main functionalization strategies that
can be employed. First, polymeric functionalization
represents an effective and well-known strategy for
nanogel functionalization. Polymers present long
chains with various chemical groups that can be
employed to introduce specific functional groups in
the structure of the nanogels to determine the
desired behaviour of the final system [37]. The pres-
ence of polymeric chains over the surface of the sys-
tem prevents surface agglomeration of nanoparticles
and they can increase their stability.

Natural polymers are preferred in the case of bio-
medical applications to ensure biocompatibility,
while conductive and responsive polymers are
employed, both during synthesis and as functional
moieties, especially for sensing applications [67].
Similar strategies can be employed with other mol-
ecules, exploiting for example nucleophilic substi-
tution over the constituent polymeric chains of the
nanogels, introducing specific chemical groups in
the framework [68]. This permits the tuning of
many features of nanogels, such as hydrodynamic
diameter or zeta potential, and obtains specific
responsive behaviour for example by introducing
labile bonds or moieties responsive to specific exter-
nal conditions. On the other hand, the presence of
certain functional groups is pivotal for guaranteeing
the employability of final devices for example in
environmental applications, to modulate and

increase the binding ability of the system with
specific molecules and pollutants [69]. Cell mem-
brane coating is another surface functionalization
technique that can be very useful especially in bio-
medical applications [70,71]. This technique uses
natural membranes from cells that are fixed on
pre-synthesized nanoparticles. It is clear how the
use of a specific membrane strongly influences the
characteristics of the final system and determines
its application. This strategy is commonly employed
for drug delivery applications of nanogels thanks to
the biocompatibility of these systems and the strong
influence that can be created working with this kind
of functionalization on the in vivo behaviour of
these devices [72].

Surface functionalization with antibodies, thanks to
their structure and biological role, and hybridized
DNA structures functionalization, considering their
specificity and non-immunogenicity, are certainly
alternative effective strategies that can be employed
for targeted drug delivery applications which can
improve the selectivity and the efficacy of these sys-
tems [18]. Very often the encapsulation of external
systems inside nanogels before their real use is
regarded as a typology of functionalization. In the
context of interest of this work, metallic nanoparticles
encapsulated inside nanogels are extensively employed
in catalysis and gel frameworks have been demon-
strated useful to support the catalyst and promote
transport phenomena which will be discussed in detail
in the next section [73].

In the following Table 1 we have summed up the
previously explained strategies, highlighting their
advantages and disadvantages.

A schematic illustration of possible nanogel func-
tionalization strategies is shown in Figure 3 with a
consequent specific property (here cell selectivity)
added to the neat colloidal system.

Applications of functionalized nanogels

In this section we give an overview of the dissemina-
tion acquired by nanogels, focusing on their appli-
cations, starting from the biomedical field and then
moving on to innovative employment such as uses
in the world of catalysis, water purification and
sensors.

Table 1. Advantages and disadvantages of the functionalization strategies for nanogels.
Functionalization strategy Advantages Disadvantages

Polymers Introduction of specific functional groups, avoid surface agglomeration,
tuneable and responsive features

Difficulties in polymer functionalization
(multiple steps + purifications)

Cell coating membrane Great biocompatibility, influence on the in vivo behaviour of nanogels and
their responsive ability to the external environment

Difficulty in the adhesion of the membrane
on the nanogels

Proteins & Antibodies Great specificity and non-immunogenicity for in vivo drug delivery
applications

Low flexibility in the applications of the final
product

Metallic nanoparticles
encapsulation

Catalytic system with enhanced transport phenomena Non-trivial encapsulation of the
nanoparticles inside nanogels
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Biomedical applications of nanogels

As already mentioned in the previous section, nano-
gels have come to the fore in recent years as innovative
drug delivery systems to overcome the limitations of
conventional methods of drug administration [33].
One of the most serious diseases of the human body
is without doubt cancer. Various approaches have
been developed to treat this pathology, such as sur-
gery, radiotherapy and targeted therapy [74,75].
Here nanogels have attracted great attention for
their employment as targeted drug delivery systems.
Proper formulation and functionalization of the par-
ticles can be a successful strategy for targeting cancer
cells in the body, avoiding many side effects of other
treatments [76]. Breast cancer is an example of a path-
ology that can be treated working with functionalized
nanogel as drug delivery systems.

In this direction dextrin nanogel functionalization
with AMD3100 (plerixafor) guarantees high cell tar-
geting through the CXCR4 chemokine receptor.
Then the ability of nanogels to carry and release dox-
orubicin showed high efficacy of this system with
promising anticancer and anti-metastatic effects [77].
Similarly, dual-targeted systems can be employed in
this kind of application. Indeed an epidermal growth
factor receptor and protein CD44 dual-targeted hya-
luronic acid nanogel were successfully synthesized
with saporin loaded inside their structure [78]. In
vivo tests were successfully employed in breast cancer
to inhibit tumour metastasis limiting the side effects as
reported in Figure 4.

Other kinds of cancer diseases have been success-
fully treated using nanogels. For example, choles-
terol-bearing pullulan-based nanogels loaded with
IL-12 were seen to induce growth retardation of
fibrosarcoma [79]. Similarly, the possibility of sup-
pressing neovascularization and growth of renal
cell carcinoma in a mouse model was found working

with a cholesterol-bearing cycloamylose using a sper-
mine group linked to nanogel surface for the deliv-
ery of vascular endothelial growth factor-specific
siRNA [80].

The spermine functionalization permits excellent
performance in terms of selectivity towards renal cell
carcinoma. It is clear how in each case the proper for-
mulation of the nanogel is essential to obtain the
desired delivery effect. Zwitterionic polysulphamide
nanogels modified with transferrin for the loading of
doxorubicin are another effective example of this. In
vivo assays demonstrated the targeting properties of
this formulation and the beneficial effects on cancer
chemotherapy [81]. Similarly, the targeting delivery
ability of nanogels can be used for localized delivery
to glioblastoma cells for immunotherapy. This can
be achieved using thermoreversible poly(ethylene gly-
col)-g-chitosan nanogels optimized for the release of T
lymphocytes [82]. During biological assays these sys-
tems demonstrated great ability in killing glioblastoma
cells and considerable stability, both properties that
represent valuable tools for localized immunotherapy
in brain cancer.

Cancer is not the only pathology that can be treated
with functionalized nanogels. In fact, these innovative
delivery systems have found great applications in all
those cases in which a precise delivery is required
and conventional routes of administration of drugs
are not effective. One of these applications is certainly
represented by spinal cord injury and, in general, all
those diseases that involve the central nervous systems
[64]. This very complex and essential part of the
human body is characterized by many barriers (e.g.
blood–brain barrier) that limit the molecules and sub-
stances that can penetrate through them. Studies have
now been conducted on active molecules and innova-
tive drug delivery strategies that can act as trojan
horses, thus penetrating inside the central nervous

Figure 3. Schematic illustration of various nanogel functionalization strategies and their use in different applications. Reprinted
from Ref. [18] with permission from MDPI.
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systems and performing as selective in situ delivery of
the required drugs [83].

In this context in recent years, polyethylene-poly-
ethylenimine nanogels, coated with primary amines
loaded with anti-inflammatory drug (rolipram) have
been synthesized and tested for the selective targeting
of activated astrocytes [84]. In vivo tests showed the
efficacy of functionalized devices in the selective tar-
geting of those cells, improving motor performance
after the lesion and reducing the subsequent inflam-
mation state. Alzheimer’s disease represents another
neurodegenerative disease (chronic) and therefore
another serious pathology that involves the brain.

In recent years the insulin dysfunction has been
correlated in some cases with Alzheimer, and because
of this, the administration of insulin can be employed

today in Alzheimer treatment [85]. Carbonyl-functio-
nalized poly(N-vinyl pyrrolidone) nanogel, obtained
through ionizing radiation then conjugated with insu-
lin, is a valuable example of this. This formulation can
bind to insulin receptors, activating insulin signalling
and consequently promoting its transport across the
blood–brain barrier so that insulin can be delivered
for Alzheimer treatment [86].

Another important application of nanogels is the
delivery of urokinase, a serine protease extremely
effective in thrombolytic therapies. pH-sensitive
PEG-conjugated urokinase nanogels have been devel-
oped for thrombolytic treatment [87]. The design of
the system guarantees the release of urokinase when
the pH decreases, a condition that occurs in thrombo-
lytic events due to lack of oxygen caused by

Figure 4. In vivo inhibition of 4T1-luc breast cancer metastasis by Saporin-EGFR/CD44-Nanogels. (A) Bioluminescence imaging of
the tumour metastasis in vivo. (B) Quantification of the average luminescence levels of mice treated with different formulations on
different days (5, 9 and 13). (C) Mean number of metastatic nodules on the lung tissue of mice treated with different formulations.
(D) Total weight of lung and heart of mice treated with different strategies. Reprinted from Ref. [78] with permission from Elsevier.
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microcirculatory clots. In particular, the role of surface
functionalization is to improve the ischaemic brain tis-
sue and protect the blood–brain barrier by inhibiting
apoptosis and decreasing neurotoxicity of the entire
system. Nanogel formulations can also be employed
in the treatment of cardiovascular diseases. In this
direction N-Isopropylacrylamide-methyl methacrylate
nanogel were developed for the delivery of N, α-L-
rhamnopyranosyl vincosamide with important cardi-
oprotective properties, reducing cardiac toxicity in
doxorubicin-induced toxicity models [88].

Similarly, a cationic cholesteryl-group-bearing
pullulan (cCHP) nanogel loaded with angiotensin II
type 1 receptor (AT1R) and pneumococcal surface
protein A (PspA) has been developed to treat hyper-
tension and pneumococcal infections [89].

The biological assays demonstrated the efficacy of
AT1R to reduce the blood pressure in rat models,
while the PspA was able to induce immunization
against Streptococcus pneumoniae. These results
confirmed the efficacy of this vaccine in protecting
from this infection and attenuating hypertension

Figure 5. (A) Schematization of the encapsulation of the lysine-based nanogels, loaded with chlorhexidine diacetate, inside an
aminoethyl methacrylate hyaluronic acid and methacrylate methoxy polyethylene glycol hydrogel. The antibacterial effect of
the system, with its ability in control of bleeding and wound healing is shown. (B) Photographs of wounds treated by the control,
Gel-1, CHX-loaded Gel-1, and Gel-1@CLN hydrogel samples (scale bar of 5 mm). (C) Assessment of the wound size reduction.
Reprinted from Ref. [91] with permission from American Chemical Society. CHX, chlorhexidine diacetate, Gel-1, hybrid hydrogels
with different Mw values of polyethylene glycol hydrogel, CLN, CHX-loaded nanogels.
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[89]. Wound healing is a biological process that guar-
antees the replacement of destroyed or damaged tissue
in the human body with a new one. This process can
very often be improved with drugs and active mol-
ecules to promote fast regeneration or to prevent
infections and it is clear how their precise delivery is
essential to guarantee greater effectiveness [90].

Chitosan-based nanogels, loaded with antibacterial
drug (silver sulphadiazine), have been effectively
employed in healing burn wounds. Similarly, lysine-
based nanogels, loaded with chlorhexidine diacetate
(antiseptic molecule) were encapsulated inside a
hydrogel based on aminoethyl methacrylate hyaluro-
nic acid and methacrylate methoxy polyethylene gly-
col [91]. In vivo tests confirmed the antibacterial
efficacy of those systems and their benefits when
employed in wound healing as reported in the follow-
ing Figure 5.

In this section, the main roles that underlined the
need to introduce nanogel functionalization are
related to the need to increase cell selectivity, avoid
macrophage uptake, reduce toxic effects and interact
with biological barriers. In recent years researchers
have discovered that surface decoration of nanogels
can also have a deep impact on the physical and releas-
ing properties of these nano-objects [92,93].

In particular, starting from the same nanogel sys-
tem and changing the chemical groups that decorate
their surface, it is possible to tune and so control
and sustain drug delivery rates [37]. Besides their
use in drug encapsulation and release, functionalized
nanogels showed promising applications also in the
bioimaging field. Indeed the need to follow the fate
of nanogels in biological systems underlined the
need to be functionalized with specific tracking moi-
eties [94,95]. The grafting should be stable under a
wide range of biological environments and generally,
pH stability is the most important. In this direction
thiol-maleimide nanogels decorated with hydrophobic
dye (BODIPY-SH) and N-(fluoresceinyl)maleimide,
then functionalized with cyclic peptide, can improve
cell uptake and bioimaging, thus building a high-per-
formance theranostic device [96]. Despite many differ-
ent examples of functionalization with dyes and
chromophores [97,98] one interesting alternative
strategy is the use of quantum dots where the device
takes advantage of their high imaging performances
together with their reduced toxicity [99]. Despite the
good results already obtained in pre-clinical studies,
further steps should be taken in order to finally
reach the market. In particular considerable attention
should be devoted to the different directions of pro-
duction, final fate and medical performances. Consid-
ering the production issues, much attention should be
given not only to easy scalable procedures but also to
production reliability in order to have exact and
homogeneous properties between different batches.

In this direction process intensification that considers
microfluidic approaches is extremely promising [100].
Future studies should be also dedicated to the full
understanding of the toxic effects of all the degra-
dation products released by nanogels during their per-
manence within the body. Finally, a better
amelioration of the performance in terms of selectivity
and drug release rates should also be taken into con-
sideration in order to optimize pharmaceutical treat-
ment and reduce side effects maintaining the drug
level within the desired range for a long period. It is
well known that drugs not only physically entrapped,
but linked to polymeric chains with cleavable bonds,
are able to guarantee this performance.

However, structural modification of the active prin-
ciples can represent a big issue in terms of pharmaco-
kinetics and pharmacodynamics so future studies
should be dedicated to non-covalent strategies able
to ameliorate release rates without affecting the mol-
ecular structure of drugs.

Responsive nanogels: sensors

In the previous sections, we have already discussed
extensively the features and unique characteristics of
nanogels. Their biocompatibility, large surface area,
stability and swelling behaviour have ensured them
great recognition and employment in the biomedical
and drug delivery field. Moreover, nanogels have
emerged in recent years as smart materials with
unique responsive features to an exogenous or internal
trigger by changing their structural properties [101].
Nanogels can present responsive ability to biological
environments such as pH, bioreduction or biomole-
cule recognition, as well as to exogenous stimuli
such as temperature and light. This characteristic
can of course be modulated through proper synthesis
methods and functionalization strategies and it has
been applied, starting with the biomedical field, for
imaging, targeted delivery and general employment
as sensors [102,103]. An introduction scheme to a
typology of stimuli-responsive nanogels is reported
in the following Figure 6.

pH-responsive nanogels are one of the most wide-
spread and employed types of this kind of system.
They were employed initially in biomedical appli-
cations by making use of the pH gradients of the phys-
iological systems, but now they are largely employed
for multiple uses [72]. This kind of system is generally
obtained working with responsive polymers, which are
able to maintain their properties even in the final fra-
mework of the system. A clear example of this has
been provided by a ratio-metric fluorescent nanogel,
obtained by a modified reprecipitation method,
capable of sensing pH values in the physiological
range [105]. This nanogel was obtained from inert
and biocompatible polyurethane polymer that was
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made pH-sensitive through functionalization with the
bromothymol blue, a pH indicator. Furthermore, it
was functionalized with two fluorophores (coumarin
6, C6 and Nile Red) in order to obtain the final fluor-
escent product.

The sensing mechanism of the whole system is
based on the spectral overlap of the absorption of
the pH indicator bromothymol blue with the dual
emission of the fluorophores C6 and NR. The sys-
tem presents a pH-dependent fluorescence reson-
ance energy transfer (predominantly red
fluorescence at pH 7) that takes place between two
fluorophores in an aqueous suspension of nanogels,
but not in aqueous solution alone where the two
molecules are too far apart. This phenomenon can
be explained on the basis of the spectra. Up photo-
excitation of fluorophore C6 at 440 nm, in the sys-
tem green fluorescence is induced and it presents a
peak at 520 nm. In any case, a portion of the emis-
sion is transferred to Nile Red by the dependent
fluorescence resonance energy transfer effect and
because of this the resulting red fluorescence of
Nile Red has a peak at 620 nm. In these conditions,
the sensitivity to pH is obtained because bromothy-
mol blue has a yellow colour at pH values of less
than 6 with an absorption peak at 435 nm. On the
other hand, at pH values above 8, bromothymol
blue is blue, and it presents an absorption peak at
628 nm that overlaps the red emission of Nile Red.
Because of this, in the fluorescence of the nanogels
the green fluorescence of C6 prevails. The authors
demonstrated the responsivity and sensitivity of

these devices, thanks to their small size and high
hydrophilicity.

Moreover, their easy fabrication method and tun-
ability make it possible to synthesize similar sensing
nanogels for specific ions by replacing the indicator
dyes with appropriate ones [106]. Another valuable
example of pH-responsive nanogels has been provided
by polysaccharide-based hybrid nanogels that inte-
grate many features of smart nanogels including opti-
cal pH-sensing [107]. In particular, the system was
prepared by immobilization in situ of CdSe quantum
dots inside a pH and temperature-responsive hydro-
xypropylcellulose-poly(acrylic acid) semi-interpene-
trating polymer networks. The pH-sensitive poly
(acrylic acid) network chains were designed to induce
a pH-responsive volume phase transition. In fact, at
pH < pKa of poly(acrylic acid), the dimensions of the
nanogels remains constant due to the strong hydrogen
bonding between the protonated poly(acrylic acid)
chains and hydroxypropylcellulose chains.

On the other hand, when pH > pKa of poly(acrylic
acid), the –COOH groups inside the poly(acrylic
acid) chains gradually dissociate and weaken the
hydrogen bond between the chains of hydroxypropyl-
cellulose and poly(acrylic acid) inducing coulombic
repulsion between the ionized –COO- groups, which
result in a gradual increase in the size of the nanogels
until the complete dissociation of all –COOH groups
that takes place at pH > 6.5 resulting in maximum
swelling for the system. This sensing ability can be lar-
gely useful and employed for controlled release regu-
lated by the degree of swelling of nanogels. The

Figure 6. Schematic representation of stimuli-responsive nanogels in response to enzyme, temperature, magnetic field and pH for
drug delivery applications. Reprinted from Ref. [104] with permission from Elsevier.
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employment of responsive polymers in the develop-
ment of nanogels is a very valuable strategy for various
purposes. For example, the same authors of the work
just presented, reported the construction of hybrid
nanogels by coating a Ag–Au bimetallic nanoparticle
core with a thermo-responsive nonlinear poly(ethyl-
ene glycol)-based hydrogel as shell [108]. This coating
exhibits reversible thermo-responsive volume phase
transition upon temperature changes that resulted in
a significant influence on the size of the system. More-
over, this characteristic has been demonstrated to be
influenced by the thickness of the layer and its sensi-
tivity is in the range of 1–5°C. This approach is very
interesting since it represents a clear example of the
functionalization of a nanogel to obtain a final

responsive device that can be employed for drug deliv-
ery and cell imaging.

As extensively discussed, pH and temperature-sen-
sitive nanogels represent a very important family of
nanodevices. Similarly, nanogels for ion detection
are attracting growing interest because of their versa-
tility and employability in various fields. The develop-
ment of an innovative device for easy detection of
traces of Pb2+ ions based on capsule membranes
encapsulated with smart nanogels goes in this direc-
tion [109]. The system was created with a semi-per-
meable calcium alginate membrane, with
encapsulated poly(N-isopropylacrylamide-co-acryloy-
lamidobenzo-18-crown-6) nanogels. The membrane
allows Pb2+ ions and water to pass through but rejects

Figure 7. Schematic representation of a capsule membrane system (A) for the detection of Pb2+ ions in water. This system consists
of a semi-permeable membrane (I) and encapsulated nanogels (II) functionalized with crown aether units (III) for specific recog-
nition of Pb2+ ions. In the system isothermal swelling of the capsule membrane (B) is induced due to the Pb2+ ions in solution
increasing the osmotic pressure inside the system (IV). The nanogels encapsulated exhibit a Pb2+-induced isothermally hydro-
phobic to hydrophilics phase change (II to V) with the formation of host guest complexes (III to VI) leading to the increase of
osmotic pressure inside the capsule. Because of this Pb2+ ions in water can be directly observed through the swelling of the cap-
sule diameter. Reprinted from Ref. [109] with permission from Elsevier.
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the encapsulated nanogels. When the ions enter the
capsule, they are recognized by nanogels because of
the formation of 18-crown-6/Pb2+ ions that cause a
Pb2+-induced phase transition of the nanogels from
a hydrophobic to a hydrophilic state.

Because of this, the osmotic pressure inside the cap-
sule membrane increases and then the elastic mem-
brane swells upon the presence of Pb2+ ions in the
environmental aqueous solution. The degree of swel-
ling depends on the concentration of ions in the sol-
ution and because of this their quantity can be easily
evaluated by directly measuring the Pb2+-induced iso-
thermal swelling ratio of the capsule membrane. These
swelling behaviours, reported in the following Figure 7,
can be easily observed with the naked eye and the
detection limit for these ions has been demonstrated
to be 10−9 mol/L.

Nanogels can be properly functionalized even to
guarantee the sensing of specific molecules or com-
pounds. A clear example of this is represented by glu-
cose sensing [110] where a hybrid nanogel, made of
small Ag nanoparticles coated with poly(4-vinylphe-
nylboronic acid-co-2-(dimethylamino)ethyl acrylate)
(named p(VPBA-DMAEA)) gel shell, used a boronate
derivative employed as glucose recognition element.
In fact, this p(VPBA-DMAEA) shell undergoes a
volume phase transition after glucose concentration
variations and shows great sensitivity (0–30 mM) at
physiological pH and temperature. This feature is
exploited to modify the fluorescence intensity of nano-
gels obtaining a final optical glucose sensor. Similarly,
a polyacrylamide-based nanogel sensor was developed
for spectral and colorimetric measurement of ionizing
radiation doses [111]. The system was created working
with coumarin-3-carboxylic acid, as an IR-sensitive
fluorescent probe, and with 5(6)-carboxytetramethylr-
hodamine as an IR inert probe. When exposed to IR
the coumarin-3-carboxylic acid molecule moieties
react with hydroxyl radicals obtained from water radi-
olysis and the transition to 7-hydroxyl-coumarin-3-
carboxylic acid emits a strong blue fluoresnce (λem=
450 nm). due to π-π* transitions under UV excitation
(λex = 400 nm). In contrast, 5(6)-carboxytetramethylr-
hodamine emits stable red fluorescence (λem=
580 nm) under UV irradiation (λex = 530 nm).
Coupled with fluorescent probes, the nanogels also
exhibit colorimetric fluorescence as a function of vary-
ing IR doses. The synthetic route of those devices,
together with their working principle is reported in
the following Figure 8.

In this section, various responsive nanogels
employable as sensors have been presented and differ-
ent strategies can be employed, involving responsive
polymer either as core material or as functionalization
chains [112]. Moreover, the combination of these bio-
materials with the proper membrane or designed layer
can guarantee high sensitivity and employability in

different applications. All these works testify to the
importance of responsive nanogels not only as con-
trolled drug delivery systems but also as sensing
materials for different applications. Future studies in
this field are necessary not only to guarantee easy scal-
able and reliable production, as in the case of drug
delivery systems, but also the possibility of reuse.
Therefore a great deal of attention should be devoted
not only to selective adsorption but also to desorption
and ability to be used again.

Nanogels in catalysis

The design and synthesis of innovative catalytic sys-
tems, capable of overcoming some of the limitations
of conventional catalysts, is an attractive challenge
for many researchers regarding various field of appli-
cations such as biocatalysts [113,114]. In fact, great
attention is now being given to the possibility of
employing biological living systems, such as enzymes,
to speed up chemical reactions with high efficiency,
selectivity and low environmental impact. A crucial
point for this kind of application is the incorporation
of the enzymes in a support or carrier that can guaran-
tee the catalytic activity of the system [115,116].
Nanostructured materials and nanogels, have come
to the fore in recent years as a valuable tool for the
incorporation of enzymes thanks to their exceptional
surface area, great stability under various conditions
and the marginal increase in mass-transfer resistances
[117,118]. A clear example of the potential of nanogels
in this kind of application is represented by the encap-
sulation of lipase into an interpenetrating polymer
matrix made of polyacrylamide and poly(N-isopropy-
lacrylamide) nanogel [16].

The system was synthesized to obtain enhanced
stability and activity in both polar and non-polar
organic solvents and a three-step method, using acry-
loylation, polymerization with acrylamide and
sequential polymerization with N-isopropyl acryl-
amide, was employed to obtain a temperature-sensi-
tive interpenetrating polymer network. This matrix
was demonstrated to form a more hydrophobic
environment, compared to polyacrylamide alone
because of the penetration of N-isopropyl acrylamide
into the network through hydrogen bonding. This fea-
ture is essential for the uptake of hydrophobic sub-
strates to enhance the rate of enzymatic catalysis.
The efficacy of the synthesized device was confirmed
through the hydrolysis reaction of p-nitrophenylpal-
mitate in an aqueous environment and the esterifica-
tion reaction of ibuprofen in isooctane. The residual
activity of lipase nanogel maintains a value of 70% at
60°C for 4 h, much more than the free lipase in the
same condition. Moreover, the possibility of reusing
the system for more cycles without losses in activity
has been confirmed and even the yield of the reaction
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considered (33%) was significantly increased com-
pared to the reaction using only free lipase (22%).
Because of all mentioned features, this kind of system
has been recognized as a valuable enzymatic catalytic
system in non-polar solvents. Another valuable
example of this kind of system [119], commonly ident-
ified as single-enzyme nanoparticles, is represented by
the preparation of phenoxazinone synthase nanogels,
obtained through in situ aqueous polymerization.
Nanogels were synthesized working with N-

acryloxysuccinimide in a phenoxazinone solution
and then, after purification with dialysis, acrylamide,
ammonium persulphate and tetramethyl ethylenedia-
mine were added to the system, under N2 purging,
to promote the polymerization. The nanogels were
finally recovered with dialysis and lyophilization and
characterized through dynamic light scattering analy-
sis, confirming their formation. The enzyme was
demonstrated to successfully retain more than 80%
of its initial activity and to exhibit the most activity

Figure 8. (A) Synthetic route for polyacrylamide-based nanogels and their working principle for measurement of ionizing radi-
ation doses (B) Fluorescence emission spectra (λex1 = 400 nm, λex2 = 530 nm) (C) photographs of the X-ray-irradiated nanogels
sensor under UV excitation (λex = 365 nm) with their dose range 0–20 Gy. APMA: N-(3-aminopropyl)methacrylamide; TAMRA: 5
(6)-carboxytetramethylrhodamine; PAAT: poly(AAm-co-APMA-co-TAMRA); AAm: Acrylamide; BIS: N,N′-methylene – bisacrylamide;
PAATC: poly-(AAm-co-APMA-co-TAMRA)/CCA. Reprinted from Ref. [111] with permission from Royal Society of Chemistry.

14 F. PINELLI ET AL.



at pH 4.0–4.5 and 50°C. In addition, phenoxazinone
nanogels showed great thermal and solvent resistance
and because of this, they represent a promising bioca-
talyst in the industry. In recent years, this working
strategy regarding the encapsulation of individual
enzymes inside thin hydrogel has been widely studied.

Beloqui and co-workers succeeded in developing a
simple one-step synthesis for the fabrication of single
enzyme nanogels [120]. They showed how the pres-
ence of additives, such as sucrose, during the
polymerization makes it possible to prepare stable
single-enzyme nanogels avoiding the modification
of the enzyme to introduce polymerizable groups.
Another important strategy regarding the employ-
ment of nanogels in catalysis is represented by the
use of core–shell nanogels as stabilizers and supports
for catalytically active metallic nanoparticles [121].
In fact, in recent years the possibility of employing
nanostructured polymeric architectures as metal
supports for applications in catalysis has been widely
studied. The most important advantage of this inno-
vative approach is the possibility of developing the
proper design for the polymeric support and tuning
their responsive behaviour. A clear example of this
is represented by nanogels obtained using RAFT rad-
ical polymerization with a stabilizing shell of poly(N,
N-dimethylacrylamide) and a N,N-dimethylami-
noethyl acrylate core and employed to provide the

amines required for Pd coordination [73]. The
Pd0NPs were embedded in the nanogels by the
addition of a Pd2 salt to be coordinated by the nitro-
gen functions of the N,N-dimethylaminoethyl acry-
late units, followed by metal reduction with
ethanol. Then a solution of the nanogels and palla-
dium acetate in dichloromethane was stirred for
24 h to promote the diffusion of the metal salt into
the nanogel. Dynamic light scattering confirmed
the integrity of these nano systems, and the potential
of these devices in catalysis was investigated through
their application as catalysts for the Mizoroki-Heck
reaction between n-butyl acrylate and a series of
bromo- and iodoarenes. The scheme of this process
is reported in the following Figure 9, the yields
were very good with values over 90% and catalyst
recycling was demonstrated to be feasible up to
three times without loss inactivity.

A similar working strategy for the development of
gold nanoparticles inside a chitosan-poly(methacrylic
acid) polymeric network has been employed [122].
They proposed this synthesis starting from the
polymerization of methacrylic acid in chitosan sol-
ution with chloroauric acid, N, N′-methylenebisacry-
lamide cross-linker and ammonium persulfate
initiator. This device exhibits great electrocatalytic
activities towards 5-fluorouracil, because of the strong
H-bonding interaction between the –OH and –COOH

Figure 9. (A) Schematic representation of embedding of Pd0 nanoparticles in nanogels and (B) the use of this device as catalyst,
together with its lifecycle, for the Mizoroki-Heck reaction in organic solvents. Reprinted from Ref. [73] with permission from Wiley.
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groups of chitosan and poly(methacrylic acid) with
this kind of molecule.

Another example of this employment of a nanogel-
based system as an electrocatalyst is provided by the
formation of a self-assembled macroion nanogel-
based complex using sustainable cellulose nanocrys-
tals and raw cloisite-Na+ with platinum nanoparticles
[123]. The encapsulation of the metal was realized
working with dried gels dispersed in water and adding
in the system PtCl2 with HCl and with the subsequent
addition of sodium borohydride to promote the
reduction of PtCl2 to Pt. The physicochemical charac-
terization of nanogels confirmed the formation of the
particles and these systems showed good activity
towards methanol oxidation in an alkaline medium.

Nanogels can be successfully employed in the field
of catalysis even as support materials for other mol-
ecules. An example of this is represented by the L-Pro-
line functionalized poly(methyl methacrylate)
nanogels prepared via emulsion polymerization [63].
They demonstrated the influence on the catalytic
efficiency of the cross-linking density and the degree
of catalyst functionalization. The aldol reaction of 4-
nitrobenzaldehyde and cyclohexanone was used as
model reaction with the functionalized nanogel at
1 mol% catalyst loading, and it was found that after
24 h the reaction catalyzed by nanogels with high
degree of catalyst functionalization is less efficient
than those with low degree of catalyst functionaliza-
tion. Moreover, nanogels characterized by the cross-
linking density (CD) in the range 0.5–10 wt% were
found to have the higher conversions and the changes
in this range of CD were demonstrated to have low
effect on the catalyst activity. Similarly, nanogels can
be properly synthesized and functionalized to simulate
artificial enzymes for efficient and controllable cataly-
sis. In this direction poly(N-isopropyl acrylamide)
matrix is able to provide a temperature-responsive
and size-controllable scaffold, with 1-vinyl imidazole
moieties stabilizing the enzymatic centres of the sys-
tem through coordination interaction with hemin
[124]. The final system was quite stable and its cataly-
tic activity was maintained in a broad range of heat
and pH. These devices were active for catalytic oxi-
dation for various azo compounds and their activity
was efficiently tuned by temperature variations.

As widely discussed in this section, nanogels are
acquiring great importance in the field of catalysis
through various employments thanks to their tuneable
features, stability and low mass-transfer resistance
[27]. They can be used as an encapsulant for enzymes,
guaranteeing their activity and selectivity, but also as a
support for metallic nanoparticles promoting their
catalytic efficiency. Finally, the possibility of using
properly formulated and functionalized nanogels as
a mimic for natural enzymes or catalysts is gaining
ground as an environmentally friendly strategy to

catalyze chemical reactions. In this field future studies
should be devoted not only to physical stability, thus
avoiding aggregation with consequent decrease of sur-
face area (key property in catalysis) in the presence of
reactants. Moreover, their ability to be inert and their
easy recovery from the reacting mixture should also be
guaranteed. Several strategies such as the use of exter-
nal fields, such as magnetic fields, were found to be
promising in lab scale and so their capability at the
large scale should be tested. Moreover, as for the
other applications, reliable production is also funda-
mental in order to have properties and performance
that do not change from batch to batch.

Environmental applications of nanogels

Focus on the environment and its care are essential
themes for society today and in this field all chemi-
cal-related science can do a great job [125]. Among
them, a growing interest in innovative soft and
smart devices that can be employed in filtration and
the removal of contaminants has been reported in
the last decade [126,127]. Natural polymer-based
materials are emerging as potential adsorbents for
different kinds of molecules and pollutants thanks to
their non-toxicity, biodegradability, high affinity for
binding with a wide variety of compounds and low
costs [128–130]. In this context, nanogels came out
as valuable adsorbents thanks to their large surface
area to volume ratio, mechanical stability, ability to
swell and hold substantial volumes of liquids. In this
context, both the possibility of adsorbing dyes and
heavy metal ions or similar compounds have been
extensively investigated and their mechanism of action
has been schematized in Figure 10.

A clear example of the potential of nanogels even in
this kind of application is provided by poly vinyl phos-
phonic acid nanogels where the monomer is used in a
process of microemulsion polymerization with cetyl
triethylammonium bromide as cationic surfactant
[131]. The inclusion of silica-coated Fe3O4 nanoparti-
cles in the system during polymerization makes it
possible to render the system responsive to a magnetic
field. These materials were tested as adsorbents for the
removal of 4-nitrophenol, 1-1′-Dimethyl-4,4′-bipyri-
dinium dichloride, methylene blue and rhodamine
6G from aqueous media. The contaminated water
was treated with nanogels for only five minutes and
the absorbed amounts of compounds were estimated
using a UV-Vis spectrometer. The results obtained
were very interesting, demonstrating how the nanogel
particles were able to absorb more than 10 milligrams
per gram of particles of each analyzed compound in a
very short time.

These results confirm the efficacy of these materials
as fast absorbents, which is very often a key factor for
the environmental applications of those systems (e.g.
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rapid removal process for a water stream), together
with magnetic properties which can very often be use-
ful for recovering the absorbent systems. Another
important work on this topic has been reported
using a novel composite nanogel of gellan and pullu-
lan as absorbent material for methylene blue [132].
The system was synthesized by mixing two solutions
of gellan (0.5%) and pullulan (2%) and, after stirring,
adding 2,2-diphenyl-1-picrylhydrazyl to the system
promoting chemical crosslinking. The final product
was recovered by centrifugation, filtration and con-
centration under vacuum and its adsorption capacity
was evaluated by fitting various isotherm models to
understand the thermodynamics and the kinetics of
the process. Various formulations of nanogels were
tested, using only gellan, only pullulan and a proper
combination of both. In each case, all the isotherms
were conformed to the type-L isotherm which
confirms that the adsorbate has a high affinity for
adsorption on the synthetized nanogels. The authors
explained this behaviour considering the electrostatic
attraction between the cationic dye and negative
charge of the adsorbent material. Different solutions
can be employed in order to adsorb commercial dyes
from aqueous solutions, employing different poly-
mers, working conditions and synthesis procedures
[20,133]. In this context, great attention is now being
given even to the employment of natural polymers for
the synthesis of nanogels to obtain biocompatible cost
effective systems as potential adsorbents for water
contaminants [133]. An example of this kind of device

is the microcrystalline cellulose-based nanogel grafted
with acrylamide and acrylic acid in the presence of a
crosslinking agent (methylene bisacrylamide) and
initiator (potassium persulphate) [30]. These devices
were applied to remove both dyes (reactive red 195)
and cadmium ions (Cd(II)) from an aqueous medium
and they performed well. Different operational con-
ditions were employed and it was demonstrated how
the feed concentration of monomers has a significant
effect on the removal efficacy of reactive red 195 which
showed the best performance with 10 min of contact
time and at pH 2, with a dose of 1.5 g/L.

On the other hand, efficacy in the removal of Cd(II)
was not influenced by the feed concentration of mono-
mers and the best performance was obtained at pH 6
and a dose of 0.5 g/L. The adsorption equilibrium
data were described using the Freundlich model for
reactive red 195 and the Languimir model for cad-
mium (II). Another valuable solution in the field of
water treatment using absorbent nanogels is rep-
resented by core–shell nanogels which are very often
able to guarantee absorbent properties both for dyes
and for heavy metal pollutants. A valuable example
of this kind of strategy is represented by the develop-
ment of core–shell smart ionic nanogels working with
poly(vinyl alcohol) core and poly(N-isopropyl acryl-
amide/acrylic acid) shell particles using a one-step sur-
factant-free emulsion polymerization [134]. The
performance of these devices as Copper (II) removal
systems have been evaluated considering various par-
ameters such as pH, contact time, temperature and so

Figure 10. Schematization of nanogel synthesis (a) for dye removal together with their action (b) in a contaminated water sol-
ution. The presence of hydrophobic sites in the nanogel formulation is extremely important for the adsorption of a wide variety of
pollutants.
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on. As expected, the nanogel performance improved at
the longer contact time, and its adsorbent properties
decreased with higher temperature and lower pH
because of the responsive characteristic of the con-
stituent polymeric chains. The Cu2+ sorption process
was successfully described with the Freundlich
adsorption model and the maximum sorption capacity
was estimated at 94 mg/g, indicating this material as
an effective and practical polymeric adsorbent. The
possibility of using the same system to remove dyes
and heavy metals is of clear utility and is attracting
growing interest for possible multiple and combined
applications. Another example of nanogels with
these features considered the preparation of super-
amphiphilic silica-nanogels composites to reduce the
contact angle of water and increase the diffusion of
pollutants into the adsorbent materials [135]. These
devices were synthesized by a dispersion polymeriz-
ation technique encapsulating silica nanoparticles
inside polyacrylamides nanogels guaranteeing special
wettability of the final system. The presence of sulpho-
nate groups in the chemical structure of nanogels
guarantees high surface activity and wetting character-
istics at the interfaces and these kinds of composites
were successfully employed to remove both heavy
metals and dyes from wastewater.

During the tests with this kind of devices the sorp-
tion equilibria were reached rapidly (10–25 min) and
the adsorption process of dyes (e.g. methylene blue)
was successfully described by the Langmuir model,
achieving a maximum adsorption capacity of over
400 mg/g, which is considerably high. As presented
in this section, nanogels have now become extremely
versatile and employable even in adsorbent appli-
cations. Their potential is confirmed by their employ-
ment in decontamination processes where the use of
smart sustainable systems for different molecules
and compounds is frequently required. In another
work, multifunctional magnetic nanogels were pre-
pared by in-situ co-precipitation method in the pres-
ence of branched polyethyleneimine (bPEI) nanogels
for use in dye adsorbent and catalyst support (Figure
11A). It was reported that the Fe3O4/bPEI magnetic
nanogel employed as efficient and selective adsorbents
toward Congo red dye (Figure 11 B-F). In addition,
Fe3O4/bPEI magnetic nanogel was also shown to be
excellent catalyst supports for Pd nanoparticles in
the reduction of nitrophenols [136]. In order to arrive
at industrial application future studies should be
devoted not only to easy, scalable and reliable pro-
duction, as on the other applications together with
the absence of aggregation in the working environ-
ment, but also to the toxicity of nanogels and of
their degradation products in the environment. Fur-
thermore, much consideration should be given to
the ability to be reused for many cycles in order to
guarantee on one hand the recovery of their content

and on the other hand their landfill disposal that
would negatively affect their environmental impact.
Concluding this overview on the applications of nano-
gels, we report here in Table 2 the general character-
istics and main applications of each type of nanogels
described.

Challenges and future perspectives

Polymer-based nano-networks were found to be extre-
mely promising in many different fields, from medi-
cine to catalysis and environmental applications. The
advantages that make them extremely promising
derive from their C-based chemistry, ability to swell
or deswell in response to external stimuli together
with biocompatibility and high surface area. However,
generally, the easy combination of natural or synthetic
macromolecules that can build nano-objects is not
enough to guarantee proper performance.

For this reason, their functionalization is funda-
mental to obtain colloid particles that can work as
smart drug delivery systems, sensors, catalysts or
adsorbents as summarized in Table 3.

Even if very good results were obtained, in recent
years some challenges have remained unsolved and
this represents the real obstacle to their use in com-
mon practice.

Starting frombasic sciences, a bettermaterial under-
standing on how these nano-systems behave in the
presence of complex biological fluids, together with
the mechanisms behind cell uptake, is pivotal not
only for biomedical applications but also in other
fields. In particular, the role of functionalization can
ameliorate the level of knowledge and distinguish the
properties related to the core (nanogel) from the shell
(external functionalization). In parallel, safety studies
must be conducted well to avoid any kind of risk.
More thorough investigations in nanotoxicology
should be conducted to understand the possible nega-
tive effects of nanogel administration in the human
body and in particular their accumulation and elimin-
ation together with long-term effects. The factors that
can influence toxicity should be identified considering
that nanogels can be ingested, inhaled and/or adsorbed
through the skin. The easy penetration of physiobiolo-
gical barriers that is generally an advantage that makes
these devices extremely promising can represent a
serious drawback. Furthermore, potential toxic effects
were studied, also considering the environmental
point of view, using life cycle assessment (LCA), taking
account of the possible accumulation that can cause
pollution in water for example and then contaminate
again biological systems which raises nanotoxicology
issues once more. Life cycle assessment would also
study the entire manufacturing process, something
that represents a big challenge and not only from
LCA point of view. Indeed it is well known that scaling
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up the production of nano-systems compared to bulk
systems is extremely difficult due to the fact that surface
properties are favoured only at the small scale, generally

lab scale. Furthermore, the presence of surface functio-
nalization, fundamental as said for their performance,
complicates the entire manufacturing process and the

Figure 11. (A) Schematic illustration of the preparation of Fe3O4/bPEI and Pd-Fe3O4/bPEI nanocomposites, digital photos of dye
solution before and after absorptions by the Fe3O4/bPEI nanocomposite, (B) 80 mg/L of CR, (C) 80 mg/L of MB, and (D) the mixture
of CR (53.3 mg/L) and MB (26.7 mg/L), (E) adsorption curves of Fe3O4/bPEI nanocomposites toward CR and MB in neutral medium
(pH 7). (F) adsorption curves of Fe3O4/bPEI nanocomposite toward CR and MB in different mediums. Reprinted from Ref. [136]
with permission from Springer.

Table 2. Characteristics and general applications of different types of nanogels.
Nanogels Description Applications References

Spherical NGs made through physical or chemical crosslinking. Their surface can be
easily functionalized through post polymer modification

drug delivery systems [76,77,92,136]
wound healing [91]
sensors [34,105–107]
catalysts [16,115,116]
removal of contaminants [128,129]

Core–shell NGs characterized by inner core (metallic material, nanorods) with an external
shell. The external shell is generally polymeric attached through chemical
or physical bonding

drug delivery systems [55,93]
Sensors [108,110]
Catalysts [108,121–123]
removal of contaminants [126,131,134]

Multi-layered NGs formed by the crosslinking of one or more polymers. The presence of
multiple layers allows to combine different chemical structures.

drug delivery systems [53,87]
Sensors [52,109]
removal of contaminants [30,132]

Hollow NGs characterized by a hollow cavity in their gel matrix. Two stages synthesis:
polymer crosslinking with core–shell particles and subsequent
removal of the core–shell moieties.

drug delivery systems [51]
Catalysts [48,49]
removal of contaminants [50]
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quality assays of the final products. In this direction, in
recent years many studies have been conducted not
only in scaling up but mostly in scaling down and
microfluidic processes that now represent the most
promising approach. Particular attention should be
also devoted to proper nanogel formation at low con-
centration, stability and reliability of the functionaliza-
tion steps together with the right conditions to delay
phenomena of flocculation and aggregation that can
reduce the lifetime of the colloids.

Lastly, economic and financial barriers are impor-
tant and can be an impediment in nanogel use,
especially in fields other than medicine. Indeed the
use of functionalized nanogels as catalysts or adsor-
bent materials can be economically convenient only
if we focus our attention not only on their use but
mostly on their recovery and reuse many times with-
out losing their initial performances.
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